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•  Consequences of gadolinium retention in the brain have not been established. Adverse events involving multiple organ systems have been reported in patients with normal renal  
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PERSPECTIVES

Title: Dx: Dermoid Cyst. The future of radiology will be profoundly augmented by artificial intelligence; as imaging specialists, it is imperative that we understand how these
techniques will enhance our ability to draw meaningful conclusions from studies. As a medical student interested in neuroimaging and machine learning, I came across multiple
visually appealing cases. I used a neural network style transfer technique to apply the stylistic motifs of pre-existing art with the cases I read. The rendered image is a sagittal T1
view of a ruptured dermoid cyst merged, with permission from the artist, with Cat Lover #3 by Marlina Vera.

Alex Lindqwister, Geisel School of Medicine at Dartmouth, Hanover, New Hampshire
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REVIEW ARTICLE

Neuroimaging in Zoonotic Outbreaks Affecting the Central
Nervous System: Are We Fighting the Last War?

G.X. Goh, K. Tan, B.S.P. Ang, L.-F. Wang, and C.C. Tchoyoson Lim

History doesn’t repeat itself, but it often rhymes.
Mark Twain

ABSTRACT

SUMMARY: When preparing for the coronavirus disease 2019 pandemic and its effects on the CNS, radiologists should be familiar
with neuroimaging appearances in past zoonotic infectious disease outbreaks. Organisms that have crossed the species barrier
from animals to humans include viruses such as Hendra, Nipah, Severe Acute Respiratory Syndrome, and influenza, as well as bacte-
ria and others. Brain CT and MR imaging findings have included cortical abnormalities, microinfarction in the white matter, large-
vessel occlusion, and features of meningitis. In particular, the high sensitivity of diffusion-weighted MR imaging in detecting intra-
cranial abnormalities has been helpful in outbreaks. Although the coronaviruses causing the previous Severe Acute Respiratory
Syndrome outbreak and the current coronavirus disease 19 pandemic are related, it is important to be aware of their similarities as
well as potential differences. This review describes the neuroimaging appearances of selected zoonotic outbreaks so that neurora-
diologists can better understand the current pandemic and potential future outbreaks.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; HeV ¼ Hendra virus; MERS-CoV ¼ Middle East respiratory syndrome coronavirus; NiV ¼ Nipah vi-
rus; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

Currently, the coronavirus disease 2019 (COVID-19) pan-
demic is sweeping across the world, caused by the emerging

novel zoonotic virus Severe Acute Respiratory Syndrome corona-
virus 2 (SARS-CoV-2).1 First detected in Wuhan, China, in late
2019, COVID-19 (the clinical syndrome caused by the virus)
has resulted in high mortality and morbidity, overwhelming
the health services as well as causing severe disruption to the
economy in many parts of the world.1,2 In the past 20 years,
there have been increasing epidemic outbreaks of zoonotic dis-
eases, including coronaviruses and various other pathogens.3,4

Zoonoses often present with neurologic symptoms and imag-
ing changes on CT and MR imaging; hence, it is important for
neuroradiologists to be familiar with the imaging findings in
past outbreaks in addition to obtaining up-to-date information
on the current one.5,6 This review is based on a literature
review and the authors’ ongoing research and introduces the

zoonotic infections and associated neuroimaging appearances
in past outbreaks that have affected the CNS, to improve our
understanding of the current pandemic and future zoonotic
disease outbreaks.

Emerging Zoonotic Diseases and the CNS
A zoonotic disease is defined as an infectious agent leaping from
an animal reservoir to humans, often caused by mutations that
permit accessibility through receptor or immune barriers of the
novel host.7 In the broadest sense, zoonoses encompass both
direct spread from a vertebrate animal to humans, as well as vec-
tor-borne diseases that use intermediate arthropod vectors (typi-
cally mosquitos, ticks, sand flies, and so on), resulting in indirect
spread to humans. Additionally, zoonotic pathogens range from
viruses, bacteria, parasites, and fungi to prions.8 The global bur-
den of animal-to-human disease transmission is increasing, and
up to 76% of emerging infectious disease events in recent years
have been zoonotic in nature.9 Historically, the 3 pandemics of
greatest significance—the Plague (or “Black Death”), the 1918
Spanish flu, and HIV/AIDS—were all caused by zoonoses or vec-
tor-borne diseases, leading to hundreds of millions of deaths
worldwide.10

In recent decades, bats have emerged as mammalian hosts
serving as reservoirs for pathogens of high mortality. Although
historically known to transmit rabies virus alongside the order
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Carnivora, bats have now been shown to carry assorted viruses
from different families, including zoonotic viruses such as
Coronaviridae, Filoviridae, and Paramyxoviridae, among others.11

Bats are also a well-recognized reservoir for Lyssaviruses, includ-
ing the rabies virus and Australian bat lyssavirus, which classically
result in encephalitic or paralytic rabies.12 Critically, bat-borne
viruses cause regular and cyclical outbreaks via zoonotic transmis-
sion and spillover into secondary mammalian hosts. Increasing
recognition of bats as animal reservoirs of zoonotic pathogens
began with the Hendra virus (HeV) outbreak in 1994 and has
only since accelerated up to the current COVID-19 pandemic.13,14

Other important examples of novel zoonotic virus emergence
linked to bats include the 1998 Nipah virus (NiV) disease in pigs
in Malaysia, Severe Acute Respiratory Syndrome coronavirus 1
(SARS-CoV) in China in 2002, Middle East respiratory syndrome
coronavirus (MERS-CoV) in Saudi Arabia starting in 2012, and
devastating outbreaks of filoviruses from 1967 through 2018
(Fig 1).15,16

Table 1 shows examples of zoonotic diseases that have been
associated with CNS manifestations. Zoonotic diseases with other
animal hosts include the 2009 outbreak of zoonotic “swine flu”
influenza H1N1 strain and sporadic human cases of avian influ-
enza subtypes H5N1 and H9N2.17 Within rodent reservoirs in
Europe, the Americas, and Asia, hantaviruses have been found to
spill over into humans and may also present with pulmonary and
neurologic symptoms.18 A large number of CNS infections are vec-
tor-borne diseases, notably arthropod-borne Alphaviruses and
Flaviviruses. Key examples include the mosquito-borne Japanese
encephalitis virus and West Nile virus, dengue, Chikungunya, Zika
(responsible for an outbreak in 2015–2016 that caused fetal MR
imaging changes),19 and tick-borne viruses. A review of vector-

borne CNS diseases is outside the scope of this article, which
focuses on zoonotic outbreaks directly from animals to humans.
Notably, most recent zoonotic outbreaks reaching regional or
global significance appear to be viral in nature.

FIG 1. Summary of major emerging zoonotic outbreaks related to bats, 1994–2019. Confirmed bat-borne viruses include Hendra, Nipah, and
SARS-CoV-1 viruses; bats are also suspected to be viral reservoirs for MERS, Ebola, and SARS-CoV-2 (cause of the current COVID-19 pandemic)
viruses. Years when outbreaks occurred and confirmed or suspected intermediate hosts involved in virus spillover are also shown. * indicates
that although the 2014 Ebola outbreak was believed to have started with direct bat-to-human transmission, nonhuman primates have been
implicated in previous Ebola outbreaks. ^Data accurate as of May 11, 2020. Reprinted with permission of Duke-NUS Medical School.

Table 1: Key zoonotic diseases with CNS manifestations
Pathogen
Type Animal Reservoir

Zoonotic Species or
Agent

Viral Bats Rabies virus (RABV)
Australian bat lyssavirus
(ABLV)

Hendra virus (HeV)
Nipah virus (NiV)
SARS-CoV, MERS-CoV,
SARS-CoV-2

Bats, primates, duikers Ebola virus (EBOV)
Marburg virus (MARV)

Primates Herpes B virus
Rodents Hantavirus
Poultry, swine Influenza A virus (H1N1,

H1N2, H3N2, H5N1,
H7N9)

Bacterial Ruminants Brucella species
Leptospira interrogans
Coxiella burnetii

Rabbits, rodents Francisella tularensis
Poultry Chlamydia psittaci
Fish Streptococcus iniae

Parasitic Felines Toxoplasma gondii
Swine Taenia solium
Sheep, cattle Echinococcus species

Fungal Bats, birds, various
mammals

Histoplasma capsulatum
Cryptococcus
neoformans,
Cryptococcus gattii
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Neuroimaging in Recent Zoonotic Infectious Outbreaks
Affecting the CNS
Zoonotic Bat-Borne Henipaviruses: Hendra and Nipah Viruses.
A separate genus of Henipavirus within the Paramyxoviridae
family was created after the discovery of 2 new viruses causing
zoonotic outbreaks, which were named after the HeV and NiV.
HeV (initially named equine morbillivirus) was isolated during 2
outbreaks in 1994 at a stable in Hendra, a suburb of Brisbane,
Australia, causing the deaths of 16 horses, a trainer, and another
animal handler.20 Ongoing HeV outbreaks in Australia have been
reported, with a total of 94 equine disease cases, 7 human cases,
and 4 deaths as of 2015, typically in veterinarians or animal han-
dlers, with a fatality rate of 80% in horses and 57% in
humans.21,22 The virus presents with an acute febrile respiratory
disease and neurologic symptoms (eg, confusion, ataxia, and seiz-
ures) in humans. Brain MR imaging showed widespread corti-
cal lesions with sparing of the subcortical white matter on
T2-weighted images, similar in appearance to subacute scle-
rosing panencephalitis caused by measles, the prototypic
paramyxovirus.21,23

NiV, named after the village where the virus was first isolated,
caused a larger pig-borne outbreak of fatal encephalitis and pneu-
monia in 1998. A total of 265 cases of acute NiV encephalitis with
105 deaths were recorded in Malaysia.24 The virus crossed the
border to neighboring Singapore, which imported live pigs for
slaughter, and spread to 11 slaughterhouse workers, of whom 1
died.25,26 Patients typically presented with fever, vomiting, head-
ache, and dizziness, which developed into severe encephalitis
with altered consciousness, brain stem dysfunction, seizures, and
myoclonic jerks.26,27 Neurologic involvement was diverse, includ-
ing aseptic meningitis, diffuse encephalitis, and focal brain stem
and cerebellar involvement. Some early cases were initially
ascribed to Japanese encephalitis virus, which had previously
caused pig-associated outbreaks in Malaysia, but there were
many clinical, epidemiologic, and radiologic red flags that helped
to differentiate between the diseases.

As transmission was from bats to pigs and subsequently pigs
to humans, pig farms were shut and pigs culled in Malaysia. All
importation of live pigs and pork products to Singapore from
Malaysia was banned, and slaughterhouses closed, ending the
outbreak in 1999. Starting in 2001, multiple NiV outbreaks were
reported in West Bengal, India, and multiple locations in
Bangladesh, with local epidemics spreading as far southward and
westward as Kerala.24 These outbreaks were caused by direct
transmission from bats to humans (via consumption of fresh date
palm sap or fruit contaminated by bat secretions or from contact
with infected animals) and human-to-human spread of infection
(including health care workers).28 NiV outbreaks mainly caused
encephalitis, but respiratory symptoms have been reported in
from 29% to two-thirds of cases in different outbreaks.29 More
recent reports of outbreaks in Mindanao, the Philippines (fatal
human encephalitis, influenza-like disease, and meningitis) were
spread by diseased horses.30

MR imaging among Singaporean patients infected with NiV
showed multifocal, bilateral tiny (,1 cm in maximum diameter)
abnormalities, more within the subcortical and deep white matter
(Fig 2) than the cortex, brain stem, or corpus callosum. Most

were prominently detected by DWI compared with T2-weighted
images, and some lesions enhanced after contrast media injec-
tion.31,32 In a follow-up MR imaging study among patients in
Singapore, multiple small T1-weighted hyperintensities in the
cerebral cortex, similar in appearance to laminar cortical necrosis,
were noted 1 month after the outbreak, but there were no clinical
or radiologic relapse or subacute sclerosing panencephalitis fea-
tures. These tiny T1-weighted abnormalities also disappeared on
later MR imaging studies at 6months and later (Fig 3). Among a
cohort of asymptomatic-but-seropositive Singapore slaughter-
house workers who were exposed to pigs, delayed MR imaging
revealed discrete tiny lesions in the brain (but without DWI abnor-
malities at the late time of acquisition) similar to those detected in
symptomatic patients with encephalitis.33 In the patients in
Singapore who were followed-up, 1 patient developed myelopathic
symptoms from a cervical spinal cord lesion; a proportion devel-
oped psychiatric features, including depression, personality
changes, and deficits in attention and memory.

In contrast, follow-up of patients in Malaysia showed a differ-
ent neuroimaging pattern of extensive patchy and confluent
involvement of the cortex, temporal lobe, and pons on T2-
weighted images.34 In a series of 160 Malaysian survivors of
Nipah encephalitis, 12 patients had relapses, and 3 had late-onset
encephalitis.35-37 Malaysian patients may have been more severely
affected than those in Singapore, perhaps because of the nature of
their exposure to the virus.29 The Singapore MR imaging pattern
of tiny DWI abnormalities followed by transient T1 hyperinten-
sities was distinctly different from the characteristic features of
herpesvirus and Japanese encephalitis virus and was more con-
sistent with virus-associated microangiopathy and ischemic
microinfarction. Postmortem studies performed on Malaysian
patients showed both direct neuronal invasion and disseminated
microinfarction from vasculitis-induced thrombosis. Small and
medium-sized blood vessels in other organs also had similar vas-
culitic lesions, resulting in endothelial multinucleated syncytia
and fibrinoid necrosis.24,38 In addition, postmortem examination
of 2 fatal cases of HeV infections in Australia showed similar
findings, which suggested that the pathologic mechanisms might
be similar in HeV and NiV and supporting ischemic microinfarc-
tion as a partial explanation for MR imaging findings.39,40

FIG 2. Patient with Nipah virus infection: initial infection. A, Multiple
punctate white matter lesions (arrowheads) are visible on T2-
weighted FSE MR image. B, The largest lesion is more prominent on
corresponding DWI. Images reprinted from Lim et al.31

1762 Goh Oct 2020 www.ajnr.org



Zoonotic Bat-Borne Coronavirus: SARS-CoV and
MERS-CoV
SARS-CoV and MERS-CoV are 2 newly discovered b -coronavi-
ruses and have much more aggressive behavior than the 4
endemic a-coronaviruses and discovered b -coronaviruses,
which are known causes of the common cold.41 Severe Acute
Respiratory Syndrome (SARS) emerged in 2002 in Guangdong
province, China, most probably spread via civet cats as interme-
diate hosts. Human-to-human transmission and global travel
rapidly caused the outbreak to spread to a total of 33 nations.

SARS was predominantly an atypical
pneumonia with lower respiratory tract
infection with limited transmissibility as
a rule, yet punctuated by a few super-
spreading events, and affected 8096 peo-
ple with 774 deaths.42 The SARS
outbreak ended in 2003, and although a
small number of cases have occurred as
a result of laboratory accidents or
through animal-to-human transmission,
there have been no large-scale SARS
outbreaks since.43

CNS manifestations were noted in
several seriously ill patients with mul-
tiple complications.44 Of the 238
patients with SARS in Singapore, 5
had CNS complications, 4 patients
were critically ill, and 3 died.45 CT per-
formed in 4 patients showed cerebral
infarction involving the large-artery
territories (Fig 4), including the mid-
dle cerebral artery in all 4 (bilateral in
1) and posterior cerebral artery in 2;
hemorrhagic conversion was noted in
1 patient.45 An increased incidence of
pulmonary embolism and deep venous
thrombosis was also noted, especially
among critically ill patients treated
with intravenous immunoglobulin,
raising the possibility of a prothrom-
botic effect. Hence, the role of hyper-

coagulable state, iatrogenic measures, systemic hypotension,
and cardiac dysfunction in seriously ill patients with SARS has
been proposed to explain these findings; increased vigilance
against stroke and other thrombotic complications in future
outbreaks has been recommended.45

MERS coronavirus, with camels as intermediate hosts,
emerged in 2012 in the Middle East and spread to 26 other
nations.15 A total of 2121 patients were affected in Saudi Arabia,
the epicenter of the initial outbreak, and 2519 total cases and 866
deaths have occurred globally since then, with a high case fatality
ratio around 35%.46 MERS-CoV presents similar to SARS-CoV
in the form of severe respiratory distress, which may progress to
shock, acute kidney injury, and coagulopathy. MERS outbreaks
in most countries have subsided after infection-control measures
but are still simmering with sporadic cases, necessitating main-
tained hospital vigilance and travel-history screening.46 In 1
patient interpreted as having acute disseminated encephalomyeli-
tis, brain MR imaging on day 28 of illness revealed widespread,
bilateral, nonenhancing hyperintense lesions on DWI and T2-
weighted imaging within the frontal, temporal, and parietal
subcortical white matter and corpus callosum (Fig 5); other find-
ings included 1 patient with bilateral anterior cerebral artery
infarction and another with intracranial hemorrhage.47,48 Four
of 23 patients affected by the 2015 outbreak in Korea had neuro-
logic symptoms during or after MERS-CoV treatment. These
included Bickerstaff encephalitis overlapping with Guillain-Barré

FIG 3. Patient with Nipah virus infection 1month after infection. Selected axial T1-weighted
images (upper row) show multifocal punctate high signal intensity on the cortical surfaces
(arrows) as well as in the white matter. These did not enhance after contrast injection and disap-
peared on 6-month and subsequent follow-up MR imaging (not shown). Selected T2-weighted
images (lower row) show noncorresponding multiple tiny focal increased signal intensity (arrow-
heads) in the white matter. These also became smaller or disappeared on follow-up MR imaging
(not shown).

FIG 4. Patient with SARS infection. A, Axial 10-mm-section portable
chest CT scan shows multifocal and confluent ground-glass opacities
bilaterally with air bronchogram (arrow) in the left upper lobe. B,
Axial CT scan of the head shows extensive low-attenuation cerebral
infarction involving bilateral middle cerebral and left posterior cere-
bral artery territories.
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syndrome and critical illness neuropathy and myopathy; abnor-
mal MR imaging findings were not reported.49

Zoonotic Viruses from Putative Bat Hosts and Other
Animal Reservoirs
Both Ebola virus and Marburg virus are members of the
Filoviridae family, several of which cause severe hemorrhagic
fevers.50,51 Extensive surveillance studies have identified bats as a

primary reservoir and nonhuman primates as intermediate hosts,
with human consumption of bushmeat implicated in localized
outbreaks.16 Since their discovery, at least 28 Ebola virus out-
breaks and 13 Marburg virus outbreaks have occurred in sub-
Saharan Africa, often complicated by armed conflict and hostility
to medical support teams; hence, neuroimaging is poorly
described.51 Patients with Ebola virus typically have bleeding
complications, and CNS involvement includes a case report of
meningoencephalitis in a seriously ill patient with multiple organ
failure. DWI showed multiple punctate lesions in the corpus cal-
losum, cerebral white matter, and spinal cord, reported as con-
sistent with microvascular occlusion and ischemia. There were
no hemorrhagic lesions, and results of Ebola virus polymerase
chain reaction testing on CSF were negative.52

Apart from bat-borne zoonotic viruses, novel influenza A
viruses, including those that normally circulate in pigs (H1N1,
H1N2, H3N2), and the highly virulent avian H5N1 and H7N9
viruses, are always threatening to trigger the next pandemic.53

However, the recent 2009 influenza A H1N1 pandemic did not
result in widespread CNS abnormalities, though a few reports
have described brain CT or MR imaging findings. Notably, sev-
eral reports described bilateral thalamic lesions, some with DWI
high signal and focal hemorrhage, consistent with acute necrotiz-
ing encephalopathy (Fig 6), as well as patients with meningeal
enhancement.54,55 New-onset seizures and encephalopathy were
found to commonly occur in patients with underlying neurologic
disorders, with swelling of bilateral basal ganglia and thalami and
cerebral edema and tonsillar herniation noted on MR imaging.56

Overall, viruses remain the most likely class of organisms result-
ing in zoonotic outbreaks affecting the CNS.

Zoonotic Outbreak from Contaminated Raw Fish: Group
B Streptococcus ST283
Group B streptococcus bacteria are common gastrointestinal
and genitourinary commensal organisms in humans, and they
can cause bacteremia and meningitis in neonates and pregnant
women. Invasive group B streptococcus infection is rare in
healthy adults, but among patients with chronic underlying
comorbidities,57 it can cause urinary tract and soft-tissue infec-
tion, osteomyelitis, infective endocarditis, and pneumonia, but

rarely meningitis.58 In 2015, there was
an outbreak of 238 cases of group B
streptococcus infections in a foodborne
outbreak associated with consumption
of Chinese-style raw freshwater fish59;
29 patients had meningoencephalitis,
fever, meningism, headache, ence-
phalopathy, focal neurologic deficits,
and/or seizures.

The invasive serotype III sequence
type 283 (ST283) Streptococcus agalac-
tiae was identified as the causative orga-
nism, with the same strain identified
among farmed freshwater fish used for
food preparation.60-62 The outbreak
stopped after affected fish imports into
Singapore were banned and stricter

FIG 5. Patient with MERS-CoV infection (on day 28). A, DWI and ADC
mapping show diffusion restriction of the multiple white matter
lesions. B, Axial FLAIR images show multiple hyperintense lesions in
the subcortical areas and deep white matter of the frontal, temporal,
and parietal lobes bilaterally as well as in the corpus callosum. Images
reprinted from Arabi et al.47

FIG 6. Patient with influenza A H1N1 infection. A, Axial T2-weighted image shows symmetric
increased signal intensity in the thalami and supratentorial frontal white matter. B, T2-weighted
gradient-echo image reveals decreased signal intensity in the central portion of the thalami, indi-
cating hemorrhagic necrosis. C, Axial DWI reveals restricted diffusion, with a concentric pattern,
symmetrically involving the thalami. Images reprinted from Ormitti et al.54
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rules were established governing raw fish dishes.60 However,
there have been other, smaller outbreaks of human meningitis in
Hong Kong and Southeast Asia involving the ST283 strain, sug-
gesting a potential public health threat of this foodborne zoonosis
in Asia.63 Other bacteria have caused smaller zoonotic outbreaks
in the past, including meningitis from infected unpasteurized
dairy products, but the ST283 outbreak demonstrates the need
for vigilance and a broader perspective of CNS involvement in
zoonotic disease.64

DWI showed single or multiple tiny hyperintensities in the
subarachnoid space or ventricles, consistent with small amounts
of pus (Fig 7).62,65 Eight of 14 patients also had DWI lesions in
the basal ganglia, corona radiata, thalamus, midbrain, cerebral
peduncle and corpus callosum, posterior limb of the internal

capsule, frontal and parietal cortex, and white matter; 5 had cere-
bellar involvement.65 Hyperintense pus detected by DWI in the
subarachnoid space is nonspecific; many bacteria, tuberculosis, or
fungi can be responsible. Meningitis may also cause additional
MR imaging features such as meningeal enhancement, abscess
formation, or hydrocephalus.66 However, DWI demonstrated
high sensitivity, and tiny subtle abnormalities were either less
conspicuous or not visualized on T1- or T2-weighted images,
suggesting cerebral infarction as a possible mechanism for some
of the unusual brain parenchymal involvement.65

Observations and Lessons Learned from Past Zoonotic
Outbreaks
Zoonotic and nonzoonotic infections can affect the CNS by dif-
ferent mechanisms, and neuroradiologists may observe 3 broad
patterns of changes on CNS imaging in serious infections. First,
there may be direct injury to nervous tissue, entering via hema-
togenous or neuronal invasion and causing damage to the brain
and meninges (eg, herpes virus and Streptococcus).41 The causa-
tive bacterium or virus is usually isolated from the CSF, as has
been described in HeV and NiV outbreaks; however, in many
case reports for SARS-CoV/SARS-CoV-2, MERS-CoV, and the
Ebola virus, the causative viruses were not successfully iso-
lated.45,47 Second, an immune-mediated response may be respon-
sible for some MR imaging findings, including an early
excessive innate immune response such as “cytokine storm”

(eg, acute necrotizing encephalopathy similar to cases
described in H1N1)67 and a late immune response, typically
taking place some days or weeks after an acute infection (eg,
acute disseminated encephalomyelitis and Guillain-Barré
syndrome in the peripheral nervous system).68 Finally, CT
and MR imaging manifestations may be the result of cerebro-
vascular complications, pre-existing comorbidities, or iatro-
genic effects; these are often seen in critically ill patients in the
intensive care unit. Thus, the imaging findings may not be easily
categorized or definitively explained because individual patients
may sustain CNS damage frommultiple mechanisms.6

Neuroradiologists must be aware of CNS imaging features of
past zoonotic infections to be prepared for current and future
pandemics. In this review, we have highlighted CNS imaging in
several past zoonotic infectious outbreaks, summarized in Table 2.
The patterns of brain abnormalities include widespread cortical or

FIG 7. Patient with group B Streptococcus ST283 meningitis. A, Axial
DWI shows multifocal high signal intensity in the cortex, white mat-
ter, and subarachnoid space of the right frontal lobe. B, ADC map
shows corresponding low ADC. C, T2-weighted images show
increased signal. D, After contrast injection, T1-weighted images show
leptomeningeal enhancement, typical of meningitis.

Table 2: Key brain neuroimaging findings in zoonotic outbreaks
Zoonotic Pathogen Brain Neuroimaging Abnormalities

Hendra virus (HeV) Widespread cortex21

Nipah virus (NiV) Multifocal tiny white matter and others27,31a

Widespread cortex27,34,36

SARS-CoV Large arterial territory infarction (with hemorrhage)45

MERS-CoV Multifocal white matter and others47a

Large arterial territory infarction47a

Intracranial hemorrhage48

Ebola virus (EBOV) Multifocal tiny white matter and others52a

Influenza A H1N1 virus Bilateral thalamus (with hemorrhage) and others54a

Meningeal enhancement55

Streptococcus agalactiae ST283 Multifocal subarachnoid space and others65a

Meningeal enhancement65

a Denotes detected on DWI.
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multifocal white matter lesions, large arterial territory infarction,
hemorrhage, and meningeal enhancement. Some may be relevant
to the current COVID-19 pandemic, and some may eventually
turn out not to be relevant or even misleading. Knowledge of
typical MR imaging features of bacterial meningitis enabled
authors to identify tiny amounts of pus in the subarachnoid space
and ventricles in the ST283 group B Streptococcus outbreak with
high sensitivity, and knowledge of Japanese encephalitis virus fea-
tures enabled researchers to eliminate it during the NiV outbreak.
Being open to the possibility of vasculitis-induced and coagulo-
pathic effects of infection enabled the observations in NiV and
SARS. DWI is extremely sensitive to small lesions, though it is
challenging to distinguish between ischemic and infective brain
damage; however, in an outbreak of infectious disease, the chal-
lenges of transportation and acquiring MR imaging in severely ill
and intubated patients may mean that CT may be more appropri-
ately used in these situations.45,69 Finally, newer MR imaging pulse
sequences such as susceptibility-weighted imaging and perfusion
MR imaging may contribute to the original research literature on
COVID-19, which is still being written.

CONCLUSIONS
In military history, generals and commanders are cautioned
against “fighting the last war” by using outdated equipment, tac-
tics, and concepts and failing to realize that their enemies and sit-
uations have changed. Martial language is often used to describe
the current pandemic as a war, with troops, frontlines, and victo-
ries. Although Mark Twain famously said that history may not
repeat itself (in exactly the same manner), it certainly has many
common features. Neuroradiologists should recognize the MR
imaging and CT imaging features of past zoonotic outbreaks but
be prepared to recognize new imaging manifestations as data
emerge. As health care professionals worldwide labor to suppress
the COVID-19 pandemic, neuroradiologists should not be fight-
ing the last war; we should instead unite and learn together in
this unprecedented shared struggle.5,70
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REVIEW ARTICLE

Stapedial Artery: From Embryology to Different Possible
Adult Configurations

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

ABSTRACT

SUMMARY: The stapedial artery is an embryonic artery that represents the precursor of some orbital, dural, and maxillary branches.
Although its embryologic development and transformations are very complex, it is mandatory to understand the numerous ana-
tomic variations of the middle meningeal artery. Thus, in the first part of this review, we describe in detail the hyostapedial system
development with its variants, referring also to some critical points of ICA, ophthalmic artery, trigeminal artery, and inferolateral
trunk embryology. This basis will allow the understanding of the anatomic variants of the middle meningeal artery, which we
address in the second part of the review.

ABBREVIATIONS: MMA ¼ middle meningeal artery; OA ¼ ophthalmic artery; SA ¼ stapedial artery

The stapedial artery (SA) is an embryologic artery that allows
the development of orbital and dural arteries, and also of the

maxillary branches. Its complex embryologic development explains
numerous anatomic variations of the middle meningeal artery
(MMA) and orbital arteries. Few anatomists1-7 have dissected a
human middle ear that bore a persistent SA and described the ori-
gin and course of this artery. Ear, nose, and throat surgeons
reported cases discovered during middle ear surgeries, which
explains the technical difficulties of the surgery in the presence of a
persistent SA.8-20 More recently, neuroradiologists have paid par-
ticular attention to this anatomic variant.21-26 These studies,
associated with the comparative anatomy,27-29 allow the
understanding of the persistence of the SA. In this article, af-
ter a quick refresh concerning hyostapedial, carotid, and oph-
thalmic systems, the anatomic variations, including the SA,
are presented and explained.

History
The first cadaveric case of persistent SA was described by Hyrtl30

in 1836, who called attention to an artery that runs across the

obturator of the stapes in a human cadaver, with some similarities
with a vessel found in hibernating animals. In the first half of the
20th century, the phenomenal publication by Padget,31 based on
the dissections of 22 human embryos of the Carnegie collection,
provided a great deal of information about the embryologic de-
velopment of the craniofacial arteries and, in particular, of the
hyostapedial system. In the same period, Altmann32 furnished a
comprehensive explanation of the development of the aortic
arches and of the carotid system variants. However, not until the
1960s, do we find the first angiographic demonstration of MMA
variations and, in particular, the persistence of an SA.33,34 At the
end of the 1970s, Lasjaunias was able to give a comprehensive ex-
planation of all variations that implicate the SA.23,24 This group’s
more famous articles23-25,35-38 were published between 1975 and
1990 and are summarized in their textbook.39 Diamond5,27,28 also
published some articles based on the comparative anatomy, prin-
cipally with the great apes, that increased our understanding of
the stapedial system. In these past 3 decades, a few case reports of
interesting anatomic variations that implicate the SA were pub-
lished.17,40-47

Comparative Anatomy
The studies of comparative anatomy were fundamental in the
understanding of the embryologic development of the SA. At the
beginning of the 20th century, Tandler,48 when studying the SA
development in rats, explained the SA regression and the role of
the external carotid artery in the formation of the MMA. Rats dif-
fered from human embryos because the supraorbital branch of
the SA is primarily dependent on the first aortic arch (mandibu-
lar branch). Fuchs,49 in the rabbit, also showed that the first 2
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aortic arches participate in the formation of the external carotid
artery as in human embryos. More recently, Diamond28 and
Falk29 compared the development of the SA between human and
great ape embryos and highlighted some analogies.

Embryology
The development and regression of the SA is strictly related to
some embryonic systems. In this part of our article, we summarize
the main steps of the ICA and ophthalmic artery (OA) develop-
ment. We present a more-detailed description of the hyostapedial
system to understand the different possible adult variations related
to this artery.

The Carotid System. Because a detailed description of the ICA
embryologic development is beyond the scope of this article, we
focused only on the understanding of the “aberrant flow of the
ICA.” It consists of an intratympanic course of the ICA and could
be associated with a persistent SA and consequent variation in
the origin of the MMA. The principal steps of ICA development
are summarized in Fig 1.

In the first stage of Padget (4–5mm embryos), the first 2 aor-
tic arches initiate their natural regression, which allows the ICA
to be individualized. The embryologich segments of the ICA are

derived from the third aortic arch and
from the dorsal aorta cranial to the
third aortic arch.31,32,39 The dorsal
aorta also regresses at the same time
between the third and fourth aortic
arches. In terms of embryology, the
ICA was divided by Lasjaunias and
Santoyo-Vazquez50 into 7 different
segments. The first segment corre-
sponds to the third aortic arch from
the origin of the ventral pharyngeal
artery (the future external carotid ar-
tery) to the junction between the third
aortic arch and the dorsal aorta. The
second segment is the dorsal aorta
between the second and third aortic
arch. The third segment is the dorsal
aorta between the first and second
aortic arch. The fourth segment is the
dorsal aorta between the first aortic
arch and the origin of the trigeminal
artery (and the primitive maxillary ar-
tery). The fifth segment is the dorsal
aorta between the origin of the trigem-
inal artery (and the primitive maxil-
lary artery) and the origin of the
primitive dorsal OA (the future infero-
lateral trunk). The sixth segment is
between the origin of the primitive dor-
sal OA and the origin of the primitive
ventral OA. The seventh segment is
between the primitive ventral OA and
the primitive carotid bifurcation.23,24,31,39

It is important to note that the ca-
rotid bulb does not have the same embryologic origin as the other
segments of the ICA. It originates from the pharyngo-occipital
system, which easily explains variations in origin of the ascending
pharyngeal and occipital arteries. Agenesis or abnormal regres-
sion of $1 segment of the ICA explains an intratympanic course
of the ICA12 (by pharyngo-carotid anastomosis) and also the dif-
ferent type of “reperfusion” in the case of ICA agenesis.32 The
intratympanic course of the ICA, also named as an “aberrant flow
of the ICA,” is the consequence of the abnormal regression of the
first and second segments, with anastomosis between the inferior
tympanic artery (from the ascending pharyngeal artery) and the
caroticotympanic artery (from the carotid artery) that distally
infuses the ICA. The pseudo-ICA, consequently, has an intratym-
panic course without passing through the stapes.12,39,51

Hyostapedial System. “Hyostapedial artery” is the term used to
describe the complete embryologic development of the second
aortic arch. The SA, which develops from the hyoid artery and
takes its name after passing through the crus of the stapes, is an
embryonic artery present between Padget31 stages III and VI
(9–24 mm). This is an important embryologic system from which
numerous dural, orbital, and facial arteries develop. The steps of
SA development are summarized in Table 1.

FIG 1. Embryologic segments of the ICA. Consecutive stages of ICA embryologic development.
The first stages of development (A) are characterized by the presence of 3 aortic arches that link
the ventral aorta (VA) and the dorsal aorta (DA). The VA regresses together with the ventral part
of the aortic arches. The dorsal remnants of the aortic arches persist as embryonic arteries. These
embryonic arteries divide the ICA into 7 embryologic segments: 1) the cervical segment: it derives
from the remnant of the third aortic arch (III AA); 2) the ascending intrapetrous segment: it is the
remnant of the DA between the second (II AA) and third (III AA) aortic arches; the division point
between segments 2 and 3 is at the point of origin of the hyoid artery (HA), that is, the dorsal
remnant of the second aortic arch (II AA); 3) the horizontal intrapetrous segment: it is the rem-
nant of the DA between the first (I AA) and second (II AA) aortic arches; the division point is at
the point of origin of the mandibular artery (MA), which corresponds to the dorsal remnant of
the first aortic arch (I AA); 4) the intracavernous ascending segment: it originates from the DA
between the first aortic arch (I AA) and the primitive maxillary artery (PMA), which connects the
DA of the 2 sides (dorsal aorta left [DAl]; dorsal aorta right [DAr]). The trigeminal artery origins at
the junction between the segment 4 and 5 of the ICA; this latter represents a primitive connec-
tion between the cavernous ICA and the basilar artery (BA); 5) the horizontal intracavernous seg-
ment: it derives from the DA between the PMA and the primitive dorsal OA (PDOA); 6) the
clinoid segment: it corresponds to the DA between the PDOA and the primitive ventral OA; and
7) the terminal segment: the terminal ICA between primitive ventral OA and the primitive ICA
bifurcation into the future anterior cerebral artery (ACA) and the future posterior communicating
artery (PComA). The figure also shows the hypoglossal artery (HypA) and the proatlantal artery
(PA), which originate proximal to the third aortic arch and will contribute to the formation of the
external carotid artery (ECA) branches.
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The hyoid artery is the dorsal remnant of the second aortic
arch, which regresses early in the embryologic development (4-5
mm, Padget31 stage I).2,12 After this arch regression, at approxi-
mately the 5–6-mm stage (Padget31 stage II), the hyoid artery
presents a rapid lateral elongation between the beginning of the
7th and 19th weeks of gestation, when it gives an anastomosis to
the mandibular artery (remnant of the first aortic arch).31 During
Padget31 stage III (7–12-mm embryos), the hyoid artery is promi-
nent and grows cranially, passing, as the SA, through the crus of
the stapes. In contrast, the mandibular artery is short and difficult

to identify. During this stage, the initial forms of the 2 main
branches of the SA (supraorbital and maxillomandibular divi-
sions) are visible, even if they are definitively established only in
Padget31 stage IV (12–14mm).

At the 16–18-mm stage (Padget31 stage V), the SA continues
its elongation to the gasserian region, passing into the future tym-
panic cavity and, particularly, through the crus of the stapes,
reaching its maximum development.23,31,32 The supraorbital ar-
tery, which follows the ophthalmic root of the trigeminal nerve,
allows the development of orbital branches (supraorbital,

Table 1: Major embryologic changes in the formation of the SA

1770 Bonasia Oct 2020 www.ajnr.org



lacrimal, ethmoids, and frontal arteries) and also of the MMA.39

The maxillomandibular artery exits the cranial cavity through the
foramen spinosum and, extracranially, gives its 2 branches: infra-
orbital and mandibular arteries (the future infraorbital and infe-
rior alveolar arteries). After this maximum development of the
SA, 2 annexations and 2 regressions occur to give the adult con-
figuration of the MMA. Intracranially, the orbital branches are
annexed by the primitive OA and the trans-sphenoidal segment
of the supraorbital branch regresses, leaving an anastomotic ar-
tery between the anterior branch of the MMA and the lacrimal
artery (the sphenoidal artery), which penetrates the orbit through
the superior orbital fissure. Extracranially, the ventral pharyngeal ar-
tery annexes the maxillomandibular artery of the SA, forming the
proximal stem of the MMA and becoming the external carotid ar-
tery. Consequently, by flow reversal into the SA, its tympanic portion
regresses and leaves, as remnants, the caroticotympanic artery (from
the ICA) and the superior tympanic artery (from the petrous branch
of the MMA). These annexations and regressions with regard to the
SA happen during Padget31 stage VI (20–24-mm embryos).31,39

OA. The embryogenesis of the primitive OA is related in some
phases to the hyostapedial systems. These phases are summarized
and related to the concomitant SA steps of development pre-
sented in Table 2. The formation of the OA depends on 2 differ-
ent arteries during the 4–18-mm stages; the primitive dorsal OA
and the primitive ventral OA. The primitive dorsal OA develops
from the cavernous segment of the primitive ICA and the pr-
imitive ventral OA develops from the anterior division of the
primitive ICA. The primitive dorsal OA penetrates the orbit
through the superior orbital fissure and the primitive ventral OA
penetrates through the optic canal.

Next, 2 major anastomoses between these 2 arteries are
formed. The first one is an intraorbital plexiform anastomosis
supplied by the 2 arteries around the optic nerve (the future sec-
ond segment of the OA). The second anastomosis is intradural
between the primitive ventral OA and the primitive ICA to form
the definitive supraclinoidal origin of the OA. The proximal por-
tion of the primitive ventral OA (between its origin on the ACA
and its anastomosis with the ICA), then regresses to give the adult
stem of the OA.

In the following step, the proximal part of the primitive dorsal
OA regresses and its remnant becomes the inferolateral trunk of
the primitive ICA. Concomitantly, in 7- and 24-mm embryos
(stages III–VI of Padget), the SA arises from the primitive hyoid
arch of the petrous ICA. As described above, its supraorbital ar-
tery enters the orbit to give orbital branches. It divides into 2
different branches: the ethmoidonasal and lacrimal arteries. The
ethmoidonasal artery anastomoses with the primitive OA at
the arterial ring around the optic nerve, as previously described.
The trans-sphenoidal part of the supraorbital artery then
regresses, and its orbital branches are annexed by the primitive
OA to give the adult conformation.

Trigeminal Artery. The trigeminal artery represents one of the ca-
rotid-basilar anastomoses, which appears in 4–5-mm embryos
(Padget31 stage I) and disappears in 12-mm embryos (Padget31

stage III). It origins from the basilar artery, between the superior
and the anteroinferior cerebellar arteries, passes medial to the
gasserian ganglion, and follows the trigeminal nerve to the primi-
tive ICA at the level of the junction between the fourth and fifth
segments of the ICA. The trigeminal artery has a common origin
on the ICA with the primitive maxillary artery. The carotid rem-
nant of these 2 primitive arteries will be the future meningohypo-
physeal trunk, from which the lateral clival, marginal tentorial,
and inferior hypophyseal arteries will originate.31,32 The basilar
remnant of the trigeminal artery could be considered responsible
for MMA possible origin from the basilar artery. In fact, when
this trigeminal remnant anastomoses with a persistent SA, the
final MMA will arise from the BA. The details of this variant are
explained in Part 2 of our article.

Formation of the Inferolateral Trunk. As supported by the
theory of Lasjaunias,23,24,39 with regard to the embryology of the
OA, the inferolateral trunk is the carotid remnant of the primitive
dorsal OA. The primitive dorsal OA develops from the cavernous
segment of the primitive ICA and penetrates the orbit through
the superior orbital fissure. In 40-mm embryos, the proximal part
of the primitive dorsal OA regresses, and its remnant becomes
the inferolateral trunk. At the adult configuration, the inferolat-
eral trunk is composed of 4 branches: 1) superior branch, which
supplies the roof of the cavernous sinus; 2) anteromedial branch,

Table 2: Summary of embryologic steps of the stapedial and ophthalmic systems
Stapedial System Embryo Size (mm) Ophthalmic System

Regression of the second aortic arch; hyoid
artery formation (dorsal remnant of the
second aortic arch)

4–5 Primitive maxillary artery as temporary
branch; primitive dorsal OA appearance

Elongation of the hyoid artery; annexation
of the mandibular artery (first aortic arch)
by the hyoid artery (second aortic arch)

5–6 Primitive hyaloid artery ¼ plexiform
channels; primitive ventral OA
appearance

Cranial growing of the hyoid artery (SA)
passing into the middle ear (crus of the
stapes)

7–14 Formation of primitive hyaloid and
common ciliary arteries

Maximum development of the SA;
extension of the 2 branches of the SA,
supraorbital and maxillomandibular

16–19 Migration in origin of the primitive ventral
OA; regression of the primitive dorsal
OA; formation of the anastomotic ring

Regression of the transosseous (superior
orbital fissure) segment of the
supraorbital branch

20–24 Ventral interruption of the anastomotic
ring; annexation of the supraorbital
branch by the OA
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which passes into the superior orbital fissure; 3) anterolateral
branch, which runs into the foramen rotundum; and 4) posterior
branch, which passes medial to the gasserian ganglion. These
branches present numerous anastomoses in the cavernous region,
which correspond to the remnants of the primitive trigeminal ar-
tery, OA, SA, and maxillary artery.15

Persistence of the SA
Changes in the events previously described can determine differ-
ent adult configurations of the arteries related to the hyostapedial
system, such as the persistence of the SA. The incidence of this
variant is estimated to be 0.48% after a series of .1000 temporal
bone dissections.6 The possible variants related to the persistence
of the SA are illustrated in Fig 2, including the rarer association
of SA persistence with the so-called pseudopetrous ICA.

Complete Persistence of the SA
The complete persistence of the SA is a very rare variant, and
only 2 cases were published in the context of an ICA aneurysm25

or PHACE (posterior fossa malformations, hemangioma, arterial
anomalies, coarctation of the aorta/cardiac defects, and eye
abnormalities) syndrome.39 In these cases, the SA could be seen
as in the embryo, taking its origin from the petrous ICA, passing
through the middle ear, and giving its 2 branches: one intracra-
nial, which corresponds to the MMA, and the other extracranial,
leaving the cranial cavity through the foramen spinosum.
Consequently, the foramen spinosum is enlarged, the cochlear
promontory is eroded, and the internal maxillary artery arises
from the SA instead of the external carotid artery. Such an ana-
tomic variant could easily be explained by the embryology and,
particularly, by the absence of annexation of the maxillomandib-
ular branch (of the SA) by the ventral pharyngeal artery.

Consequently, in the absence of reversion of the arterial flow into
the SA, its proximal (intratympanic) stem could not regress.39

Partial Persistence of the SA
The partial persistence of the SA is more frequent1,7,21-24,26,32,52,53

and, in this case, only the intracranial branch of the SA keeps its
origins from the petrous ICA. The foramen spinosum is absent
(an orifice does not exist without its contents) or reduced in size
and the MMA arises from the SA instead of the internal maxil-
lary artery. This variant is explained by the regression of the
proximal part of the maxillomandibular artery instead of the
proximal part of the SA.39 A rare case of a bilateral partial per-
sistent SA is illustrated in Fig 3. We note that it is surprising
that the complete persistence of the SA is much rarer than its
partial persistence. The reasons of this phenomenon are still
unknown, and are probably related to some unknown phases of
the annexation of the maxillomandibulary branch by the ventral
pharingeal artery.

Persistence of the SA Associated with Aberrant Flow of
the ICA (Pseudo-Petrous ICA)
In rare cases,12,21,23,24,54,55 the persistence of the SA is associated
with an intratympanic course of the ICA (also known as “aber-
rant flow of the ICA”). This association of vascular variants with
regard to both carotid and hyostapedial systems was described
anatomically and angiographically.32,39 In these cases, the ICA
enters the skull base through an enlarged inferior tympanic canal
(narrowing of the vessel on DSA), passes into the tympanic cavity
to bend anteriorly, and reaches its normal carotid canal. The
MMA arises from the ICA in its tympanic segment and passes
through the stapes to have the same course described in the pre-
vious paragraph. The exocranial orifice of the carotid canal,

FIG 2. Persistent SA and intratympanic flow of the ICA. A, The normal regression process of the hyostapedial system. After the SA proximal
regression, its proximal remnant originates from the ICA as the carotico-tympanic artery (CTA). Its distal part is annexed by the ventral pharyn-
geal artery, the future external carotid artery, to give the internal maxillary artery its first and major branch, the middle meningeal artery (MMA).
The MMA side of the SA persists as the petrosal branch (PB), which gives birth to the superior tympanic artery (STA). The anastomotic branch to
the hyostapedial system from the ascendant pharyngeal artery (APhA) persists as the inferior tympanic artery (ITA). The CTA, STA, and ITA con-
tribute to the adult vascularization of the middle ear. B, Persistent SA. In the case of complete SA persistency, this artery originates from the
petrous ICA and gives, intracranially, the MMA, and the internal maxillary artery exits the middle fossa skull base through the foramen spinosum
as the extracranial branch. This variant is due to the lack of annexation of the maxillary-mandibular branch by the ventral pharyngeal artery. C,
Pseudopetrous or aberrant intratympanic ICA. This variant is due to the agenesis of the cervical ICA (third aortic arch). The cervical ICA agenesis
is bypassed through a hypertrophic inferior tympanic artery, which courses from the APhA through the inferior tympanic canal and reaches the
CTA. The intratympanic ICA flow is called “aberrant” because the artery does not course into its usual canal but into an enlarged inferior tym-
panic canal. D, Pseudopetrous ICA with or without SA persistency. This variant is due to 2 phenomena: the agenesis of the cervical ICA and SA
persistency. In this case, the ITA does not reach the CTA but the persistent SA (pSA).
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therefore, is absent in these cases.23,24 The intratympanic
course of the ICA is explained by the agenesis of the first 2 seg-
ments of the primitive ICA. The cervical segment, in fact, is
the ascending pharyngeal artery with a hypertrophied inferior
tympanic artery that maintains its anastomosis with the caroti-
cotympanic artery (the branch of the ICA) into the tympanic
cavity. The correct term for this aberrant flow of the ICA, in
reality, is a tympano-caroticotympanic variant.39 It bypasses
the absence of the cervical ICA and provides a collateral circu-
lation to the remainder of the ICA. Therefore, the cervical and
intratympanic segments of this artery do not derivate from the
carotid system but from the pharyngo-occipital and hyostape-
dial systems (pseudo-ICA).23,24,39 The agenesis of the first 2
segments of the ICA could be partial, and the ICA seems
duplicated.54

Pharyngo-Tympano-SA
This very rare variant was first described by Lasjaunias et al,23

in 1977, in their original publication. The same case served as
an illustration in the textbook, Surgical Neuroangiography,39

and only 1 similar case was pub-
lished by Baltsavias et al.42 The
MMA arises from the cervical por-
tion of the ICA, ascends along the
cervical ICA, enters into the tym-
panic cavity through the inferior
tympanic canal, and follows the
usual course of the SA. The 2 cases
described were presented as “partial”
persistence of the SA, with only the
MMA arising from the SA, and the
absence of the foramen spinosum. In
this variant, an annexation of the SA
by the inferior tympanic artery (the
branch of the ascending pharyngeal
artery), with regression of the proxi-
mal part of the SA explains this vas-
cular configuration. Therefore, the
SA arises from the cervical instead of
the petrous segment of the ICA.

MMA Origin of the OA
The first description of orbital
branches arising from the MMA was
published in 1872 by Curnow.56 He al-
ready noted in his case dissection that
all orbital branches were supplied by
the MMA except the central retinal ar-
tery, which kept its origin from the
supracavernous ICA. Twenty years af-
ter this first description, Musgrove57

presented another case of an MMA
origin of the OA, also where the cen-
tral retinal artery was supplied by the
MMA and the ICA does not give any
orbital artery, thus the orbit is vascu-
larized by the MMA. After other iso-

lated cases found during cerebral or orbital dissections,1,27,58,59

Hayreh and Dass60 reported 6 cases among their 170 orbital dis-
sections in which the MMA participated completely (2 cases) or
partially (4 cases) in the orbital supply. Moret et al36 and
Lasjaunias et al23 described with precision the contribution of the
MMA to the orbital vascularization and gave us a more compre-
hensive explanation of this anatomic variation.

The incidence of OA that arises from the MMA and pene-
trates the orbit through the superior orbital fissure is estimated as
between 1.4 and 2.5%.60 In this anatomic variation, orbital
arteries are supplied by the anterior division of the MMA passing
through the superior orbital fissure or through the spheno-orbital
foramen. The central retinal artery generally keeps its vascular
supply from the supracavernous ICA, but, in a few cases, the cen-
tral retinal artery is also supplied by the MMA without ICA par-
ticipation.61 A case of a complete supply of the orbital arteries by
the MMA is illustrated in Fig 4.

As explained before, during the embryogenesis, the SA gives
the supraorbital branch, which allows the development of the lacri-
mal artery and anastomoses with the OA around the optic nerve

FIG 3. DSA with a bilateral partial persistent SA in a patient with Moyamoya disease. A and B,
show the right and left ICA injection, respectively, with the MMA (red arrow) arising from the
petrous ICA. This phenomenon is possible because of bilateral SA persistency. B, The ICA is nar-
rowed and stopped at the level of the OA due to Moyamoya disease. C, A 3D reconstruction of
the right ICA from which the MMA originates (red arrow). D, The left external carotid artery
injection without the MMA enhancement because of its absence.
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(participation of the perioptic circle). The proximal part of the
supraorbital branch then normally regresses and the lacrimal artery
is annexed by the OA.39 The persistence of MMA branches (or, in
extremis, theMMA origin of the OA) could be explained by 2 differ-
ent phenomena: the absence of an anastomosis between the supraor-
bital branch and the OA, with a consequent persistence of a dual
supply of the orbital arteries, or the persistence of the proximal stem
of the supraorbital branch of the SA, with regression of the primitive
OA (complete MMA origin of the OA). Although the supraorbital
branch bifurcates (lacrimal artery laterally and ethmoido-nasal
medially) usually inside the orbit, in 30% of cases, it can divide out-
side the orbit in the middle cranial fossa. In such cases, the eth-
moido-nasal artery passes through the superior orbital fissure, but

the lacrimal artery penetrates the orbit through its own canal, the
spheno-orbital foramen (canal of Hyrtl, lacrimal foramen, sinus
canal). The medial branch, passing through the superior orbital fis-
sure, is named the recurrent meningeal artery in its intraorbital seg-
ment and sphenoidal artery in its intracranial segment.23,31,39,60

CONCLUSIONS
All the anatomic variations linked to the development of the SA,
summarized in Table 3, could have a clinical impact. Because
each vascular segment that regresses during embryologic life usu-
ally persists as an anastomosis between 2 arteries, the knowledge
of the embryology and the presence of these anastomoses is of para-

mount importance in case of external ca-
rotid branch embolization. Each residual
anastomosis represents a potential unde-
sired leak of liquid embolic agent, with
possible clinical implications. Knowledge
of the embryologic variants described in
this article represents the basis to under-
stand the different possible adult config-
urations of the MMA and their clinical
implications. The most common pathol-
ogies, whose treatment requires a
detailed knowledge of MMA embryol-
ogy and variants, are dural AVFs, me-
ningeal tumors, and chronic subdural
hematomas. Our purpose, therefore, is to
give a detailed description of these var-
iants and their clinical implications in
the second part of our article.

FIG 4. The MMA origin of the OA: a case of a complete OA origin from the MMA. The selective
injection of the MMA in the anteroposterior projection (A) shows that the sphenoidal artery
(SphA) arises from the MMA after its bifurcation into the anterior (red arrow) and posterior divi-
sion (blue arrow). It courses along the inner surface of the temporal and sphenoidal bone and
enters the orbit through the superior orbital fissure (SOF) to give rise to the OA. B, An oblique
ICA injection, highlighting the absence of the OA.

Table 3: Anatomic variations implicating the SA

Anatomic Variations Embryologic Implications

Type Incidence Direct and Indirect Signs Embryologic Explanation
Embryo
Size (mm)

Complete persistence
of the SA

2 cases Petrous ICA origin of the MMA; petrous
ICA origin of the internal maxillary
artery; enlarged foramen spinosum;
eroded cochlear promontory

Lack of annexation of the
maxillomandibular branch by the
ventral pharyngeal artery; persistence
of the tympanic segment of the SA

24

Partial persistence of
the SA

0.4% Petrous ICA origin of the MMA; absent
foramen spinosum; enlarged facial
canal

Regression of the proximal segment of
the maxillomandibular branch;
persistence of the tympanic segment
of the SA

24

Tympano-carotico-
tympanic variant;
aberrant flow of the
ICA plus persistent
SA

5 cases Intratympanic course of the ICA;
petrous ICA origin of the MMA;
enlarged inferior tympanic canal;
absent exocranial carotid canal

Regression of the proximal segment of
the maxillomandibular branch;
persistence of the tympanic segment
of the SA; agenesis of the first 2
segments of the ICA; anastomosis
between inferior tympanic artery and
caroticotympanic artery

24; 4–5

Pharyngo-tympano-
stapedial variant

2 cases Cervical ICA origin of the MMA; absent
foramen spinosum

Regression of the proximal segment of
the maxillomandibular branch;
persistence of the tympanic segment
of the SA; anastomosis between the
inferior tympanic artery and the
caroticotympanic artery

24

MMA origin of the OA n ¼ 2% MMA origin of the OA; no OA from the
ICA or only the central retinal artery

Lack of annexation of the supraorbital
branch by the OA; persistence of the
sphenoidal part of the supraorbital
branch

24

1774 Bonasia Oct 2020 www.ajnr.org



REFERENCES
1. Fisher AG. A case of complete absence of both internal carotid

arteries, with a preliminary note on the developmental history of
the stapedial artery. J Anat Physiol 1913;48(pt 1):37–46 Medline

2. Kelemen G. Arteria stapedia, in bilateral persistence. AMA Arch
Otolaryngol 1958;67:668–77 CrossRef Medline

3. Sando I, Baker B, Black FO, et al. Persistence of stapedial artery in
trisomy 13-15 syndrome. Arch Otolaryngol 1972;96:441–47 CrossRef
Medline

4. Marano GD, Horton JA, Gabriele OF. Persistent embryologic vascu-
lar loop of the internal carotid, middle meningeal, and ophthalmic
arteries. Radiology 1981;141:409–10 CrossRef Medline

5. Diamond MK. Unusual example of a persistent stapedial artery in
a human. Anat Rec 1987;218:345–54 CrossRef Medline

6. Moreano EH, Paparella MM, Zelterman D, et al. Prevalence of facial
canal dehiscence and of persistent stapedial artery in the humanmid-
dle ear: a report of 1000 temporal bones. Laryngoscope 1994;104:309–
20 CrossRef Medline

7. Kawai K, Yoshinaga K, Koizumi M, et al. Amiddle meningeal artery
which arises from the internal carotid artery in which the first
branchial artery participates. Ann Anat 2006;188:33–38 CrossRef
Medline

8. Baron SH. Persistent stapedial artery, necrosis of the incus, and other
problems which have influenced the choice of technique in stapes
replacement surgery in otosclerosis. Laryngoscope 1963;73:769–82
CrossRef Medline

9. House HP, Patterson ME. Persistent stapedial artery: report of two
cases. Trans Am Acad Ophthalmol Otolaryngol 1964;68:644–46 Medline

10. Maran AG. Persistent stapedial artery. J Laryngol Otol 1965;79:971–
75 CrossRef Medline

11. Davies DG. Persistent stapedial artery: a temporal bone report. J
Laryngol Otol 1967;81:649–60 CrossRef Medline

12. Steffen TN. Vascular anomalites of the middle ear. Laryngoscope
1968;78:171–97 CrossRef Medline

13. Marion M, Hinojosa R, Khan AA. Persistence of the stapedial artery:
a histopathologic study. Otolaryngol Head Neck Surg 1985;93:298–312
CrossRef Medline

14. Boscia R, Knox RD, Adkins WY, et al. Persistent stapedial artery
supplying a glomus tympanicum tumor. Arch Otolaryngol Head
Neck Surg 1990;116:852–54 CrossRef Medline

15. Pahor AL, Hussain SS. Persistent stapedial artery. J Laryngol Otol
1992;106:254–57 CrossRef Medline

16. Govaerts PJ, Marquet TF, Cremers WR, et al. Persistent stapedial ar-
tery: does it prevent successful surgery? Ann Otol Rhinol Laryngol
1993;102:724–72 CrossRef Medline

17. Wardrop P, Kerr AI, Moussa SA. Persistent stapedial artery pre-
venting successful cochlear implantation: a case report. Ann Otol
Rhinol Laryngol Suppl 1995;166:443–45 Medline

18. Jain R, Gandhi D, Gujar S, et al. Case 67: persistent stapedial artery.
Radiology 2004;230:413–16 CrossRef Medline

19. Yamamoto E, Hirono Y. Persistent stapedial artery associated
with otosclerosis. ORL J Otorhinolaryngol Relat Spec 1988;50:382–
84 CrossRef Medline

20. Hogg ID, Stephens CB, Arnold GE. Theoretical anomalies of the
stapedial artery. Ann Otol Rhinol Laryngol 1972;81:860–70 CrossRef
Medline

21. Guinto FC Jr, Garrabrant EC, Radcliffe WB. Radiology of the persis-
tent stapedial artery. Radiology 1972;105:365–69 CrossRef Medline

22. Teal JS, Rumbaugh CL, Bergeron RT, et al. Congenital absence of
the internal carotid artery associated with cerebral hemiatrophy,
absence of the external carotid artery, and persistence of the stape-
dial artery. Am J Roentgenol Radium Ther Nucl Med 1973;118:534–
45 CrossRef Medline

23. Lasjaunias P, Moret J, Manelfe C, et al. Arterial anomalies at the
base of the skull. Neuroradiology 1977;13:267–72 CrossRef
Medline

24. Lasjaunias P, Moret J. Normal and non-pathological variations
in the angiographic aspects of the arteries of the middle ear.
Neuroradiology 1978;15:213–19 CrossRef Medline

25. Rodesch G, Choi IS, Lasjaunias P. Complete persistence of the
hyoido-stapedial artery in man. Case report. Intra-petrous origin
of the maxillary artery from ICA. Surg Radiol Anat 1991;13:63–65
CrossRef Medline

26. Sheikh BY, Coates R, Siqueira EB. Stapedial artery supplying sphe-
noid wing meningioma: case report. Neuroradiology 1993;35:537–38
CrossRef Medline

27. Diamond MK. Homologies of the meningeal-orbital arteries of
humans: a reappraisal. J Anat 1991;178:223–41 Medline

28. Diamond MK. Homologies of the stapedial artery in humans,
with a reconstruction of the primitive stapedial artery configu-
ration of Euprimates. Am J Phys Anthropol 1991;84:433–62
CrossRef Medline

29. Falk D.Meningeal arterial patterns in great apes: implications for
hominid vascular evolution. Am J Phys Anthropol 1993;92:81–97
CrossRef Medline

30. Hyrtl J. Several human analogies of of the artery Otto discovered
running through the stapes in several hibernators. New observa-
tions from the field of human and comparative anatomy.Neue beo-
bachtungen aus dem gebieteder menschlichen und vergleichenden
anatomie 1836:457–66. In: states MJdö, ed.

31. Padget DH. The development of cranial arteries in the human
embryo. Contrib Embryol Carneg Instn 1948;32:205–61

32. Altmann F. Anomalies of the internal carotid artery and its branches;
their embryological and comparative anatomical significance; report
of a new case of persistent stapedial artery in man. Laryngoscope
1947;57:313–39Medline

33. Gabriele OF, Bell D.Ophthalmic origin of the middle meningeal ar-
tery. Radiology 1967;89:841–44 CrossRef Medline

34. Salamon G, Guerinel G, Demard F. Radioanatomical study of the
external carotid artery. Ann Radiol (Paris) 1968;11:199–215 Medline

35. Seeger JF, Hemmer JF. Persistent basilar/middle meningeal artery
anastomosis. Radiology 1976;118:367–70 CrossRef Medline

36. Moret J, Lasjaunias P, Theron J, et al. The middle meningeal artery.
Its contribution to the vascularisation of the orbit. J Neuroradiol
1977;4:225–48 Medline

37. Merland JJ, Théron J, Lasjaunias P, et al. Meningeal blood supply of
the convexity. J Neuroradiol 1977;4:129–74 Medline

38. Moret J, Lasjaunias P, Vignaud J, et al. The middle meningeal blood
supply to the posterior fossa (author's transl). Neuroradiology
1978;16:306–07 CrossRef Medline

39. Lasjaunias P, Bereinstein A, ter Brugge K. Surgical Neuroangiography.
Berlin: Springer-Verlag; 2001

40. Maiuri F, Donzelli R, de Divitiis O, et al. Anomalous meningeal
branches of the ophthalmic artery feeding meningiomas of the
brain convexity. Surg Radiol Anat 1998;20:279–84 CrossRef Medline

41. Shah QA, Hurst RW. Anomalous origin of the middle meningeal
artery from the basilar artery: a case report. J Neuroimaging
2007;17:261–63 CrossRef Medline

42. Baltsavias G, Kumar R, Valavanis A. The pharyngo-tympano-stape-
dial variant of the middle meningeal artery. A case report. Interv
Neuroradiol 2012;18:255–58 CrossRef Medline

43. Kumar S, Mishra NK. Middle meningeal artery arising from the
basilar artery: report of a case and its probable embryological
mechanism. J Neurointerv Surg 2012;4:43–44 CrossRef Medline

44. Plas B, Bonneville F, Dupuy M, et al. Bilateral ophthalmic origin of
the middle meningeal artery. Neurochirurgie 2013;59:183–86 CrossRef
Medline

45. Cvetko E, Bosnjak R. Unilateral absence of foramen spinosum with
bilateral ophthalmic origin of the middle meningeal artery: case
report and review of the literature. Folia Morphol (Warsz) 2014;73:87–
91 CrossRef Medline

46. Salem MM, Fusco MR, Dolati P, et al.Middle meningeal artery aris-
ing from the basilar artery. J Cerebrovasc Endovasc Neurosurg
2014;16:364–67 CrossRef Medline

AJNR Am J Neuroradiol 41:1768–76 Oct 2020 www.ajnr.org 1775

https://www.ncbi.nlm.nih.gov/pubmed/17232981
http://dx.doi.org/10.1001/archotol.1958.00730010684005
https://www.ncbi.nlm.nih.gov/pubmed/13532106
http://dx.doi.org/10.1001/archotol.1972.00770090673009
https://www.ncbi.nlm.nih.gov/pubmed/4658256
http://dx.doi.org/10.1148/radiology.141.2.7291564
https://www.ncbi.nlm.nih.gov/pubmed/7291564
http://dx.doi.org/10.1002/ar.1092180316
https://www.ncbi.nlm.nih.gov/pubmed/3631546
http://dx.doi.org/10.1288/00005537-199403000-00012
https://www.ncbi.nlm.nih.gov/pubmed/8127188
http://dx.doi.org/10.1016/j.aanat.2005.08.013
https://www.ncbi.nlm.nih.gov/pubmed/16447910
http://dx.doi.org/10.1288/00005537-196306000-00014
https://www.ncbi.nlm.nih.gov/pubmed/13969456
https://www.ncbi.nlm.nih.gov/pubmed/14195982
http://dx.doi.org/10.1017/s0022215100064665
https://www.ncbi.nlm.nih.gov/pubmed/5848037
http://dx.doi.org/10.1017/s002221510006758x
https://www.ncbi.nlm.nih.gov/pubmed/6027269
http://dx.doi.org/10.1288/00005537-196802000-00001
https://www.ncbi.nlm.nih.gov/pubmed/5644220
http://dx.doi.org/10.1177/019459988509300304
https://www.ncbi.nlm.nih.gov/pubmed/3927223
http://dx.doi.org/10.1001/archotol.1990.01870070100019
https://www.ncbi.nlm.nih.gov/pubmed/2363926
http://dx.doi.org/10.1017/s0022215100119206
https://www.ncbi.nlm.nih.gov/pubmed/1564386
http://dx.doi.org/10.1177/000348949310200914
https://www.ncbi.nlm.nih.gov/pubmed/8373098
https://www.ncbi.nlm.nih.gov/pubmed/7668745
http://dx.doi.org/10.1148/radiol.2302021108
https://www.ncbi.nlm.nih.gov/pubmed/14752185
http://dx.doi.org/10.1159/000276017
https://www.ncbi.nlm.nih.gov/pubmed/3231461
http://dx.doi.org/10.1177/000348947208100619
https://www.ncbi.nlm.nih.gov/pubmed/4673857
http://dx.doi.org/10.1148/105.2.365
https://www.ncbi.nlm.nih.gov/pubmed/5079662
http://dx.doi.org/10.2214/ajr.118.3.534
https://www.ncbi.nlm.nih.gov/pubmed/4541853
http://dx.doi.org/10.1007/BF00347072
https://www.ncbi.nlm.nih.gov/pubmed/896036
http://dx.doi.org/10.1007/BF00327529
https://www.ncbi.nlm.nih.gov/pubmed/692867
http://dx.doi.org/10.1007/BF01623146
https://www.ncbi.nlm.nih.gov/pubmed/2053048
http://dx.doi.org/10.1007/BF00588716
https://www.ncbi.nlm.nih.gov/pubmed/8232884
https://www.ncbi.nlm.nih.gov/pubmed/1810930
http://dx.doi.org/10.1002/ajpa.1330840408
https://www.ncbi.nlm.nih.gov/pubmed/2053618
http://dx.doi.org/10.1002/ajpa.1330920107
https://www.ncbi.nlm.nih.gov/pubmed/8238293
https://www.ncbi.nlm.nih.gov/pubmed/20241850
http://dx.doi.org/10.1148/89.5.841
https://www.ncbi.nlm.nih.gov/pubmed/6048077
https://www.ncbi.nlm.nih.gov/pubmed/5680577
http://dx.doi.org/10.1148/118.2.367
https://www.ncbi.nlm.nih.gov/pubmed/1250970
https://www.ncbi.nlm.nih.gov/pubmed/122728
https://www.ncbi.nlm.nih.gov/pubmed/122725
http://dx.doi.org/10.1007/BF00395283
https://www.ncbi.nlm.nih.gov/pubmed/740204
http://dx.doi.org/10.1007/BF01628491
https://www.ncbi.nlm.nih.gov/pubmed/9787396
http://dx.doi.org/10.1111/j.1552-6569.2007.00108.x
https://www.ncbi.nlm.nih.gov/pubmed/17608915
http://dx.doi.org/10.1177/159101991201800302
https://www.ncbi.nlm.nih.gov/pubmed/22958762
http://dx.doi.org/10.1136/jnis.2010.004465
https://www.ncbi.nlm.nih.gov/pubmed/21990457
http://dx.doi.org/10.1016/j.neuchi.2013.08.005
https://www.ncbi.nlm.nih.gov/pubmed/24176432
http://dx.doi.org/10.5603/FM.2014.0013
https://www.ncbi.nlm.nih.gov/pubmed/24590529
http://dx.doi.org/10.7461/jcen.2014.16.4.364
https://www.ncbi.nlm.nih.gov/pubmed/25599045


47. Kimball D, Kimball H, Tubbs RS, et al. Variant middle meningeal
artery origin from the ophthalmic artery: a case report. Surg Radiol
Anat 2015;37:105–08 CrossRef Medline

48. Tandler J. Zur Entwickelungsgeschichte der Kopfarterien bei den
Mammalia. 1902. Morphol. Jahrbuch, Bd. 30, S 275–373, Taf. 3-5

49. Fuchs H. Zur Entwicklungsgeschichte des Wirbeltierauges. I. €Uber
die Entwicklung der Augengefässe des Kaninchens. Anat Hefte
1905;28:1–251

50. Lasjaunias P, Santoyo-Vazquez A. Segmental agenesis of the inter-
nal carotid artery: angiographic aspects with embryological discus-
sion. Anat Clin 1984;6:133–41 CrossRef Medline

51. Margolis MT, Newton TH. Collateral pathways between the cavern-
ous portion of the internal carotid and external carotid arteries.
Radiology 1969;93:834–36 CrossRef Medline

52. McLennan JE, Rosenbaum AE, Haughton VM. Internal carotid ori-
gins of the middle meningeal artery. The ophthalmic-middle me-
ningeal and stapedial-middle meningeal arteries. Neuroradiology
1974;7:265–75 CrossRef Medline

53. Martins C, Yasuda A, Campero A, et al. Microsurgical anatomy of
the dural arteries. Neurosurgery 2005;56(suppl):211–51; discussion
211–51 CrossRef Medline

54. Koenigsberg RA, Zito JL, Patel M, et al. Fenestration of the internal
carotid artery: a rare mass of the hypotympanum associated with
persistence of the stapedial artery. AJNR Am J Neuroradiol 1995;16
(suppl):908–10 Medline

55. Silbergleit R, Quint DJ, Mehta BA, et al. The persistent stapedial ar-
tery. AJNR Am J Neuroradiol 2000;21:572–77 Medline

56. Curnow J. Two instances of irregular ophthalmic and middle me-
ningeal arteries. J Anat Physiol 1873;8:155–56 Medline

57. Musgrove J. Origin of ophthalmic artery from middle meningeal. J
Anat Physiol 1893;27:279–81 Medline

58. Chanmugan PK. Note on an unusual ophthalmic artery associated
with other abnormalities. J Anat 1936;70(pt 4):580–82 Medline

59. Bossi R, Pisani C. Collateral cerebral circulation through the oph-
thalmic artery and its efficiency in internal carotid occlusion. Br J
Radiol 1955;28:462–69 CrossRef Medline

60. Hayreh SS, Dass R. The ophthalmic artery: I. Origin and intra-cra-
nial and intra-canalicular course. Br J Ophthalmol 1962;46:65–98
CrossRef Medline

61. Louw L.Different ophthalmic artery origins: embryology and clini-
cal significance. Clin Anat 2015;28:576–83 CrossRef Medline

1776 Bonasia Oct 2020 www.ajnr.org

http://dx.doi.org/10.1007/s00276-014-1272-z
https://www.ncbi.nlm.nih.gov/pubmed/24782096
http://dx.doi.org/10.1007/BF01773165
https://www.ncbi.nlm.nih.gov/pubmed/6498000
http://dx.doi.org/10.1148/93.4.834
https://www.ncbi.nlm.nih.gov/pubmed/5824235
http://dx.doi.org/10.1007/BF00344246
https://www.ncbi.nlm.nih.gov/pubmed/4413942
http://dx.doi.org/10.1227/01.neu.0000144823.94402.3d
https://www.ncbi.nlm.nih.gov/pubmed/15794820
https://www.ncbi.nlm.nih.gov/pubmed/7611071
https://www.ncbi.nlm.nih.gov/pubmed/10730654
https://www.ncbi.nlm.nih.gov/pubmed/17231001
https://www.ncbi.nlm.nih.gov/pubmed/17232031
https://www.ncbi.nlm.nih.gov/pubmed/17104617
http://dx.doi.org/10.1259/0007-1285-28-333-462
https://www.ncbi.nlm.nih.gov/pubmed/13250162
http://dx.doi.org/10.1136/bjo.46.2.65
https://www.ncbi.nlm.nih.gov/pubmed/18170762
http://dx.doi.org/10.1002/ca.22470
https://www.ncbi.nlm.nih.gov/pubmed/25255996


REVIEW ARTICLE

Middle Meningeal Artery: Anatomy and Variations
S. Bonasia, S. Smajda, G. Ciccio, and T. Robert

ABSTRACT

SUMMARY: The middle meningeal artery is the major human dural artery. Its origin and course can vary a great deal in relation,
not only with the embryologic development of the hyostapedial system, but also because of the relationship of this system with
the ICA, ophthalmic artery, trigeminal artery, and inferolateral trunk. After summarizing these systems in the first part our review,
our purpose is to describe, in this second part, the anatomy, the possible origins, and courses of the middle meningeal artery. This
review is enriched by the correlation of each variant to the related embryologic explanation as well as by some clinical cases
shown in the figures. We discuss, in conclusion, some clinical conditions that require detailed knowledge of possible variants of the
middle meningeal artery.

ABBREVIATIONS: IMA ¼ internal maxillary artery; MMA ¼ middle meningeal artery; OA ¼ ophthalmic artery; SA ¼ stapedial artery

The middle meningeal artery (MMA) is one of the largest
branches of the external carotid artery and the most important

dural artery because it supplies more than two-thirds of the cranial
dura.1 However, the most interesting aspects of this artery are not
its size or its clinical importance but its embryologic development
and its numerous anatomic variations. An understanding of the
anatomy and variants of the MMA provides a good knowledge and
understanding of the hyostapedial system and of the vascular anat-
omy of the middle ear. The aim of this article is to summarize,
through a narrative review based on the literature and clinical
examples, the possible anatomic variations of the MMA. Each vari-
ant will be related to its embryologic explication, which we treated
in detail in part 1 of this article. The knowledge of these variants is
important especially for neuroradiologists to treat dural pathologies
and also for surgeons who approach the middle ear pathologies.

Origin of the Artery
In almost all cases, the MMA arises from the internal maxillary
artery (IMA), but it could also originate from the ICA or, more

surprisingly, from the basilar artery. Possible origins of the MMA
are listed in Table 1, with their respective embryologic explana-
tion. The detailed description of the MMA embryologic develop-
ment was analyzed in part 1 of our article.

IMA Origin. The classic origin of the MMA is usually described
on the first segment of the IMA into the infratemporal fossa, just
behind the condylar process of the mandible.1,2 The MMA is the
largest and usually the first ascending branch of the IMA,2 but it
could also have a common trunk with the accessory meningeal
artery, depending on the position of the IMA course with regard
to the external pterygoid muscle.3 When the IMA passes superfi-
cially to the muscle, the MMA and accessory meningeal artery
have a common origin from the IMA, and the inferior dental and
posterior deep temporal arteries have a separate origin. On the
contrary, when the IMA passes deep to the external pterygoid
muscle, the MMA, and the accessory meningeal artery have dis-
tinct origins from the IMA, and the inferior dental and the poste-
rior deep temporal arteries share a common trunk.2

Low4 described an interesting cadaveric case of distal (third
segment) IMA origin of the MMA. In his study, he inspected
the osseous grooves of the skull and noted that, associated with
the absence of the foramen spinosum, the osseous grooves of the
MMA converge to the superior orbital fissure.4 He concluded
that the MMA takes its origin in the pterygoid fossa from the dis-
tal IMA and passes through the inferior and superior orbital fis-
sures.4 Probably, in his description, he misinterpreted an
ophthalmic artery (OA) origin of the MMA, not already known
at its publication.3

Received April 17, 2020; accepted after revision May 20.

From the Department of Neurosurgery (S.B., T.R.), Neurocenter of the Southern
Switzerland, Lugano, Switzerland; Department of Interventional Neuroradiology
(S.S., G.C.), Rothschild Foundation Hospital, Paris, France; and University of
Southern Switzerland (T.R.), Lugano, Switzerland.

Please address correspondence to Thomas Robert, MD, Department of
Neurosurgery, Regional Hospital of Lugano, Neurocenter of the Southern
Switzerland, Via Tesserete 46, CH-6903 Lugano, Switzerland; e-mail:
thomas.robert43@gmail.com

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

http://dx.doi.org/10.3174/ajnr.A6739

AJNR Am J Neuroradiol 41:1777–85 Oct 2020 www.ajnr.org 1777

https://orcid.org/0000-0003-3192-4823
https://orcid.org/0000-0002-6486-1710
https://orcid.org/0000-0001-5801-0816
https://orcid.org/0000-0002-0028-0124
mailto:thomas.robert43@gmail.com


Basilar Artery Origin. Altmann5 was the first investigator to
describe a case of basilar artery origin of the MMA in his monu-
mental article about anomalies of the carotid system but failed to
give clear embryologic explanation of the anatomic variation.
Surprisingly, he described the origin of the artery between the
AICA and PICA, and its course as “accompanying the acoustic-
facial nerve,” passing through the internal acoustic canal to reach
the superior branch of the stapedial artery (SA). After this initial
description, ,10 cases of basilar artery origin of the MMA were
successively published.6-12 Usually, the MMA originates from the
distal third of the basilar artery between the superior cerebellar
artery and the AICA. It courses anteriorly along the trigeminal
nerve to reach the gasserian region, where it anastomoses with
the petrosal branch of the MMA. Usually, only the posterior
(parieto-occipital) branch of the MMA arises from the basilar ar-
tery and the anterior (frontal) branch keeps its normal origin
from the IMA6,9-11,13; however, in a few cases,6,8,12 the complete
territory of the MMA had a basilar artery origin.

Two distinct embryologic explanations are postulated by inves-

tigators to explain this anatomic variation. Seeger and Hemmer6

and Lasjaunias et al3,7 explained it by an anastomosis in the gasser-

ian region between the basilar remnant of the trigeminal artery

and the persistent SA. Consequently, after regression of the proxi-

mal stem of the SA at the level of the stapes, the MMA takes its ori-

gin from the basilar artery. Other investigators postulated that an

enlarged lateral pontine artery develops during the embryologic

life and anastomoses with the SA.8,9,14 A rare case of MMA origin

from an enlarged pontine artery is presented in Fig 1. Kuruvilla et

al10 described a particular case in which the MMA arose directly

from the PICA and not from the basilar artery. No embryologic ex-

planation was found to explain such an origin.

OA Origin. The MMA could also originate from the OA instead
of the IMA. The incidence of this vascular variation is estimated
to be 0.5% by Dilenge and Ascherl,15 based on a large angio-
graphic series. Few cases of MMA that arose from the OA are
described in the literature.7,16-24 The first case was presented by
Curnow25 and, in the same period, Meyer26 also cited 4 cadaveric
cases originally described by Zuckerkandl in 1876,27 during a
congress presentation. This vascular anomaly is considered as the
consequence of 2 different embryologic processes.7 The first is
the failure of the supraorbital branch (SA) to regress. The second
is the absence of anastomosis between the maxillomandibular
branch of the SA and the IMA.28 Consequently, the MMA origins
from the OA passing through the lateral part of the superior or-
bital fissure and the foramen spinosum are usually absent.

Maiuri et al29 proposed 3 different types of this vascular varia-
tion, as highlighted in Table 2. The first type is the complete
MMA territory taken over by the OA through the superficial recur-
rent OA. The second type is only the anterior branch of the MMA
with an OA origin; the posterior branch of the MMA keeps its ori-
gin from the IMA. The third type is not really an OA origin of the
MMA but an anastomosis between the OA and the accessory me-
ningeal artery (through the deep recurrent OA), and, consequently,
the anterior meningeal territory is supplied by both the MMA and
the OA, without any communication. Two cases of complete and

Table 1: Different origin of the MMA with modifications associated and embryologic explanation

Variations in the Origin of the MMA Embryologic Implications

Type Associated Changes Embryologic Explanation
Embryo
Size (mm)

IMA origin Normal anatomy Normal embryology
Basilar artery origin Absence foramen spinosum Anastomosis between SA and trigeminal artery;

anastomosis between SA and lateral pontine
artery

12

Cavernous ICA origin Absence foramen spinosum Anastomosis between inferolateral trunk and SA 16
Partial persistent SA Absence foramen spinosum; enlargement

of the facial canal
Regression of the proximal part of the
maxillomandibular branch; persistence of the
intratympanic segment of the SA

24

Complete persistent SA Enlargement of the facial canal Lack of annexation of the maxillomandibular
branch by the ventral pharyngeal artery;
persistence of the intratympanic segment of
the SA

24

Pseudopetrous ICA origin Absence foramen spinosum; enlargement
of the facial canal; absence of the
exocranial opening of the carotid canal

Agenesis of the first and second segments of the
ICA; intratympanic anastomosis between
inferior tympanic and caroticotympanic
arteries; persistence of the intratympanic
segment of the SA

4–5; 24

Cervical ICA origin Absence foramen spinosum; enlargement
of the facial canal

Intratympanic anastomosis between inferior and
superior tympanic arteries; regression of the
proximal part of the maxillomandibular
branch; persistence of the intratympanic
segment of the SA

16; 24

Occipital artery origin Absence foramen spinosum; enlargement
of the facial canal

No clear explanation

Distal petrous ICA origin Absence foramen spinosum Lack of annexation of the mandibular artery (first
aortic arch) by the SA (second aortic arch)

9
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partial origins of the MMA from the OA are reported in Fig 2. It is
still a matter of debate if the MMA originates from the OA directly
or from the proximal part of the lacrimal artery.28

Cavernous ICA Origin. The lone case of a cavernous ICA origin
of the MMA was described by Lasjaunias et al7 in one of their
most famous articles that summarized distinct vascular anomalies
encountered at the base of the skull. They published, at another
time, the same case in their textbook3 to illustrate this very rare
anatomic variant. In this case, all branches of the MMA were
filled during ICA injection, and its origin arose from the horizon-
tal portion of the cavernous ICA. Lasjaunias et al7 elegantly
explained this variation by the anastomosis during embryologic
life between the posterior branch of the inferolateral trunk and the

SA; consequently, the proximal stem of
the MMA regressed (or was not
formed) and the foramen spinosum
was absent.

Petrous ICA Origin (Complete and
Partial Persistence of the SA). The
complete persistence of the SA is a
very rare variant, only 2 cases were
published in the context of an ICA an-
eurysm30 or PHACE (posterior fossa
malformations, hemangioma, arterial
anomalies, coarctation of the aorta/
cardiac defects, and eye abnormalities)
syndrome.3 In these cases, the SA
keeps its embryonic origin from the
petrous ICA, passes through the mid-
dle ear, and gives it 2 branches: one in-
tracranial, which corresponds to the
MMA, and the other extracranial,
which leaves the cranial cavity through
the foramen spinosum. Consequently,
the foramen spinosum is enlarged, the
cochlear promontory is eroded, and
the IMA arises from the SA instead of
the external carotid artery. Such an
anatomic variant could easily be
explained by the absence of an
embryologic annexation of the maxil-
lomandibular branch (of the SA) by
the ventral pharyngeal artery, details
of which are described in part 1 of our
article.

The partial persistence of the SA is
more frequent,1,5,7,28,31-36 and, in this
case, only the intracranial branch of
the SA keeps its origin from the pet-
rous ICA. The foramen spinosum is
absent or reduced in size and the
MMA arises from the SA instead of
the IMA. This variant is explained
by the regression of the proximal part
of the maxillomandibular artery

instead of the proximal part of the SA.3

Pseudopetrous ICA Origin (Persistence of the SA Associated
with Aberrant Flow of the ICA). In rare cases, the persistence of
the SA and the consequent origin of the MMA from the petrous
ICA are associated with an intratympanic course of the ICA (also
known as “aberrant flow of the ICA”).7,14,28,32,37,38 The intratym-
panic course of the ICA is explained by the agenesis of the first 2
segments of the primitive carotid artery, with a hypertrophied in-
ferior tympanic artery that maintains the anastomosis between
the ascendant pharyngeal artery and the caroticotympanic artery
(a branch of the ICA) into the tympanic cavity. Therefore, the cer-
vical and intratympanic segments of this artery do not derivate
from the carotid system but from the pharyngo-occipital and

FIG 1. A case of MMA origin from basilar artery (BA) pontine perforating branch. In this case, the
MMA originates from a pontine branch of the BA, as indicated by the yellow arrow in A, B, and C.
A and B, A frontal and lateral view of left vertebral artery (VA) injection, respectively. C, A frontal
XperCT (Philips Healthcare) reconstruction with the same MMA origin. D, A distal external carotid
artery injection, where the superficial temporal artery (STA) and the IMA are visible, without the
typical MMA origin from the IMA.

Table 2: Different types of OA origin of the MMAa

Type Vascular Anatomy Foramen Spinosum
I Complete OA origin of the MMA Absence
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
a From Ref.28
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hyostapedial systems (pseudo-ICA).3,7,28 In these cases, the MMA
arises from the ICA in its tympanic segment and passes through
the stapes to have the same course described in the previous para-
graph. This variant is described in detail in part 1 of our article.

Cervical ICA Origin (Pharyngotympanostapedial Artery). The
MMA could also arise from the cervical segment of the ICA. This
very rare variant was first described by Lasjaunias et al7 in their origi-
nal publication. The same case served as an illustration in the text-
book “Surgical Neuroangiography”3 and only 1 similar case was
published by Baltsavias et al.39 The MMA arises from the cervical
portion of the ICA, ascends along the cervical ICA, enters into the
tympanic cavity through the inferior tympanic canal, and follows the
usual course of the SA. The 2 cases described were presented as “par-
tial” persistence of the SA, with only the MMA arising from the SA
and the absence of the foramen spinosum. In this variant, an annex-
ation of the SA by the inferior tympanic artery (the branch of the
ascending pharyngeal artery), with regression of the proximal part of
the SA explains this vascular configuration. Therefore, the SA arises
from the cervical instead of the petrous segment of the ICA.

Occipital Artery Origin. Diamond40 described a remarkable case
of partial persistent SA found during a temporal bone dissection.
The peculiarity of this case was that the SA arose from the

occipital artery instead of the petrous
ICA passing through a “special fora-
men” to enter into the petrous part of
the temporal bone between the styloid
process and the carotid canal. After
passing through the posterior wall of
the tympanic cavity and through the
stapes, the SA entered the facial canal
to reach the petrous apex and to give
rise to the future branches of the
MMA. In this article, Diamond40 did
not give a clear embryonic explanation
or a hypothesis of the variant he found.

Distal Petrous ICA Origin (Mandibular
Artery Origin). Lasjaunias et al3 were
the only investigators to show a case of
a distal petrous ICA origin of the MMA
near the normal origin of the vidian ar-
tery. In this case, the MMA did not fol-
low an intratympanic course.3 The
investigators explained this variant by
the absence of annexation of the first
aortic arch by the second aortic arch
(the SA); therefore, the mandibular ar-
tery retains its primary territory, which
is the MMA territory.3

Course of the Artery
The first extracranial segment of the
MMA is from its origin to its entry
into the foramen spinosum. The more
anterior the origin of the MMA is, the

more oblique backward is the extracranial segment. At the level
of the foramen spinosum, the artery bends anteriorly and laterally
to follow the temporal fossa. This bend is responsible for the
characteristic aspect of the MMA on DSA. After its entry into the
cranial cavity, the MMA has a lateral course grooving the greater
sphenoid wing. Merland et al2 described 3 intracranial segments
of the MMA. The first is the temporobasal segment, where the ar-
tery follows the temporal fossa and curves upward, where it
becomes the second or temporopterional segment. After passing
the pterional region, the artery enters in its coronal segment
where the artery follows the coronal suture to end at the region of
the bregma. Martins et al1 considered the course of the artery
shorter and simpler. They described the termination of the
MMA, where it divides into anterior and posterior divisions at
the pterional region. The anterior division of the MMA is classi-
cally the coronal segment previously described by Merland et al.2

Branches of the Artery
The 2 most precise and complete publications that describe the
branches of the MMA were published by Merland et al2 and
Martins et al.1 One description is based on cerebral angiographies;
the other is based on cadaveric dissections. Before these publica-
tions, Salamon et al41,42 paid particular attention to correlate the
anatomy with the angiographic images. As noted in the previous

FIG 2. Complete and partial MMA origin from OA. The anteroposterior and lateral view angio-
grams (A and B respectively) show a rare case of a complete MMA origin from the OA. The OA,
through the superficial recurrent OA, gives origin to the MMA, that passes through the lateral
part of the superior orbital fissure, and bifurcates into its anterior (red arrow) and posterior divi-
sion (blue arrow). In the angiograms C, D, and E, a rare case of a partial origin of the MMA from
the OA is shown. D and E, Angiograms of a left ICA injection in the frontal and lateral views,
where the posterior branch of the MMA (blue arrow) originates at the OA and feeds a tentorial
AVF. After the external carotid artery injection (C), only the anterior branch of the MMA is
enhanced (red arrow).
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paragraph, these 2 investigators (Merland and Martins) used a dif-
ferent naming of the branches, even if the terminology used by
Martins et al1 seems to be the most comprehensive. Different
branches of the MMAwith the dural territory associated and possi-
ble anastomosis with other dural arteries are shown in Table 3.41

The course and branches of MMA are indicated on the DSA,

shown in Fig 3. The MMA divides, at the pterional region, into 2

divisions: anterior and posterior. Before its bifurcation, the MMA

gives 2 branches that supply the dura of the temporal fossa.2,19,28

The first is the petrosal branch, which courses on the petrous

apex and supplies the dura of this region (including the gasserian

ganglion) and also the superior part of the tympanic cavity via

the superior tympanic artery passing through the facial canal.

The second basal branch of the MMA is the cavernous branch,

which supply the lateral wall of the cavernous sinus and anasto-

moses with branches of the inferolateral trunk.
The anterior division of the MMA is in the dura of the convex-

ity and follows the coronal suture until the bregma. This anterior
division of the MMA has 2 types of terminal branches: 1) falcine
arteries, which anastomose with branches of the anterior falcine ar-
tery, and 2) contralateral branches, which cross the midline to
anastomose with branches of the contralateral MMA. Near the
pterional region, the anterior division gives a medial branch that
runs under the lesser sphenoid wing that supplies the dura of ante-
rior part of the temporal fossa, the superior orbital fissure, and
could anastomose with the recurrent meningeal branches of the
OA.1,2 The posterior division of the MMA also supplies the dura
of the convexity and gives 2 principal branches: the petrosqua-
mosal branch and the parieto-occipital branch.1 These 2 branches
participate in the vascularization of the parieto-temporo-occipital
dura, the transverse sinuses, and also the posterior two-thirds of

the tentorium.43 Branches of the posterior division of the MMA
anastomose with dural branches of the occipital, ascending pha-
ryngeal, subarcuate, and vertebral arteries.41,43

Dural Territory
The MMA supplies most of the dura of the cranial convexity
via its anterior and posterior divisions, and usually participates
in the vascularization of the superficial half of the falx cerebri.
The frontomedial dura and the occipitomedial dura, on the
contrary, are usually supplied by the anterior meningeal artery
from the OA and by the posterior meningeal artery from the
vertebral artery, respectively.1 The supra-tentorial dural terri-
tory of the convexity is in balance among these 3 arteries;
therefore, the territory of the MMA could be variable.1,2,41 The
dura of the superior sagittal sinus is also supplied by branches
of the MMA but also branches of the anterior meningeal artery
(anterior part) and branches of the posterior meningeal artery
(posterior part).7 The MMA could also supply the torcular
region via its posterior division.1

At the skull base, it supplies the middle cranial fossa and the
lateral part of the anterior cranial fossa41 and also the inferior
part of the lateral wall of the cavernous sinus via its cavernous
branch. Its participation in the vascularization of the tentorium is
limited to the insertion of the tentorium and to the superior sagit-
tal sinus.44 The anterior division of the MMA through its medial
branch supplies the dura of the lesser sphenoid wing and the
superior orbital fissure region.2 These branches also participate in
the vascularization of the lateral wall of the periorbita and could
also participate in the vascularization of orbital branches by anas-
tomoses with the lacrimal artery (through the deep recurrent me-
ningeal artery of the OA).19

Table 3: Different branches of the MMA with their respective anastomosis

MMA Branches
Origin from the

MMA Territory (Dural and Neural) Possible Anastomosis
Petrosal branch Foramen spinosum Trigeminal ganglion and nerves;

posteromedial floor of the middle fossa;
insertion of tentorium (medial half);
superior petrosal sinus

Ascending pharyngeal artery (carotid
branch); medial and lateral tentorial
arteries (ICA)

Superior tympanic
artery

Petrosal branch Greater superficial petrosal nerve;
geniculate ganglion; tympanic cavity
(superior part)

Inferior tympanic artery (ascending
pharyngeal artery); caroticotympanic
artery (ICA); anterior tympanic artery
(IMA); stylomastoid artery (posterior
auricular artery)

Cavernous branch Petrosal branch Lateral wall of the cavernous sinus Accessory meningeal artery; inferolateral
trunk (ICA)

Anterior division or
frontal branch

Pterional region Frontal and anterior parietal convexity;
superior sagittal sinus; anterior and
middle fossa (lateral part)

Anterior and posterior ethmoidal arteries
(OA); contralateral MMA

Falcine arteries Anterior and
posterior division

Falx cerebri Anterior falcine artery (OA); anterior
cerebral artery; posterior meningeal
artery (vertebral artery)

Medial branch or
sphenoidal branch

Anterior division Lesser sphenoid wing; superior orbital
fissure; peri-orbital (lateral)

Recurrent meningeal branches (OA);
inferolateral trunk (ICA)

Petrosquamosal
branch

Posterior division Posterolateral floor of the middle fossa;
insertion of tentorium (lateral half);
superior petrosal sinus; transverse and
sigmoid sinuses; dura of the posterior
fossa (superior part)

Ascending pharyngeal artery (jugular
branch); lateral tentorial artery (ICA);
occipital artery (mastoid branch)

Parieto-occipital
branch

Posterior division Temporosquamous dura; parieto-occipital
convexity; superior sagittal sinus

Posterior meningeal artery (vertebral artery)
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Through its posterior division, theMMA also gives branches des-
tined to the dura of the superolateral part of the cerebellar fossa.
Moret et al43 showed the importance of the MMA in the vasculariza-
tion of the posterior fossa dura, always in balance with branches of
the ascending pharyngeal and occipital arteries. The MMA also par-
tially supplies the trigeminal and facial nerves.1-3 Indeed, the petrosal
branch gives branches to the gasserian ganglion and to the maxillary
and mandibular divisions of the trigeminal nerve in their cavernous
portion. The greater superficial petrosal nerve and the geniculate
ganglion of the facial nerve also receive branches from the petrosal
branch of the MMA.1 Also, the superior tympanic artery, which is
the petrosal remnant of the SA and, therefore, a branch of the petro-
sal branch, supplies the superior part of the tympanic cavity.42

Possible Anastomoses
The dural vascular territory of the MMA is in balance between
numerous arteries coming from ICA, external carotid artery, and
also from the vertebrobasilar system. Therefore, the MMA presents
a lot of anastomoses with branches arising from the other arteries.
The 3 major anatomic regions of vascular anastomoses are the fol-
lowing: the peri- and the cavernous region, the frontomedial region,
and the posterior fossa (Fig 4).1

On the skull base,45 its petrosal
branch anastomoses with the acces-
sory meningeal artery, the ascending
pharyngeal artery (via its carotid
branch), the inferolateral trunk, the
meningohypophyseal trunk, and
the recurrent meningeal artery of the
OA.19,41 At the frontal region, the an-
terior division of the MMA anastomo-
ses principally with the dural branches
of the OA: the anterior and posterior
ethmoidal arteries and also the ante-
rior falcine artery.15,41 In the posterior
fossa, it anastomoses, principally with
the posterior meningeal artery and
with the mastoid branch of the occipi-
tal artery.43 The last natural anastomo-
sis to be noted is between the MMAs
of both sides on the midline.1

Clinical Implications
The understanding of the vascular
anatomy of the dura mater has a major
importance both for neuroradiologists
and neurosurgeons because this artery
is involved in many diseases.

Chronic Subdural Hematomas. During
the past 5 years, the MMA has been of
interest to neuroradiologists and neuro-
surgeons in the treatment of recurrent
chronic subdural hematomas. Mostly in
patients . 65 years old, under anticoa-
gulant and antiplatelet therapy, and
with mild head trauma bridging vein

injury can cause chronic subdural hematoma.46 Traditional treat-
ment consists of burr-hole evacuations, with a high rate of recur-
rence (2–37%).46,47 This trend is attributed to the inflammatory
response caused by residual blood, which causes the formation of
membranes around the hematoma. Membranes are also stimulated
by angiogenic factors to neoangiogenesis, which results in the for-
mation of fragile microcapillaries, with a high recurrent bleeding
risk. In this context, some investigators, for example, Link et al,46

proposed the management of recurrent chronic subdural hematoma
through endovascular MMA embolization. The MMA represents
the principal blood supply of the bleeding membranes; thus, its
occlusion allows the collection to be resorbed.46-48 These investiga-
tors described a recurrence rate similar to surgical evacuation but
with a less-invasive procedure.46-48 Thus, this technique could repre-
sent an alternative treatment option, especially for elderly patients
with recurrent chronic subdural hematoma.

Meningeal Tumors. Meningiomas are the most common benign
intracranial tumors, mostly located at the skull vault or at the skull
base. Because MMA is the major dural artery, most cranial menin-
giomas receive its supply. Surgery represents the first-line treat-
ment for symptomatic meningiomas, but preoperative MMA

FIG 3. DSA, showing segments and branches of the MMA. A and B, show selective MMA injection
from a lateral (A) and frontal (B) view. The MMA bifurcates at the pterional region (green circle)
into 2: an anterior (red arrow) and posterior (blue arrow) division. Before its bifurcation, the
MMA gives the petrosal branch (Pb), which courses on the petrous apex. The posterior division
gives 2 principal branches: the petrosquamosal branch (PSb) and the parieto-occipital branch
(POb). The anterior division ends with 2 kinds of terminal branches, visible after common carotid
artery injection: the falcine arteries (yellow arrow) (C), which anastomose with branches of the
anterior falcine artery from the OA, and contralateral branches (purple arrow) (D) that cross the
midline to anastomose with a contralateral MMA.
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FIG 4. Anastomoses of the MMA. Before the MMA bifurcation (purple circle), the petrous branch (1), from which the superior tympanic artery
(2) originates, anastomoses into the middle ear with the caroticotympanic artery (3, from the ICA), and with the inferior tympanic artery (4, from
the ascending pharyngeal artery), with the posterior tympanic artery (5, from the occipital artery). The cavernous branch of the MMA (6) on the
other side anastomoses with the inferolateral trunk (ILT) (7), which is itself connected to the OA (9) through the deep recurrent OA (8). The ILT,
the MMA, and the OA are also linked to each other through the marginal tentorial artery (10), whose origin can vary from the lacrimal artery (11),
via superficial recurrent OA (12), to the meningohypophyseal trunk (13). After the MMA bifurcation at the pterion, its frontal division (14) gives a
medial branch (15), which can bifurcate intracranially into a lateral meningolacrimal artery (16), and a medial sphenoidal artery (17). Both branches
reach the lacrimal artery, even if the meningolacrimal artery more distal than the sphenoidal artery. The anastomoses with the OA and the ILT
represent the most dangerous connections in the case of MMA transarterial embolization because of the risk of particle embolism into these
arteries. The frontal division of the MMA reaches the convexity, following the coronal suture and anastomoses with the anterior falcine artery
(18, OA–anterior ethmoidal artery) and with branches of the contralateral MMA (19). The posterior division of the MMA (20) divides into a pet-
rosquamosal branch (21) and a parieto-occipital branch (22). The former anastomoses with the jugular branch (23) of the ascending pharyngeal ar-
tery (24) and with the mastoid branch (25) of the occipital artery (26). The latter is linked to the posterior meningeal artery (27), from the
vertebral artery (28) at the border areas.
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embolization could be used to reduce the blood supply of the me-
ningioma to limit the blood loss during resection. Meningiomas,
depending on their locations, can be supplied by ICA dural
branches, external carotid artery dural branches, or a combination
of these. Richter and Schachenmayr49 classified meningiomas into
4 types, depending on their vascular supply: type I, with exclusive
external carotid artery vascularization; type II, with a mixed ICA–
external carotid artery blood supply with external carotid artery
prevalence; type III, with a mixed supply with an ICA prevalence;
and type IV, with an exclusive ICA supply. Usually, anterior cranial
fossa meningiomas are supplied by the MMA and anterior falcine
artery from the OA; middle cranial fossa meningiomas are fed by
MMA and dural branches of petrous and cavernous ICA.

However, posterior fossa meningiomas are rarely supplied by

the MMA but from the posterior meningeal artery from the ver-

tebral artery and from other external carotid artery branches. For

these reasons, MMA embolization should be reserved for menin-

giomas type I or II of the Richter classification, with typical DSA

blush, for middle cranial fossa and selective cases of anterior cra-

nial fossa lesions.50 During the procedure, the neuroradiologist

should keep in mind the possible anastomoses between MMA

and ICA branches to avoid complications. After MMA emboliza-

tion, surgery can be performed with very variable timing (from 0

to 30 days after the procedure).51 Also, the neurosurgeon has to

keep in mind the general organization of the dural vasculariza-

tion, which gives important help for meningioma surgery and

other meningeal tumors.15

Dural AVF. The principal dural pathology treated by neuroradiol-

ogists is the dural AVF. Also, for these procedures, a good knowl-

edge of the precise anatomy of the MMA, of its variations, and its

vascular anastomoses, helps in the avoidance of complications.3

Transarterial embolization through MMA has been described as

a successful option for dural AVF treatment.52-54 According to

Griessenauer et al,52 a robust MMA supply is the best predictor

for successful embolization. Other factors that make the MMA a

favorable way to perform transarterial embolization are its long

straight course, which facilitates the penetration of Onyx,

(Covidien) its quite large diameter, which allows the introduction

of catheters, and its large dural territory, which often reaches

dural AVFs in various locations. As already noted, the presence

of an SA also has an important impact on the technical difficulty

for performing a stapedectomy.49,55 The middle ear surgeon

could avoid excessive blood loss by knowing the presence of such

a vascular variation during the surgical planning.
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RADIOLOGY-PATHOLOGY CORRELATION
SPINE

Exophytic Lumbar Vertebral Body Mass in an
Adult with Back Pain

J.C. Benson, M.A. Vizcaino, D.K. Kim, C. Carr, P. Rose, L. Eckel, and F. Diehn

ABSTRACT

SUMMARY: Chordomas are rare primary bone malignancies derived from notochord remnants. The tumors often are slow-growing
and often present with indolent, nonspecific symptoms. Nevertheless, chordomas are locally aggressive and highly prone to local
recurrence, necessitating precise planning before biopsy and/or surgical resection. Familiarity with the imaging features of chordo-
mas is, therefore, essential. This case highlights the typical imaging and pathologic features of a spinal chordoma as well as the sur-
gical approach and the patient’s subsequent outcome.

In brief, this case involves a 70-year-old man presented with a 1-
month history of low-back and bilateral thigh pain that was

unresponsive to physical therapy or chiropractic care. His symp-
toms were exacerbated by standing and walking and affected his
left leg more than the right one. He had no known malignancy;
his medical history was unremarkable except for atrial fibrillation.
The patient had undergone MR imaging at an outside institution
that had shown a mass in his lumbar spine. He subsequently pre-
sented to our institution for further care.

Imaging
An initial lumbar spine radiograph demonstrated a destructive
lesion in the L3 vertebral body with endplate deformities (not
shown). Subsequent MR imaging confirmed the presence of a
large left-eccentric exophytic mass arising from L3 (Fig 1).
Although some internal heterogeneity was noted, the tumor was
predominantly hypointense on T1WI and markedly hyperintense
on T2WI. The mass demonstrated heterogeneous areas of solid
and linear enhancements, some corresponding to T2-hypoin-
tense intratumoral septations. The moderately enhancing tumor
extended into the adjacent soft tissues, displacing the left psoas
muscle and narrowing the left L3–4 foramen, with pushing rather
than infiltrative-appearing margins. CT, too, showed a large de-
structive mass arising from the L3 vertebral body. No intrale-
sional calcifications were noted within the lytic tumor. A whole-
body nuclear medicine bone scan (not shown) showed neither

convincing activity nor photopenia in the corresponding region,
nor were metastases seen elsewhere.

Themarked T2 hyperintensity of the tumor, internal T2-hypoin-
tense septations, and large extraosseous components were suggestive
of a chordoma. Chondrosarcoma was considered, though classic
“rings and arcs” were not observed. Giant cell tumors are found
much more commonly in the sacrum, but they share many similar
imaging characteristics with chordomas when seen in the mobile
spine. Plasmacytomas typically remain within the bone and often
have a “minibrain” or “soap bubble” intratumoral appearance.1

Finally, a solitary metastasis, though possible, was thought unlikely
given the appearance of the mass and the lack of known primary
malignancy.

The likelihood of a chondroma or chondrosarcoma had
implications for immediate management. A contemplated biopsy,
for example, should be carefully planned and well-documented
because the entire biopsy track is often resected or radiated in
cases of chordoma or sarcoma to prevent local recurrence. Some
surgeons even prefer the entry site of any percutaneous biopsy to
be marked to facilitate the subsequent resection of the track.

Operative Report and Follow-Up
The patient’s surgical resection was performed in a staged, en
bloc fashion (Fig 2). On the first day, the patient underwent an
anterior, transperitoneal approach to mobilize the visceral and
vascular structures away from the tumor. Additionally, because
the extraosseous tumor extended above the L2–3 and below the
L3–4 disc spaces laterally and endplate fractures had allowed tu-
mor entry into the disc spaces, osteotomies cut through the lower
portion of the L2 vertebral body and the upper portion of the L4
vertebral body to allow removal of the specimen without inadver-
tent entry into the tumor.

Received May 4, 2020; accepted after revision June 2.

From the Departments of Radiology (J.C.B., D.K.K., C.C., L.E., F.D.), Pathology (M.A.V.),
and Orthopedic Surgery (P.R.), Mayo Clinic, Rochester, Minnesota.

Please address correspondence to John C. Benson, MD, 200 1st St. SW, Department
of Radiology, Mayo Clinic, Rochester, MN 55905; e-mail: benson.john3@mayo.edu
http://dx.doi.org/10.3174/ajnr.A6749

1786 Benson Oct 2020 www.ajnr.org

https://orcid.org/0000-0002-4038-5422
https://orcid.org/0000-0003-4636-8743
https://orcid.org/0000-0003-3696-2474
https://orcid.org/0000-0002-4585-2958
https://orcid.org/0000-0001-7705-3432
https://orcid.org/0000-0002-5020-4234
https://orcid.org/0000-0001-9458-8017
mailto:benson.john3@mayo.edu


The patient returned to surgery 48 hours later for posterior
tumor delivery and an instrumented spinal reconstruction.
This involved laminectomies from the lower portion of L2
through the upper portion of L4 for exposure of the dural
tube, sacrifice of the bilateral L2 and L3 nerve roots, and com-
pletion of osteotomies through L2 and L4 for en bloc tumor
delivery. Reconstruction was performed with a combination of
posterior pedicle screw instrumentation, bone autograft, and
an anterior titanium cage.

Three years after the patient’s en-bloc L3 vertebrectomy with
tumoral resection, he was diagnosed with a recurrent lesion in his
L4 vertebral body and adjacent paraspinal soft tissues, seen on
both PET and MR imaging. This was treated with cryoablation.
Imaging performed during the subsequent 18months demon-
strated no other recurrences or metastases. The remainder of the
patient’s follow-up course was completed at an outside institu-
tion. He ultimately died 6 years postoperatively from complica-
tions related to Parkinson disease and had asymptomatic local
recurrence at the time of his death.

Pathology
Histologic sections demonstrated a
neoplasm arranged in nests and cords
within a prominent myxoid mucoid
matrix (Fig 3). Most of the tumor cells
were large, round-to-oval, with central
nuclei and abundant eosinophilic cyto-
plasm with mild vacuolation. Scattered
physaliphorous cells with multivacuola-
tion and a foamy appearance were also
present. Only rare mitoses were identi-
fied. Immunohistochemistry performed
on paraffin-embedded tissue demon-
strated nuclear brachyury and cytoplas-
mic keratin CAM 5.2 expression in the
neoplastic cells (Figs 3C, -D). The tumor
was also immunoreactive for vimentin,
while S-100 protein was negative.

Despite chondrosarcoma in the
differential diagnosis of chordoma, the
lack of chondroid differentiation in
this case along with the presence of
physaliphorous cells favored the diag-
nosis of chordoma. Given the growth
pattern and myxoid background of
this neoplasm in addition to keratin
immune expression, metastatic carci-
noma was another diagnostic consid-
eration. Nonetheless, brachyury is a
highly sensitive and specific marker
expressed in chordoma and negative
in chondrosarcoma and carcinoma.
On the basis of the morphologic and
immunophenotypic findings, the diag-
nosis of chordoma was rendered.

Diagnosis: Chordoma
Discussion. Chordomas are primary

bone malignancies that typically occur in adults older than
40 years of age and affect men more than women.2,3 The tumors
are rare, with an incidence of 0.08 per 100,000 individuals,
accounting for 1%–8% of primary bone tumors.4 However, they
do represent up to 20% of primary bone tumors of the spine.5

The tumors arise from vestigial notochord remnants, which typi-
cally involute during the tenth week of gestation.5 This embryo-
logic origin likely explains the observed anatomic proclivity for
the clivus, spine, and sacrum.6 The distribution among these sites
is relatively evenly split, with roughly one-third of chordomas
arising from each site, though vertebral bodies are typically
described as the least commonly involved.7 Within the spine,
however, cervical segments are most often involved, particularly
C2. The pathogenesis of chordomas also explains the tumoral
predilection for midline or paramedian locations because noto-
chordal remnants evolve into the nucleus pulposus.

On imaging, chordomas usually appear as destructive osseous
masses with involvement of the adjacent soft tissues.8 Many
tumors are large at the time of diagnosis, owing to their indolent

FIG 1. Axial MR imaging of the mass. T2 fat-saturated (A), T1 precontrast (B), and postcontrast (C)
sequences show a mass centered within the mid and left aspects of the L3 vertebral body (aster-
isk). Most of the tumor demonstrates substantial T2 prolongation, which is particularly evident
with fat saturation. Internal T2-hypointense septations are noted, which enhance with moderate
avidity (straight arrows), while the fluid-filled regions lack enhancement. The tumor extends out
of the left vertebral body into the adjacent soft tissues, displacing but not invading the left psoas
muscle laterally (curved arrows).

FIG 2. Coronal imaging and corresponding gross pathology of the tumor. On CT (A), the mass is
destructive, with faint small foci of high attenuation, either representing amorphous calcifications
or residual/partially destroyed vertebral body trabeculae (dashed arrow). Both the superior and
inferior endplates are fractured (curved arrows). The degree of extraosseous extension is best
seen on T2 MR imaging (B), where the soft-tissue components are seen to mushroom out along
the adjacent intervertebral discs (between the short arrows), with pushing-type margins. The
gross pathology specimen (C) confirms the presence of numerous high-water-content loculations
(asterisk) separated by small septations, corresponding with areas of T2 hyperintensity.
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growth. The appearance exhibited is often that of a “dumbbell”
or “mushroom” configuration, in which the exophytic compo-
nent is more expansile than the vertebral body from which the tu-
mor originates.9 Due to the indolent growth of the malignancy,
the margins of the tumor tend to displace adjacent tissue rather
than invade it. The paraspinal component can extend along the
margins of $1 adjacent vertebral body but typically spares the
intervertebral disc (Fig 4). Infrequently, tumors may spread into
the paraspinal soft tissues via the neural foramina, simulating the
appearance of a schwannoma.10

On CT, chordomas tend to be lobulated, osteolytic, expansile,
and exophytic. Intratumoral attenuation is low due to the presence
of myxoid-type tissue. Punctate calcifications and/or flecks of re-
sidual or destroyed bone are often present.11 These calcifications
appear amorphous and are found in higher concentrations near
the tumor margins.12 On MR imaging, the most notable feature is
that of striking intratumoral T2 prolongation due to high internal
water content. Although not pathognomonic, markedly elevated
T2 signal within a lobulated midline spinal mass is highly sugges-
tive of a chordoma. Areas of intrinsic T1 hyperintensity are often
present, representing hemorrhage or mucinous material. Varying
degrees of enhancement can be seen. The fibrous septa separating
the T2 bright mucinous regions of the tumor tend to be T2 hypo-
intense and enhancing.13 However, a minority of chordomas may
not enhance, and this subset may have a lower risk of posttreat-
ment recurrence in a skull base location.14 Finally, diffusion-
weighted imaging may have diagnostic and prognostic value:
Lower ADC values both favor chondroma over chondrosarcoma
and predict chordoma tumor progression.15,16

The imaging findings in this case fit many of the classic
descriptors of a chordoma. The tumor was large, osteolytic, exo-
phytic, and demonstrated striking intratumoral T2 signal sepa-
rated by more hypointense septations. Its dumbbell shape—
owing to a large extraosseous component that had well-defined
rather than infiltrating margins that extended along the spine—
was particularly distinctive. Chondrosarcomas share many of
these features but typically have an intratumoral chondroid ma-
trix (Table). Giant cell tumors lack the internal T2 hyperintensity
seen in this tumor and typically occur in younger patients.
Plasmacytoma was thought less likely because of the prominent
intratumoral septations. A solitary metastasis, though possible,
was considered lower on the differential, given the patient’s lack
of a primary malignancy.

Histologically, chordomas also have several characteristic fea-
tures. Macroscopically, the tumors are made up of lobulated gelati-
nous gray tissue that may appear encapsulated. Chordomas are
formed by large vacuolated cells forming nests and strands within a
myxoid mucoid matrix.17 Cellularity can be variable, and some
tumors may show solid areas. Physaliphorous cells are round-to-
oval with central nuclei and abundant cytoplasm with prominent
perinuclear vacuolation. Although classic in chordomas, these cells
may be sparse-to-rare in some cases. Mitotic activity is generally
low. Chordomas may exhibit foci of chondroid differentiation, par-
ticularly those arising in the spheno-occipital region.18 In rare cases,
a spindle cell component with features of malignant fibrous histio-
cytoma can be noted; such tumors are designated as dedifferentiated
chordomas.19 Immunohistochemically, chordomas demonstrate

FIG 3. Histology images. The tumor consists of cells arranged in nests
and cords (A) within an abundant mucoid matrix (A, asterisk). Most of
the tumor cells are large with central nuclei and mildly vacuolated eo-
sinophilic cytoplasm (B, arrows). Scattered physaliphorous cells are
also present (B inset, arrows). Immunohistochemistry demonstrates
nuclear brachyury (C, arrow) and cytoplasmic keratin CAM 5.2
(D, arrow) expression in tumor cells.

FIG 4. An artist’s illustration of a spinal chordoma. The tumors are
generally sizable at the time of diagnosis. Extraosseous components
are often larger than those within the vertebral bodies and extend
along the adjacent spinal segments, compatible with the classically
described dumbbell appearance. Image used with permission of
Mayo Foundation for Medical Education and Research. All rights
reserved.
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nuclear positivity for brachyury, which is highly sensitive and spe-
cific for this tumor. It can also express keratin CAM 5.2, epithelial
membrane antigen, vimentin, and S-100 protein.20 The differential
diagnosis of chordoma includes chondrosarcoma and metastatic
carcinoma. Even though chondrosarcomas can mimic chordomas
morphologically (especially if the latter shows extensive chondroid
differentiation), chondrosarcoma is negative for brachyury by
immunohistochemistry and has frequent isocitrate dehydrogenase 1
and 2 (IDH1/IDH2) gene mutations. In contrast, chordoma is con-
sistently immunoreactive for brachyury and does not show IDH1/
IDH2 mutations.21 Metastatic carcinomas are also immunoreactive
for keratins. However, they are also positive for other organ-specific
markers and do not express brachyury.

Although slow-growing, chordomas are locally aggressive
malignancies, often displacing adjacent structures.22 Overall,
the prognosis of chordomas is poor, with a median survival of
6.3–7.7 years, and a 5-year survival rate of 68%–72%.23,24

Resected tumors often recur locally and are thought to be
seeded by the pseudocapsule at the tumor margins.24 Thus,
achieving negative margins during surgery is paramount in the
treatment of such tumors. Recurrences have poor prognoses,
with substantially worsened 5- and 10-year survival than pri-
mary tumors.25 Radiation treatment has also been shown to
improve local control and overall survival, and cryoablation
and laser interstitial thermal therapies have been reported for
treatment of recurrences.26-28 Large tumor size, intratumoral
necrosis, and advanced age are also associated with worse
outcomes.10 Metastases, conversely, are rare, even in the set-
ting of large tumors. When present, metastases usually occur
late in the disease course.29

Case Summary
• Chordomas of the mobile spine classically have a mushroom
or dumbbell shape and striking intratumoral T2 hyperinten-
sity, with T2-hypointense septations.

• Diagnostic considerations include chondrosarcoma, giant cell
tumor, plasmacytoma, and solitary metastasis.

• Suspicion of a chordoma should be communicated to ensure
careful planning of any future biopsy and/or surgical resection.

• Brachyury immunohistochemistry is very helpful to distin-
guish chordoma from other mimics.

• Resection with wide surgical margins is essential to prevent
local recurrences.

Disclosures: Peter Rose—UNRELATED: Consultancy: K2M, Comments: prior pre-
liminary design contract to develop spine oncology implants: total �$5000, all
donated to charity; Travel/Accommodations/Meeting Expenses Unrelated to
Activities Listed: Depuy Spine, Comments: prior expense reimbursement while
chairing a spine tumor educational course; donated to charity.
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ORIGINAL RESEARCH
ADULT BRAIN

Clinical and Neuroimaging Correlation in Patients with
COVID-19

B.C. Yoon, K. Buch, M. Lang, B.P. Applewhite, M.D. Li, W.A. Mehan, Jr, T.M. Leslie-Mazwi, and S.P. Rincon

ABSTRACT

BACKGROUND AND PURPOSE: Coronavirus disease 2019 (COVID-19) is increasingly being recognized for its multiorgan involvement,
including various neurological manifestations. We examined the frequency of acute intracranial abnormalities seen on CT and/or
MR imaging in patients with COVID-19 and investigated possible associations between these findings and clinical parameters, includ-
ing length of hospital stay, requirement for intubation, and development of acute kidney injury.

MATERIALS AND METHODS: This was a retrospective study performed at a large academic hospital in the United States. A total of
641 patients presented to our institution between March 3, 2020, and May 6, 2020, for treatment of coronavirus disease 2019, of
whom, 150 underwent CT and/or MR imaging of the brain. CT and/or MR imaging examinations were evaluated for the presence
of hemorrhage, infarction, and leukoencephalopathy. The frequency of these findings was correlated with clinical variables, includ-
ing body mass index, length of hospital stay, requirement for intubation, and development of acute kidney injury as documented
in the electronic medical record.

RESULTS: Of the 150 patients, 26 (17%) had abnormal CT and/or MR imaging findings, with hemorrhage in 11 of the patients (42%),
infarction in 13 of the patients (50%), and leukoencephalopathy in 7 of the patients (27%). Significant associations were seen
between abnormal CT/MR imaging findings and intensive care unit admission (P ¼ .039), intubation (P ¼ .004), and acute kidney
injury (P ¼ .030).

CONCLUSIONS: A spectrum of acute neuroimaging abnormalities was seen in our cohort of patients with coronavirus disease 2019,
including hemorrhage, infarction, and leukoencephalopathy. Significant associations between abnormal neuroimaging studies and
markers of disease severity (intensive care unit admission, intubation, and acute kidney injury) suggest that patients with severe
forms of coronavirus disease 2019 may have higher rates of neuroimaging abnormalities.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

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

19), has been shown to have multiorgan manifestations, with
involvement of the lungs, heart, kidneys, liver, and CNS.1-10

Emerging small cohort studies have demonstrated myriad neuro-
imaging manifestations related to COVID-19, including stroke, hem-
orrhagic necrotizing encephalitis, and leukoencephalopathy.6,9-12 A
previous study by Mao et al5 demonstrated a high rate of neurologic

symptoms in patients with COVID-19 and severe respiratory disease.
A recent study by Jain et al13 also described a spectrum of neuro-
imaging findings associated with COVID-19 and found that patients
with acute strokes had a higher mortality risk.

However, it remains unknown exactly which clinical pa-
rameters are associated with intracranial abnormalities, in
part, because patients with COVID-19 can present with a
wide spectrum of laboratory and clinical findings of varying
severity. Our aim was to evaluate the frequency of neuroimag-
ing findings in patients with COVID-19, define the types of
abnormality present, and investigate possible associations
between neuroimaging abnormalities and different clinical
parameters. Our hypothesis was that the presence of intracra-
nial abnormalities, such as intracranial hemorrhage, infarc-
tion, and leukoencephalopathy, would be associated with
clinical parameters suggestive of more severe disease, such as
length of hospital stay, intensive care unit admission, and
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intubation. Given that acute kidney injury in patients with
COVID-19 has been reported to be associated with vascular
injury (thrombi and endothelial damage),14 we also hypothe-
sized that the presence of acute kidney injury may be associ-
ated with a higher incidence of cerebrovascular abnormalities.

MATERIALS AND METHODS
Study Cohort
This was a retrospective institutional review board–approved
study performed at a large academic hospital in the United States.
Between March 3, 2020, and May 6, 2020, a total of 641 patients
received medical care at our hospital for COVID-19. Included in
our study were all patients at our hospital with documented
SARS-CoV-2 infection diagnosed by reverse transcriptase–poly-
merase chain reaction and who underwent CT and/or MR imag-
ing for the evaluation of neurologic symptoms. Exclusion criteria
included patients with suspected COVID-19 who ultimately
proved to be COVID-19–negative by the combination of negative
reverse transcriptase–polymerase chain reaction results with neg-
ative clinical and thoracic imaging criteria, and patients with
COVID-19 who underwent CT and MR imaging with substantial
artifact, precluding diagnostic assessment.

Clinical Data
Basic demographic information, including age, sex, and body
mass index, was obtained from the electronic medical record and
recorded for each patient. Clinical data, including length of hos-
pital stay, need for intensive care unit admission, need for intuba-
tion, clinical diagnosis of acute kidney injury, and death, were
recorded for each patient. The indication for neuroimaging eval-
uation was recorded for each patient. The length of stay was
recorded up to May 19, 2020.

Imaging Technique
All CT examinations were obtained on 64-section multidetector
row CT scanners with protocols that included noncontrast CT of
the head and CT angiograms of the head and neck. CT

examinations were performed on ei-
ther a Revolution CT (GE Healthcare)
or a Force CT (Siemens) scanner.
Noncontrast CT studies of the head
were axially acquired (120-kV/auto-
mAs) at 5-mm- and 1.25-mm-thick
slices, and imaging was obtained from
the level of the skull base to the vertex.
Soft tissue and bone algorithms were
available for review with 1.5–2-mm-
thick/interval coronal and sagittal
reconstructions.

CT angiogram images of the neck
were obtained from the level of the
aortic arch through the superior or-
bital rim with 0.625–1.25-mm-thick
slices (120-kVp/auto-mAs), after a
dose of 80-100 mL of iohexol
(Omnipaque; GE Healthcare) or io-
pamidol (Isovue; Bracco), 370mg/

mL administered by a power injector at a rate of 4-5 mL/s.
Coronal and sagittal reformats with 2-mm-thick slices were
reconstructed. MR imaging examinations of the brain were
obtained on either a 1.5T Signa scanner (GE Healthcare) or a
3T Skyra scanner (Siemens).

MR imaging sequences performed included axial DWI, axial
T2 FLAIR, axial T2WI, axial SWI (susceptibility-weighted imag-
ing), and sagittal T1WI. Intravenous contrast was used in a subset
of studies.

Image Evaluation
All CT and MR imaging examinations obtained during the hospi-
talization of patients for COVID-19 were reviewed by 2 neurora-
diologists. Intracranial abnormalities, including the presence of
hemorrhage, acute or subacute infarction, and/or leukoencephal-
opathy (Figs 1 and 2) were recorded. For intracranial hemor-
rhages, the compartment of intracranial hemorrhage (SAH,
subdural, epidural, intraventricular, or parenchymal) was
defined. The relative size of parenchymal hemorrhage was
recorded (microhemorrhage versus lobar hemorrhage).
Microhemorrhages were defined as foci of susceptibility
effect that were not evident on other sequences such as T1WI
or T2WI. The imaging studies were also evaluated for the
presence of acute or subacute infarctions with the location
and vascular territory of the infarct recorded. The presence of
acute WM injury and/or leukoencephalopathy was also
recorded, defined as restricted diffusion with corresponding
T2 FLAIR hyperintensity within the WM.15,16

Data Analysis
A Fisher exact test was performed to evaluate for potential associ-
ations between the frequency of recorded neuroimaging abnor-
malities and clinical parameters, including the length of hospital
stay, intubation status, and acute kidney injury. A 2-tailed t test
was performed to evaluate for significant differences in patient
age and body mass index for patients with negative versus posi-
tive neuroimaging studies. P , .05 was considered statistically

FIG 1. Examples of intracranial hemorrhages in patients with COVID-19. A, An axial noncontrast
CT of a 42-year-old man demonstrates an acute intraparenchymal hematoma in the right cerebel-
lar hemisphere, with severe mass effect and effacement of the fourth ventricle; multiple areas of
layering hemorrhage are seen within the hematoma (arrow), suggestive of an underlying coagul-
opathy. B, Noncontrast CT of an 84-year-old woman after a fall shows scattered, curvilinear
hyperdensities along the right superior frontal sulcus and left central sulcus, most consistent with
acute subarachnoid hemorrhage. C, SWI of a 41-year-old man demonstrates scattered foci of sus-
ceptibility effect in the bilateral frontal and parietal lobes (arrow), most consistent with
microhemorrhages.
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significant. GraphPad Prism (GraphPad Software) was used for
statistical analysis.

RESULTS
A total of 150 patients with COVID-19 diagnosed by reverse
transcriptase–polymerase chain reaction underwent neuroimag-
ing at our institution. Among these, 141 patients had a CT scan,
21 patients had an MRI, and 31 patients had both CT and MR
examinations. None of the patients was excluded from the study
for suboptimal imaging. One of the patients had an MR

examination that was motion degraded, but the imaging quality
was deemed adequate to rule out acute intracranial abnormalities.
The same patient had a follow-up MR imaging 16days after the
motion-degraded, initial MR study, which also did not demon-
strate any acute or subacute intracranial abnormalities. Twenty-
six patients (17%) had an abnormal neuroimaging study; the
remaining 124 patients (83%) had no acute intracranial abnor-
mality. The mean age (1/� standard deviation) of our cohort
was 63.6 6 16 years, with a range of 22–96 years. There were 98
men and 52 women enrolled in the study (Table 1).

FIG 2. Examples of acute infarcts in patients with COVID-19. Axial
DWI (A) and corresponding apparent diffusion coefficient map (B) of
a 50-year-old woman demonstrate restricted diffusion related to an
acute left posterior cerebral artery territory infarction. The left tem-
poro-occipital region (arrowhead), left hippocampus, and the left
cerebral peduncle (arrow) are involved. Axial DWI (C) and ADC (D)
images of a 24-year-old man shows a small, subtle focus of restricted
diffusion in the right putamen (arrow), most consistent with an acute
infarct.

Table 1: Comparison between patients with coronavirus disease 2019 with and without intracranial abnormalities
Acute Intracranial
Abnormalities

No Acute Intracranial
Abnormalities

Statistical Significance
(P Value)

Patients, n 26 124
Men/women, n 16/10 82/42 –

Mean age, mean 6 SD, y 63.6 6 16 64 6 16.5 ns (P ¼ .896)
Age range, y 24–87 22–96 –

Body mass index 6 SD, kg/m2 27.9 6 5.3 28.5 6 7.7 ns (P ¼ .655)
Length of stay 6 SD (days) 24.9 6 12.8 23.4 6 16.9 ns (P ¼ .091)
Intensive care unit admission, % (n) 81.5 (22) 62.1 (77) (P ¼ .039)a

Intubation rate, % (n) 77.8 (21) 49.2 (61) (P ¼ .004)b

Acute kidney injury rate, % (n) 76.9 (20) 53.2 (66) (P ¼ .030)a

Mortality rate, % (n) 23.1 (6) 12.1 (15) ns (P ¼ .209)

Note:—SD indicates standard deviation; ns, not significant; y, years.
a P , 0.05.
b P , 0.01.

Table 2: Summary of clinical presentation, imaging indications,
and findings

Clinical Presentation n/N (%)
Respiratory symptomsa 21/26 (81)
Fever 7/26 (27)
Headache 2/26 (8)
Fall 2/26 (8)
Stroke symptoms 2/26 (8)
Multiple concerns 12/26 (46)
Imaging indications
Altered mental status 14/26 (54)
Concern for infarct 8/26 (31)
Concern for intracranial hemorrhage 1/26 (4)
Hypoxia 1/26 (4)
Seizure 1/26 (4)
Headache 1/26 (4)

Imaging findings
Intracranial hemorrhage 11/26 (42)

SAH 2/11 (18)
Intraparenchymal hemorrhage 2/11 (18)
Microhemorrhage 7/11 (64)

Infarction 13/26 (50)
ACA territory infarction 0/13 (0)
MCA territory infarction 5/13 (38)
PCA territory infarction 2/13 (15)
PICA territory infarction 1/13 (8)
Borderzone infarction 1/13 (8)
Multiterritorial infarction 2/13 (15)

Leukoencephalopathy 7/26 (27)
Multiple abnormalities (infarction 1 hemorrhage) 4/26 (15)

Note:—SAH indicates subarachnoid hemorrahge; ACA, anterior cerebral artery;
MCA, middle cerebral artery; PCA, posterior cerebral artery; PICA, posterior infe-
rior cerebellar artery.
aIncluding shortness of breath, respiratory distress, respiratory failure, and
hypoxia.
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For patients with intracranial abnormalities, the most com-
mon symptoms on presentation were respiratory (21/26 patients
[81%]), including shortness of breath, respiratory distress, respi-
ratory failure, and hypoxia (Table 2). This was followed by fever
(7/26 patients [27%]), headache (2/26 patients [8%]), fall (2/26
patients [8%]), and stroke symptoms (2/26 patients [8%]).
Twelve of 26 patients (46%) presented with multiple symptoms
(Table 2). The indications for undergoing neuroimaging most
commonly included altered mental status (14/26 patients [54%])
and clinical findings consistent with stroke (8/26 patients [31%])
(Table 2).

In the patients with positive neuroimaging studies, intracra-
nial hemorrhage was seen in 11 patients (42%) of the cohort
(Table 2, Fig 1). Most of the patients with intracranial hemor-
rhage had microhemorrhages (7/11 patients [64%]). Two patients
(18%) had SAH, and 2 had intraparenchymal hematomas. Acute
or subacute infarctions were seen in 13 patients (50%), with the
most frequent territory of involvement being the MCA territory
(38%) (Table 2, Fig 2). A smaller subset of patients had infarcts in
other territories, including posterior cerebral artery (2/13 patients
[15%]), posterior inferior cerebellar artery (1/13 patients [8%]),
and watershed (1/13 patients [8%]) infarcts. Two of the
patients (15%) had multiterritorial infarction. Four of the
patients (15%) had both infarction and intracranial hemor-
rhage. A leukoencephalopathy pattern was identified in 7
patients (27%) of the cohort (Fig 3). None of the patients
with leukoencephalopathy had intracranial hemorrhage or
infarction. Similar frequencies of respiratory symptoms were
noted between the groups of patients with intracranial hem-
orrhage and/or infarction (17/20 patients [85%]) compared
with those with leukoencephalopathy (6/7 patients [86%]).
One of the 2 patients who presented after a fall had SAH (Fig
1B). The other patient who presented after a fall had acute in-
farction but no intracranial hemorrhage.

Statistically significant associations were found between the
patients with positive neuroimaging studies and the requirement
for intensive care unit admission (P ¼ .039), need for intubation
(P ¼ .004), and development of acute kidney injury (P ¼ .030)
(Table 1). There was no statistically significant difference in
patient age, body mass index, length of stay, and mortality in
patients with positive versus negative neuroimaging studies
(Table 1). Comparable numbers of patients remained

hospitalized as of May 19, 2020, with
52 patients (42%) without intracranial
abnormalities and 12 patients (46%)
with intracranial abnormalities still in
the hospital.

DISCUSSION
The results of this study highlight a
spectrum of neuroimaging findings
associated with COVID-19, including
intracranial hemorrhage, infarction,
and leukoencephalopathy, in a 150-
patient cohort. In our cohort, 26 of
the patients (17%) were found to
have intracranial abnormalities, of

which most were related to infarction (50%) and intracranial
hemorrhage (42%). Leukoencephalopathy was seen in 27% of
the patients. Four patients (15%) had both infarction and intra-
cranial hemorrhage. The incidence of intracranial abnormalities
in patients who underwent neuroimaging was lower than the
47% rate reported from Italy by Mahammedi et al.9 The fre-
quency of infarctions and intracranial hemorrhages was higher
in our patient cohort than the previously reported rates (31%
infarction and 6% hemorrhage), with a lower rate of leukoence-
phalopathy than the 35% in the study by Mahammedi et al.9

The difference in the incidence rates is likely due to various fac-
tors, among them the inclusion of spine imaging by
Mahammedi et al,9 the different geographies and, therefore,
populations, and possible differences in criteria used to catego-
rize intracranial abnormalities.

Microhemorrhages have various etiologies, including cerebral
amyloid angiopathy and trauma. Two of the patients had imaging
studies that predated the COVID-19 pandemic, one from 2007
and the other from 2017. The patient with the more recent, 2017,
previous study was 87 years old and had evidence of cerebral
amyloid angiopathy on that study. However, this patient had an
acute infarct on the neuroimaging obtained during admission for
COVID-19. The other patient was 69 years old and had a solitary
focus of microhemorrhage in 2007, with a marked increase in the
number of microhemorrhages on the 2020 COVID-19–related
study. The remaining 5 patients had no previous neuroimaging
studies. These 5 patients spanned an age range of 41 to 60 years.
Given that cerebral amyloid angiopathy is less common in this
age group, we doubt that cerebral amyloid angiopathy was the
cause of the hemorrhages observed in these patients with severe
COVID-19 infection. The distribution of the microhemorrhages
was also not specific for other causes, for example, trauma. By
contrast, 1 of the patients with SAH on imaging presented after a
fall, with trauma clearly acting as a confounder for the potential
cause of the hemorrhage.

A significant association was demonstrated between the pres-
ence of acute abnormalities on neuroimaging studies and the se-
verity of disease as indicated by the requirement for intensive
care unit admission, the need for intubation, and development of
acute kidney injury. These associations have not been previously
described in the literature; however, Mao et al5 noted an associa-
tion between abnormal neuroimaging studies and patients with

FIG 3. Leukoencephalopathy in a 61-year-old man with COVID-19. Axial DWI (A) and apparent dif-
fusion coefficient map (B) sequences are notable for extensive, confluent areas of restricted dif-
fusion (arrow) that involve the bilateral centrum semiovale and corona radiata. (C)
Corresponding T2 FLAIR hyperintensity is also seen.
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severe COVID-19 lung manifestations. These data add to the
growing body of literature that indicates the multisystem nature
of the SARS-CoV-2 infection and its imaging manifestations. A
common mechanism for multiorgan dysfunction in the disease
has not yet been identified, though viral mechanisms of cellular
entry and replication through exploitation of the angiotensin-
converting enzyme 2 receptor are now defined. The angiotensin-
converting enzyme 2 receptor is widely distributed.17 Viral inva-
sion of endothelial cells, and an immune response to this, has
been reported in diverse vascular beds in patients with COVID-
19.18 The SARS-CoV-2 virus has been identified in postmortem
human brains, which suggests the possibility of viral tropism to
cerebral vascular beds. Microvascular thrombosis and prothrom-
botic complications are recognized as crucial aspects of disease
progression.19,20 The correlation that we describe between acute
kidney injury and neuroimaging findings may indeed reflect the
involvement of vascular beds in different organs, with viral or
immune-mediated disruption of the neurovascular unit21 under-
pinning the diverse range of neuroimaging findings in these
patients. These mechanisms are speculative and in need of addi-
tional study.

Previous studies on patients with COVID-19 infection have
demonstrated an association between obesity and higher rates of
hospitalization and mortality.22-25 We investigated the possible
relationship between a higher body mass index and the develop-
ment of acute neurologic abnormalities in our cohort but found
no significant association. One of the hypotheses for increased se-
verity of COVID-19 infection in patients who are obese is the
impediment of diaphragmatic excursion due to obesity.25 The
lack of a significant association between obesity and intracranial
abnormalities in our cohort may be related, in part, to this physi-
cal mechanism, as opposed to a direct, tissue-based pathologic
link.

There are several limitations to this study, beyond the single-
center, retrospective nature of it. First, we elected to use broad
and intuitive measures of disease severity (intensive care unit
admission, the need for intubation, acute kidney injury, and mor-
tality) over the narrow range of reported inflammatory cytokines
(D-dimer, interleukin 2, interleukin 6, etc) and other biomarkers
that have been observed in patients with COVID-19 who were
admitted to intensive care units.26 This decision was based on the
ongoing uncertainty about the implications of these markers on
disease progression and outcome. The measures that we apply
are, in turn, readily applied clinically, but there may be additional
associations between acute neuroimaging manifestations of
COVID-19 and other organ system involvement, which are not
explored here. Second, our patient cohort is relatively small, and
it is possible that nonstatistically significant differences in clinical
parameters, such as the mortality rate and length of stay, may
achieve statistical significance with the inclusion of more patients.
However, much of the literature on COVID-19 infection and
associated neuroimaging findings has been in the form of case se-
ries and small cohort studies, and there is a responsibility to
report observed findings at these early stages of the COVID-19
experience to guide future research directions. It is also possible
that the true incidence of intracranial abnormalities is higher,
given that most of the patients only had CT imaging, which is

less sensitive than MR imaging to assess for subtle intracranial
abnormalities, including leukoencephalopathy and low-volume
infarctions. These possibilities are speculative. Third, we report
findings from a defined and narrow time period in patients who
were hospitalized and subsequently imaged for neurologic symp-
toms. The true burden of acute neuroimaging findings in the total
hospitalized and nonhospitalized COVID-19 patient population,
therefore, remains unknown.

CONCLUSIONS
The results of this study describe the spectrum of acute neuroi-
maging abnormalities observed in patients with COVID-19 that
occurred at a higher frequency than reported in other cohort series.
In addition, a correlation was found between acute neuro-imaging
abnormalities and several clinical parameters that reflect disease se-
verity. Clinicians treating patients with COVID-19 who develop
worsened systemic disease, including acute kidney injury, with any
neurologic signs or symptoms should be aware of these findings
and obtain neuroimaging studies based on this association and the
therapeutic implications of acute intracranial disease.
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ADULT BRAIN

Bilateral Basal Ganglia Hemorrhage in a Patient with
Confirmed COVID-19

R. Daci, M. Kennelly, A. Ferris, M.U. Azeem, M.D. Johnson, F. Hamzei-Sichani, A.H. Jun-O’Connell, and
S.K. Natarajan

ABSTRACT

SUMMARY: Bilateral basal ganglia hemorrhage is exceedingly rare. To our knowledge, our patient is the first reported case of a con-
firmed coronavirus disease 2019 (COVID-19) patient who had bilateral basal ganglia hemorrhage. In the absence of other risk factors for
bilateral deep cerebral involvement, we suspect that COVID-19 may be contributing to these rare pathologies. Most published data rep-
resent a correlation between COVID-19 and neurologic complications, and more research is still needed to prove causation.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

COVID-19 is a highly communicable disease caused by Severe
Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2).

The highest viral load for SARS-CoV-2 can be found in the lungs,
nasopharynx, and oropharynx, and lower levels are detected in
the brain, kidneys, liver, and blood.1 Neurologic manifestations
may occur in up to 50% of patients with coronavirus disease 2019
(COVID-19) and may include encephalopathy, anosmia, ageusia,
headache, dizziness, seizure, stroke, increased intracranial pres-
sure, SARS-CoV-2 meningitis, and necrotizing encephalitis.2-4

There have been cases of ischemic and hemorrhage strokes in
patients with COVID-19.5 Bilateral basal ganglia hemorrhages
per se are exceedingly rare, with 1 study indicating less than 30
reported cases worldwide.6 Here we report a case of a patient
with COVID-19 who presented with acute, bilateral basal ganglia
hemorrhage.

CASE PRESENTATION
A woman in her 60s with past medical history of obstructive sleep
apnea, gastrointestinal reflux, asthma, and migraines presented to
our hospital with severe frontal headache, cough, and fatigue.
Initial CT of the head was normal (Fig 1, left). Her sputum tested
positive for SARS-CoV-2 RNA and she was sent home to quaran-
tine. Two days later, the patient was found unresponsive at her

home. She was normotensive. A CT of the head revealed bilateral
basal ganglia acute parenchymal hematomas with surrounding
edema and partial effacement of both lateral ventricles (Fig 1,
right). The patient was intubated for airway protection.

CTA and CTV were negative for intracranial aneurysms,
vascular malformations, vasospasm, or cerebral venous throm-
bosis. MR imaging revealed hyperintense lesions on T1, hypoin-
tense on T2, high signal on susceptibility-weighted imaging,
and no diffusion restriction indicating acute basal ganglia hem-
atomas (Fig 2). MRA and MRV revealed normal flow voids with
no evidence of venous occlusion. The carboxyhemoglobin level
was 2.7. Ethylene glycol testing was negative. The CSF was not
tested for SARS-CoV-2 due to hospital pandemic restrictions. A
urine drug screen was positive for prescribed amphetamines
and marijuana.

Nine days after admission, the patient was extubated. A CT of
the head revealed resolving hematomas. After extubation, the patient
remained tachypneic, febrile, and required supplemental oxygen
therapy. She developed leukocytosis, thrombocytosis, and lactic aci-
dosis, concerning for either COVID-19 pulmonary manifestations
and/or superimposed bacterial infection. Her C-reactive protein was
124.2; erythrocyte sedimentation rate, 99; D-dimer, 2.18; and fibri-
nogen, 436. The family decided to initiate comfort measures and the
patient died 2 days later due to cardiorespiratory failure.

DISCUSSION
There have been other reports suggesting involvement of bilateral
deep cerebral structures in COVID-19 (Table). There has been 1
previous case reported in the literature of bilateral basal ganglia
involvement in a patient with presumed COVID-19 infection; how-
ever, that patient’s nasopharyngeal SARS-CoV-2 polymerase chain
reaction was negative (Table).4 Poyiadji et al7 reported a case of a
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woman with COVID-19 who was
found to have hemorrhagic rim-
enhancing lesions within the bilateral
thalami and medial temporal lobes.

The basal ganglia and thalami are
highly metabolic brain regions, predis-
posing them to hypoxic-ischemic injury,
toxic poisoning (carbon monoxide,
methanol, cyanide), metabolic abnor-
malities (liver disease, Leigh disease,
Wilson disease, hypoglycemia, and
osmotic myelinolysis), and neurode-
generation.8 Focal flavivirus infection,
toxoplasmosis, and primary CNS lym-
phoma can also attack the bilateral basal
ganglia or thalami.8 The basal ganglia
are supplied by small medial and lateral
lenticulostriate arteries of the anterior
and middle cerebral arteries, making
them susceptible to hypertensive disease.
However, basal ganglia hemorrhage in
hypertensive disease is unilateral in most
cases.6,9 Our patient was normotensive
on presentation, making hypertensive
hemorrhage less likely.

Because the venous drainage of
the bilateral basal ganglia is into the
great cerebral vein, bilateral basal
ganglia hemorrhage could theoretically
be explained by great cerebral vein
thrombosis. There have been 6 reported
cases of cerebral venous thrombosis in
patients with COVID-19 in the litera-
ture.10 Although our patient’s MR
venogram was negative, it is possible
that the patient developed a cerebral
venous thrombosis of her galenic ve-
nous system and had spontaneous
lysis of her clot before imaging.

Traumatic bilateral basal ganglia
hemorrhage has rarely been re-
ported.11 Although our patient was
found unconscious, she did not
have any external signs of cranial
trauma. Amphetamines in our
patient’s urine may predispose to is-
chemia or hemorrhage, however her
CTA and MRA were negative for
vasospasm. The lesions did not ex-
hibit restricted diffusion, as observed
in several hypoxic-ischemic, toxic,
or metabolic etiologies. Additionally,
testing for carbon monoxide and
ethylene glycol was negative.

It has been postulated that
SARS-CoV-2 can be neurotropic
via the transcribiform route or

FIG 1. CT of the head obtained on day 1 of presentation (normal head CT, left). Two days later, a
CT of the head was obtained because of worsening neurologic status (right). CT of the head
revealed bilateral basal ganglia acute parenchymal hematomas measuring 2.7 cm � 1.9 cm �
1.4 cm (right) and 3.8 cm � 1.6 cm � 2.6 cm (left) with surrounding edema and partial effacement
of bilateral lateral ventricles.

FIG 2. MR imaging of the brain revealing T1 hyperintense lesions (upper right) and high
signal intensity on susceptibility-weighted imaging (SWAN, upper left). The lesions are
hypointense on T2-weighted images (bottom right), exhibit surrounding edema on
FLAIR images (bottom middle), and there is no diffusion restriction (DWI, bottom
left).
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the hematogenous circulatory system.2 It is unclear why
COVID-19 would predispose to bilateral basal ganglia hem-
orrhage. COVID-19 has been reported to predispose to a
hypercoagulable state, increasing the likelihood of cerebro-
vascular disease and ischemic stroke.12 We speculate that the
pathology of COVID-19, whether by direct viral invasion or
via systemic inflammatory responses, may contribute to
bilateral basal ganglia hemorrhage and to other neurologic
complications.

Disclosures: Farid Hamzei-Sichani—UNRELATED: Employment: University of
Massachusetts Medical School.
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Hemorrhagic involvement of bilateral deep cerebral structures in patients with COVID-19

Patient 1 Patient 2 Our Patient
Age 50s 50s 60s
Sex F F F
Anatomic location Bilateral thalami, bilateral medial

temporal lobes
Bilateral basal ganglia Bilateral basal ganglia

SARS-CoV-2 PCR
nasopharyngeal specimen

Positive Negative Positive

Medical history Unknown Diabetes, hypertension, lumbar
fusion

Obstructive sleep apnea,
gastrointestinal reflux,
asthma, and migraines

Presenting symptom Altered mental status Loss of consciousness Headache
COVID-19 symptoms Cough, fever Cough, fever Cough, sore throat, fatigue
Presenting blood pressure Unknown 150/100 134/70
Chest CT findings Unknown Bilateral ground glass opacities Bilateral ground glass opacities
Outcome status Unknown Recovered and discharged from

the hospital
Death

CSF Negative for herpes simplex virus Not obtained Not obtained

Note:—PCR indicates polymerase chain reaction.
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Pressing Issues in COVID-19: Probable Cause to Seize SARS-
CoV-2 for Its Preferential Involvement of Posterior

Circulation Manifesting as Severe Posterior Reversible
Encephalopathy Syndrome and Posterior Strokes

F. D’Amore, G. Vinacci, E. Agosti, L.P. Cariddi, A.V. Terrana, F.A. Vizzari, M. Mauri, and A. Giorgianni

ABSTRACT

SUMMARY: Since December 2019, a novel Severe Acute Respiratory Syndrome coronavirus 2 from China has rapidly spread world-
wide. Although respiratory involvement is the mainstay of coronavirus disease 2019 (COVID-19), systemic involvement has recently
drawn more attention. In particular, a number of recent articles have shed light on the nervous system as one of the possible tar-
gets. At our institution, we observed 15 patients with acute brain vascular manifestations; most interesting, we had a higher preva-
lence of the posterior circulation acute impairment. In our series, 7 patients had acute posterior cerebral injury: 1, hemorrhagic
posterior reversible encephalopathy syndrome; 5, posterior circulation ischemic stroke; and 1, parieto-occipital hemorrhagic stroke.
On the basis of our evidence and previous basic science reports, we believe a common etiopathogenetic thread may connect is-
chemic/hemorrhagic events of the posterior circulation and posterior reversible encephalopathy syndrome in the setting of
COVID-19.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; PRES ¼ posterior reversible encephalopathy syndrome; SARS-CoV-2 ¼ Severe Acute Respiratory
Syndrome coronavirus 2

Last December, the first cases of a novel viral coronavirus dis-
ease 2019 (COVID-19) caused by the Severe Acute

Respiratory Syndrome coronavirus 2 (SARS-CoV-2) were identi-
fied in China. Since then, the virus has spread so quickly world-
wide that the World Health Organization declared COVID-19 a
pandemic on March 11, 2020.1 Italy first faced the largest out-
break besides Asia, with Lombardy outnumbering all other
regions in Italy in terms of COVID-19 infections and deaths. As
of May 21, .5 million SARS-CoV-2 infections have been con-
firmed worldwide, with the highest number of cases (.1.5 mil-
lion) and deaths (almost 100,000) registered in the United
States.2 From the beginning of this medical emergency, our hos-
pital has admitted .1100 patients who tested positive for SARS-
CoV-2.3 Although it is well-known that SARS-CoV-2 has a

preferential pulmonary and gastrointestinal tropism, current evi-
dence points to multiorgan involvement. A growing number of
studies have reported SARS-CoV-2 involvement of the CNS,
showing a wide variety of neurologic symptoms.4 According to a
Chinese study, the incidence of neurologic symptoms was about
36% in a cohort of patients with COVID-19.5

Case Series
From February 21 to the submission of this article, we collected
patients positive for SARS-CoV-2 presenting with neurologic
impairment who underwent CT and CTA and/or MR imaging
(On-line Table). Demographic, clinical, and anamnestic data
(age, sex, and clinical data) were obtained from clinical records.
All imaging examinations were separately reviewed by 3 board-
certified Neuroradiologists (F.D., A.V.T., A.G., with, respectively,
7, 6, and 10 years of experience in neuroimaging).

A total of 27 patients satisfied the inclusion criteria. Among
these, 15 (7 men, 8 women; mean age, 68 years; range, 21–88
years) had acute imaging findings (On-line Table), of whom, 7
patients had acute posterior circulation ischemic-hemorrhagic
events. The remainder showed miscellaneous findings: 1 case with
supratentorial posttraumatic SAH, 2 cases with spontaneous acute
or chronic convexities subdural hemorrhage, 1 posttraumatic, 2
with spontaneous intraparenchymal supratentorial hemorrhage
(with negative findings on CTA), 1 with multicompartmental
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bleeding of unknown etiology, and 1 patient who developed clini-
cal and imaging findings in keeping with encephalitis. CT did not
show any acute findings in 12 cases. In all patients with a baseline
brain CT scan positive for acute changes, 6 underwent CTA, and
MR imaging was available in 4 cases; all had CT follow-up, except
those who died.

The subgroup of posterior circulation acute events comprised
7 patients (3 men, 4 women; mean age, 72 years, range, 57–88
years) representing 47% (7/15) of the total positive cases (On-line
Table). In 5 patients, acute ischemic changes were found (Fig 1),
of which 2 cases evolved into hemorrhagic transformation. One
patient showed right parieto-occipital hemorrhagic stroke at
baseline; subsequent CTA ruled out vascular malformations or
acute thrombosis. In the other patient, imaging at baseline
revealed extensive bilateral subcortical edema with multifocal
hemorrhages, predominantly in the occipital lobes. Follow-up
imaging showed progressive resorption of edema and hemor-
rhages, in keeping with posterior reversible encephalopathy syn-
drome (PRES) (Fig 2).

DISCUSSION
Our series shows a high prevalence of posterior circulation vascu-
lar events, not directly referable to a secondary cause as opposed
to the heterogeneous etiology in the remaining cases. We specu-
late that SARS-CoV-2 may have played a role leading to acute
brain injury, with a preferential involvement of the posterior

circulation, which may be more sus-
ceptible to the SARS-CoV-2 infection
effects.

Although SARS-CoV-2 targets pri-
marily the lung parenchyma, earlier
evidence in the literature highlighted
its neurotrophic and neuroinvasive
tendencies.6 SARS-CoV-2 invades the
CNS through different pathways, from
peripheral nerves, especially via the ol-
factory nerves, through the blood-
stream by infecting endothelial cells
and altering the BBB, by lymphatic
pathways, and, last, by the disruption
of the gastrointestinal environment,
which may indirectly alter BBB integ-
rity.7 SARS-CoV-2 can interact with
host cells through the angiotensin-
converting enzyme 2 cell membrane
receptor expressed in a wide variety of
cells such as airway epithelia, lung pa-
renchyma, kidney cells, small intestine
cells, as well as neurons and vascular
endothelia.6 Once it binds to neuro-
nal angiotensin-converting enzyme 2
receptors, it is able to activate a self-
reinforcing inflammatory response
through a cytokine storm, which ulti-
mately results in irreversible neuronal
damage.8 Angiotensin-converting en-

zyme 2 receptors are expressed in cerebral endothelial cells that
take part in hormone formation, the sympathoadrenal system,
and vascular autoregulation.9 Endothelial disruption as a conse-
quence of endotheliitis induced by SARS-CoV-2 can contribute
to the pathophysiology of brain damage.6 Infective lymphocytic
endotheliitis has been proved by postmortem analysis.10 The neu-
roinvasive potential is also supported by clinical experience as
reported by several recent studies. For example, a Chinese study5

reported various manifestations of CNS involvement in 53
patients with COVID-19 in a sample of 214 patients. In another
study, SARS-CoV-2 was found in the CSF in a patient diagnosed
with encephalitis, therefore confirming its direct CNS invasion.11

Other studies have also highlighted imaging features of COVID-
19 brain involvement.12-15

As recently described, ischemic stroke is a known complica-
tion in patients with COVID-19. In our series, we found 5 ische-
mic strokes of the posterior circulation in line with other studies.
Mao et al5 described 4 cases of acute stroke, while others
described the onset of acute ischemic stroke in 5 younger
patients.15 Beyrouti et al12 described 6 cases of acute stroke, 4 of
which were posterior strokes. Goldberg and Goldberg16 recently
showed a case of ischemic stroke with occlusion of the MCA and
bilateral anterior cerebral arteries.

Ischemic stroke could be related both to the endotheliitis
process10 and hypercoagulability status, which can evolve to
embolism.17 Endothelium inflammation may shift vascular equi-
librium toward vasoconstriction, leading to ischemia.18 We

FIG 1. Patient 1. A 57-year-old woman with psychomotor retardation, left gaze deviation, and
right superior and inferior limb paresis. Axial CT at baseline shows medial occipital loss of gray-
white differentiation consistent with acute ischemia (A). Ten days later, coronal CT shows addi-
tional well-defined left cerebellar and right parieto-occipital hypoattenuating areas in keeping
with subacute ischemia (B). Left distal posterior cerebral artery occlusion on CTA VR (Volume
Rendering) reformats from the same day (white arrow, C). Axial T2 FLAIR (D and E) and axial T2*
gradient recalled-echo (F) 6weeks later show focal left thalamic signal drop-out, consistent with
hemorrhage. Early chronic ischemic changes are also noted in the parieto-occipital lobes (white
arrows, D and E).
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also reported 1 parieto-occipital hemorrhage, 1 case of com-
plicated hemorrhagic PRES, and the hemorrhagic transfor-
mation of 2 ischemic strokes. Intracranial hemorrhage in
patients with COVID-19 has already been reported.5,19 In our
series, we also noted 4 hemorrhagic strokes involving the an-
terior circulation.

One patient in our cohort presented with clinical and imaging
features of a severe form of PRES. A recent case report has shown
2 cases of hemorrhagic PRES.20 Our patient presented with
extensive edema on a baseline CT scan with the presence of hem-
orrhagic lesions which is a severe and rare manifastation of PRES
(Fig 2).21 PRES is a multifactorial clinical-radiologic entity char-
acterized by reversible subcortical vasogenic edema. Although
not completely elucidated, several pathogenetic theories entail-
ing rapid increase of arterial blood pressure beyond the autoreg-
ulatory potential, the release of vasoconstrictors, and
endogenous or exogenous stimulants in addition to T-cell-
derived cytokine release converge to an abnormal activation and
consequent disruption of endothelial cell homeostasis.22,23

Moreover, infective agents promote polymorphonuclear leuko-
cyte activation and lead to additional release of mediators,
resulting in increased vessel permeability, which leads to the de-
velopment of interstitial edema.23 Most interesting, the well-
known frequent association of PRES with posterior circulation

involvement has been ascribed to its lack of sympathetic inner-
vation in contrast to the anterior circulation.22,24 We ruled out
other potential PRES mimickers, such as hypoxic-ischemic
encephalopathy, meningoencephalitis, and acute toxic leukoen-
cephalopathy in light of clinical and laboratory data and imag-
ing follow-up. The improvement of pneumonia and laboratory
parameters as well as the negative results on subsequent naso-
pharyngeal swabs paralleled by neurologic symptom resolution
may strengthen the hypothesis of SARS-CoV-2 as a primary
causative agent. Therefore, endothelial dysfunction, possibly at
the capillary level, set off by SARS-CoV-2 infection, may be the
etiopathogenesis of PRES.

In our cohort, we found that the posterior circulation was the
most common primary site of acute vascular injury. The endothe-
lial disruption related to SARS-CoV-2 could be a common fea-
ture acting as a promoting and synergistic agent underlying the
preferential involvement of the posterior circulation, presumably
due to its intrinsic hemodynamic weakness compared with the
anterior circulation. Further studies with larger sample sizes are
needed to support our hypothesis.
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CLINICAL REPORT
ADULT BRAIN

Imaging Features of Acute Encephalopathy in Patients with
COVID-19: A Case Series

S. Kihira, B.N. Delman, P. Belani, L. Stein, A. Aggarwal, B. Rigney, J. Schefflein, A.H. Doshi, and P.S. Pawha

ABSTRACT

SUMMARY: Coronavirus disease 2019 was declared a global pandemic by the World Health Organization on March 11, 2020. There
is a scarcity of data on coronavirus disease 2019–related brain imaging features. We present 5 cases that illustrate varying imaging
presentations of acute encephalopathy in patients with coronavirus disease 2019. MR features include leukoencephalopathy, diffu-
sion restriction that involves the GM and WM, microhemorrhages, and leptomeningitis. We believe it is important for radiologists
to be familiar with the neuroradiologic imaging spectrum of acute encephalopathy in the coronavirus disease 2019 population.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; SARS-CoV ¼ Severe Acute Respiratory Syndrome coronavirus

Coronavirus disease 2019 (COVID-19) is a clinical manifesta-
tion of Severe Acute Respiratory Syndrome coronavirus

(SARS-CoV) 2 infection. This virus was first detected in Wuhan,
China, in December 2019,1 and, by March 11, 2020, it had been
declared a global pandemic by the World Health Organization.2

Recent studies have demonstrated encephalopathic symptoms in
up to 36% of hospitalized patients with COVID-19, including
altered mental status, confusion, and headaches.3

There is a scarcity of data on COVID-19–related brain MR fea-
tures. Poyiadji et al4 suggested a possible link between COVID-19
infection and acute necrotizing encephalopathy, and subsequent
case reports described encephalitis in patients with COVID-19.5-7

A recent study from Turkey included a range of neuroimaging
findings in patients with COVID-19 in the intensive care unit,
with cortical signal abnormality and diffusion restriction predomi-
nating.8 Recently, Radmanesh et al9 reported 2 neuroimaging find-
ings, diffuse leukoencephalopathy and WM microhemorrhages, in
patients with COVID-19. Respiratory distress is seen in up to 25%
of patients with COVID-19,10 and hypoxia itself can result in leu-
koencephalopathy and microhemorrhages in certain settings.11,12

However, the current literature is limited on whether these MR

findings in patients with COVID-19 are due to primary pathology
or secondary complications from hypoxia.

We have encountered MR findings of encephalopathy among
5 patients with COVID-19 during the surge of disease in New
York City from late March to late April 2020. As COVID-19 con-
tinues to grow on a global scale, it is important for radiologists to
be familiar with varying presentations of acute encephalopathy
that may be encountered in patients with COVID-19 (On-line
Table).

CASE 1
A 59-year-old woman with no known medical history presented
with respiratory distress (40% on room air and required intuba-
tion in the emergency department, and, subsequently, was found
to be positive for COVID-19 on reverse transcriptase–polymerase
chain reaction nasal swab test result. Her family confirmed acute
disorientation on the day of presentation. Her hospital stay was
complicated by non-ST-elevation myocardial infarction and focal
seizures. A CT of the head was unremarkable; however, subse-
quent MR imaging of the brain (Fig 1) on day 7 of intubation
demonstrated patchy and confluent areas of restricted diffusion
and FLAIR hyperintensity that involved the cerebral cortices and
WM (Fig 1A), with involvement of the basal ganglia, splenium of
corpus callosum (Fig 1B, -C), and pons (Fig 1D). A small amount
of scattered predominantly frontoparietal leptomeningeal FLAIR
hyperintensity was present (Fig 1A). A few small subcortical and
corpus callosum microhemorrhages were noted as well as trace
intraventricular hemorrhage. CSF bacterial culture showed no
growth over 5 days. There was no elevation of leukocytes or pro-
tein in the CSF. The COVID-19 viral load was not detected on
CSF analysis. Other etiologies, such as E coli, H Haemophilus,
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N Neisseria, CMV Cytomegalovirus, HSV1 and 2 Herpes simplex
virus 1 and 2, and West Nile virus, were not detected on CSF
analysis. No oligoclonal bands were present. There was no status
epilepticus, discrete anoxic episode, or known toxic and/or meta-
bolic abnormality to account for the imaging findings. The patient
is currently undergoing plasma exchange for concern for pre-
sumed COVID-19–related autoimmune encephalitis, though hy-
poxia may also be a contributing factor.

CASE 2
A 60-year-old man with hypertension and diabetes mellitus
type 2 presented with fever, cough, altered mental status, and
dyspnea for 2weeks, and was determined to be positive for
COVID-19 on reverse transcriptase–polymerase chain reaction
nasal swab test result. The presenting O2 saturation was 92% on
room air. The patient was encephalopathic on presentation,
with disorientation and decreased alertness. His hospital stay
was complicated by hypoxic respiratory failure, which required
intubation and was further complicated by cardiogenic shock
attributed to Takotsubo cardiomyopathy. He also developed
acute renal failure, which required multiple cycles of dialysis.
Although his altered mental status was initially attributed to

uremic encephalopathy, he continued to remain altered despite
dialysis. A CT of the head was unremarkable except for chronic
basal ganglia calcification. Video EEG demonstrated diffuse
theta slowing, but no epileptiform discharges. A brain MR
imaging (2 weeks after intubation) (Fig 2) demonstrated conflu-
ent FLAIR hyperintensity and diffusion restriction throughout
the cerebral WM, with sparing of subcortical U-fibers.
Subsequent CSF analysis was unremarkable and without
COVID-19 viral load detection. MR findings and clinical history
would be compatible with post–hypoxic leukoencephalopathy;
however, because encephalopathy preceded respiratory distress,
a component of COVID-19–related leukoencephalitis is also
considered.

CASE 3
A 35-year-old woman at 28weeks’ gestation and diagnosed with
pyelonephritis 2weeks earlier presented with abdominal pain,
fever, cough, and decreased alertness, and was positive for
COVID-19 on reverse transcriptase–polymerase chain reaction
nasal swab test result. O2 saturation was 90% on room air at pre-
sentation. She was being worked up for encephalopathy; however,
her hospital stay was complicated by hypoxic respiratory failure,
which required intubation, and cardiac arrest a few days later,
which required cardiopulmonary resuscitation. After the return
of spontaneous circulation, the patient was taken for emergent
caesarean section. Her mental status remained poor. A CT of the
head was unremarkable. EEG showed generalized slowing com-
patible with encephalopathy but no electrographic seizures.

MR imaging of the brain 4 days later (day 8 of intubation)
(Fig 3A,-B) demonstrated numerous small foci of susceptibility
within the peripheral cerebral subcortical WM and throughout
the corpus callosum, most pronounced at the splenium, favored
to reflect microhemorrhages. Some foci were linear, which raised
the additional but less likely consideration of venous micro-
thrombi. Splenial confluent FLAIR hyperintensity was seen, con-
sistent with edema (Fig 3C); however, no other parenchymal
edema was noted. Diffuse prominent sulcal FLAIR hyperintensity
was present; however, this is often artifactual in the setting of the

FIG 1. An axial MR image of a 59-year-old woman with COVID-19
who presented with respiratory distress and acute disorientation
(case 1). A, FLAIR image demonstrates confluent FLAIR hyperintensity
that involves cerebral WM (arrowheads) and patchy involvement of
cerebral cortices; a small amount of scattered frontoparietal lepto-
meningeal FLAIR hyperintensity is noted (arrow). B, FLAIR image
shows hyperintensity that involves the splenium (arrows) and basal
ganglia (arrowhead). C, DWI demonstrates restricted diffusion that
involves the splenium of the corpus callosum (arrows) and the cortex
(arrowhead). D, DWI shows a diffusion-restricting focus in the pons
(arrow).

FIG 2. An axial MR imaging of the brain of a 60-year-old man with
COVID-19 who presented with disorientation and decreased alertness
(case 2). A, A FLAIR image demonstrates diffuse confluent WM hyper-
intensity with sparing of the subcortical U-fibers (arrowheads). B,
DWI shows corresponding restricted diffusion throughout the
involved WM (arrowheads).
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patient receiving high oxygen fraction, which can confound
assessment for meningitis. CSF bacterial culture showed no
growth for 4 days. There was no elevation of leukocytes or protein
in the CSF. Other etiologies, such as E coli, H Haemophilus, N
Neisseria, CMV Cytomegalovirus, HSV1 and 2 Herpes simplex
virus 1 and 2, andWest Nile virus were undetected on CSF analy-
sis. Autoimmune antibodies and oligoclonal bands were also not
detected. Testing for the presence of SARS-CoV-2 in the CSF was
unable to be performed. A working diagnosis was a hemorrhagic
leukoencephalopathy in the setting of active viral infection.

CASE 4
A 48-year-old man with no known medical history initially pre-
sented with nausea, vomiting, and cough, and was found to have
COVID-19 on reverse transcriptase–polymerase chain reaction
nasal swab test result. His presenting oxygen saturation was 100%
on room air. The first 2 inpatient weeks were complicated by acute
respiratory distress syndrome, which required intubation, and
acute kidney injury, which required peritoneal dialysis. The
patient subsequently became altered, with flaccid paralysis of
bilateral lower extremities activating a code stroke. A CT of the
head and a CTA were unremarkable, with an ASPECTS of 10.

MR imaging of the brain the follow-
ing day (week 3 of intubation) (Fig 4A)
showed multiple diffusion-restricting
and FLAIR hyperintense foci within the
WM, specifically in the right centrum
semiovale and bilateral corona radiata,
left temporal lobe, and left medullary
pyramid, and in the spinal cord at C1.
T2 FSE imaging (Fig 4B) showed a
halo-like appearance of the dominant
lesion in the corona radiata and
another, smaller lesion, which favored a
demyelinating/inflammatory etiology
over infarct. Concurrent MR imaging
of the spine (Fig 4C) showed focal T2
hyperintense lesions within the right
lateral cord at C1 (which corre-
sponded to the focal restricted dif-
fusion seen on the MR imaging of
the brain) and T5 levels as well as a
third lesion in the left lateral col-
umn at T5. CSF protein and glucose
were elevated to 132mg/dL and
105mg/dL, respectively. There was
no oligoclonal band, and the cyto-
pathology result was negative.
Given the findings of multiple dif-
fusion restricting lesions limited to
WM structures of the brain and
cord in the setting of recent
COVID-19 infection, a postviral
autoimmune demyelinating en-
cephalomyelitis was favored.

CASE 5
A 41-year-old man with morbid obe-

sity who had previously undergone a gastric sleeve procedure
presented with nonproductive cough, shortness of breath, and
subjective chills for 4 days. At presentation, oxygen saturation
was 95% on room air. He was found to have COVID-19 on
reverse transcriptase–polymerase chain reaction nasal swab test
result and associated pneumonia. The hospital course was com-
plicated by hypoxic respiratory failure, which required intuba-
tion, and acute kidney injury, which required dialysis. The
patient was on ventilation for 3weeks and was found to be disori-
ented and decreased in alertness after extubation, which persisted
despite several cycles of hemodialysis. A CT of the head per-
formed 4 weeks after intubation was unremarkable, but the sub-
sequent MR imaging demonstrated FLAIR hyperintensity of the
globi pallidi and more extensively throughout the cerebral WM,
with subcortical U-fiber sparing (Fig 5), with corresponding
moderately restricted diffusion. The leading consideration was
de-layed post–hypoxic leukoencephalopathy; however, basal gan-
glia involvement also prompted consideration of encephalitis and
metabolic encephalopathy. Postviral demyelination is less likely
given the diffuse symmetric MR findings.

FIG 3. An axial MR imaging of the brain of a 35-year-old woman with COVID-19 who presented
with decreased alertness (case 3). A, A gradient recalled-echo (GRE) image demonstrates numer-
ous small foci of susceptibility in the peripheral subcortical WM (arrows). B, A more inferior GRE
image shows numerous small foci of susceptibility throughout the corpus callosum, particularly
the splenium (arrows). C, A FLAIR image demonstrates confluent bilateral hyperintensity that
involves the splenium (arrows).

FIG 4. An axial MR imaging of the brain of a 48-year-old man with COVID-19 and with acute flac-
cid paralysis of the bilateral lower extremities (case 4). A, DWI demonstrates multiple diffusion-
restricting foci in the WM, including right greater than left corona radiata (arrows). B, A T2 FSE
image shows a “halo” appearance of a dominant right corona radiata lesion (inset), suggestive of
demyelination. C, A T2 FSE image demonstrates a focal lesion in the right lateral column of the
spinal cord at C1 (arrow), which corresponds to a diffusion-restricting focus on MR imaging of the
brain.
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DISCUSSION
The 5 cases presented illustrate varying imaging presentations of
acute encephalopathy in patients with COVID-19. There is a
scarcity of data on COVID-19–related MR findings of encephal-
opathy. Differential considerations in all cases included potential
complications of the SARS-CoV-2 virus. All 5 patients demon-
strate WM signal abnormalities and areas of diffusion restriction.
Three of 5 patients demonstrated large confluent and symmetric
diffusion restriction in the cerebral WM, with sparing of subcorti-
cal U-fibers. This pattern can be seen with delayed post–hypoxic
leukoencephalopathy, which is a leading consideration in 2
patients in whom MR imaging was obtained 1–4weeks after
hypoxic events; however, encephalopathy was noted even before
hypoxia in 2 of 3 patients with this confluent WM abnormality.
Clinically significant hypoxic burden is reported with 5%–25% of
patients with COVID-19 and who require ventilation,10,13 and
even more are presumed to have silent hypoxia before presenta-
tion.14 This is a confounding variable because hypoxia can result
in varying MR findings, for example, those seen in delayed post–
hypoxic leukoencephalopathy12 and high-altitude cerebral
edema.11 Given the clinically significant hypoxia encountered in
patients with COVID-19, we believe that the MR findings in
some cases are multifactorial, with a likely frequent component
of post–hypoxic leukoencephalopathy.10

Results of a few recent studies have suggested COVID-19–
related neuroimaging findings in patient with encephalop-
athy.8,9,15 Our findings differed from those of Kandemirli et
al,8 which showed GM involvement in most cases. Radmanesh
et al9 reported findings of diffuse leukoencephalopathy and
microhemorrhages, which are also present in our series. In
addition, there are several important novel findings in our
study that may help to understand the broad spectrum of
COVID-19–related MR imaging findings. Basal ganglia 2
patients) and pontine (1 patient) involvement of edema and
diffusion restriction have not been described in association
with COVID-19 in previous studies. In addition, COVID-19–
related postviral demyelination of the brain and spinal cord is
a novel finding.

Viral encephalitis is a sequela of direct viral neuroinvasion and
is typically dictated by the receptor binding domain of the virus.
Studies in SARS-CoV, whose genomic sequence closely resembles
SARS-CoV-2 of COVID-19,16 suggest that the pathology involves
a cytokine cascade through angiotensin-converting enzyme 2 re-
ceptor binding, which leads to blood-brain barrier breakdown.17

Angiotensin-converting enzyme 2 is widely expressed in the glial
cells and in the brain stem nuclei regulating the cardiorespiratory
systems.18 Moreover, this cytokine cascade and the direct cyto-
pathic damage by the virus was proposed to cause neurologic dis-
ease, such as encephalitis, in susceptible individuals19 and was
recently described in a subset of patients with COVID-19.20 Viral
entry into the CNS may result from either hematogenous dissemi-
nation or retrograde peripheral nerve propagation within the
brain, with the latter appealing for the explanation of anosmia in
the COVID-19 population.21

Two patients in this case series demonstrated splenial edema,
which has also been previously reported in Middle East
Respiratory Syndrome coronavirus encephalitis.22 The patients in
our cases also demonstrated microhemorrhages within subcorti-
cal regions and corpus callosum, one extensive and the other
mild. This distribution has been described in high-altitude cere-
bral edema and also in patients who are critically ill11,12 and was
also described by Radmanesh et al9 as a potential COVID-19–
related finding. Additional consideration for this appearance
includes hemorrhagic leukoencephalitis, possibly even a forme
fruste of acute hemorrhagic leukoencephalitis, the autoimmune
process that typically has a more fulminant course. In addition,
cytokine cascade has been shown to lead to thromboembolic phe-
nomena as a result of a hypercoagulable state,23 which could then
cause small vessel thromboses and microhemorrhages within the
brain. Hemorrhagic foci are also seen in acute necrotizing ence-
phalopathy; however, the patients in our cases show the absence
of necrosis and dissimilar distribution. CSF analysis was unre-
markable in all cases of suspected possible viral encephalitis in
this case study, perhaps not surprising given the low utility of the
viral analysis in CSF where levels are typically very low.24

However, a negative viral assay does not rule out the diagnosis.
A case of suspected postviral demyelination is included in this

case series, presumed to be related to recent COVID-19 infection.
Postviral encephalomyelitis or acute disseminated encephalomy-
elitis is an immune-mediated inflammatory demyelinating disor-
der that occurs within days to weeks of viral infection. The age of
onset remains young in the adult population, with a mean age in
the 40s.25 Acute disseminated encephalomyelitis is not the result
of tissue invasion by the microbes themselves, unlike in viral en-
cephalitis. Demyelination is often in the cerebral WM and spinal
cord, although it may also involve the GM. CSF analysis is non-
specific in patients with acute disseminated encephalomyelitis
and may be normal in up to one-third of patients.26 Although
this series includes the presumptive first report of postviral
demyelinating encephalomyelitis from COVID-19, MR imaging
features are typical of this entity, and this mechanism would par-
allel other coronavirus subtypes in which acute disseminated en-
cephalomyelitis has also been described.27

A comprehensive delineation of post–hypoxic leukoence-
phalopathy, postviral autoimmune encephalitis, and infectious

FIG 5. An axial MR imaging of the brain of 41-year-old man with
COVID-19 and with persistent disorientation and decreased alertness
1 week after extubation (case 5). A, A FLAIR image demonstrates
hyperintensity throughout the cerebral WM (arrowheads). B, A
more-inferior FLAIR image demonstrates hyperintensity of the globi
pallidi bilaterally (arrows).
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leukoencephalitis is not possible given our small sample size.
Symmetric confluent leukoencephalopathy favors a component
of post–hypoxic leukoencephalopathy, and more focal WM
lesions (particularly if the spinal cord or the posterior fossa is
involved) may suggest postviral autoimmune demyelination.
Basal ganglia involvement can raise suspicion for encephalitis in
the absence of known causative factors. In addition, we
acknowledge that silent hypoxia is associated with COVID-19
infection and would be difficult to measure because the patient
would be asymptomatic and not seek medical attention at the
time. However, only 1 patient had clinically significantly low
oxygen saturation (,90%) at the time of presentation, which
suggests that encephalopathy may have preceded hypoxia.

Whether these imaging appearances are the sequelae of direct
infectious encephalitis, postviral encephalitis, hypoxia, or simply
critical illness–related encephalopathy remains under investigation.
In some patients with COVID-19, encephalopathy may be multi-
factorial. This case series serves to raise awareness of varying pre-
sentations of presumed encephalitis that may be seen in patients
with COVID-19. Knowledge of these neuroimaging features may
aid in the detection and early management of neurologic complica-
tions in this patient population.

Disclosures: Bradley Delman—UNRELATED: Payment for Lectures Including
Service on Speakers Bureaus: Bayer Healthcare, Comments: Internal lectures (no
more than 1 per year).
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ORIGINAL RESEARCH
ADULT BRAIN

Perfusion Parameter Thresholds That Discriminate Ischemic
Core Vary with Time from Onset in Acute Ischemic Stroke

T. Yoshie, Y. Yu, H. Jiang, T. Honda, H. Trieu, F. Scalzo, J.L. Saver, and D.S. Liebeskind,
on behalf of the UCLA Reperfusion Therapy Investigators

ABSTRACT

BACKGROUND AND PURPOSE:When mapping the ischemic core and penumbra in patients with acute ischemic stroke using perfu-
sion imaging, the core is currently delineated by applying the same threshold value for relative CBF at all time points from onset
to imaging. We investigated whether the degree of perfusion abnormality and optimal perfusion parameter thresholds for defining
ischemic core vary with time from onset to imaging.

MATERIALS AND METHODS: In a prospectively maintained registry, consecutive patients were analyzed who had ICA or M1 occlu-
sion, baseline perfusion and diffusion MR imaging, treatment with IV tPA and/or endovascular thrombectomy, and a witnessed,
well-documented time of onset. Ten superficial and deep MCA ROIs were analyzed in ADC and perfusion-weighted images.

RESULTS: Among the 66 patients meeting entry criteria, onset-to-imaging time was 162 minutes (range, 94–326 minutes). Of the 660
ROIs analyzed, 164 (24.8%) showed severely or moderately reduced ADC (ADC# 620, ischemic core), and 496 (75.2%), mildly reduced or
normal ADC (ADC . 620). In ischemic core ADC regions, longer onset-to-imaging times were associated with more highly abnormal per-
fusion parameters–relative CBF: Spearman correlation, r ¼ –0.22, P¼ .005; relative CBV: r ¼ –0.41, P, .001; MTT: – r ¼ –0.29, P, .001;
and time-to-maximum: r¼ 0.35, P, .001. As onset-to-imaging times increased, the best cutoff values for relative CBF and relative CBV to
discriminate core from noncore tissue became progressively lower and overall accuracy of the core tissue definition increased.

CONCLUSIONS: Perfusion abnormalities in ischemic core regions become progressively more abnormal with longer intervals from
onset to imaging. Perfusion parameter value thresholds that best delineate ischemic core are more severely abnormal and have
higher accuracy with longer onset-to-imaging times.

ABBREVIATIONS: AUC ¼ area under the ROC curve; OTI ¼ onset to imaging; rCBF ¼ relative cerebral blood flow; rCBV ¼ relative cerebral blood volume;
ROC ¼ receiver operating characteristic; Tmax ¼ time-to-maximum

Imaging of the mismatch between ischemic core and penumbra
is now a proved means to identify late-presenting patients with

acute ischemic stroke who will benefit from intravenous throm-
bolysis 4.5–9 hours after onset1 and endovascular thrombectomy

6–24hours after onset.2,3 A favorable mismatch profile is a small
ischemic core of irreversibly infarcted tissue and a large penum-
bra of threatened-but-salvageable tissue. Conversely, large ische-
mic core volume on DWI or CT perfusion imaging and a small
volume of salvageable penumbral tissue on multimodal MR
imaging or CT are associated with unfavorable clinical out-
comes.4-6

When DWI is used to define the ischemic core, the volume and
degree of ADC change directly reflect the total duration and inten-
sity of ischemia experienced from stroke onset until the moment of
imaging. Accordingly, the volume of tissue with low ADC values
reflects both the time from stroke onset to imaging (OTI) and the
varying degrees of hypoperfusion during this interval.7,8

However, when perfusion imaging is used to define the ische-
mic core, the situation is very different. Perfusion imaging pri-
marily provides a physiologic snapshot of 1 moment in time,
indexing the physiologic conditions present at the time of imag-
ing rather than integrating total ischemia time and intensity until
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imaging. Preclinical studies in stroke animal models have found
that the degree of cerebral blood flow impairment worsens with
time in infarct core regions,9,10 suggesting that perfusion parame-
ters used to distinguish core from noncore may vary as OTI time
intervals vary. Studies in patients with acute ischemic stroke have
not elucidated well whether the perfusion value thresholds that
best demarcate irreversible infarcted core from salvageable pe-
numbra tissue are time-invariant or time-dependent.

Studies of perfusion imaging strategies for identifying infarct
core have found that when comparing different perfusion param-
eters, the degree of relative cerebral blood flow (rCBF) reduction
is the best variable to use.11 Commonly, the threshold of rCBFof
,30% is used for detecting ischemic core. This perfusion thresh-
old has been defined regardless of time from onset.

The purpose of this study was to evaluate whether optimal
perfusion thresholds for ischemic core vary with OTI time.

MATERIALS AND METHODS
Subjects
In a prospectively maintained registry, we identified consecutive
patients with acute ischemic stroke between July 2011 and October
2016 meeting the following eligibility criteria: 1) treatment with IV
tPA and/or endovascular thrombectomy, 2) both DWI and PWI
performed before reperfusion therapy, 3) occlusion of the ICA or
MCA M1 segment on initial MR angiography, and 4) witnessed
onset while awake permitting reliable assessment of clinical onset
time. Patients who received IV tPA from an outside hospital and
were then transferred to our center were included if the initial MR
angiography showed ICA or M1 occlusion. The study was approved
by the institutional review board in David Geffen School of
Medicine at University of California Los Angeles for conduction

under a waiver of consent for a minimal-
risk study analyzing clinically collected
data.

Image Acquisition and Processing
During this study, standard care at our
institution included using MR imaging
as the initial technique for assessment of
patients with acute ischemic stroke
whenever possible. If a patient had a
contraindication to MR imaging, such
as a pacemaker or cardiorespiratory
instability, CT was instead performed.
MR imaging studies were performed on a
1.5-T (Magnetom Vision+, Sonata or
Symphony) or 3-T (Magnetom Trio)
MRI (Siemens Medical Systems, Erlangen,
Germany). The standard strokeMR imag-
ing protocol included DWI, gradient
recalled-echo, FLAIR, PWI, andMR angi-
ography of the cervical and intracranial
vessels. MR imaging without PWI was
performed if the patient was not eligible
for contrast, such as having contrast
allergy or renal dysfunction. DWI was
obtained with 2 levels of diffusion sensiti-

zation (b values¼ 0 and 1000 s/mm2, 5- to 7-mm section thickness,
and no gap). PWI was performed using an axial dynamic gradient-
echo echo-planar perfusion-weighted se-quence. If indicated, tPA
was started in the scanner after the DWI and gradient recalled-echo
sequences and before the remaining acquisitions, to expedite therapy
initiation.

PWI data were postprocessed using Olea Sphere (Olea
Medical). The arterial input function in each patient was automati-
cally selected, with the selection reviewed by the imaging analyst. If
the automatically selected arterial input function was not in an
appropriate location, another arterial input function was selected
manually in the proximal segment of the MCA contralateral to the
occlusion side. The Oscillation Singular Value Decomposition
(oSVD) technique was used as a deconvolution method, and the
deconvoluted perfusion parameters (CBF, CBV, MTT, and time-
to-maximum [Tmax]) were calculated.

Quantitative Analysis
For quantitative analysis, a vascular neurologist (T.Y.) who was
blinded to clinical data and other images including FLAIR
images, assessed the imaging data. Quantitative measurement of
ADC and perfusion values was performed with imaging software
(Horos, Version 3.1.2; Horos Project; https://horosproject.org/),
using small circular ROIs with areas of 50mm2. First, 10 ROIs
were placed on ADC images in anatomically defined regions over
the MCA territory, similar to those defined by the ASPECTS, at 2
section levels, 1 at the level of the thalamus and basal ganglia and 1
just rostral to the ganglionic structures. The 10 ROIs were located
at the caudate, lentiform, internal capsule, insular ribbon, inferior
anterior MCA cortex (M1), MCA cortex lateral to the insular rib-
bon (M2), inferior posterior MCA cortex (M3), superior anterior

FIG 1. ROI placement. ROIs are shown as green circles on the ADC map (left) and black and
white CBF map (middle). The color-coded CBF map is shown on the right. In addition to these
maps, identical ROIs were placed on CBV, MTT, and Tmax maps.
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MCA cortex (M4), superior lateral MCA cortex (M5), and superior
posterior MCA cortex (M6) (Fig 1). Then ROIs of the same size
and location were placed on the PWI maps, including CBF, CBV,
MTT, and Tmax images. If an ROI placement included pixels of
large vessels or artifacts, the ROI was moved manually, avoiding
these elements at the discretion of the operator’s visual analysis,
using a maximum CBF threshold value of 70 or 80mL/100 � g.
We used rCBF for the CBF evaluation because previous studies
have shown that rCBF is superior for assessing ischemic lesions to
absolute CBF11 and rCBF is more widely used in the clinical care
of patients with acute stroke. rCBF was calculated as ipsilateral
CBF/contralateral CBF; and contralateral CBF was measured in
the mirrored region. Relative CBV (rCBV) was similarly calculated
and used for CBV evaluation. Finally, we used rCBF, rCBV, MTT,
and Tmax for analysis as perfusion values.

Statistical Analysis
All ROIs were categorized between 2 groups according to ADC
values; ROIs with ADC, 620 were assigned to the moderate-to-
severely reduced ADC group, and ADC$ 620, to the normal-to-
mildly reduced ADC group. The x 2 test for categoric variables
and a Wilcoxon rank sum test for continuous variables were used
to compare the study characteristics associated with the ADC cate-
gories. To assess the relationship between PWI values and time
from onset to MR imaging, we performed a Spearman correlation
coefficient analysis between each PWI value and the OTI time.
Because multiple ROIs were included for a patient, Huber-White
standard errors clustered on patient identifiers were used to account
for within-person correlations. In addition, patients were divided
into 3 groups according to the OTI time: ,180minutes, 180–
360minutes, and .360minutes. A Wilcoxon rank sum test was

performed to compare PWI values between each time group. To
evaluate whether accuracy and optimal thresholds for defining ische-
mic core are dependent on time, receiver operating characteristic
(ROC) curve analysis for ADC, 620 was performed in each time
group. The area under the ROC curve (AUC), sensitivity, and speci-
ficity were calculated for each PWI value. The best cutoff points
were calculated using the Youden Index, assigning equal weights to
specificity and sensitivity. We used x 2 statistics to compare the
AUC between each OTI time group. Statistical analysis was per-
formed using JMP Pro 13.0.0 statistical software (SAS Institute) and
STATA 15.1 (StataCorp). P, .05 indicated a significant difference.

RESULTS
During the study period, 472 patients were treated with IV tPA
and/or endovascular thrombectomy, among whom 228 had acute
ICA or M1 occlusion. Of these, 74 underwent CT rather than MR
imaging, 37 had MR imaging but without PWI sequences, 8 had
poor-quality MR imaging acquisitions due to body movement or
artifacts, and 43 had unclear onset times. Accordingly, 66 patients
met the full study inclusion criteria, and 660 ROIs were analyzed. A
flow diagram for inclusion in this study is shown in On-line Fig 1.

The median age of patients was 74 years (interquartile range,
64.5–83 years). Forty patients (60.6%) were women. Occlusion
location was the ICA in 30 patients (45.4%), the proximal M1 in
15 patients (22.7%), and the distal M1 in 21 patients (31.8%).
Laterality was left-sided occlusion in 34 (51.5%) and right-sided
in 32 patients (48.5%). The mean baseline NIHSS score was 15.4
6 8.2. Atrial fibrillation was present in 42 (63.6%) patients. The
median time from onset to DWI was 162minutes (interquartile
range, 94–325.5 minutes; range, 69–664 minutes).

FIG 2. Scatterplot of ROI perfusion parameter values and onset-to-imaging time for 660 ROIs, separately for severely-moderately reduced
ADC (ADC # 620, upper row) and mildly reduced–normal ADC (ADC. 620, lower row). Colors indicate the density of points, increasing from
blue to green to yellow to red.
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ROIs with Low and Normal ADCs
Of 660 ROIs, 164 (24.8%) were categorized to severely-moder-
ately reduced ADC, and 496 (75.2%), to mildly reduced–nor-
mal, with characteristics shown in On-line Table 1. Severely-
moderately reduced ADC regions were characterized by more
frequent left-brain laterality and more frequent involvement of
lentiform, internal capsule, and insular ribbon regions and less
frequent involvement of the posterior MCA cortex regions,
lower rCBF, lower rCBV, and higher Tmax. Time from onset
to imaging did not differ among the ADC groups.

Relationship Between Each PWI Value and Time from
Onset to MR Imaging
Figure 2 shows the relation between OTI time and perfusion
parameters. In ROIs with severely-moderately reduced ADC,
longer OTI time was associated with more greatly reduced
rCBF (Spearman correlation, r ¼ �0.217, P¼ .005), rCBV (r ¼
�0.408, P, .001), and MTT (r ¼ �0.293, P, .001), and more
greatly prolonged Tmax (r¼ 0.348, P, .001) (On-line Table
2). Huber-White standard errors clustered on patient identi-
fiers showed the same correlation in rCBF (P¼ .029), rCBV
(P¼ .006), and Tmax (P¼ .001); however, there was no signifi-
cant correlation in MTT (P¼ .231). In contrast, no significant
relationship was noted in both a Spearman correlation coeffi-
cient analysis and Huber-White standard errors between OTI
and perfusion parameters in mildly reduced–normal ADC
areas.

To evaluate broad regional effects, we clustered ROIs into an
MCA cortical group (M1–M6) and a deep group (caudate, lenti-
form, internal capsule, insular ribbon). The association of OTI and
perfusion parameters was present for all 4 perfusion parameters for
the deep group and 3 of 4 perfusion parameters for the MCA corti-
cal group (rCBV, MTT, and Tmax, but not rCBF; On-line Table 2
and On-line Fig 2).

Considering the 3 OTI categories (,180 minutes, 180–360
minutes,.360 minutes), similar patterns were seen in the con-
tinuous analysis of OTI. Longer OTI time windows were asso-
ciated with lower rCBF, rCBV, and MTT and higher Tmax in
regions with severely-moderately reduced ADC (Fig 3).

ROC Curve Analysis
In ROC analysis, perfusion parameter ability to identify ROIs
with ADC, 620, rCBF, rCBV, and Tmax all performed compa-
rably with AUC of 0.89 (95% CI, 0.86–0.91), 0.85 (95% CI,
0.81–0.88), and 0.85 (95% CI, 0.81–0.88) (Table). In contrast,
the MTT did not reach statistical significance. With regard to
the relation between OTI time, both the predictive performance
and the best threshold values for rCBF, rCBV, and Tmax
changed across the 3 OTI time windows. The predictive accu-
racy of the parameters improved; for example, the AUCs of
rCBF for ,180 minutes, 180–360 minutes, and .360 minutes
were 0.85 (95% CI, 0.79–0.89), 0.90 (95% CI, 0.85–0.93), and
0.97 (95% CI, 0.93–0.98). In addition, for rCBF and rCBV, the
best threshold increased to more severely abnormal values with
longer OTI times. For example, for rCBF, the best thresholds
for ,180 minutes, 180–360 minutes, and .360 minutes were
reductions of 72%, 60%, and 48%. In contrast, for Tmax, the

best thresholds were similar for ,180 minutes (the best
thresholds 18.6) and .360 minutes (18.7) and higher for
180–360 minutes (22.2).

FIG 3. Boxplots of perfusion parameters according to categoric time
from onset to imaging, ,180minutes (n = 33), 180–360minutes (n = 21),
and.360minutes (n = 12). The asterisk indicates statistical significance
(P, .05) in a Wilcoxon rank sum test between each onset-to-imaging
time group.
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DISCUSSION
This study of patients with acute ischemic stroke imaged between
1 hour 9 minutes to 11 hours 4 minutes from the defined onset
time had 3 notable findings regarding the relation between OTI
time and cerebral perfusion parameters: First, in regions that had
progressed to irreversible infarction (ADC , 620), perfusion pa-
rameter values varied with OTI time, with long OTI times associ-
ated with more severely reduced rCBF and rCBV and more
severely prolonged Tmax, as well as a shorter MTT. In contrast,
perfusion parameters did not vary with time to imaging in
regions with relatively preserved tissue bioenergetics. Second, the
accuracy with which rCBF, rCBV, and Tmax perfusion parame-
ters could define the ischemic core improved with longer OTI
times. Third, the best thresholds to apply to these perfusion pa-
rameters to distinguish infarct core from tissue with relatively
preserved ADC were increasingly abnormal values with longer
OTI times.

These findings were achieved, in part, by the use in the cur-
rent study of MR perfusion imaging to investigate the ability of
perfusion parameters to delineate ischemic core. Most prior stud-
ies of perfusion-defined core have focused on CT perfusion imag-
ing, which lacks the more direct assessment of infarct core
afforded by diffusion MR images.12–14 By evaluating perfusion
parameters with MR imaging instead of CT acquisitions, we were
able to compare perfusion findings with concurrently obtained
diffusion MR images. In contrast, CT studies must use follow-up
imaging after successful reperfusion to distinguish retroactively
tissues that were core versus noncore, an approach with greater
noise arising from incomplete reperfusion in many cases and
from further progression of infarct during the interval between
initial perfusion imaging and therapeutic reperfusion. As a result,
most CT perfusion studies evaluating the temporal influence on
CT perfusion thresholds for infarct core have focused on

variations in the time interval from imaging to reperfusion, rather
than the time interval from onset to imaging.

Several prior MR imaging studies have evaluated the aspects
of the relationship between diffusion and perfusion findings on
initial imaging but did not study the variation with OTI. For
example, studies have found the following: Low ADC values are
associated with low PWI CBF values;15 PWI measures of ische-
mia severity can differentiate ischemic core from penumbra with
good accuracy;16 and rCBF is a well-performing perfusion pa-
rameter for assessing infarct core.11 Our non-OTI-related find-
ings that showed that rCBF had the highest AUC for infarct core
are consonant with these prior investigations. In previous studies
using CT perfusion and DWI, the best rCBF thresholds to distin-
guish ischemic core ranged widely, from 16%17 to 50%.18 Our
finding that the best threshold value varies with OTI helps to
explain these discrepancies. The optimal cutoff point of rCBF val-
ues for identifying infarct core in our study tended to be less
severely abnormal than those in previous reports. Several reasons
could explain this difference. Most prior studies obtained CT per-
fusion first, followed by DWI, so the identified parameter cutoffs
reflect not only infarct core present at the time of perfusion imag-
ing but also infarct core evolving in the interim. Varied trajecto-
ries of infarct growth during this interval would improve cerebral
blood flow so that cerebral ischemia infarct progression could
transpire between the imaging timepoints.

Some prior studies determined thresholds discriminating tis-
sue status at the individual voxel level while we evaluated dis-
crimination of 10 distinct ROIs within the MCA territory.
Averaging of perfusion values arising from individual voxels with
ADC values higher than the rest of the ROIs would tend to
increase threshold values. Some previous studies derived rCBF
and rCBV values using automatically selected ROIs in the contra-
lateral hemisphere that were not manually reviewed and revised

ROC curve analysis for ischemic core regions (ADC£ 620)

All
Onset-to-Imaging Time

<180 Min (n= 33) 180–360 Min (n= 21) >360 Min (n= 12)
rCBF
AUC (95% CI) 0.89 (0.86–0.91) 0.85 (0.79–0.89)a 0.90 (0.85–0.93)a 0.97 (0.93–0.98)
Best thresholds 0.60 0.72 0.60 0.48
Sensitivity 0.84 0.91 0.92 0.97
Specificity 0.78 0.62 0.79 0.88

rCBV
AUC (95% CI) 0.85 (0.81–0.88) 0.76 (0.70–0.81)a,b 0.87 (0.82–0.91)a 0.97 (0.92–0.99)
Best thresholds 0.74 0.74 0.77 0.37
Sensitivity 0.82 0.72 0.90 0.91
Specificity 0.75 0.72 0.75 0.97

MTT
AUC (95% CI) 0.49 (0.43–0.54) 0.55 (0.47–0.62) 0.53 (0.43–0.62) 0.62 (0.48–0.74)
Best thresholds NS NS NS NS
Sensitivity NS NS NS NS
Specificity NS NS NS NS
Tmax
AUC (95% CI) 0.85 (0.81–0.88) 0.82 (0.76–0.87)a 0.79 (0.72–0.85)a 0.97 (0.92–0.98)
Best thresholds 18.6 18.6 22.2 18.7
Sensitivity 0.80 0.74 0.72 1.00
Specificity 0.82 0.84 0.80 0.89

Note:—NS indicates not significant.
a Statistical significance (P, .05), compared with the AUC for .360 minutes.
b Statistical significance compared with the AUC for 180–360 minutes.
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to avoid inclusion of voxels within large vessels. Intravascular
contralateral voxels would cause contralateral CBF and CBV val-
ues to be artifactually high and thereby cause rCBF and rCBV val-
ues to be artifactually low.

The worsening of perfusion parameters in infarct core regions
with longer times since onset likely reflects several physiologic
processes. The progressive extent of infarction within infarct core
regions, including loss of islands of bioenergetically preserved tis-
sue, leads to reduced metabolic demand for blood flow.
Progressive ischemic injury to vascular endothelial tissues within
infarct core regions leads to greater compromise of cerebral flow
autoregulation, as well as capillary-arteriolar swelling with loss of
vessel lumen and increased vascular resistance to flow. In addi-
tion, in some patients, progressive collateral failure arises because
patients with mild cardiomyopathy are unable to sustain indefi-
nitely increased cardiac output as a component of the stress
response to the acute physiologic alteration. Our findings in
human patients are consistent with preclinical animal stroke
model studies also showing that CBF declines with longer time
from onset.9,10 Our results showed that the stronger association
of OTI and CBF was found in the basal ganglia rather than the
cortical region. There was a tendency of CBF to decline with lon-
ger time from onset in cortical regions, but it was not statistically
significant. A previous animal study also showed a significant
decrease with time of the CBF in the caudate and putamen,
whereas the cortex showed no significant decline.9 Because CBF
depends on some factors such as leptomeningeal collaterals, these
results indicate that the CBF decline in basal ganglia core regions
directly reflects these physiologic processes.

The findings of this study have potential implications for clin-
ical practice. In patients with acute ischemic stroke in whom is-
chemic core is being defined by perfusion rather than diffusion
parameters, most commonly with CT imaging, the accuracy of
the ischemic core definition will increase with longer OTI times.
Clinicians should recognize that maps of the ischemic core in
patients imaged early after onset will be less reliable. In addition,
because the best perfusion parameter threshold values for delin-
eating ischemic core vary with time from onset, CT perfusion
imaging protocols may be optimized using cutoff values specific
to each patient’s time from the definite or best-estimated clinical
onset time. In addition, our findings have potential applicability
for MR imaging strategies as well. In patients with undocumented
onset time, when regions with low ADC values still have relatively
high rCBF and rCBV values, it is likely that the actual time of
onset was recent.

This study has strengths and limitations. Strengths include
rater review and revision of the placement of small circular ROIs
for matched analysis of DWI and PWI. These small ROIs permit-
ted sampling of defined anatomic regions, avoidance of overlap
with other ROIs, and exclusion of large vessels and artifacts,
avoiding confounds that can arise from unsupervised automatic
ROI placement. A limitation is that this was a retrospective study
for prospectively collected consecutive patients and single-
reader-evaluated images. The reader was well-trained for MR
imaging and perfusion imaging and blinded to clinical data; how-
ever, this feature may be a limitation of this study. Another limi-
tation is that the ROIs included both gray and white matter.

Although superficial and deep lesion sites could be analyzed sepa-
rately, analysis of pure gray matter and pure white matter voxels
was not possible. An additional limitation is that most OTI times
analyzed were in the first 8 hours after onset. This is the time
when most patients eligible for reperfusion therapy present, but
exploration of temporal effects in later time periods 8–24 hours
after onset was limited. In addition, the ADC threshold of 620
used to distinguish ischemic core from noncore is known to not
perfectly discriminate these regions. This threshold was selected
because multiple studies have demonstrated that it is among the
best-performing ADC cutoff points and it is the threshold most
widely used for MR core imaging in routine clinical practice.

CONCLUSIONS
We showed relationships between perfusion and time from onset.
Perfusion values in normal-to-mildly reduced ADC areas have
no relationship with the time from onset. In contrast, each perfu-
sion value in a low ADC area depends on time. The accuracy and
optimal thresholds for ischemic core in perfusion images depend
on time. Thus, time from onset should be considered for evaluat-
ing the ischemic core using perfusion imaging modalities.
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ORIGINAL RESEARCH
ADULT BRAIN

Presurgical Identification of Primary Central Nervous System
Lymphoma with Normalized Time-Intensity Curve: A Pilot

Study of a NewMethod to Analyze DSC-PWI
A. Pons-Escoda, A. Garcia-Ruiz, P. Naval-Baudin, M. Cos, N. Vidal, G. Plans, J. Bruna, R. Perez-Lopez, and

C. Majos

ABSTRACT

BACKGROUND AND PURPOSE: DSC-PWI has demonstrated promising results in the presurgical diagnosis of brain tumors. While
most studies analyze specific parameters derived from time-intensity curves, very few have directly analyzed the whole curves.
The aims of this study were the following: 1) to design a new method of postprocessing time-intensity curves, which renders
normalized curves, and 2) to test its feasibility and performance on the diagnosis of primary central nervous system
lymphoma.

MATERIALS AND METHODS: Diagnostic MR imaging of patients with histologically confirmed primary central nervous system lym-
phoma were retrospectively reviewed. Correlative cases of glioblastoma, anaplastic astrocytoma, metastasis, and meningioma,
matched by date and number, were retrieved for comparison. Time-intensity curves of enhancing tumor and normal-appearing
white matter were obtained for each case. Enhancing tumor curves were normalized relative to normal-appearing white matter.
We performed pair-wise comparisons for primary central nervous system lymphoma against the other tumor type. The best dis-
criminatory time points of the curves were obtained through a stepwise selection. Logistic binary regression was applied to obtain
prediction models. The generated algorithms were applied in a test subset.

RESULTS: A total of 233 patients were included in the study: 47 primary central nervous system lymphomas, 48 glioblastomas, 39
anaplastic astrocytomas, 49 metastases, and 50 meningiomas. The classifiers satisfactorily performed all bilateral comparisons in the
test subset (primary central nervous system lymphoma versus glioblastoma, area under the curve ¼ 0.96 and accuracy ¼ 93%; ver-
sus anaplastic astrocytoma, 0.83 and 71%; versus metastases, 0.95 and 93%; versus meningioma, 0.93 and 96%).

CONCLUSIONS: The proposed method for DSC-PWI time-intensity curve normalization renders comparable curves beyond techni-
cal and patient variability. Normalized time-intensity curves performed satisfactorily for the presurgical identification of primary
central nervous system lymphoma.

ABBREVIATIONS: AUC ¼ area under the curve; NAWM ¼ normal-appearing white matter; nTIC ¼ normalized time-intensity curve; MSID ¼ maximal signal
intensity drop; PCNSL ¼ primary central nervous system lymphoma; PSR ¼ percentage of signal recovery; TIC ¼ time-intensity curve; CE-T1WI ¼ contrast-
enhanced T1WI; TTA ¼ time-to-arrival; rCBV ¼ relative cerebral blood volume

The presurgical diagnosis of brain tumors is highly relevant to
patient management. Although histopathology remains the

criterion standard, a presurgical suggestion of particular tumor
types, such as primary central nervous system lymphoma
(PCNSL) or metastasis, may greatly influence further proce-
dures.1-4

MR imaging plays a pivotal role in the presurgical identifica-
tion of brain tumors. Conventional MR imaging findings have
been widely described; nevertheless, their performance is lim-
ited.5-11 Given this limitation, an increasing number of studies
have focused on monitoring physiologic and metabolic character-
istics. In this sense, parameters derived from DSC-PWI have
shown promising results in the diagnosis of brain tumors, and
especially PCNSL.12-20 DSC-PWI generates time-intensity curves
(TICs) from dynamic monitoring of T2* signal intensity changes
during contrast administration. Specific well-known parameters
such as relative cerebral blood volume (rCBV) and percentage of
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signal recovery (PSR) are extracted from these TICs. Although
visual evaluation of the entire TICs has been suggested by some
authors,21 to the best of our knowledge, there are no previous
studies that have quantitatively evaluated the whole range of
points that form the TIC altogether. This is probably because
technical variability and patient physiologic characteristics hinder
direct point-by-point comparisons.22-24

Constructing normalized TICs (nTICs) would minimize the
influence of physiologic and some technical parameters (espe-
cially regarding the timing of dynamics) on the TIC, offering
interesting advantages: 1) It enables the possibility of perform-
ing a direct comparison of the entire nTIC between tumor types
on a point-by-point basis, not limited to concrete parameters
such as rCBV or PSR; and 2) it enhances the construction of
user-friendly classifiers based on quantitative and visual com-
parison of particular cases to a data set of brain tumors.

The present article has 2 aims: first, to design an applicable
method of processing TICs from DSC-PWI that allows obtaining
normalized and comparable curves beyond technical and patient
variability; and second, to test the applicability of this method by
evaluating its diagnostic performance in a large series of patients
with PCNSL.

MATERIALS AND METHODS
This article has been revised for publication by the research ethics
committee of our tertiary hospital (Hospital Universitari de
Bellvitge). The patient data were anonymized for this analysis.
The confidential information of the patients was protected in
accordance with national and European norms. Unspecific
informed consent to participate in research projects was obtained
from all patients. A waiver of a specific informed consent was
provided by the ethics committee for this retrospective study.

Patients
Newly diagnosed patients with histologically confirmed PCNSL
(2006–2019) were retrieved from our center database. Correlative
cases by date and number, of glioblastoma, anaplastic astrocy-
toma, metastasis, and meningioma were retrieved from the same
database for comparison.

Patients without PCNSL were selected to achieve the same
number of patients with PCNSL, matched by year of acquisition.
The rationale was to equalize the influence of technical differen-
ces of MR imaging sequences during such a long period (2006–
2019) among tumor types. Inclusion criteria for the study were as
follows: 1) confirmed tumor diagnosis by histology according to
TheWorld Health Organization 2007 or 2016 criteria, 2) an avail-
able diagnostic MR imaging examination including DSC-PWI
and axial contrast-enhanced T1WI (CE-T1WI), 3) absence of
previous oncospecific treatment at the time of the MR imaging
examination, and 4) enhancing tumor on CE-T1WI with a short-
est diameter of at least 10 mm. The flow diagram of study partici-
pants is shown in the On-line Figure.

Imaging
All the MR imaging examinations included in the study were
acquired in the same tertiary hospital with 1 of 3 different
scanners: Ingenia 3T with a 32-channel head coil, Ingenia or

Intera 1.5T with a 16-channel head coil (Philips Healthcare).
Acquisition parameters for DSC-PWI sequences (all gradient-
echo) are summarized in On-line Tables 1 and 2. The intrave-
nous contrast (gadobutrol; 1mmol/mL, 0.1mmol/kg) injection
protocol was as follows: 18- or 20-ga peripheral intravenous
access. No preload was performed. Baseline acquisition was on
the order of 10 points. The start of the automatic injection
(power injector at 4–5 mL/s) was by a manual setting. A final
bolus of saline (25–50 mL) was injected at the same speed. The
time and number of dynamics ranged from 1.26 to 3.55 sec-
onds and 30 to 60, respectively.

The quality of the sequences was evaluated by visual inspec-
tion by 2 neuroradiologists (A.P.-E. and C.M.) with 5 years of ex-
perience in MR imaging of brain tumors. The examinations were
labeled as poor quality and excluded from the study under the
following circumstances: 1) artifacts prevented enhancing tumor
segmentation on CE-T1WI or coregistration of CE-T1WI and
DSC-PWI, or 2) an obvious low signal-to-noise ratio was
observed in the raw TICs.

Postprocessing
Supervised semiautomatic volumetric segmentations (histogram
thresholding and morphologic operations) of the enhancing tu-
mor and normal-appearing white matter (NAWM) were per-
formed on CE-T1WI and coregistered with DSC-PWI. Necrosis
and nonenhancing components of the tumors were excluded
from the segmentation. Semiautomatic volumetric segmentation
of the whole enhancing lesion instead of partial, manual, or
single-section ROI selection methods was chosen to minimize
operator-dependency as well as to include all the intrinsic hetero-
geneity of the tumors in the analysis. 3D Slicer, Version 4.10
(http://www.slicer.org) was used for segmentation,25 and the
BRAINSFit module of 3D Slicer, for coregistering.26

Two TICs for each case, 1 of the enhancing tumor and 1 of the
NAWM, were obtained by averaging the TICs for all voxels within
the segmented area. Baseline and the initial point of the descending
curve were aligned. Signal intensity values (SIi) of the enhancing tu-
mor TIC were normalized by dividing by the maximal signal inten-
sity drop (MSID) of the NAWM (SIi/MSIDNAWM). Time values
(Ti) were normalized as relative to the period of the descending
curve on NAWM, which is the subtraction of time-to-peak (TTP)
minus time-to-arrival (TTA) [Ti / (TTPNAWM – TTANAWM)]. We
used TTP-TTA instead of TTP to normalize time values to avoid
the potential human operator variability of TTA, mainly due to dif-
ferences in the coordination between contrast infusion and
sequence start. Finally, the same constant time points (0.2 TTP-
TTA fractions from 0 to a total of 5, resulting in 26 constant time
points) were extrapolated for all the curves (Fig 1). To detect the
initial point of the descending curve necessary for alignment and
TTA calculation, we calculated the average slope and SD of the 4
points before and after the MSID, and the first point where the
curve slope became greater than the average minus the SD was
established as the initial descending point.

The TICs were processed using Python 3.6 software (https://
www.python.org/downloads/release/python-360/).

As a secondary subanalysis, to compare our method with con-
ventional rCBV and PSR measures, we obtained mean rCBV and
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PSR values. rCBV was obtained with leakage correction27 and
normalized to the NAWM; PSR was obtained as described by
Cha et al.28 Both parameters were calculated using the same volu-
metric segmentation and coregistration as in the main analysis.

Statistics
The study sample was split into training (70%) and test (30%)
subsets, which were balanced by the date of examination to

minimize the impact of quality and technical differences between
TICs of the more distant-in-time examinations. For the statistical
analysis, pair-wise comparisons between PCNSL and each of the
other tumor types were made. First, a stepwise selection was run
in the training set, which rendered the 5 best discriminatory
points per comparison pair. Stepwise selection is an unsupervised
automatic procedure for variable selection, which can be used in
cases of a large number of potential explanatory variables but

FIG 1. Solid (A and B) and necrotic (D and E) tumors and respective NAWM segmentations on axial CE-T1WI (A and D) and coregistered on DSC-
PWI (B and E). Resultant raw curves by averaging the TIC for each voxel within the segmented areas (C and F), noncomparable due to differences
in time, intensity, baseline, or initial point of the descending curve. Exemplification of the parameters used to normalize the curves, MSID, and
TTP-TTA, relative to NAWM (G). Resultant normalized tumor curves, superimposable and comparable point by point (H). Curves with the exact
same number of time-matching points and sharing common units of time (relative to TTP-TTA of the NAWM) and intensity (relative to MSID of
the NAWM).
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with no underlying theory on which to base the model.
Subsequently, predictive models were trained using logistic bi-
nary regression in each pair of the training set. Finally, the con-
structed classifiers based on the algorithms from the training set
were applied to the test set.

All the statistical computations were performed with R statis-
tical and computing software, Version 3.5.1 (http://www.r-
project.org).29

RESULTS
Patients
Fifty PCNSLs fulfilled the inclusion criteria and were included in
the study. An additional 50 glioblastomas, 45 anaplastic astrocy-
tomas, 50 metastases, and 50 meningiomas balanced with
PCNSLs by date were included for comparison. The entire initial
dataset included 245 patients (133 men; mean age, 59 years;
range, 18–85 years). Demographics of the study sample are sum-
marized in On-line Table 3.

Anaplastic astrocytoma was the only tumor type whose num-
ber of cases could not match the total of PCNSLs. Although the
prevalence of anaplastic astrocytoma was higher than that of
PCNSL, this was because only 45 cases fulfilled inclusion criterion
number 4, “Enhancing tumor on CE-T1WI with a shortest diam-
eter of at least 10 mm.”

A total of 3 PCNSLs, 2 glioblastomas, 6 anaplastic astrocyto-
mas, and 1 metastasis were ruled out by the quality filter. As a
result, 47 PCNSLs, 48 glioblastomas, 39 anaplastic astrocytomas,
49 metastases, and 50 meningiomas were included in the final
dataset (total n=233). The patient dataset was split into training
(70%) and test (30%) subsets balanced by the date of examination
(training: 33 PCNSLs, 35 glioblastomas, 29 anaplastic astrocyto-
mas, 36 metastases, and 36 meningiomas; test: 14 PCNSLs, 13
glioblastomas, 10 anaplastic astrocytomas, 13 metastases, and 14
meningiomas) (On-line Figure).

Normalized Curve Analysis and Pair-Wise Comparisons
with PCNSL
Mean nTICs obtained from the training subset for each tumor
type are shown in Fig 2. These mean curves are superimposable
and comparable in a single graph due to the applied normaliza-
tion method. This format provides a user-friendly tool for visual
comparisons of nTICs. In this sense, notable differences were
found between tumor-type nTICs on a first visual assessment, the
most obvious around the MSID and the signal recovery segments.
It is remarkable that all the curves in Fig 2 have the same number
of time-matching points as well as sharing common units of time
(relative to TTP-TTA of the NAWM) and intensity (relative to
MSID of the NAWM). These features enable point-by-point
absolute quantification of differences.

The 5 best discriminatory time points per pair of tumors
achieved by stepwise selection are represented in Fig 2. The classi-
fier algorithms, based on the logistic binary regression with the
intercept and the relative power (coefficient) for each stepwise
selected time point, are shown in On-line Tables 4 and 5.

Satisfactory results were obtained to enable segregating tumor
types in all pair-wise comparisons in the training set. In sum-
mary, the area under the curve (AUC) values for all bilateral

comparisons ranged between 0.86 (PCNSL versus anaplastic
astrocytoma) and 1.00 (PCNSL versus meningioma), while the
classification accuracies ranged between 74% (PCNSL versus ana-
plastic astrocytoma) and 97% (PCNSL versus meningioma). The
same algorithms were applied to the test subset of tumors, con-
firming satisfactory classifications with AUC values between 0.83
(PCNSL versus anaplastic astrocytoma) and 0.96 (PCNSL versus
glioblastoma) and accuracies between 71% (PCNSL versus ana-
plastic astrocytoma) and 96% (PCNSL versus meningioma)
(Table).

The discriminating threshold of the constructed predictive
model was set to zero to calculate the exposed results. Zero value
corresponds to the point of maximum accuracy in binary logistic
regressions. Nevertheless, this threshold can be easily modified,
allowing the algorithm to be adapted to different clinical scenar-
ios requiring specific sensitivity or specificity profiles.

Figures 3 and 4 are real clinical examples of the classifier user-
friendly applicability. The nTIC curves of particular “problem”

cases are overlapped on mean nTIC curves of each tumor type to
visually assess similarities. The values after running the algorithm
on the “problem” cases are depicted in a scatterplot to visually
assess the likelihood of a particular diagnosis.

Regarding the rCBV and PSR subanalyses, the performance of
these parameters is summarized in On-line Tables 6 and 7. In a
general sense, mean rCBV and PSR showed inferior diagnostic
performance to nTICs, with the only accuracies being slightly
superior for PSR in PCNSL versus anaplastic astrocytoma and
PCNSL versus metastasis in the test subgroups.

DISCUSSION
In this study, we have reported the design of an innovative
method to obtain normalized TICs from DSC-PWI beyond
patient and technical differences, which allows the following: 1)
constructing mean curves for visual analysis, 2) performing
point-by-point statistical comparisons between curves, and 3)
building classifiers. We have tested its applicability in the presur-
gical identification of PCNSL and obtained satisfactory results.

DSC-PWI is an MR imaging technique that can be performed
on most MR imaging units currently and provides noninvasive in
vivo assessment of microvascular systems. It consists of a
dynamic temporal acquisition during the vascular first pass of a
contrast bolus. The injection of gadolinium results in an initial
reduction in T2 signal intensity of tissues and subsequent signal
recovery during contrast washout. TICs can be generated from
this process. Well-studied parameters such as rCBV and PSR are
extracted from these curves. The rCBV corresponds to the AUC,
is usually measured relative to the NAWM, and has been related
to histologic measurements of tumor vascularization.22,24,30 The
PSR is measured relative to the TIC baseline and may quantify
the predominant T1 (signal recovery above baseline) or T2 (sig-
nal recovery below baseline) effects. These effects represent differ-
ent leakage phenomena, which are explained by a complex
combination of blood-brain barrier permeability, vascular vol-
ume fraction and vessel size, and tumor cell size and den-
sity.22,30,31 The extraction of rCBV or PSR from TICs may
represent an oversimplification of the information contained in
the entire TIC. In fact, the curves have many other points that
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remain excluded from these parameters. Along this line, some
studies have suggested analyzing the whole curve to obtain
improved information. Unfortunately, the proposed analysis was
qualitative and limited to the visual pattern evaluation of the
curve.21 Quantitative assessment of the entire curve has not been

accomplished to date, to our knowledge. This could be due to
differences in the acquisition technique (including operator-de-
pendency on some parameters) and patient physiologic features,
which produce noncomparable TICs between different examina-
tions or patients.22,23 For example, there may be differences in

FIG 2. Normalized mean tumor curves for each type (PCNSL, glioblastoma, anaplastic astrocytoma, metastasis, and meningioma) obtained
in the training subset (A). The curves are superimposable and comparable in a single graphic. This format provides a user-friendly tool for
visual comparison of curves. Paired comparisons of normalized mean tumor curves for PCNSL against glioblastoma (B), anaplastic astrocy-
toma (C), metastasis (D), and meningioma (E), as well as representation of the 5 stepwise selected discriminatory TTP-TTA time points per
pair (black dots).
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the number and time of dynamics, in contrast injection start
point and speed, or in patient heart rate preventing TICs from
being comparable.16,22-24

With these considerations in mind, we have developed a novel
method for obtaining standardized, normalized, and comparable
TICs independent of some technical and patient variability. We
considered 2 parameters to be normalized to obtain comparable

curves: time and intensity signal. Time was normalized as con-
stant proportions of TTP-TTA from NAWM, and the time axis
was re-dimensioned from seconds to fractions of 0.2 TTP-TTA
units. Signal intensity was normalized to the MSID in NAWM.
This normalization approach provided superimposable curves
that could be visually analyzed and a list of point values that
could be statistically compared among cases. Indeed, after nor-
malization, mean curves for each tumor group could be con-
structed, allowing visual comparisons; the best discriminatory
points with their optimal weighting for discrimination could be
statistically determined, enabling the construction of classifiers;
and particular cases could be displayed on scatterplots, providing
visual representations of the likelihood of the diagnostic classifi-
cation. Accordingly, we consider that this methodology could be
further applied to construct user-friendly classifiers for the diag-
nosis of brain tumors. Examples of this potential application are
shown in Figs 3 and 4.

We tested the performance of our method in the presurgical
identification of PCNSL.

Reliable presurgical identification of PCNSL is vital because
its management greatly differs from that of the other most prev-
alent enhancing brain tumors.1-3,32 Maximal PCNSL resection
is not recommended, and early stereotactic biopsy before

FIG 3. Example of clinical applicability on a “real” problem case. Axial CE-T1WI of 2 different patients (A and D) depicting 2 subcortical right fron-
tal, solid enhancing tumors. PCNSL and anaplastic astrocytoma may be diagnostic possibilities to consider. Tumor normalized curves of each
case overlapped to PCNSL, and anaplastic astrocytoma mean curves for visual assessment (B and E) show that the case in the upper row has sim-
ilarities with PCNSL while in contrast, the case in the lower row has similarities with anaplastic astrocytoma. Representation of the classifier
results on a scatterplot (C and F) demonstrates that the case in the upper row remains on the inferior side and may likely be a PCNSL, while the
case in the lower row is more likely to be an anaplastic astrocytoma. We pathologically confirmed both diagnoses: case in the upper row,
PCNSL; case in the lower row, anaplastic astrocytoma.

Summary of the results in training and test subsets

AUC Accuracy Sensitivity Specificity
PCNSL vs GB
Training 0.96 88% (60/68) 88% (29/33) 89% (31/35)
Test 0.96 93% (25/27) 93% (13/14) 92% (12/13)
PCNSL vs AA
Training 0.86 74% (46/62) 76% (25/33) 72% (21/29)
Test 0.83 71% (17/24) 93% (13/14) 60% (6/10)
PCNSL vs MET
Training 0.92 81% (56/69) 81% (26/32) 81% (30/37)
Test 0.95 93% (25/27) 100% (14/14) 85% (11/13)
PCNSL vs MEN
Training 1.00 97% (67/69) 97% (32/33) 97% (35/36)
Test 0.93 96% (27/28) 100% (14/14) 93% (13/14)

Note:—GB indicates glioblastoma; AA, anaplastic astrocytoma; MET, metastasis;
MEN, meningioma.
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corticosteroid administration is mandatory when it is suspected
from imaging.32-35 Conventional MR imaging in PCNSL has
been widely analyzed and may be useful for guiding initial man-
agement.5-7 Nevertheless, these features may vary between
patients and may overlap with other tumors.8-11 Thus, radio-
logic diagnosis of PCNSL remains a challenge, and additional
advanced imaging techniques such as DSC-PWI are increas-
ingly being evaluated. Many articles have evaluated the potential
of DSC-PWI for differentiating PCNSL from other tumors with
excellent results. These studies focus on rCBV and PSR quantifi-
cations. Basically, PCNSL shows low rCBV and high PSR.12-20

Some authors recently reported an additional parameter directly
extracted from TICs termed “peak height,” which has shown
promising results.12,15 However, the lack of technique standard-
ization, which causes variability in the identification of the best
discriminating parameter and its relevant thresholds between
different studies, as well as the lack of a user-friendly way to
depict the results, impedes the widespread clinical application
of these perfusion parameters.16,22-24

We obtained satisfactory accuracy values in the comparisons
between PCNSL and glioblastoma, anaplastic astrocytoma, me-
tastasis, and meningioma in the test subset. Accuracies ranged
between 71% (versus anaplastic astrocytoma) and 96% (versus

meningioma). Moreover, the performance of the new method is
overall superior compared with the analysis of conventional
rCBV or PSR measures in our dataset (On-line Tables 6 and 7).
Visual differences between the standardized nTICs of the differ-
ent tumors were noted, especially in the segments around the
MSID and the return to baseline (Fig 2). Statistical analysis con-
firmed that the best discriminatory points were situated around
those segments of the curves that may somehow be related to the
traditional rCBV, peak height, and PSR, which can be evaluated
on conventional raw TICs. Indeed, we hypothesize that our
method evaluates a mixture of these known relevant values along
with other potentially discriminatory and otherwise hidden val-
ues of the curve, all together in a single step. Additionally, the
method enables a user-friendly representation of the results (Figs
3 and 4). For this, we used a pair-wise model that takes advantage
of the radiologist’s interaction by narrowing the most probable
diagnoses. Then, the classifier is used as a support tool for diag-
nosis and not as an independent reader.

The variety of DSC pulse sequence parameters included in
this retrospective study deserves special attention. Differences on
these parameters (flip angle, TE, TR) affect the curve morphology
and indeed seem to partially justify the variability in values and
thresholds found in the literature regarding both rCBV and

FIG 4. Example of clinical applicability on a “real” problem case. Axial CE-T1WI of 2 different patients with similar tumors (A and D): well defined,
solid, avidly enhancing and right frontal peripherally located. PCNSL and meningioma were the 2 main diagnostic options considered. The tumor
normalized curve of each case overlapping with PCNSL and meningioma mean curves (B and E) show that the case in the upper row is similar to
PCNSL while the case in the lower row is close to meningioma. Representation of the classifier results on the scatterplot (C and F) suggests that
the cases are likely to be PCNSL and meningioma, respectively. We pathologically confirmed both diagnoses: case in the upper row, PCNSL,
case in the lower row, meningioma.
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PSR.31 In this sense, an overall predominantly high T1-weighting
of the sequences in our study (On-line Table 1) seems to be carry-
ing higher PSR values if compared with some prior studies.20

Several limitations of our study must be considered. The sin-
gle-site and retrospective character of the study may affect
reproducibility. Nevertheless, the single-site origin may confer
homogeneity that could be useful for this pilot study. At any
rate, multicentric and prospective studies in new real clinical
scenarios are needed for validation. The inclusion of a wide
range of MR imaging examination dates and consequent techni-
cal differences may have affected the consistency of results.
Some of them, such as the timing of dynamics or little heteroge-
neities in technical parameters, may be considered positive for
the study by demonstrating the robustness of the method.
Other parameters, such as variations in TE, TR, or flip angle,
may be considered potentially confusing. In particular, higher
T1-weighting of older sequences in our study may overestimate
PSR values.20,31 Balancing of cases between tumor types and
training and test cohorts was an attempt to minimize its impact
on the results. Finally, we did not stratify subtypes of tumors or
DSC sequence parameters used to avoid excessive fragmenta-
tion of the dataset.

On the other hand, our study has several strong points. First,
a large sample of PCNSL was included, which provides a robust
method and very high accuracy rates despite heterogeneity.
Second, a wide-but-logical differential diagnosis was considered
in the comparisons, which emphasizes the clinical usefulness of
the results. Third, there is the semiautomatization of the image
segmentation and coregistration as well as the TIC processing,
which minimized operator-dependency in favor of reproducibil-
ity. Last, the method allowed including all the nTIC point values
in the analysis without supervision, which provides an objective
approach to the classification process.

CONCLUSIONS
The novel proposed method of assessing DSC-PWI renders nor-
malized point-by-point comparable TICs beyond technique and
patient variability, enables the construction of classifiers that can
be presented in user-friendly interfaces, and shows good per-
formance when tested, with excellent results in the presurgical
identification of PCNSL.
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ORIGINAL RESEARCH
ADULT BRAIN

Tentorial Venous Anatomy: Variation in the Healthy
Population

J.S. Rosenblum, J.M. Tunacao, V. Chandrashekhar, A. Jha, M. Neto, C. Weiss, J. Smirniotopoulos,
B.R. Rosenblum, and J.D. Heiss

ABSTRACT

BACKGROUND AND PURPOSE: A new transtentorial venous system consisting of medial, intermediate, and lateral tentorial veins, con-
necting infra- and supratentorial compartments, was recently shown in 2 cadaver dissections and 2 patient scans. We sought to charac-
terize the venous patterns within the tentorium and their relation to measures of skull development in a cohort of healthy adults.

MATERIALS ANDMETHODS:We retrospectively reviewed tentorial venous anatomy of the head using CTA/CTV performed for routine
care or research purposes in 238 patients. Included studies had adequate contrast opacification of venous structures and a section thick-
ness of #2 mm; we excluded cases with space-occupying lesions and vascular pathologies. Tentorial angle, dural sinus configurations,
and measures of skull base development were assessed as predictors of tentorial venous anatomy variation via Cramér V association,
the binary encoded Pearson correlation, and nearest-point algorithm with the Euclidean distance metric for clustering.

RESULTS: Tentorial vein development was related to the ringed configuration of the tentorial sinuses (P, .005). There were 3 con-
figurations. Groups 1A and 1B (n ¼ 50/238) had ringed configuration, while group 2 did not (n ¼ 188/238). Group 1A (n ¼ 38/50)
had a medialized ringed configuration, and group 1B had a lateralized ringed configuration (n ¼ 12/50). Measurements of skull base
development were predictive of these groups. The ringed configuration of group 1 was related to the presence of a split confluens,
which correlated with a decreased internal auditory canal–petroclival fissure angle. Configuration 1A was related to the degree of
petrous apex pneumatization (P value ¼ .010).

CONCLUSIONS: Variations in the transtentorial venous system directly correlate with cranial development.

ABBREVIATIONS: CC-JB ¼ carotid canal–jugular bulb; IAC-PCF ¼ internal auditory canal–petroclival fissure; ITV ¼ intermediate tentorial vein; LTS ¼ lateral
tentorial sinus; LTV ¼ lateral tentorial vein; MTS ¼ medial tentorial sinus; MTV ¼ medial tentorial vein; RC ¼ ringed configuration

Neuroradiologists are critical in presurgical planning, particu-
larly for complex surgical approaches to the skull base such

as anterior petrosectomy, combined presigmoid/retrosigmoid
approaches, and supracerebellar-transtentorial approach to the
mesial temporal lobe.1-5 The safety of these surgical approaches has
been framed around incising avascular regions of the tentorium.
However, tentorial sectioning may still produce unexplained
adverse consequences.6,7 Several cadaveric and radiographic studies

previously demonstrated the anatomic patterns of bridging veins to
the tentorium and medial and lateral venous sinuses within the ten-
torium.8-11 A recent study found a relationship between the anat-
omy of the tentorial sinuses at the transverse-sigmoid junction and
cranial morphometrics.12 However, several studies of veins within
the tentorium have demonstrated a wide variation inconsistent
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with direct drainage of the bridging veins into the tentorial
sinuses.13-16 Intimate knowledge of the normal variations of the
tentorial venous anatomy is of critical importance for neuroradiol-
ogists guiding neurosurgeons in presurgical planning and under-
standing postoperative complications.

Recently, a transtentorial venous system comprising the tento-
rial sinuses and veins connecting the anterior, middle, and poste-
rior fossae was identified in 2 cadavers without intracranial
pathology and 2 patients with disparate outcomes: 1) remote cer-
ebellar infarct and hemorrhagic conversion due to compromise
of the transtentorial venous system, and 2) tolerance of bilateral
transverse sinus thrombosis because of collateral drainage
through the tentorial veins.17 Thus, the tentorial veins, remnants
of the embryologic venous drainage system,18-20 appeared to
retain pathologic and physiologic relevance.17

The transtentorial network comprises 3 main veins and 2 main
tentorial sinuses. The medial and lateral tentorial sinuses (MTS
and LTS) may be distinct or connected, described previously as the
ringed configuration (RC).14,15 The medial tentorial vein (MTV)
courses within the free edge of the tentorium, originating from the
straight sinus and draining to the cavernous sinus. The intermedi-
ate tentorial vein (ITV) courses within the tentorium from the
straight sinus to the superior petrosal sinus. The lateral tentorial
vein (LTV) originates from the MTS or the RC of the tentorial
sinuses and drains to the superior petrosal sinus. Plexiform anasto-
moses connect the tentorial veins and sinuses at various points.17

Herein, we aimed to define normal variations in the tentorial
venous anatomy within the general population. Further, we
hypothesized that the variations in tentorial sinus and vein anat-
omy were related to and could be predicted by the extent of skull
base development, as measured by cranial morphometrics.

MATERIALS AND METHODS
Study Criteria
Tentorial venous anatomy of the head was evaluated on CTA and
CTV performed for routine care or for research during 1 year at a
single institution (The Johns Hopkins Hospital). Patients under-
went vascular imaging either for research protocol, stroke evalua-
tion, or follow-up of known lesions.

Studies were reviewed by expert neuroradiologists and the
study team. Patients with known space-occupying lesions or vas-
cular pathologies including acute dural venous sinus stenosis or
thrombosis, AVM/AVF, new aneurysms or those enlarging on
follow-up, cavernous malformations, developmental venous
anomalies, intracranial hemorrhage, or infarction were excluded.
Patients with stable aneurysms (n¼ 9; 3. 4 mm) with a long du-
ration of follow-up were included; no change in intracranial vas-
cular anatomy was seen longitudinally in these patients. We
included studies with adequate contrast opacification of the ve-
nous structures and section thicknesses of#2 mm.

The study protocol for retrospective chart review was
approved by the institutional review board.

Radiologic Measures
Measurements of the Skull Base. Scans were performed on 64-sec-
tion multidetector CT (Definition 64 AS Section; Siemens) with
120kV, 175mA, 64 � 0.6 mm collimation, after IV nonionic

contrast (Omnipaque 350 [iohexol]or Visipaque 320 [iodixanol];
GE Healthcare). Axial 0.75-mm slices at increments of 0.5mm were
reconstructed using a 512� 512 matrix, with a standard kernel.

Bony measurements were performed on CT to assess skull base
development, as follows. The petrosagittal angle was measured at
the intersection of a midsagittal line from the nasal septum to the in-
ternal occipital protuberance and a line on each side from the
spheno-occipital synchondrosis to the stylomastoid foramen.21 The
angle between the internal auditory canal and the petroclival fissure
(IAC-PCF angle) was also measured.22 The distance between the ca-
rotid canal and jugular bulb (CC-JB distance) was measured 1 sec-
tion before the turn of the petrous segment of the internal carotid
artery.22 Development of the petrous apex was assessed as petrous
apex pneumatization.22 The tentorial angle was measured between a
line extending from the nasion through the tuberculum sella and a
second line through the straight sinus in the midsagittal plane.23

Sample measurements are shown in On-line Fig 1. Measurements
were performed by the study team on OsiriX DICOM Viewer
(https://www.osirix-viewer.com/).

Definition of Dural Sinuses, Tentorial Sinus, and Tentorial Vein
Anatomy. The transverse sinuses were assessed for patency and con-
genital stenosis. The cavernous sinuses were also assessed for patency
or developmental anomalies. Congenital anomaly was distinguished
from new stenosis by reviewing longitudinal imaging when available
or by correlating with clinical findings—such as papilledema or ele-
vated intracranial pressure; these cases were excluded. The presence
of a split confluens sinuumwas also noted. The tentorial sinuses were
defined medial or lateral along the tentorium and by their presence
and respective origins.8 The MTS either originates from the straight
sinus or the medial portion of the transverse sinus.8 The LTS, when
present, originates from either the lateral portion of the transverse
sinus or the transverse–sigmoid sinus junction.8,11 The RC of the ten-
torial sinuses was defined as a continuity of the MTS and LTS.13,15

TheMTV, ITV, and LTVwere defined as previously described.17

Volumetric Reconstruction of CT Venography
Volume-rendered 3D images were generated using SkyScan
CT-Vox software. DICOM study files were imported into CTVox
in DICOM 8-bit format (https://www.bruker.com/products/
microtomography/micro-ct-software/3dsuite.html). The preview
function in CTVox was used to select an appropriate section
with the contrast-enhanced structures of interest, eg, tentorial
veins. For the patient shown in Figure 1, this was coronal section
IM-021–074; DICOM files are available in the Supplementary
DICOM Data (https://gin.g-node.org/JaredRosenblum/
Rosenblum_AJNR_2020_Supplemental_DICOM_Data_and_
Transfer_Function). The initial suggested dynamic range
for this study in the 8-bit data converter was 1034–1134
HU with a minimum of 0 and a maximum of 65,535 HU.
The highest intensity pixel value of the chosen section for
this scan was 2580 HU.

The import histogram was restricted to exclude parenchyma,
saturate contrast within the tentorial veins, and to lessen saturation
of bone. The lower bound was set to 1075 HU to exclude paren-
chyma, which was approximately 40 HU. The upper bound was
set to 3580 HU, which was 1000 HU above the maximum value

1826 Rosenblum Oct 2020 www.ajnr.org

https://www.osirix-viewer.com/
https://www.osirix-viewer.com/
https://www.bruker.com/products/microtomography/micro-ct-software/3dsuite.html
https://www.bruker.com/products/microtomography/micro-ct-software/3dsuite.html
https://gin.g-node.org/JaredRosenblum/Rosenblum_AJNR_2020_Supplemental_DICOM_Data_and_Transfer_Function
https://gin.g-node.org/JaredRosenblum/Rosenblum_AJNR_2020_Supplemental_DICOM_Data_and_Transfer_Function
https://gin.g-node.org/JaredRosenblum/Rosenblum_AJNR_2020_Supplemental_DICOM_Data_and_Transfer_Function
https://gin.g-node.org/JaredRosenblum/Rosenblum_AJNR_2020_Supplemental_DICOM_Data_and_Transfer_Function
https://gin.g-node.org/JaredRosenblum/Rosenblum_AJNR_2020_Supplemental_DICOM_Data_and_Transfer_Function


of bone. The opacity was adjusted to show a limited view of the
surrounding soft tissues and highlight vessels with contrast. This
was saved as a preset transfer function that can be loaded into
CTVox (Supplementary Transfer Function). Lighting was
adjusted to optimize visualization of the render; 18% shadows,
0% specular, and 100% diffuse settings were applied.

Statistical Analysis
Determining Variable Relationships. Categories of dural sinuses
and tentorial veins were defined on the basis of the definitions of
the anatomy above. Cramér V association estimator (https://github.
com/shakedzy/dython/blob/master/dython/nominal.py), which
depends on x 2 comparisons, was used to measure the association
strength among categoric variables based on the above definitions,
holding values between 0 and 1.24 This determines whether there is
a significant difference between expected and observed frequencies
in the categories. The equation for strength of association is

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2=n
minðc� 1; r � 1Þ

s
;

where n ¼ sum total of observations, c ¼ number of columns,
and r¼ number of rows.

Preliminary categories were made on the basis of observations
in the patient population. To incorporate all variables into the
Cramér V estimation and validate categories, we binned numeric
variables into ranges. These included all bony angular and dis-
tance measurements and the tentorial angle.

Related variables (categories) were clustered and then linked
using the nearest-point algorithm,25,26 which computes the mini-
mum (min), two elements, one in each cluster, that are closest to
each other, distances (dist) using the following equation:

dðu; vÞ ¼ min½dist u i½ �; v j½ �
� ��;

for all points i in cluster u and j in cluster v. The distance metric
used was the Euclidean distance,27,28 which arranges all points as
m n-dimensional vectors. Agglomerated variables were high-
lighted through a dendrogram heat map, which represents both
the strength of relationships and variable relationship clusters. To
validate relationship clusters, we performed uncertainty coeffi-
cient analysis (Thiel’s U association measure), which is derived
from the conditional entropy between 2 variables.29

To perform correlation analysis and determine the directional-
ity of relationships across all variables, we binarily encoded catego-
ric variables into dummy variables. Each categoric value was
assigned a new column, assigning a 1 or 0 to each sample, depend-
ing on the presence or absence of that specific value.

Tomeasure the direction of linear relationship between numeric
variables, we used the Pearson correlation.28 The equation is

r ¼ covðX;YÞ
sxsy

;

and is calculated in a sample population as

r ¼
Pn

i¼ 1ðxi � xÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼ 1ðxi � xÞ2ðyi � yÞ2

q :

The Pearson correlation coefficient holds values between
�1 and 1. Negative values imply an inverse linear relation-
ship; positive values imply a positive linear correlation.
Variables were clustered and linked using the nearest-point
algorithm, with Euclidean distance as the distance metric.
Correlated and clustered variable outcomes were high-
lighted through a dendrogram heat map. Observation dis-
tributions were plotted for all variables. The kernel density
estimate and histograms were used to visualize probability
distributions.

RESULTS
Of the available radiologic imaging of the head at our institu-
tion, 238 CTA/CTV studies were included in the investiga-
tion based on the criteria defined in the study criteria section
of the Materials and Methods. Patient data are available in
the On-line Supplementary Data. Patients ranged in age from
19 to 100 years, with a mean age of 58 6 18 years; this is sum-
marized in the On-line Summary Statistics file. Delayed-
phase CTA or CTV was optimal for evaluating the tentorial
veins and was also used for 3D reconstruction and visualiza-
tion (Fig 1). The tentorial sinuses were observed in their
known variations, including the RC. We confirmed the com-
mon presence of the MTV, ITV, and LTV and found varia-
tions (Fig 2). The MTV was always present in the expected
location along the tentorial free edge. The ITV and LTV had
variable configurations.

Preliminary categories of these variations were defined (On-
line Table 1) for statistical analysis. Detailed patient characteris-
tics and category distribution are provided in On-line Fig 2. The
ITV and LTV were categorized according to their interruption
and drainage patterns. The baseline category (variation 0) was a
continuous and uninterrupted LTV, as previously described.17

The ITV was further categorized into 4 variations. Variation 1
was interrupted by the MTS, draining from the straight sinus to
the superior petrosal sinus. Variation 2 was interrupted by the
LTS, draining from the straight sinus to the superior petrosal
sinus. Variation 3 was interrupted by a plexiform anastomosis,
draining from the straight sinus to the MTV. Variation 4 was in-
terrupted by the RC, draining to the superior petrosal sinus.
The LTV was similarly categorized as follows. In variation 1, the
LTV was interrupted by the LTS, draining from the transverse
sinus to the superior petrosal sinus. In variation 2, the LTV was
interrupted by a lateralized RC, draining from the transverse
sinus to the RC. In variation 3, the LTV was interrupted by a
medialized RC, draining from the RC to the superior petrosal
sinus.

The Cramér V association clustered heat map showed 2 inter-
correlated variable groupings (Fig 3). The first group consisted of
the following variables: the origin of the MTS, the presence or ab-
sence of the RC of the tentorial sinuses, and the configurations of
the ITV and LTV. The second group consisted of the cavernous
sinus patency or congenital anomaly, transverse sinus patency or
congenital stenosis, origin of the LTS, and the presence of the
MTV. The uncertainty coefficient (Thiel’s U) confirmed the clus-
tering groups and provided directionality to the associations
(On-line Fig 3).
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FIG 1. Transtentorial veins. A–C, 3D volumetric reconstruction of delayed-phase CTA of the head and neck; parenchyma (0–40 HU) has been
segmented out, leaving the intracranial vessels filled with contrast. A, Reconstructed volume of the head is shown from the anteroposterior
view with a 30° downward rotation to show the plane of the tentorium. B, The same reconstruction as in A is rotated to show the left side. C,
The same reconstruction rotated to show the right side, which is symmetric. D–F, Source axial images for the volumetric reconstruction of this
scan are shown; MTV, ITV, and LTV are labeled. ICV indicates the internal cerebral vein; SS, straight sinus; SPS, superior petrosal sinus; VGC, vein
of Galen confluens; TS, transverse sinus; MTV, medial tentorial sinus.

FIG 2. Schematic representation of 3 transtentorial vein configurations. The 2 groups of tentorial sinus configurations are shown; group 1, which is
subdivided, has an RC, while group 2 does not. Regions of variation are shaded in purple, cross-hatching denotes sinuses, and veins are blue. The split
confluens is shown for groups 1A and 1B. The degree of petrous apex pneumatization for each group is also shown. A, Configuration 1A has a medial-
ized RC, and the ITV is interrupted by plexiform anastomosis to the RC or LTS. B, Configuration 1B has a lateralized RC, and the ITV is uninterrupted. C,
In configuration 2, the RC is absent; the LTV connects the MTS to the LTS and the LTS to the superior petrosal sinus. Relevant draining sinuses are also
shown. CS indicates cavernous sinus; ATV, apical tentorial vein; CBV, cerebellar bridging vein; ICS, intercavernous sinus; ISS, inferior sagittal sinus; MBV,
mesencephalic bridging vein; PA, plexiform anastomosis; SpPS, sphenoparietal sinus; SS, straight sinus; SSS, superior sagittal sinus; VGC, vein of Galen
confluens; VG, vein of Galen; TS, transverse sinus; SPS, superior petrosal sinus; C, confluens; TBV, tentorial bridging vein; ICV, internal cerebral vein.
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The Pearson correlation clustered heat map for all variables
(Fig 3) performed to further assess the directionality of relationship
between the correlated variables showed 2 primary groups based
on the presence or absence of the RC of the tentorial sinuses (P val-
ues shown in On-line Tables 2 and 3). The first group was further
divided into subgroups based on the location of the RC. Groups
1A and 1B (n ¼ 50/238) had RC, while group 2 was defined by its
absence (n ¼ 188/238). Configuration 1A (n ¼ 38/50) had a
medialized RC tentorial sinus, while it was lateralized in configura-
tion 1B (n ¼ 12/50). Further, measures of skull base development
were predictive of these configurations (Fig 4). The RC of group 1
was related to the presence of a split confluens, which was pre-
dicted by a decreased IAC-PCF angle (Fig 5). Configuration 1A
was related to the degree of petrous apex pneumatization.

DISCUSSION
This study evaluated the anatomy of the tentorial sinuses and
veins in a large healthy population using CTA/CTV (n ¼ 238)
and thus identified patterns of variation of the tentorial veins.
Further, we evaluated the relationships among cranial morpho-
metrics, dural and tentorial sinuses anatomy, and tentorial ve-
nous anatomy. Using statistical analyses, we identified bony
measurements that can predict the configurations of tentorial
veins, including the IAC-PCF angle and the degree of petrous

apex pneumatization that can be made on CT/CTA/CTV. In
addition, we developed a semiautomated process of volumetric
reconstruction of dural and tentorial venous anatomy used in
this study. Together, our study provides information for radio-
graphic evaluation of intracranial venous anatomy critical for sur-
gical planning and avoidance of complications that may arise as a
consequence of sacrifice of tentorial veins.6,17 Further, our study
may aid in determining which patients with postoperative venous
sinus thrombosis remain asymptomatic or resolve spontaneously
versus which require intervention.7 Knowledge of the transtento-
rial venous system is critical to neuroradiologists guiding neuro-
surgeons in surgical planning of skull base approaches. Further,
this anatomy will enable prompt neuroradiologic recognition of
surgical complications.

Although we did not perform a head-to-head comparison, the
MR imaging, MRA, and MRV studies available at our institution
were excluded from analysis because of poor visualization of the
structures of interest. This was either due to larger section thick-
ness, lack of contrast opacification of small-caliber vessels, or
noncontrast (time-of-flight) measurement, which did not
adequately demonstrate tentorial veins. Thus, this study included
only CTA/CTV with a section thickness of 0.75mm. From these
studies, we identified 2 primary groups of tentorial venous anat-
omy in this population. These groups were correlated to the RC of
the tentorial sinuses. Group 1A, which was characterized by a

FIG 3. Association and correlation with clustering highlights common tentorial vein configurations. Left, Cramér V association heat map, a sym-
metric measure of associations among categoric variables, presents 2 intercorrelated variable groupings. The first shows a high-to-perfect asso-
ciation among the MTS origin, RC, ITV, and LTV. The second shows a moderate-to-high association among the cavernous sinus, LTS origin,
transverse sinus, and MTV. Right, The Pearson correlation heat map reveals 2 primary configurations, one of which also has an alternate configu-
ration based on the presence or absence of the ring connection of the MTS and LTS. In the first configuration, the RC is medialized. Due to the
presence of the medialized RC originating from the MTS at the straight sinus, the tentorial veins have the following connections: The ITV is inter-
rupted by the RC, and the LTV is lateralized, draining to the superior petrosal sinus. An alternate and slightly less common configuration comprises
a lateralized RC and resultant medialized LTV. The second primary configuration has no RC, the ITV is interrupted by the LTS, and the LTV is also in-
terrupted by the LTS. In this configuration, the MTS may be present or absent. IAC-PCF (left) and (right) (degrees); petrosagittal angle (left) and (right)
(degrees); CC-JB distance (left) and (right) (millimeters); remaining variables are categoric. The ITV was categorized as 0 through 4 as per the result of
preliminary categorization. LTV was categorized as 1 through 3 per results of preliminary categorization. female¼ 0; M1, male¼ 1.
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medialized RC, and group 1B, which was characterized by a lateral-
ized RC, were correlated to the presence of a split confluens, a pro-
posed sign of incomplete late development of the dural sinuses.30

Conversely, group 2 (characterized by the absence of the RC) was
correlated with complete development of the confluens. Further,
these groups were predicted by bony measures of skull base devel-
opment, such as the degree of petrous apex pneumatization or the
IAC-PCF angle. Thus, the cranial morphometrics performed pre-
dicted specific intracranial venous configurations.

These findings are consistent with previous investigations of ve-
nous development. First, tentorial drainage of the midbrain veins
is critical during development.17,30 Second, at this time, when the
jugular foramen is narrowed by the developing petrous pyramid,
retrograde venous flow dilates the transverse sinuses.30 The dila-
tion of the transverse and sigmoid sinuses results in the their
pouching into the tentorium and subsequent development of the
medial and lateral tentorial sinuses and cortical veins, including
the vein of Labbé, which may drain into these.30 Extracranial
drainage of these sinuses, including the mastoid, anterior condylar,
and posterior condylar emissary veins, also develops during the

dilation phase and most often originates from the sigmoid sinus.30

Third, joining of the 2 transverse sinuses into the confluens is the
last part of development of the dural sinuses.18,30 The transverse
sinuses, petrosal sinuses, and cavernous sinuses develop from the
lateral head vein on each side.31 We hypothesized on the basis of
this information that the tentorial venous drainage pattern would
depend on the extent of development of the skull base.

Grouping our observations in this patient population by cate-
gories such as bony measures, dural sinuses, and tentorial veins
generated preliminary categoric relationships via the Cramér V
association measure. For example, without tentorial sinuses in the
RC, both the ITV and LTV can originate from the straight sinus.
However, in the presence of a medialized RC, such as in group 1A,
the LTV, and less often the ITV, may originate from the RC. These
relationships were grouped into putative anatomic configurations
of venous drainage via an agglomerative clustering algorithm and
dendrogram heat maps. These intercorrelated variable groupings
were confirmed by the Thiel’s U association. Because the uncer-
tainty coefficient is not a symmetric analysis, it allows understand-
ing of the conditionality behind relationships. For example,

FIG 4. Tentorial vein and skull base measurement subset correlation with clustering and distribution plots. Left, The Pearson correlation heat
map further characterizes the medialized RC with the ITV and LTV. This characterization confirms that when the RC of the MTS and LTS is pres-
ent and medialized, the ITV and LTV originate from this connection and are lateralized (group 1A). The strongest associated configuration com-
prises this; the lateralized RC is confirmed (group 1B). The configuration with the absent RC between the tentorial sinuses is also again confirmed
(group 2). This configuration appears related to the CC-JB distance and the tentorial angle in the heat map. Right, Y-axes in all charts are patient
numbers. Probability density functions and kernel density estimates for skull base measurements, grouped by tentorial vein categories, reveal
additional relationships. The distribution plots are shown for the right side of the tentorium only because symmetry is upheld as shown in the
heat map. The probability density functions for LTV 3 and ITV 4 (configuration 1A) are nearly identical; this is inversely related to male sex, CC-JB
distance, and petrous apex pneumatization 0 (less complete). This group is positively correlated to petrous apex pneumatization 1 (more com-
plete). Group 1B has no correlation with petrous apex pneumatization; however, it is distinguished from group 2 by oppositional correlation to
the IAC-PCF. The probability density functions and kernel density estimates of ITV 2 and LTV 1 (group 2) are very similar. IAC-PCF (left) and (right)
(degrees); petrosagittal angle (left) and (right) (degrees); CC-JB distance (left) and (right) (millimeters); the remaining variables are categoric. ITV
was categorized as 0 through 4 per the results of preliminary categorization. LTV was categorized as 1 through 3 per the results of preliminary
categorization. F0 indicates female¼ 0; M1, male¼ 1; R, right; L, left.
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knowing the RC status allows strong prediction of the ITV and
LTV configurations; however, conversely, knowing the ITV cate-
gory is a weaker predictor of RC status.

Subsequent binary encoding of variables, the Pearson correla-
tion, and clustering confirmed and further defined the putative
anatomic configurations. For example, the most common cluster
in the putative groups comprised the following variables: the
presence or absence of RC, origin of the MTS, ITV configuration,
and LTV configuration. These held true for the Pearson correla-
tion, which provided further detail and clarified the 3 groups
defined above: groups 1A, 1B, and 2.

The statistical analyses performed in this study not only
allowed the confirmation of the presence of the transtentorial
venous system but also identified the relationship between com-
pleted development of the skull base and the configurations of this
venous drainage. Knowledge of the venous anatomy of the tento-
rium is critical for surgical planning of approaches involving
manipulation or sectioning of the tentorium or veins bridging to it.
Further, this transtentorial venous system may explain certain phe-
nomena, including remote cerebellar infarction and asymptomatic
spontaneous or postoperative transverse sinus thrombosis.

While this study did not evaluate patients undergoing surgical
intervention, previous studies have described or hypothesized

venous configurations that may lead to adverse outcomes such as
remote cerebellar infarct.11,17 Our analysis supports the impor-
tance of avoiding these complications by preserving both the
MTV and LTS and their sole venous drainage of remote paren-
chyma. We hypothesize that configurations with greater anasto-
moses between tentorial veins, such as Group 1A found in this
study, would be less prone to complications of sectioning the ten-
torium. However, the tentorial venous drainage must be consid-
ered in the context of the intracranial venous drainage, such as a
narrowed transverse sinus or jugular bulb, as previously shown to
lead to complication.17 Further study of the clinical and surgical
relevance of this transtentorial venous system is needed.

CONCLUSIONS
The analysis of 238 patients identified 3 variations of the trans-
tentorial venous system in a large healthy population and identi-
fied bony measures of skull base development associated with
each variation. Knowledge of this anatomy is critical for neurora-
diologists and neurosurgeons in surgical planning, reducing the
risk of interventions, and explaining the mechanism of surgical
complications arising from compromise of the tentorial venous
system.

FIG 5. Dural sinus and skull base measurement subset correlation with clustering and distribution plots. Left, The Pearson correlation heat map
further characterizes the relationship among the dural sinuses, cavernous sinuses, and skull base measurements. This confirms that an LTS origi-
nating in the transverse sinus is linked with a patent cavernous sinus. As a corollary, an LTS originating in the transverse sinus–sigmoid sinus junc-
tion is linked with a diminutive cavernous sinus. The clustering also reiterates the relationship between the RC presence and the location of the
origin of the MTS. Right, Y-axes in all charts are patient numbers. Probability density functions and kernel density estimates for skull base meas-
urements, grouped by dural sinus categories, provide additional support for the determined anatomic configurations. The distribution plots are
shown for the right side of the RC only because symmetry was upheld as shown in the heat map. The probability density functions for LTS origi-
nating from the transverse sinus (LTS origin 0) and patent cavernous sinus (cavernous sinus 2) are similar; these show a weak positive correlation
with the absent RC (configuration 2). Conversely, the probability density functions for LTS originating at the transverse sinus–sigmoid sinus junc-
tion (LTS origin 1) and a congenitally diminutive cavernous sinus (cavernous sinus 1) are similar, showing a weak positive correlation with the RC
(configuration family 1). IAC-PCF (left) and (right) (degrees); petrosagittal angle (left) and (right) (degrees); CC-JB distance (left) and (right) (milli-
meters); the remaining variables are categoric. The ITV was categorized as 0 through 4 per the results of preliminary categorization. The LTV was
categorized as 1 through 3 per the results of preliminary categorization. F0 indicates female¼ 0; M1, male¼ 1; R, right; L, left.
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ORIGINAL RESEARCH
ADULT BRAIN

The Variable Appearance of Third Ventricular Colloid Cysts:
Correlation with Histopathology and the Risk of Obstructive

Ventriculomegaly
S.D. Khanpara, A.L. Day, M.B. Bhattacharjee, R.F. Riascos, J.P. Fernelius, and K.D. Westmark

ABSTRACT

BACKGROUND AND PURPOSE: While third ventricular colloid cysts may present as an incidental finding, they also harbor the
potential to cause ventricular obstruction and sudden death. Herein we analyze the relationship between imaging appearance and
the risk of obstructive ventriculomegaly.

MATERIALS AND METHODS: This is a retrospective review of the MR imaging appearance of 64 patients with colloid cysts, 46 of
whom also had a CT scan, obtained by a tertiary hospital imaging report data base search over a 10-year period. Cysts were cate-
gorized by appearance on T2-FLAIR and correlated with patient age, cyst size, and the risk of obstructive ventriculomegaly.
Histopathologic correlation was available for 28 cases.

RESULTS: The 64-patient cohort was 52% female, median age 50 years (range 10 to 99 years). Cysts hyperintense on T2-FLAIR (53.1%)
were larger (P ,.001), occurred in younger patients (P ¼ .01), and had a higher risk of obstructive ventriculomegaly than homogene-
ously hypointense cysts (relative risk 6.18, 95% CI [2.04, 18.67]). Three patterns of T2 hyperintensity were identified: homogeneously
hyperintense, hyperintense rim, and cysts with “dot sign.” Although “dot sign” cysts were larger (P , .001), there was no significant
difference in patient age or the risk of ventricular obstruction among T2 hyperintense cysts. Cyst wall histopathology did not vary
with imaging appearance.

CONCLUSIONS: Hyperintensity on T2-FLAIR, whether homogeneous, rim, or “dot sign,” is associated with larger cyst size and
younger patient age, and is an imaging risk factor for obstructive ventriculomegaly. The hyperintense rim does not represent a
thickened cyst wall.

ABBREVIATIONS: CC ¼ colloid cyst; CCRS ¼ colloid cyst risk score; PAS ¼ periodic acid-Schiff; EMA ¼ epithelial membrane antigen; CDX2 ¼ Caudal Type
Homeobox 2; AUC ¼ area under the curve

Colloid cysts (CCs) are benign neoplasms accounting for 0.1%
to 1% of all intracranial tumors.1 Previously thought to be a

paraphyseal remnant,2,3 more recent histochemical and ultra-
structural analyses support an endodermal origin.4-7 Although
congenital lesions, CCs rarely present in the pediatric population
and typically come to attention in the 4th and 5th decades.8 CCs
occur almost exclusively within the third ventricle near the fora-
men of Monro where they may obstruct CSF flow resulting in
sudden neurologic deterioration and death.9 A CC risk score
(CCRS) has been proposed in the neurosurgical literature that, in
addition to patient age ,65 years and presence of a headache,

incorporates the following imaging variables: risk zone (location in
the third ventricle near the foramen of Monro or aqueduct of
Sylvius), cyst size$7 mm, and hyperintensity on T2-FLAIR imag-
ing.10 This paper further expands on the imaging appearance of
CCs on T2-FLAIR and correlates it with histopathology, cyst size,
patient age, and the occurrence of obstructive ventriculomegaly.

MATERIALS AND METHODS
The study is institutional review board approved and compliant
with the Health Insurance Portability and Accountability Act
guidelines. This is a retrospective study of 64 patients identified by
a tertiary hospital imaging report data base search (Primordial) for
“colloid cyst,” limited to imaging of the brain. Patients who had a
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missing sequence (T1, T2, or T2-FLAIR), did not have a confirmed
diagnosis of CC on review of the MR imaging, or had significant
artifacts that precluded evaluation were excluded. Patients with
cysts measuring less than 4mm were excluded as characterization
in these cases was difficult. Noncontrast MR imaging was available
for all 64 patients with postcontrast T1WI in 38 patients. CT
images were available for 47 patients.

Imaging Evaluation
MR imaging scans were performed on 1.5 and 3T MR imaging
machines (Ingenia 3T, Achieva 3T, Intera 1.5T, Philips
Healthcare; HDXT 3T and Excite 1.5T, GE Healthcare). For this
retrospective study, no specific imaging protocol was used. All
noncontrast MRI of the brain had axial T1, T2, and T2-FLAIR,
sagittal T1, DWI, and axial T2* (GRE or SWI) sequences.
Postcontrast, T1 fat-suppressed imaging was performed in
3 orthogonal planes after administration of MultiHance
(0.1mmol/kg body weight; Bracco Diagnostics). All CT scans
were performed as routine brain on 64- and 128-section scan-
ners with 3 orthogonal planes available for interpretation.

The imaging was reviewed by a senior neuroradiologist (27 years
of experience) and a neuroradiology fellow. The following imaging
features were recorded: cyst size (greatest axial dimension), risk
zone location as described by Beaumont et al,10 enhancement pat-
tern, diffusion restriction, calcification, hemorrhage, and presence
or absence of a hyperintense rim, “black hole,” or an intracystic
nodule (“dot sign”).10-12 Signal intensity on T1, T2, and T2-FLAIR
imaging was recorded relative to that of adjacent gray matter.
Obstructive ventriculomegaly was recorded if there was dispropor-
tionate dilation of the lateral ventricles relative to the sulci without
enlargement of the third ventricle. Attenuation on CT was recorded
relative to adjacent gray matter.

Based on the T2-FLAIR sequence, the CCs were divided into
2 groups: hyperintense and hypointense cysts. Hyperintense cysts
were further subdivided into 3 categories: 1) homogeneously
hyperintense; 2) hyperintense with a “dot sign”; 3) thin hyperin-
tense rim with a much larger iso- to hypointense core. These
groups were correlated with patient age, cyst size, and the

presence of obstructive ventriculomegaly. Blinded review of the
pathology was undertaken by a senior neuropathologist with
35 years of experience. Histopathology was correlated with the
imaging appearance of the cyst.

Statistical Methods
The independent t test was used to compare differences in me-
dian age and cyst size for the overall hyperintense and hypoin-
tense cohorts. Nonparametric Wilcoxon rank-sum and Fisher
exact tests were then used to conduct a further subgroup analysis
of continuous variables (ie, age and cyst size) and the presence of
obstructive ventriculomegaly, respectively. The distribution and
normality were assessed by using standard graphic methods and
kurtosis values. Level of significance was set at P , .05. Statistical
analysis was performed by using STATA for Windows (version
15.0, StataCorp).

Pathologic Correlation
Histopathology was available for review in 28 cases. Cysts were
examined by using H&E, supplemented with special stains: per-
iodic acid-Schiff (PAS), mucicarmine, and Masson trichrome
stains, and immunohistochemistry analysis with antibodies for
Pan-keratin, CAM 5.2, CK-7, Keratin 20, epithelial membrane
antigen (EMA), Caudal Type Homeobox 2 (CDX2), and glial
fibrillary acidic protein. Not all cysts were examined as speci-
mens sometimes contained cyst contents only, without the cyst
wall.

RESULTS
The 64-patient cohort had an median age of 50 years (range= 10
to 99 years) and 52% were female. Median cyst size was 9.0mm.
Most of cysts were located in risk zone I, 17.1% were in zone II,
and none were in zone III as defined by Beaumont et al.10

Obstructive ventriculomegaly was present in 37.5% (24/64) of
patients. All cysts with associated obstructive ventriculomegaly
were in zone I (Table).

Demographic and imaging characteristics of 64 colloid cyst

Signal Intensity on T2-FLAIR
Hyperintense (n= 34) Hypointense

(n= 30) TotalHomogeneously Hyperintense “Dot Sign” Hyperintense Rim
Number of patients 12 6 16 30 64
Sex (Male) 6 (50%) 3 (50%) 9 (56.2%) 13 (43.3%) 31 (48%)

Patient age (years)
Mean (1/� SD) 37.0 (23.4%) 37.5 (15.6%) 52.1 (22%) 55.2 (14.7%) 49.8 (19.8%)
Median 25.5 31.5 49.5 53 50

Cyst size (mm)
Mean 10.6 16.8 11.1 6.8 9.6
Median 11.0 15.0 12.5 6.3 9.0

Obstructive ventriculomegaly 8 (67%) 5 (83.3%) 8 (50%) 3 (10%) 24 (37.5%)
CTa (hyperattenuated/
iso-hypoattenuated)

4/4 0/5 14/0 20/0 38/9

T1 signal (hyper-/iso-/
hypointense)

1/5/6 5/1/0 10/5/1 16/14/0 32/25/7

Zone II 3 0 2 6 11
Histopathology available
for review

8 3 10 7 28

a CT was not available in all cases.
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CT
CT was available for 47 patients (Fig 1). Most colloid cysts (81%)
were hyperattenuated with 7 iso-attenuated and 2 hypoattenuated
relative to adjacent gray matter. In no case was a cyst iso-attenu-
ated with CSF. Calcification was not identified within any cyst or
cyst wall.

MRI
All 64 patients had an MR imaging, with postcontrast imaging
available for 38 patients. Half of the cysts were hyperintense
on the T1WI. No cyst was isointense to CSF on the T1WI.
Although some cysts showed minimal, discontinuous en-
hancement along the wall it was likely due to adjacent vessels
rather than true enhancement, no thick rimlike or nodular
enhancement was seen. None of the cysts showed evidence of
restricted diffusion, nor was there susceptibility artifact sug-
gesting recent or remote hemorrhage.

Based on the appearance on T2-FLAIR, CCs were divided
into hyperintense (34 patients) and hypointense groups (30
patients) (Fig 2). Median age was significantly lower (43.5 ver-
sus 53 years, P ¼ .01), median cyst size was larger (12 versus
6.3 mm, P , .0001), and the risk of obstructive ventriculome-
galy was higher (relative risk 6.18, 95% CI [2.04, 18.67]) in the
hyperintense group. Hyperintensity on T2-FLAIR appeared in
3 different patterns: homogeneously hyperintense, cysts with
rim, and cysts with “dot sign.” Homogeneously hypointense
cysts had no internal variability in signal. Relationship of

demographics, obstructive ventricfulomegaly, and appearance
of colloid cysts on CT and MR imaging is summarized in the
Table.

Homogeneously Hypointense Cysts (n¼ 30)
These cysts were uniformly hypointense on T2 and T2-FLAIR
sequences and constituted the most common appearance in our
study. These cysts did not have an apparent rim or varying signal
intensity core. There was no evidence of susceptibility artifact to
account for the low signal. All cysts in this category were uni-
formly hyperattenuated and well-circumscribed on CT. The me-
dian age at presentation in this group of patients was 53 years
with a median cyst diameter of 6.3 mm (range: 4mm to 12mm).
Only 10% of these patients presented with ventriculomegaly
(P, .001).

Homogeneously Hyperintense Cysts (n¼ 12)
These cysts were uniformly hyperintense on T2 and T2-FLAIR
sequences (Fig 3). They were associated with a significantly
higher risk of obstructive ventriculomegaly (67% patients,
P , .001) in comparison to homogeneously hypointense cysts,
but had a similar risk in comparison with other hyperintense
cysts. The median cyst size in this group was significantly higher
than homogeneously hypointense cysts (11 versus 6.3mm,
P, .001). Median age of presentation was lower than in patients
with homogeneously hypointense cysts (25.5 years versus 53 years,

FIG 2. An overview of the imaging appearance of third ventricular colloid cyst on MR imaging.

FIG 1. An overview of the imaging appearance of third ventricular colloid cyst on CT and corresponding MR imaging characteristics.
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P¼ .01). Half of the cysts were uniformly hypoattenuated and half
uniformly hyperattenuated on CT.

Cysts with “Dot Sign” (n¼ 6)
These cysts were almost entirely hyperintense on T2WI and T2-
FLAIR with a tiny, ,5mm, internal hypointense nodule that has
been previously described in the imaging literature as the “dot
sign.” These “dots” were significantly smaller than the hypointense
“cores” described in the “cysts with rim.” Five out of 6 cysts with
the dot sign were hyperintense on the T1WI; therefore, the nodule
was not visualized on T1WI. Obstructive ventriculomegaly was sig-
nificantly more common than in homogeneously hypointense cysts
(83.3% versus 10%, P , .001). These cysts were significantly larger
than both homogeneously hypointense cysts (median diameter of
15mm versus 6.3 mm, P , .001) and other hyperintense cysts
(P ¼ .007 and P ¼ .03 for homogeneously hyperintense and cysts
with rim, respectively). The median age at presentation was signifi-
cantly lower than in patients with homogeneously hypointense
cysts (31.5 versus 53 years, P, .001) but similar to those with other
hyperintense cysts. These cysts were iso- to hypoattenuated on CT
with a punctate area of hyperattenuation corresponding to the in-
tracystic nodule identified in 1 case.

Cysts with Rim (n¼ 16)
These cysts had a hyperintense rim and an iso- to hypointense
central core that occupied at least 50% of the total cyst on T2WI
and T2-FLAIR (Fig 4). Cysts with markedly hypointense cores
have been previously termed as having a “black hole” appearance.
Correlating the MR imaging appearance with CT revealed that
the hypointense cores were hyperattenuated on CT (Fig 1). Cysts
with hyperintense rims were larger than the homogeneously
hypointense cysts (median diameter of 12.5 versus 6.3, P, .001).
Obstructive ventriculomegaly occurred in 50% of these patients
which was significantly higher than in the homogeneously hypo-
intense group (P ¼ .02), but similar to those with other hyperin-
tense cysts.

Histopathology
The contents of colloid cysts, available for histopathologic exami-
nation in 28 cases, consisted of amorphous, proteinaceous, and
acellular gelatinous material. Histopathology was available for 3/6
cysts with “dot sign” on imaging. The hypointense “dot” corre-
sponded to an intracystic nodule in 1 case and was described
grossly as a gelatinous papillary protrusion. The nodule was not

FIG 3. Homogeneously hyperintense cyst: 13-year-old boy found unconscious after complaining of headache for 2 days. Initial CT demonstrates
dilation of the lateral ventricles. However, the colloid cyst was difficult to detect as it was isointense relative to the adjacent brain. Subsequent
MR imaging showed a colloid cyst homogeneously hyperintense on T2 (B) and T2-FLAIR weighted images (C) and hypointense on T1-weighted
axial image (D). Also, note the presence of periventricular edema associated with ventriculomegaly.

FIG 4. Cyst with rim: 55-year-old woman with a 6-week history of headache. Non-contrast CT (A) shows a hyperattenuated colloid cyst meas-
uring 13 mm at the roof of third ventricle. On T2WI (B), the colloid cyst has a hypointense core with a thin hyperintense rim, which is more pro-
nounced on T2-FLAIR (C). The cyst is mildly heterogeneous and isointense centrally on T1-weighted image (D). There was no evidence of
hemorrhage on the GRE sequence (image not shown). There is associated enlargement of the lateral ventricles with periventricular edema.
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FIG 5. Hematoxylin and Eosin staining of a typical homogeneously hyperintense cyst on T2 and T2-FLAIR images. The cyst wall is composed of
columnar, ciliated epithelial cells. The wall was not thickened and there was not an abnormal increase in goblet cells or any cellular atypia.
Contents of the cysts consisted of a mucoid material with detached epithelial clusters of cells.

FIG 6. Pathologic examination of a cyst that had the “cysts with rim” appearance revealed a viscous plug of colloid material which was PAS-pos-
itive. The cyst wall consisted of a thin fibrous capsule and a lining of partly ciliated cuboidal to columnar epithelium (A). The fibrous wall, and
the associated choroid plexus stroma are highlighted by the Masson trichrome stain (B). The cyst epithelium is positive for CAM 5.2, pankeratin
(C), EMA, and CK7; it is negative for CDX2. The peripheral cyst wall was not unusually thickened and was approximately 1–3 microns thick, and
therefore would not have been visible on MR imaging.
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separately described in the examination of the other 2 cysts that
were received in fragments.

Despite the varied MR imaging appearance on histopathologi-
cal examination, the appearance of colloid cysts was monotonous
with a very thin fibrous wall lined by a single to pseudostratified
layer of columnar-cuboidal, partially ciliated epithelium with
goblet cells infrequently seen (Figs 5 and 6). The cyst wall was not
significantly thicker in cysts with rim. Choroid plexus was identi-
fied in 4 specimens. Calcification was present in 1 cyst wall that
was not visible, even retrospectively, on GRE-T2*WI. There was
evidence of prior hemorrhage in the wall of 1 “dot sign” cyst that
was not visible on imaging.

DISCUSSION
Although increasingly diagnosed as an incidental finding, third
ventricular colloid cysts are well known for their potential to
become symptomatic by creating ventricular obstruction often
with serious outcome.13,14 Various clinical and imaging charac-
teristics have been studied in hopes of determining which cysts
are most likely to become symptomatic. Prior neurosurgical liter-
ature has noted an increased incidence of symptoms and rapid
deterioration in pediatric patients with “watery cysts,” hyperin-
tense on T2-weighted and T2-FLAIR imaging.15,16

A relationship between cyst signal intensity and symptomatol-
ogy was first demonstrated in the adult population by Pollock et
al,17 who observed that hyperintensity on T2WI, in addition to
cyst size, patient age, ventriculomegaly, and headache, was signif-
icantly associated with symptomatic cysts. Although MR imaging
was available for only one-third of patients and there was no
comment regarding cyst appearance on T2-FLAIR, they found a
5-fold increase in hyperintense signal on T2WI in patients who
were symptomatic. Interestingly, 71% of their hyperintense cysts
were large, measuring$10 mm.17

Variables thought to be predictive of symptomatic status were
further explored by Beaumont et al,10 who combined demo-
graphic, clinical, and imaging factors to form the CCRS which is
a system for use by neurosurgeons to attempt to identify patients
at highest risk of having a symptomatic cyst and to stratify the
risk of hydrocephalus. In the CCRS, a point is awarded for: age
,65; cyst diameter $7 mm; presence of a headache at presenta-
tion; risk zone location; and the presence of hyperintensity on
T2-FLAIR. On a 0- to 5-point scale, a score of #2 is considered
low risk, whereas a score of $4 is associated with a high risk of
symptoms and obstructive hydrocephalus. A score of 3 represents
an intermediate risk. Cysts with T2-FLAIR hyperintensity were
significantly more likely to be symptomatic (relative risk ¼ 2.4)
and to present with hydrocephalus (relative risk¼ 5.1) than those
without hyperintensity. Remarkably, they reported that all but 1
cyst with associated obstructive hydrocephalus (96.6%) were
hyperintense on the T2-FLAIR sequence. Although hyperinten-
sity on T2WI was not significant for symptomatic cysts, it was
significantly associated, but to a lesser degree than FLAIR, with
hydrocephalus. The discrepancy in the recording of a cyst as
hyperintense on T2-FLAIR, but not on T2-weighted imaging,
may be due to increased conspicuity of this hyperintensity when
surrounding CSF is suppressed. This would most likely be a fac-
tor in cysts with rim or smaller cysts. It is also possible that T1-

shortening may also play a role even though there was no rela-
tionship between hyperintensity on the T1-weighted images and
cysts being symptomatic in our study and the work of others.10,17

Further, in our study, there was no association between cyst
hyperintensity on T2-FLAIR and T1-shortening evidenced on the
T1WI, likely due to the dominant effect of T2-shortening on T2-
weighted imaging including the T2-FLAIR sequence. Beaumont
et al10 speculated that a “protein doping” effect within the cyst
secondary to an osmotic phenomenon was responsible for the
hyperintensity on FLAIR that was more conspicuous relative to
T2-weighted images.

The CCRS has recently been externally validated as having
excellent discriminatory capacity for symptomatic (area under the
curve [AUC] ¼ 0.914) and obstructive hydrocephalus (AUC ¼
0.943). In this validation study, cyst appearance was reported only
for the T2-FLAIR sequence and not precisely defined, but was
available for all 156 patients.18 The presence of hyperintensity on
T2-FLAIR was significantly associated with symptomatic status
(OR ¼ 6.4) and obstructive hydrocephalus (OR ¼ 5.72).
Hyperintensity was identified in 53% of symptomatic cysts and
56% of those creating obstructive hydrocephalus but was found in
only 18% of those that were asymptomatic. Cyst size, presence of a
headache, and risk zone location were also significant factors.

Our observation that T2-FLAIR signal hyperintensity is asso-
ciated with ventricular obstruction in patients with CCs supports
the findings of these prior studies. We observed that patients with
hyperintense cysts were likely to present at a younger age and
have larger cysts. A plausible justification for increased risk of
ventriculomegaly in hyperintense cysts may to some extent be
due to their larger size. A hypothetical explanation for association
of T2-FLAIR hyperintensity and cyst symptomatology has been
suggested by Beaumont et al10 and Melhem et al19; higher protein
concentration within the cyst is associated with hyperintensity
on T2-FLAIR sequence. A higher concentration of protein may
create an osmotically driven influx of free water resulting in cyst
enlargement, subsequent obstruction of the foramen of Monro,
and ventriculomegaly. A lowering of protein concentration and
increased free water would lead to T2 prolongation. Thus, the
cysts that are hyperintense on T2-FLAIR are more likely to
enlarge and become symptomatic. We found that hyperintensity
on T2-FLAIR manifests in one of three main patterns, homoge-
neously hyperintense, hyperintense rim, and “dot sign;” all of
which are associated with larger cyst size, younger patient age,
and a higher risk of obstructive ventriculomegaly in comparison
to homogeneously hypointense cysts. Of the hyperintense cysts,
those with the “dot sign” were significantly larger but were other-
wise similar to other hyperintense cysts.

The histopathologic appearance of the cyst wall was monoto-
nous and did not substantially vary despite significant differences
in the appearance of the cysts on imaging (Figs 5 and 6). We pos-
tulate that the hyperintense rim represents a peripheral hydration
layer, which accounts for the increase in T2 and T2-FLAIR signal
around a hypointense, viscous central core. The CT appearance
of cysts with rim is also in agreement as, on close examination,
the hyperattenuated central core is surrounded by a subtle lower
attenuation periphery, with an ill-defined border between the
regions of differing attenuation. In prior radiologic-pathologic
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correlation reports regarding the “black hole” appearance, the
center has been found to be highly viscous (like “motor oil”) or
even described as solid, whereas the high signal rim has been
described as liquid and consisting of amorphous material with
cellular debris, erythrocytes, and cholesterol clefts.20,21 Lack of
susceptibility artifact on the SWI and diffusion-weighted imag-
ing, within the center of the black hole cysts supports prior inves-
tigations, which have stated that neither paramagnetic metals nor
hemorrhage account for the T2-shortening seen within the black
hole cysts.11

In keeping with the literature, most of our cysts were hyperat-
tenuated on CT.10,16,17 In general, higher attenuation on CT cor-
responded to lower signal on the T2WI; both believed to indicate
higher viscosity which correlates with difficult aspiration in the
surgical literature.5,22

Half of the cysts were hyperintense on the T1-weighted images.
This T1-shortening, as reported in prior literature, is likely related
to higher protein and cholesterol content and is not due to cal-
cium, metal, or blood products.11,23 Interestingly, cysts with the
“dot sign” were high in signal intensity not only on both T2 and
T2-FLAIR, but also on T1-weighted imaging indicating a higher
protein and/or cholesterol content. In vitro studies of protein solu-
tions have shown that T1 hyperintensity is seen with protein con-
centrations exceeding 9 g/dL.24 At extremely high concentrations,
greater than 17 g/dL, in vitro solutions of protein remained high in
signal on the T1-weighted images but T2-shortening effects predo-
minated so that the solutions became dark on T2WI. We did not
observe any association between the CT attenuation or T1 hyperin-
tensity with symptomatic clinical presentation, which is in keeping
with the existing imaging literature.10,17

Calcification has rarely been reported in the walls of colloid
cysts, but was not seen in any of our cases.25 On histopathologic
examination, our specimens often contained choroid plexus, as it
is closely juxtaposed to the cyst wall. In some of these cases, it
seems likely that calcification in psammoma bodies, which are
intrinsic to the choroid plexus, may be mistakenly attributed to
the colloid cyst wall (Fig 6). Although we did not discover any
element of hemorrhage within our colloid cysts, hemorrhagic
cysts are well reported in the literature and may be a cause of ab-
rupt neurologic decline.26

The limitations of our study include the retrospective design
and relatively small sample size in the subgrouping of hyperintense
cysts. The lack of a uniform imaging protocol due to retrospective
nature of the study is another limitation. Pathologic examination
was often limited because the specimen sometimes lacked the cyst
wall. We used obstructive ventriculomegaly as an “end point” and
did not address the degree of ventriculomegaly due to the complex
interdependence of many variables including ventricular compli-
ance, intermittent obstruction scenarios, lack of recognition of
subtle, or early, ventricular dilation as well as the marked variation
in the time from symptom onset to imaging.

CONCLUSIONS
Three different imaging subtypes of T2-FLAIR hyperintense cysts
are observed: homogeneously hyperintense; cysts with rim; and
cysts with “dot sign.” These T2-FLAIR hyperintense CCs are
associated with younger patient age, larger cyst size, and a greater

occurrence of obstructive ventriculomegaly than cysts with no
hyperintensity. No association was observed between CT attenua-
tion or T1 hyperintensity and obstructive ventriculomegaly. The
hyperintense rim of a “black hole” cyst does not represent a thick-
ened cyst wall.
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ORIGINAL RESEARCH
INTERVENTIONAL

Transcranial MR Imaging–Guided Focused Ultrasound
Interventions Using Deep Learning Synthesized CT

P. Su, S. Guo, S. Roys, F. Maier, H. Bhat, E.R. Melhem, D. Gandhi, R. Gullapalli, and J. Zhuo

ABSTRACT

BACKGROUND AND PURPOSE: Transcranial MR imaging–guided focused ultrasound is a promising novel technique to treat multiple
disorders and diseases. Planning for transcranial MR imaging–guided focused ultrasound requires both a CT scan for skull density
estimation and treatment-planning simulation and an MR imaging for target identification. It is desirable to simplify the clinical
workflow of transcranial MR imaging–guided focused ultrasound treatment planning. The purpose of this study was to examine the
feasibility of deep learning techniques to convert MR imaging ultrashort TE images directly to synthetic CT of the skull images for
use in transcranial MR imaging–guided focused ultrasound treatment planning.

MATERIALS AND METHODS: The U-Net neural network was trained and tested on data obtained from 41 subjects (mean age,
66.4 6 11.0 years; 15 women). The derived neural network model was evaluated using a k-fold cross-validation method. Derived
acoustic properties were verified by comparing the whole skull-density ratio from deep learning synthesized CT of the skull with
the reference CT of the skull. In addition, acoustic and temperature simulations were performed using the deep learning CT to pre-
dict the target temperature rise during transcranial MR imaging–guided focused ultrasound.

RESULTS: The derived deep learning model generates synthetic CT of the skull images that are highly comparable with the true CT
of the skull images. Their intensities in Hounsfield units have a spatial correlation coefficient of 0.80 6 0.08, a mean absolute error
of 104.57 6 21.33 HU, and a subject-wise correlation coefficient of 0.91. Furthermore, deep learning CT of the skull is reliable in the
skull-density ratio estimation (r¼ 0.96). A simulation study showed that both the peak target temperatures and temperature distri-
bution from deep learning CT are comparable with those of the reference CT.

CONCLUSIONS: The deep learning method can be used to simplify workflow associated with transcranial MR imaging–guided
focused ultrasound.

ABBREVIATIONS: DL ¼ deep learning; MAE ¼ mean absolute error; SDR ¼ skull-density ratio; tcMRgFUS ¼ transcranial MR imaging–guided focused ultra-
sound; UTE ¼ ultrashort TE

Transcranial MR imaging–guided focused ultrasound
(tcMRgFUS) is a promising novel technique for treating

multiple disorders and diseases, including essential tremor,1

neuropathic pain,2 and Parkinson disease.3 During tcMRgFUS

treatment, ultrasound energy is deposited from multiple ultra-
sound elements to a specific location in the brain to increase tis-
sue temperature and ablate the targeted tissue. tcMRgFUS
treatment-planning is usually performed in 3 steps: 1) CT
images are acquired to estimate regional skull density and skull
geometry and to estimate ultrasound attenuation during ultra-
sound wave propagation,1 2) MR images are acquired to identify
the ablation target in the brain,1 and 3) the CT and MR images
are fused to facilitate treatment-planning. Minimizing the steps
involved to get to actual treatment can have a positive impact
on clinical workflow. Here, we focus on the implications of min-
imizing patient burden by eliminating CT imaging (hence no
radiation) and replacing it with synthesized CT of the skull
based on ultrashort TE (UTE) images.

UTE MR imaging is an important technique for imaging
short-T2 tissue components such as bone. A previous study has
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shown the feasibility of using UTE MR images for tcMRgFUS
planning.4 The conversion of UTE MR images to CT intensity
(also termed “synthetic CT”) is based on the inverse-log relation-
ship between UTE and CT signal intensity.4,5

Deep learning (DL) with a convolutional neural network has
recently led to breakthroughs in medical imaging fields such as
image segmentation6 and computer-aided diagnosis.7 Domain
transfer (eg, MR imaging to CT) is one of the fields in which DL
has been applied recently with high accuracy and precision.8-12

DL-based methods synthesize CT images either by classifying
MR images into components (eg, tissue, air, and bone)10,12 or by
directly converting MR imaging intensities into CT Hounsfield
units.8,9,11 The established applications include MR imaging–
based attenuation correction in MR imaging/PET10-12 and treat-
ment-planning for MR imaging–guided radiation therapy proce-
dures.9 However, to our knowledge, DL methods have not been
applied in the context of tcMRgFUS. In tcMRgFUS, our focus is
skull CT intensity rather than the whole head as in the above pro-
cedures. By narrowing the focus area, we can potentially achieve
higher accuracy in obtaining synthetic skull CT images from MR
imaging.

The purpose of this study was to examine the feasibility of DL
techniques to convert MR imaging dual-echo UTE images
directly to synthetic CT of the skull images and assess its suitabil-
ity for tcMRgFUS treatment-planning procedures.

MATERIALS AND METHODS
Study Participants
We retrospectively evaluated data obtained from 41 subjects
(mean age, 66.4 6 11.0 years; 15 women) who underwent the
tcMRgFUS procedure and for whom both dual-echo UTE MR

imaging and CT data were available. The study was approved by the
institutional review board (University of Maryland at Baltimore).

Image Acquisition and Data Preprocessing
MR brain images were acquired on a 3T system (Magnetom Trio;
Siemens) using a 12-channel head coil. A prototype 3D radial UTE
sequence with 2 TEs was acquired in all subjects.13 Imaging parame-
ters were the following: 60,000 radial views, TE1/TE2 ¼ 0.07 /4ms,
TR¼ 5 ms, flip angle ¼ 5°, matrix size ¼ 192� 192� 192, spatial
resolution ¼ 1.3� 1.3� 1.3mm3, scan time¼ 5minutes.13,14 CT
images at 120kV were acquired using a 64-section CT scanner
(Brilliance 64; Philips Healthcare), with a reconstructed matrix size
¼ 512� 512 and resolution= 0.48� 0.48� 1mm3. A C-filter
(Philips Healthcare), a Hounsfield unit–preserving sharp ramp filter,
was applied to all images.

UTE images were corrected for signal inhomogeneity with non-
parametric nonuniform intensity normalization bias correction
using Medical Image Processing, Analysis, and Visualization
(National Institutes of Health).15 Both UTE volumes (TE1 and TE2)
for each subject were normalized by the tissue signal of the TE1
image to account for signal variation across subjects. CT images
from each subject were registered and resampled to the correspond-
ing UTE images using the FMRIB Linear Image Registration Tool
(FLIRT; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) using a normal-
ized mutual information cost function.16 Finally, CT of the skull
images were derived by segmenting the registered CT images using
automatic image thresholding with the Otsu method.17 The same
threshold value was applied to the DL synthetic CT (DL-CT) data.
Only the skull from the superior slices relevant for the tcMRgFUS
procedure from both UTE and CT was included. CT-UTE registra-
tion results were evaluated by visual inspection. One subject was

FIG 1. Schema of the employed deep learning architecture based on the widely used U-Net convolutional neural network consisting of encod-
ing and decoding pathways. Dual-echo UTE images were used as the input for the network. Reference CT of the skull was segmented from the
reference CT and was used as the predication target. The difference between output of the network, DL synthetic CT of the skull, and refer-
ence CT of the skull was minimized using MAE loss function. Drop-out regularization (rate¼ 0.5) was applied connecting the encoder and de-
coder. BN indicates batch normalization; ReLu, rectified linear unit; Conv, convolutional layer; Ref-CT, reference CT.
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excluded due to failed registration, leading to 40 subjects in total
(mean age, 66.56 11.2 years; 15 women).

Deep Learning Model and Neural Network Training
A schematic diagram of the deep learning model architecture based
on U-Net convolutional neural network (https://lmb.informatik.uni-
freiburg.de/people/ronneber/u-net/)18 is illustrated in Fig 1. It consists
of 2 pathways in opposite directions: encoding and decoding. The
encoding pathway extracts features of the input images, while the
decoding pathway has the opposite direction, restoring these features.

Dual-echo UTE images were used as the input to the neural
network, with each echo as a separate input channel to the

network. Reference CT of the skull images was used as the predic-
tion target. Output of the network is the DL-CT of the skull.

UTE-CT image pairs from 32 subjects were selected as the

training dataset, and the other 8, as the testing dataset. The

neural network was defined, trained, and tested using Keras

with Tensorflow backend (https://www.tensorflow.org) with a

Tesla K40C GPU (memory of 12GB). Mean absolute error

(MAE) between DL-CT of the skull and the reference CT of

the skull was minimized using the ADAM algorithm, derived

from adaptive moment estimation.19 The training was per-

formed with 100 epochs, and the learning rate was 0.001.

Training of the model took approximately 6 hours.

FIG 2. Deep learning results from 1 representative testing subject (55 years of age, female). From top to bottom: UTE echo 1 and echo 2 images,
reference CT, segmented reference CT of the skull, DL synthetic CT of the skull, and the absolute difference between the 2. For this subject,
the Dice coefficient for skull masks between DL synthetic CT and the reference CT is 0.92, and the mean absolute difference is 96.27 HU.
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Evaluation of Model Performance
The performance of the neural network model was evaluated
using the 5-fold cross-validation method. The 40 subjects were
randomly divided into 5 groups, each with 8 subjects. Each time
1 group was held as a testing dataset, the other 4 served as the
training datasets; thus, the model was trained 5 separate times.
Testing results from all 40 subjects were used to evaluate the per-
formance of the model. The following 4 metrics were used to
compare the DL-CT from the testing datasets with the reference
CT of the skull images: 1) Dice coefficient to evaluate the similar-
ity between the 2 sets of images; 2) a voxelwise spatial correlation
coefficient between the 2 methods considering all the voxel inten-
sities (in Hounsfield units); 3) average of absolute differences
between the 2 methods for voxels within skull region; and 4)
global CT Hounsfield unit values for each subject by averaging all
the voxels within the skull region. Metrics using a conventional
method4 were also derived to enable comparison with the DL
method. Note that only testing datasets (n=40) from cross-vali-
dation results were used for evaluation and the following valida-
tion/simulation.

Skull Density Ratio Validation
To further evaluate the accuracy of DL-CT-derived skull proper-
ties, we also calculated the regional skull thickness and the skull-
density ratio (SDR) based on each of the 1024 ultrasound rays on

40 subjects. We validated our model by comparing the whole
SDR from DL-CT of the skulls with reference CT of the skulls.
The SDR is calculated as the ratio of the minimum over the maxi-
mum intensity (Hounsfield unit) along the skull path of ultra-
sonic waves from each of the 1024 transducers, and the whole-
skull SDR is the average of all SDRs. Whole-skull SDR. 0.45 is
the eligibility criterion for tcMRgFUS treatment for efficient
sonication.20

Acoustic and Temperature Simulation
A key aspect of the tcMRgFUS is the guidance obtained from MR
thermometry maps during the procedure, eg, to predict the target
temperature rise. We therefore compared acoustic and tempera-
ture fields from the simulation using both CT and DL-CT images
on 8 test subjects. The acoustic fields within the head were simu-
lated using a 3D finite-difference algorithm, which aims to solve
the full Westervelt equation.21 The acoustic properties of the skull
were derived from CT images of the subjects. Temperature rise
was estimated using the inhomogeneous Pennes equation22 of heat
conduction with the calculated acoustic intensity field as input.
Both acoustic and temperature simulations were performed with
the target at the center of the anterior/posterior commissure line
for each subject at a spatial resolution of UTE scans. Temperature
elevations at the focal spots caused by a 16-second, 1000-W sonica-
tion were simulated for both reference CT and DL-CT images,
assuming that the base temperature of the brain was 37°C.

RESULTS
Figure 2 shows the DL-CT of the skull images in comparison
with the reference CT of the skull images from a representative
test subject. The difference images show minimal discrepancy,
demonstrating that the trained DL network has successfully
learned the mapping from dual-echo UTE images to CT of the
skull-intensity images. The On-line Figure shows the DL model
loss (MAE) as a function of the epoch number for both the training
and testing datasets from a representative cross-validation run.

The signal intensities between the 2 CT scans are highly corre-
lated (r¼ 0.80) as shown in the voxelwise 2D histogram (Fig 3),
demonstrating that DL can accurately predict the spatial variation
across regions within the skull. The Table summarizes various
metrics estimating the performance of the DL model from all 5
runs of the cross-validation process, along with the average from
all 40 testing datasets. As shown in the Table, model performance
is comparable between different runs in the cross-validation pro-
cess. As a comparison, the MAE and spatial correlation coeffi-
cient from the conventional method4 were 0.37 6 0.09 and
432.19 6 46.61 HU, performances significantly poorer than our
proposed deep learning method.

FIG 3. Voxelwise 2D histogram scatterplot between the reference skull
CT intensity and the DL synthetic skull CT signal intensity in Hounsfield
units within skull. The correlation coefficient is r¼ 0.80 (same testing
subject as in Fig 2). Color bar represents the voxel count.

Various metrics (mean 6 standard deviation) showing the performance of the deep learning model from all 5 runs of the cross-val-
idation processa

Run 1 Run 2 Run 3 Run 4 Run 5 Average
Dice coefficient 0.91 6 0.03 0.92 6 0.03 0.91 6 0.03 0.91 6 0.02 0.92 6 0.03 0.91 6 0.03
Spatial correlation coefficient 0.84 6 0.05 0.77 6 0.10 0.81 6 0.07 0.78 6 0.08 0.81 6 0.08 0.80 6 0.08
MAE (HU) 89.32 6 12.29 109.18 6 23.49 98.95 6 13.75 105.10 6 17.62 120.29 6 26.91 104.57 6 21.33

a Averaged metrics from all 40 testing datasets are also included.
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Subject-wise scatterplots of average CT values and SDR values
are shown in Fig 4. A strong correlation between the DL-CT and
the reference CT Hounsfield unit values (r¼ 0.91, P, .001) was
observed, demonstrating that the derived model can predict the
global intensity of the skull accurately. The high whole-skull SDR
correlation (r¼ 0.96, P, .001) between DL-CT and the reference
CT suggests a strong potential for the use of DL-CT images for
treatment-planning in tcMRgFUS.

Figure 5 shows averaged regional skull thickness maps Fig 5A,
-B and averaged regional SDR maps (Figure 5D, -E) based on the
reference CT and DL-CT images from all 40 test subjects. The
errors in skull thickness measurement at any given entry were
,0.2mm (2%), averaged at 0.03mm (0.3%) (Fig 5C). The maxi-
mum error for SDR calculation across the 1024 entries was found
to be about 0.03 (4%) and averaged less than 0.01 (1.3%) (Fig 5F).

Comparisons between calculated bone density and the simu-
lated temperature rise results are shown
in Fig 6 for 8 representative test sub-
jects. The estimated voxelwise average
bone density difference within the skull
for all subjects was 50kg/m3, indicating
less than an average of 2.3% error for
UTE-derived acoustic properties com-
pared with the reference CT images
(columns 1 and 2). Simulated tempera-
ture patterns are very similar for all 8
cases (columns 3 and 4), indicating
that the skull shape and thickness of
DL-CT are highly comparable with the
reference CT. The differences of simu-
lated peak temperature rise based on
original and DL synthetic CT images
for all 8 subjects are well within the
errors that one might expect from the
simulation.

FIG 4. A, Association of average CT Hounsfield unit values between the DL synthetic CT of the
skull and the reference CT of the skull for all 40 testing subjects from cross-validation. Each dot
represents 1 subject. B, The relationship between SDR values determined from the reference CT
and DL synthetic CT from all 40 subjects. Each dot represents 1 subject.

FIG 5. A and B, The calculated average skull thickness map from the reference CT and the DL synthetic CT images, respectively, from all 40 test-
ing subjects. C, The differences between A and B with a maximum thickness difference of 0.2mm (2% error) and the average error of 0.03mm
(0.3%). Note that regional maps are based on the entries of the 1024 ultrasound beams from the ExAblate system (InSightec). D and E, The calcu-
lated average SDR map based on the reference CT and DL synthetic CT images from all 40 subjects. F, The differences between D and E with a
maximum SDR difference of 0.03 (4% error) and the average error of 1024 entries was,0.01 (1.3%).
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FIG 6. Comparison of calculated bone density and the simulated temperature rise. The first and second columns show the calculated bone den-
sity map using the reference CT and DL synthetic CT images on 8 representative testing cases, in which the red dots are the assigned focal targets.
In the third and fourth columns, the simulated temperature elevations at the focal spots caused by a 16-second, 1000-W sonication are compared
between reference CT and DL synthetic CT on a base brain temperature of 37°C. The simulated peak temperature rise values based on original and
DL synthetic CT images for all 8 subjects are the following: case 1: 55.3°C and 54.2°C (6.0% error on temperature rise), case 2: 59.0°C and 58.9°C (0.5%
error), case 3: 57.6°C and 55.9°C (8.2% error), case 4: 57.5°C and 59.1°C (7.8% error), case 5: 54.3°C and 54.6°C (0.6% error), case 6: 55.5°C and 56.0°C
(0.9% error), case 7: 54.5°C and 55.1°C (1.1% error), case 8: 53.5°C and 54.5°C (1.9% error), respectively. These errors are well within the errors that one
might expect from the simulation.
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DISCUSSION
In this study, we examined the feasibility of leveraging deep
learning techniques to convert MR imaging dual-echo UTE
images directly to CT of the skull images and to assess the applic-
ability of such derived images to replace real CT of the skull
images during tcMRgFUS procedures. The proposed neural net-
work is capable of accurately predicting Hounsfield unit intensity
values within the skull. Various metrics were used to validate the
DL model, and they all demonstrated excellent correspondence
between DL-CT of the skull images and the reference CT of the
skull images. Furthermore, the acoustic properties as measured
using the SDR and temperature simulation suggest that DL-CT
images can be used to predict target temperature rise. Our pro-
posed DL model has the potential to eliminate CT during
tcMRgFUS planning, thereby simplifying clinical workflow and
reducing the number of patient visits and overall procedural
costs, while eliminating patient exposure to ionizing radiation.
To our knowledge, this is the first study to apply deep learning in
synthesizing CT of the skull images with MR imaging UTE
images for tcMRgFUS treatment planning.

Several previous studies have reported methods to derive CT
information from MR imaging.9-12,23 Multiple DL-based CT syn-
thesis studies have reported CT bone segmentation with Dice
coefficient values ranging from 0.80 to 0.88.9-12,23 In our study,
the proposed model shows excellent performance in estimating
CT-equivalent skull with a Dice score of 0.91 6 0.03 for all 40
testing datasets. The moderately higher level of performance over
other previous methods may be because only a limited amount of
the skull was taken into consideration due to its relevance for
tcMRgFUS, whereas previous methods also included brain tis-
sue.15-21 Furthermore, our model predicted CT intensity with a
high voxelwise correlation (0.806 0.08) and low MAE (104.576
21.33 HU) for all 40 subjects compared with the reference CT of
the skull. One study4 reported an MAE between the reference CT
and UTE-generated synthetic CT of 202 HU in the context of
tcMRgFUS. Applying this method4 to our dataset, we observed a
higher MAE of 432.19 6 46.61 HU. The discrepancy may be due
to differences of the subject cohort and skull mask delineation.
Another study reported an MAE of 174 6 29 HU within the
skull.9 Compared with these studies, our results represent a
marked improvement over existing methods.

While this is the first report demonstrating the feasibility of
applying deep learning in tcMRgFUS, our proposed framework
can be further improved in a few ways: First, the DL field is rap-
idly evolving, and newer state-of-the-art techniques continue to
emerge. The inputs to the implemented 2D U-Net neural net-
work in our case were individual 2D dual-echo UTE images to
generate 2D CT of the skull images as output. It is highly possible
that a 2.5D or 3D U-Net may further minimize these errors
because these approaches use context information for training.
However, note that the 3D U-Net requires significantly more
memory resources than the 2D U-Net. Additionally, alternative
loss formulations or combinations may be considered (eg, an
adversarial component to the loss function to maximize the real-
istic appearance of the generated output). Given the relatively
small dataset and the fact that the MR imaging-to-CT mapping
task does not require full-FOV MR imaging, an alternative

approach may be to train a patch-wise classifier (same encoder-
decoder architecture, simply smaller). Not only will the model be
more compact, it will likely be more regularized and more gener-
alizable to edge cases (eg, craniotomy).

This study has several limitations. One limitation is that the av-
erage age of our patient cohort is relatively high (66.56 11.2 years
of age). This might limit the usage of our model in younger cohorts
or pediatric populations due to bone density variations.
Incorporating data from younger subjects into our training data
can address this issue. Another limitation is our relatively small
sample size for the deep learning study and the lack of an inde-
pendent test dataset. More datasets will certainly improve the per-
formance of the model and allow better generalization of our
model. Additionally, our CT of the skull synthesis was based on
MR imaging UTE images, which have relatively low spatial resolu-
tion compared with CT (1.33 versus 0.44mm in-plane resolution).
This resolution discrepancy might affect the accuracy of our model
in predicting the skull mask and Hounsfield unit values. To
address this issue, high-resolution UTE 3D images are needed
using advanced parallel imaging, compressed sensing, or even DL-
based undersampling/reconstruction to further reduce the scan
time while preserving enough information for CT synthesis.
Finally, we will investigate the effect of data augmentation on larger
datasets in detail and use an advanced deep learning model such as
the Generative Adversarial Network (https://github.com/goodfeli/
adversarial) to further improve our model in a future study.

CONCLUSIONS
We examined the feasibility of using DL-based models to auto-
matically convert dual-echo UTE images to synthetic CT of the
skull images. Validation of our model was performed using vari-
ous metrics (Dice coefficient, voxelwise correlation, MAE, global
CT value) and by comparing both global and regional SDRs
derived from DL and the reference CT. Additionally, temperature
simulation results suggest that DL-CT images can be used to pre-
dict target temperature rise. Our proposed DL model shows
promise for replacing the CT scan with UTE images during
tcMRgFUS planning, thereby simplifying workflow.
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ORIGINAL RESEARCH
INTERVENTIONAL

Regional Mechanical Thrombectomy Imaging Protocol in
Patients Presenting with Acute Ischemic Stroke during the

COVID-19 Pandemic
P.S. Dhillon, K. Pointon, R. Lenthall, S. Nair, G. Subramanian, N. McConachie, and W. Izzath

ABSTRACT

BACKGROUND AND PURPOSE: Chest CT is a rapid, useful additional screening tool for coronavirus disease 2019 (COVID-19) in
emergent procedures. We describe the feasibility and interim outcome of implementing a modified imaging algorithm for COVID-
19 risk stratification across a regional network of primary stroke centers in the work-up of acute ischemic stroke referrals for time-
critical mechanical thrombectomy.

MATERIALS AND METHODS: We undertook a retrospective review of 49 patients referred to the regional neuroscience unit for
consideration of mechanical thrombectomy between April 14, 2020, and May 21, 2020. During this time, all referring units followed
a standard imaging protocol that included a chest CT in addition to a head CT and CT angiogram to identify Severe Acute
Respiratory Syndrome coronavirus 2 (SARS-CoV-2) infective pulmonary changes.

RESULTS: Overall, 2 patients had typical COVID-19 radiologic features and tested positive, while 7 patients had indeterminate imag-
ing findings and tested negative. The others had normal or atypical changes and were not diagnosed with or suspected of having
COVID-19. There was an overall sensitivity of 100%, specificity of 74.1%, negative predictive value of 100%, and positive predictive
value of 22.2% when using chest CT to diagnose COVID-19 in comparison with the real-time reverse transcriptase–polymerase chain
reaction test. The mean additional time and radiation dose incurred for the chest CT were 184 6 65.5 seconds and 2.47 6 1.03
mSv. Multiple cardiovascular and pulmonary incidental findings of clinical relevance were identified in our patient population.

CONCLUSIONS: Chest CT provides a pragmatic, rapid additional tool for COVID-19 risk stratification among patients referred for
mechanical thrombectomy. Its inclusion in a standardized regional stroke imaging protocol has enabled efficient use of hospital
resources with minimal compromise or delay to the overall patient treatment schedule.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; MT ¼ mechanical thrombectomy; PPE ¼ personal protective equipment; PSC ¼ primary stroke cen-
ters; RT-PCR ¼ real-time reverse transcriptase–polymerase chain reaction; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

The coronavirus disease 2019 (COVID-19), a manifestation of the
Severe Acute Respiratory Syndrome coronavirus-2 (SARS-CoV-2),

was declared a pandemic by theWorld Health Organization onMarch
11, 2020.1,2 At present, the COVID-19 incidence in the United
Kingdom is one of highest in the world with 261,184 cases and 36,914

deaths, accurate as of May 25, 2020.3 Recent reports have described
neurologic manifestations of COVID-19, including acute ischemic
stroke.4-6 Some of the proposed mechanisms underlying the increased
prevalence of cardiovascular disease in COVID-19 include widespread
systemic inflammatory and cytokine responses, diffuse intravascular
coagulation, atherosclerotic plaque rupture, and hemodynamic altera-
tions.7-10

The latest publications by professional societies, including the
Society of NeuroInterventional Surgery and the European Society
of Minimally Invasive Neurological Therapy, stress the need for
maintenance of services providing emergent mechanical throm-
bectomy (MT) in patients with cerebral large-vessel occlusion.11-13

The time-critical nature of MT precludes awaiting the results of
any COVID-19 reverse transcriptase–polymerase chain reaction
(RT-PCR) swab test, which, at present, can take up to 24hours and
has a false-negative rate, which currently mandates retesting to
confirm negative status.
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Patients with SARS-Cov-2 infection may be symptomatic or

asymptomatic. Patients with acute ischemic stroke may not be able

to provide a reliable clinical history or screening information due

to underlying dysphasia or impaired consciousness. Additionally,

family members may not be present to provide corroborating his-

tories at the point of admission due to ongoing isolation and social

distancing measures.
In combination, establishing COVID-related risks in this pop-

ulation is challenging. MT networks have to adopt a strategy for
COVID-19 risk stratification to ensure the safety of healthcare
professionals and other patients at the primary stroke centres
(PSC), during inter-hospital ambulance transfer and during
admission at the tertiary neuroscience unit.

A similar strategy is also required to select the intra-proce-
dural anaesthetic technique, location of post-anaesthetic recovery
and determine whether step-down care should be to a dedicated
COVID-19 or non-COVID-19 ward. A pragmatic and rapid ini-
tial COVID-19 screening process within the PSC assists efficient
use of personal protective equipment (PPE) and direction along
the appropriate care pathway.

Herein, we describe our experience in a regional neuroscience
center (Nottingham University Hospitals NHS Trust) that receives
MT referrals from 6 PSCs, in implementing a coordinated regional
approach to screening patients for both large-vessel occlusion and
imaging evidence of COVID-19. We also undertook a retrospec-
tive review of the thoracic imaging to identify pulmonary and car-
diovascular findings of clinical relevance.

MATERIALS AND METHODS
Study Population
This study was registered with and approved by the audit com-
mittee of the hospital board, and individual patient consent was
waived. We reviewed our prospectively collated data base of all
hyperacute ischemic stroke referrals for consideration of MT
between April 14, 2020 and May 21, 2020. Eligible patients were

accepted for MT treatment based on local guidelines adapted
from the National Institute of Clinical Excellence guidance.14

Following a regional protocol established before the pan-
demic, all hyperacute stroke referrals presenting with a suspected
large-vessel occlusion within 24hours of symptom onset rou-
tinely undergo an unenhanced CT of the head and dual-phase
CT angiography from the aortic arch to the skull vertex.
Following agreement with all referring PSCs, a chest CT was
added to this protocol, to image the thorax. Referred patients
being treated for COVID-19 during admission and those who
had been tested within 48hours before the referral did not war-
rant a chest CT.

Chest CT Parameters. Chest CT images were obtained on a
Somatom Definition AS or AS Plus, 64- or 128-section multide-
tector CT system (Siemens) at our institution. The scan range
was from the lung apices to the diaphragms immediately follow-
ing acquisition of the dual-phase CT angiogram from the aortic
arch to the skull vertex. We used the following reference acquisi-
tion parameters: tube voltage = 120 kV, tube current = 70 mAs,
0.5-second helical rotation time, and 1.2 helical pitch. The recon-
structed axial CT section thickness was 1mm, and further sec-
tions were reconstructed in the axial, coronal, and sagittal planes
of 2-mm section thickness at 2-mm increments. The effective
radiation dose calculated from the total dose-length product and
the additional time incurred from completion of the dual-phase
CT angiography to completion of the chest CT were obtained
from the radiologic information system. There were variations of
the scanner models and acquisition parameters across the re-
gional hospitals.

CT Reporting
All images were reviewed by a neuroradiologist while considering
the referral for MT. Chest CT findings were promptly reported
by radiologists at the referring institutions to ensure optimization
of detection and interpretation of findings, which may be subtle
in early disease. The Radiological Society of North America and

Table 1: COVID-19 pneumonia imaging classification according to the CT findingsa

COVID-19 Pneumonia
Imaging Classification Rationale CT Findings
Typical appearance Commonly reported imaging

features of greater specificity
for COVID-19 pneumonia

Peripheral, bilateral GGOs with or without consolidation or visible
intralobular lines (crazy-paving)

Multifocal GGOs of rounded morphology with or without consolidation
or visible intralobular lines (crazy-paving)

Reverse halo sign or other findings of organizing pneumonia (seen later in
the disease)

Indeterminate Nonspecific imaging features of
COVID-19 pneumonia

Absence of typical features AND
Presence of multifocal, diffuse, perihilar, or unilateral GGO with or
without consolidation lacking a specific distribution; they are
nonrounded or nonperipheral

Few very small GGOs with a nonrounded and nonperipheral distribution
Negative Uncommonly or not reported

features of COVID-19
pneumonia

Absence of typical or indeterminate features AND
Presence of isolated lobar or segmental consolidation without GGO
Discrete small nodules (centrilobular, tree-in-bud sign)
Lung cavitation
Smooth interlobular septal thickening with pleural effusion
OR no abnormal findings

Note:—GGO indicates ground glass opacity.
a Adapted from the proposed Radiological Society of North America and British Society of Thoracic Imaging chest CT classification for reporting of COVID-19
pneumonia.15,16
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the British Society of Thoracic Imaging publications of pulmo-
nary findings in COVID-19 were used as a guide for the review-
ing radiologist (Table 1).15,16 The thoracic imaging was then
retrospectively reviewed by a cardiothoracic radiologist to audit
thoracic CT findings using the British Society of Thoracic
Imaging standardized evaluation to assess the presence and
extent of COVID or other lung diseases. Rapid image transfer
was enabled by the regional PACS network. All chest CT reports
were reviewed on the local and regional PACS servers to identify
the incidence of typical and indeterminate pulmonary features
(deemed positive) or atypical and normal findings (deemed nega-
tive) for COVID-19. Discrepancies between the original thoracic
CT reports and the retrospective review were communicated
with the referring centers with further discussion planned at our
local discrepancy meeting.

Patient Pathway and Management
Patients or their family members, if present and able, were asked
a series of screening questions related to potential COVID-19
infection, and pertinent laboratory findings, including lymphope-
nia, were used while the patient was being worked-up for a
potential MT (On-line Appendix). At the beginning of the study
period, only patients who had any symptoms or pulmonary

radiologic findings suspicious for COVID-19 underwent a naso-
pharyngeal or oral swab test. However, in the second half of the
study period, all admitted patients underwent a swab test due to
the gradually increasing availability of the test kits. The RT-PCR
results were subsequently identified on the local institutions’ clin-
ical results reporting system, usually available within 24 hours.
All patients accepted for MT were then transferred directly to our
angiography suite for the procedure. Enhanced precautions were
taken by all health care staff during the ambulance transfer and
preparation of the angiography suite, peri- and intraprocedurally,
particularly if any patient had suspected symptoms and/or had
any typical or indeterminate radiologic findings of COVID-19
(Fig 1). Any suspicion of COVID-19 played a factor in the deci-
sion for procedures to be performed under conscious sedation or
local or general anesthetic, made collaboratively by the interven-
tional neuroradiologist and anesthetist. Intubation and extuba-
tion were performed within the negative pressure angiography
suite. In view of the time pressures, the essential MT team mem-
bers were locked in the angiography suite to avoid further delay
associated with the mandated air exchange (between 10 and
30minutes) after intubation. Appropriate deep cleaning and
decontamination of the angiography suite were completed
between cases. After MT, any patient with clinical and/or imaging
features suspicious for COVID-19 was managed with additional
precautions, with immediate post-general anesthetic recovery
within the angiography suite as per institutional policy, which
could take up to 2 hours. The patient was thereafter transferred
to a dedicated COVID-19 bed according to our local protocol
until he or she was fully worked-up clinically. In the latter half of
the study period, separate COVID-19–proved beds and COVID-
19–suspected beds were established, and patients were transferred
to the appropriate beds according to their known COVID-19 sta-
tus at the time.

Standard data and statistical analysis was performed using
GraphPad Prism (GraphPad Software).

RESULTS
Since the implementation of the revised imaging protocol during
the study period, we received 49 MT referrals and performed 13
MTs. The mean age of all patients was 73.16 13.1 years, with an
age range of 52–102 years, with 25 men and 24 women. Among
the patients undergoing MT, none had imaging features typical
of COVID-19, while 3 patients had pulmonary changes indeter-
minate for COVID-19 but eventually tested negative. Two further
patients had only clinical suspicion for COVID-19. All 5 patients
were managed according to pathway A as described in Fig 1. The
remaining 8 patients had no suspicious CT features and were not
diagnosed with or suspected of having COVID-19 (managed
according to pathway B). Different levels of PPE (enhanced PPE
in high-risk patients and standard PPE in low-risk patients) were
used during postanesthetic and ward care according to the
COVID-19 risk.

Of the 36 patient referrals declined for MT, 2 patients had typ-
ical COVID-19 pulmonary features and tested positive, while 4
patients had indeterminate imaging findings and subsequently
tested negative (Figs 2 and 3). The others had normal or atypical
changes and were not diagnosed with or suspected of having

FIG 1. Comparison of the patient pathways according to the COVID-
19 risk. High risk for COVID-19 on admission included typical or inde-
terminate pulmonary findings on the chest CT and/or any clinical sus-
picion. Low risk for COVID-19 included atypical or normal findings on
the chest CT and no clinical suspicion. Enhanced PPE indicates filter-
ing facepiece class 3 masks, visors, and long-sleeved fluid-repellent
overalls. Standard PPE indicates fluid-resistant surgical masks, gloves,
and aprons;�ve, negative;1ve, positive.
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COVID-19. Nine patients did not undergo a chest CT (tested/
diagnosed negative during or just before admission).

There was an overall sensitivity of 100%, specificity of 74.1%,
negative predictive value of 100%, and positive predictive value of
22.2% when using chest CT to diagnose COVID-19 in compari-
son with the RT-PCR test (Table 2). The mean additional time
incurred for the chest CT was 1846 65.5 seconds (range, 45–337
seconds). The average added effective radiation dose from the
extension of the chest CT was 2.476 1.03 mSv.

There was good corroboration of the COVID-19 classification
between general radiologists as primary reporters at the PSCs and
the cardiothoracic radiologist. Only 1 case of indeterminate

pulmonary features was more definitively labeled as typical, and 1
case of atypical findings was labeled as indeterminate by the car-
diothoracic radiologist (Table 3). Multiple pulmonary and cardi-
ovascular incidental findings, dichotomized according to clinical
relevance, were identified following retrospective review of the
thoracic imaging (Table 4).

DISCUSSION
This study describes the feasibility and outcome of implementing
a modified imaging algorithm by the inclusion of a chest CT in
the work-up of hyperacute stroke referrals for MT across a net-
work of PSCs. Incidental thoracic findings of clinical relevance
were also detected in this elderly cohort of patients with cardio-
vascular disease.

The recent publications from professional societies and review
articles have suggested the possibility of inclusion of a complete
chest CT in the scanning algorithm, but none have reported the
value of it in a regional MT cohort.11-13,17,18 Kwee et al19 reported a
series of incidental COVID-19 pulmonary findings in a small mixed
cohort of patients presenting with acute ischemic stroke and head
trauma. However, the incurred radiation dose and time of perform-
ing the additional chest CT could not be gleaned from their study.

Yang et al20 included chest CT in their local institution's
COVID-19 screening and took enhanced precautions for
COVID-19 MT patients, which resulted in overall delays of hos-
pital arrival to puncture time in the MT cohort during the pan-
demic compared to a pre-pandemic period. In contrast to our
study, we describe an attainable approach taken when faced with
the additional challenge of implementing the revised triaging
algorithm across all referring PSCs to avoid further delays on ar-
rival at our neuroscience tertiary center.

The sensitivity, specificity, and negative predictive values
reported are encouraging in our patient cohort and lend some sup-
port to findings from previous studies that have reported the

FIG 3. Indeterminate features of COVID-19 pneumonia. Axial CT
images show unilateral, localized, peripheral ground glass opacities
(arrows). This patient tested negative for COVID-19 by RT-PCR
analysis.

Table 2: Correlation between chest CT features and RT-PCR
swab results for the diagnosis of COVID-19 pneumoniaa

RT-PCR +ve RT-PCR 2ve
Chest CT 1ve 2a/0b 6a/1b

Chest CT -ve 0a/0b 8a/1b

Note:—�ve indicates negative; 1ve, positive.
a Clinical suspicion.
b Asymptomatic for COVID-19 pneumonia.

Table 3: Comparison of classification of COVID-19 pulmonary
findings between the primary reporter (general radiologist at
primary stroke centers) and secondary reviewer (cardiothoracic
radiologist) according to the adapted RSNA and BSTI guidance

COVID-19
Pneumonia Imaging

Classification
Primary Reporter
(n = Patients)

Secondary Reviewer
(n = Patients)

Typical 2 3
Indeterminate 7 7
Negative (atypical or
normal)

29 28

Note:—BSTI indicates British Society of Thoracic Imaging; RSNA, Radiological
Society of North America.

FIG 2. Typical features of COVID-19 pneumonia. Axial CT images at
the level of the hilum show bilateral ground glass opacities (arrows)
with areas of lobular sparing and sparing of the immediate subpleural
area. This patient tested positive by RT-PCR analysis.
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potential benefit of chest CT in identifying features of COVID-
19.21-23 The poor positive predictive value of chest CT in our study
is in line with previously reported studies.19,22 Chest CT has a high
sensitivity for COVID-19 pneumonia, but its low-to-moderate
specificity and positive predictive value preclude its use as a stand-
alone screening tool for COVID-19 according to the recommenda-
tions by the Radiological Society of North America, the American
College of Radiology, and the British Society of Thoracic
Imaging.15,24 While the aim of this study was not to assess the use
of chest CT as a stand-alone screening tool for COVID-19, chest
CT may provide useful additional information in the context of
time-critical interventions when the available clinical history may
be limited and a COVID-19 lab test result is not available. Recent
reports have described the need to ration PPE usage due to a global
shortage in PPE supply.25 Furthermore, the lack of high sensitivity
and specificity of the currently available tests, the extended turn-
around time of obtaining these results, the lengthy postanesthesia
recovery within the angiography suite, the decontamination proce-
dure in patients with suspected COVID-19, and the shortage of
critical care or isolation beds remain a challenge with a noticeable
impact on health care and interventional services at our institution.
Careful consideration of anesthetic choice should also be made
due to the risks of airway intubation as an aerosol-generating pro-
cedure during general anesthesia, which is commonly used in MT
cases.26 Hence, the addition of a screening chest CT during the
work-up for emergent procedures, such as MT, may be of benefit
in risk-stratifying this cohort of patients.27

The mean added time incurred with the inclusion of the chest
CT was approximately 3minutes in our study, which is in line
with the proposed algorithm by Nguyen et al12 to consider chest
CT if it did not incur more than a 5-minute delay to treatment.
The mean radiation dose of 2.47 mSv for the chest CT reported in
our study falls below the average annual radiation dose per person
in the UK of 2.7 mSv/person/annum.28 The small addition of the
radiation dose and scanning time incurred may be outweighed by
the potential benefits of the outreaching effects on the patient man-
agement and safety of the involved health care staff.

In our study, no patient accepted for MT had typical radio-
logic findings or tested positive for COVID-19, while the minor-
ity of patients who had indeterminate radiologic findings or
clinical suspicion for COVID-19 and those who did not have any
suspicion for COVID-19, either symptomatically or radiologi-
cally, were managed according to our locally recommended
PPE usage (detailed in the Fig 1 legend). Not all asymptomatic
patients with normal imaging features were subsequently tested
for COVID-19, particularly if they did not demonstrate an inflam-
matory response in their blood profile or have symptoms during
admission, due to the limited availability of testing kits at the

beginning of the study period. Hence, while unlikely, we cannot
completely exclude the possibility that some of the aforementioned
group of patients may be carriers of the SARS-CoV-2 virus.

The low incidence of patients with COVID-19 presenting
with acute ischemic stroke symptoms during the study period
could be due to the inclusion of asymptomatic patients, and the ge-
ographic variation in the rates of infection across our multiple
localities compared with the more densely populated and
highly endemic cities where increased infection rates have been
reported.19,29 Nevertheless, the use of the suggested imaging algo-
rithm is feasible and may be of further benefit in more endemic
areas, where rapid COVID-19 testing kits are not available in the
MT patient pathway. Kihira et al29 described incidental lung apical
findings in patients with suspected COVID-19 during their routine
imaging work-up using CT angiograms from the aortic arch for
acute stroke presentations. However, as evidenced in previous
studies, there is a possibility of missing a proportion of pulmonary
findings that may only be prevalent in the mid to lower lung lobes,
which are not covered in the routine imaging protocol.24,30

Following retrospective review of the thoracic imaging, multi-
ple incidental findings were identified, which highlight the range
of comorbidities present in a cohort of elderly patients with cardi-
ovascular disease. In particular, we identified potential cardiac
causes for underlying large-vessel occlusion, such as a left ventric-
ular thrombus, as well as left atrial enlargement, known to be
strongly associated with cardiac dysfunction and atrial fibrilla-
tion.31,32 Knowledge of these risk factors may be a factor that
alters post-MT care or secondary prevention. Only half of these
patients had known underlying cardiac disease such as cardiac
failure, previous myocardial infarction, or atrial fibrillation. A
proportion of findings also included pulmonary edema and car-
diac failure, which may factor in decisions for the anesthetic
choice in MT. Finally, a minority of patients had suspicious find-
ings for underlying lung malignancy, which may have implica-
tions on their overall prognosis. There was minimal variation in
the retrospective review of COVID-19 findings by the cardio-
thoracic radiologist and the primary reporters, which suggests
satisfactory reporting of the COVID-19 classification with impli-
cations on the risk stratification across various PSCs.

Limitations of this study include its retrospective review and
the inclusion of a relatively small cohort of patients. Additionally,
this study only included patients referred with suspected large-
vessel occlusion for potential MT and does not encompass all
acute suspected stroke referrals. RT-PCR testing of oro- or naso-
pharyngeal swabs was deemed the criterion standard for the diag-
nosis of COVID-19 in this study, despite known variations in its
sensitivity.33 Also, there are limitations to the accuracy of chest
CT in detecting COVID-19 in symptomatic and asymptomatic

Table 4: List of incidental findings identified on review of the thoracic imaging in this cohort, summarized according to their clini-
cal relevance

Incidental Pulmonary/CVS Findings of Substantial
Clinical Relevance (n ¼ Patients)

Incidental Pulmonary/CVS Findings
of Indeterminate Clinical Relevance (n = Patients)

Lung malignancy/suspicious nodule2 Emphysema4

Pulmonary edema4 Lung fibrosis/pneumoconiosis3

Left ventricular thrombus/aneurysm2 Ascending aortic dilation2

Left atrial dilation: anterior-posterior diameter .45 mm16

Note:—CVS indicates cardiovascular.
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patients. Hence, correlation with the clinical findings, blood bio-
markers, and RT-PCR results, whenever available, remains essen-
tial. Furthermore, there were variations in clinical practice during
the study period due to changing local availability of and guid-
ance on the PPE use, COVID-19 testing, and intensive care or
ventilated beds. The COVID-19 status and the availability of ven-
tilated beds also impacted the decision to accept MT referrals in
elderly patients (older than 70 years of age) presenting with large-
vessel occlusion during the study.

CONCLUSIONS
For patients being referred for time-critical MT procedures in

whom a reliable clinical history may not be available, chest CT pro-

vides a pragmatic, rapid additional tool that assists COVID-19 risk

stratification, and its inclusion in a standardized stroke imaging

protocol across our network of PSCs has enabled efficient use of

hospital resources with minimal compromise or delay to the over-

all patient journey. The prevalence of incidental thoracic findings

of clinical relevance in this patient cohort may be of benefit in the

decision-making for future MT referrals and postprocedural care.
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Antiplatelet Management for Stent-Assisted Coiling and
Flow Diversion of Ruptured Intracranial Aneurysms: A

DELPHI Consensus Statement
J.M. Ospel, P. Brouwer, F. Dorn, A. Arthur, M.E. Jensen, R. Nogueira, R. Chapot, F. Albuquerque, C. Majoie,

M. Jayaraman, A. Taylor, J. Liu, J. Fiehler, N. Sakai, K. Orlov, D. Kallmes, J.F. Fraser, L. Thibault, and
M. Goyal

ABSTRACT

BACKGROUND AND PURPOSE: There is a paucity of data regarding antiplatelet management strategies in the setting of stent-
assisted coiling/flow diversion for ruptured intracranial aneurysms. This study aimed to identify current challenges in antiplatelet
management during stent-assisted coiling/flow diversion for ruptured intracranial aneurysms and to outline possible antiplatelet
management strategies.

MATERIALS ANDMETHODS: The modified DELPHI approach with an on-line questionnaire was sent in several iterations to an inter-
national, multidisciplinary panel of 15 neurointerventionalists. The first round consisted of open-ended questions, followed by
closed-ended questions in the subsequent rounds. Responses were analyzed in an anonymous fashion and summarized in the final
manuscript draft. The statement received endorsement from the World Federation of Interventional and Therapeutic
Neuroradiology, the Japanese Society for Neuroendovascular Therapy, and the Chinese Neurosurgical Society.

RESULTS: Data were collected from December 9, 2019, to March 13, 2020. Panel members achieved consensus that platelet function
testing may not be necessary and that antiplatelet management for stent-assisted coiling and flow diversion of ruptured intracra-
nial aneurysms can follow the same principles. Preprocedural placement of a ventricular drain was thought to be beneficial in cases
with a high risk of hydrocephalus. A periprocedural dual, intravenous, antiplatelet regimen with aspirin and a glycoprotein IIb/IIIa in-
hibitor was preferred as a standard approach. The panel agreed that intravenous medication can be converted to oral aspirin and
an oral P2Y12 inhibitor within 24 hours after the procedure.

CONCLUSIONS: More and better data on antiplatelet management of patients with ruptured intracranial aneurysms undergoing
stent-assisted coiling or flow diversion are urgently needed. Panel members in this DELPHI consensus study preferred a periproce-
dural dual-antiplatelet regimen with aspirin and a glycoprotein IIb/IIIa inhibitor.

ABBREVIATION: GPIIb/IIIa ¼ glycoprotein IIb/IIIa receptor
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Agrowing number of ruptured intracranial aneurysms are
treated with endovascular techniques.1-3 While open surgi-

cal techniques remain a viable option for treating ruptured aneur-
ysms, the availability and dissemination of endovascular devices
and techniques are increasing. Wide-neck and fusiform aneur-
ysms often require permanent placement of either a stent (ie,
stent-assisted coiling) or a flow diverter. However, the increased
thrombogenicity of such devices requires dual-antiplatelet ther-
apy. This is less problematic in patients with unruptured
intracranial aneurysms; but, in patients with ruptured aneurysms,
physicians must weigh the risk of thrombotic complications
against the risk of rebleeding. There is a relative paucity of data
on antiplatelet management for stent-assisted coiling/flow diver-
sion of ruptured intracranial aneurysms. Antiplatelet regimens
reported in the literature vary widely, both for flow diversion4

and stent-assisted coiling,3,5-8 and they are based on nonrandom-
ized, retrospective single-center studies. Providing practical guid-
ance for physicians based on the limited available data is
challenging and is further complicated by the differences in avail-
ability and access to certain antiplatelet agents, dependent on the
jurisdiction/region of practice.

Furthermore, platelet-function testing has recently become
available in clinical routine, and it has raised hopes for individu-
ally tailored and more effective antiplatelet management strat-
egies. Platelet function testing is increasingly used in the elective
setting, but its reliability and clinical impact remain controver-
sial.9,10 A recent meta-analysis on patients treated with flow
diversion showed that platelet-function testing is associated with
worse rather than improved outcomes,9 possibly because its
results might lead to rapid and haphazard alterations in medica-
tion. Platelet-function testing would also introduce additional
treatment delays. Its value in the setting of ruptured intracranial
aneurysms is, therefore, uncertain.

Whether and when to place a ventricular drain when treating
ruptured intracranial aneurysms is another controversial topic,
for which there are no uniform recommendations.4 Some physi-
cians favor a low threshold for preprocedural placement of a ven-
tricular drain because placement in the postprocedural period,
after antiplatelet medication has been initiated, is associated with
a higher risk of hemorrhagic complications. Others have found
no association between the timing of antiplatelet medication in
relation to ventricular drain placement and hemorrhagic compli-
cations.11 Given the lack of evidence for antiplatelet management
of stent-assisted coiling/flow diversion in ruptured intracranial
aneurysms, most physicians extrapolate their experience from
unruptured cases and base their management decisions on perso-
nal experience and the local circumstances (access to and cost of
antiplatelet agents).

MATERIALS AND METHODS
Literature Search
In preparation for the DELPHI process, a MEDLINE literature
search of English language articles containing the search terms
“antiplatelet,” “stent placement,” “flow diversion,” and “ruptured
intracranial aneurysm” was performed for articles from January
2006 to December 2019. Bibliographies of relevant publications

were screened to identify further studies of interest. Relevant
articles were embedded in the respective survey questions and the
full text articles distributed to the panel members. The On-line
Table provides an overview of the key studies that were identified
and used as a basis for the panel consensus on antiplatelet agents
and dosage.

Panel Members and DELPHI Methodology
We formed a panel of 15 neurointerventionalists and used a
modified DELPHI approach (https://www.rand.org/topics/delphi-
method.html) as an attempt to provide a preliminary framework
and practical guidance for antiplatelet management for stent-
assisted coiling/flow diversion in ruptured intracranial aneurysms
until more data become available that allow evidence-based rec-
ommendations. The panel members in this study were experi-
enced neurointerventionalists with high clinical and academic
expertise in aneurysm treatment (15 neurointerventionalists affili-
ated with interventional neuroradiology, neurosurgery, and neu-
rology from 8 countries). A list of the panel members can be
found in the On-line Appendix. In addition, a pharmacology
expert (L.T.) and an additional neurointerventional consultant
with long-standing expertise in endovascular aneurysm treatment
(R.C.) were consulted and provided feedback.

DELPHI Methodology
The DELPHI method is a systematic, interactive forecasting
method that was originally developed to predict the impact of
technology on warfare during the cold war.12 The underlying
assumption is that in the absence of reliable data, forecasts or
judgments from a structured, selected panel of experts are more
accurate than estimates from individuals or unstructured groups.
A selected group of individuals with high expertise in the area of
interest undergoes a series of questionnaires with controlled-
opinion feedback; the final goal is to reach a group consensus.
The method has been successfully implemented in health care
research and is often used to standardize patient care in areas
with a relative paucity of data until reliable evidence becomes
available.13 In this study, the DELPHI technique was applied to
generate a framework for antiplatelet management in the setting
of stent-assisted coiling and flow diversion for unruptured intra-
cranial aneurysms, an area in which evidence-based recommen-
dations are not possible due to the limited body of literature.
Figure 1 outlines the principal steps of the DELPHI approach as
it was performed in this panel.14

Data Collection and Analysis
Anonymity was ensured through personalized links sent via an
on-line response system (Qualtrics.com), in which panel mem-
bers responded independent of each other to subsequent itera-
tions of survey rounds. The first round contained exclusively
open-ended questions. Answers from this initial round were an-
alyzed in an affinity diagram (On-line Fig 2) and formed the ba-
sis for the following rounds, which consisted of closed-ended
questions. Results from the previous DELPHI survey round
were returned to the group during the next round in the form
of statistical summaries, without attributing specific responses

AJNR Am J Neuroradiol 41:1856–62 Oct 2020 www.ajnr.org 1857



to individuals. At the final stage, group responses were assessed
for consensus.

RESULTS
Response data were collected from December 2019 to March
2020. All 15 panel members completed a total of 6 survey rounds.
The results were then summarized in a first draft, which was

circulated among the panel members and the additional expert
for discussion. The received feedback was incorporated in the
final statement draft. The statement was endorsed by the World
Federation of Interventional and Therapeutic Neuroradiology,
the Japanese Society for Neuroendovascular Therapy, and the
Chinese Neurosurgical Society.

Preprocedural Management: Ventricular Drains
In line with a recent meta-analysis,15 panel members agreed that
in scenarios with manifest hydrocephalus or a high risk thereof
(eg, patients with subarachnoid hemorrhage World Federation of
Neurosurgical Societies grade III or higher, Fisher grade 3 or
higher, intraparenchymal hemorrhage, Glasgow Coma Scale of
#10), it is worth considering placement of a ventricular drain
before the procedure, even if the hydrocephalus is not manifest at
the time of decision-making. In cases with no manifest hydro-
cephalus and a low risk thereof (eg, patients with subarachnoid
hemorrhage World Federation of Neurosurgical Societies grade I,
Fisher grade 1, Glasgow Coma Scale of 10–15), preprocedural
placement of a ventricular drain might not be necessary. No con-
sensus was achieved for cases with an intermediate risk of hydro-
cephalus (eg, patients with subarachnoid hemorrhage, World
Federation of Neurosurgical Societies grade III, Fisher grade 4,
Glasgow Coma Scale of 10–15, and small intraparenchymal hem-
orrhage but no hydrocephalus).

Preprocedural Management: Platelet Function Testing
There was consensus that routine platelet-function testing before
the initiation of antiplatelet therapy for stent-assisted coiling/flow
diversion of ruptured intracranial aneurysms may not be
necessary.

Dual-Antiplatelet Regimen
The panel agreed that antiplatelet management for stent-assisted
coiling and flow diversion of ruptured intracranial aneurysms
can be identical, and they favored a dual-antiplatelet regimen as a
standard approach. Alterations based on device coating were
thought to not be necessary because currently available data on
antithrombogenic device coatings16,17 were considered insuffi-
cient to justify changes in antiplatelet therapy.

First Antiplatelet Agent
The panel agreed on intravenous aspirin being the first-line agent
of choice whenever intravenous aspirin is available as a single
500-mg bolus. In case intravenous aspirin is not available, oral as-
pirin was thought to be a suitable alternative, with a loading dose
of 75–325mg and a daily maintenance dose of,100mg. The
panel members believed that oral aspirin should be administered
as soon as possible to maximize the time between administration
and deployment of the intravascular device. For patients with
reduced levels of consciousness or intubated patients, rectal aspi-
rin (120–300mg) may be used as an alternative to intravenous
aspirin.

Second Antiplatelet Agent
The panel members agreed on a glycoprotein IIb/IIIa receptor
(GPIIb/IIIa inhibitor; abciximab, eptifibatide, tirofiban) as the sec-
ond antiplatelet agent of choice. They favored a dosing scheme

FIG 1. Flow chart of the modified DELPHI process as it was used in
this study.
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that consists of an initial bolus, followed by an infusion if neces-
sary (see Table 1 for dosing schemes), whereby the choice of the
GPIIb/IIIa inhibitor will likely depend on the local availability of
certain agents. The panel also acknowledged that with increasing
availability of intravenous cangrelor, the periprocedural antiplate-
let regimen might change. In case GPIIb/IIIa inhibitors are not
available, ticagrelor was favored as an alternative second agent,
with an oral loading dose of 180mg, followed by a twice-daily 60-
to 90-mg maintenance dose.

Timing of Device Placement
Panel members agreed that intracranial devices (stents, flow
diverters) can probably be placed immediately after antiplate-
let therapy has been initiated. Once the intention to treat a
patient with a ruptured intracranial aneurysm with stent-
assisted coiling or flow diversion is clear, the antiplatelet med-
ication can be initiated immediately. In an optimal scenario,
the time gap between administration of an intravenous agent
and device placement would be as long or longer than the
time to onset of action of the agent. However, the panel agreed
that if the time gap is shorter than the time to onset of action,
it might be reasonable to proceed with the procedure; a wait-
ing period between administration of the antiplatelet agents
and device placement was not considered obligatory in such
cases.

Intraprocedural Thrombotic Complications
The panel recommended that any filling defect in a vessel should
raise the suspicion of a thrombotic complication and trigger
treatment. Intraprocedural thrombotic complications may be
managed with intra-arterial or additional intravenous infusion of
GPIIb/IIIa inhibitors. At the same time, the panel members
acknowledged that the occurrence of thrombotic complications
will be very rare with a GPIIb/IIIa inhibitor as 1 of the 3 first-line
antiplatelet agents.

Postprocedural Management:
Transition to Oral Antiplatelet
Agents
There was consensus that the peripro-
cedural intravenous antiplatelet regi-
men can be converted to an oral
regimen within 24 hours after the pro-
cedure in patients who can be clini-
cally monitored (in intubated patients,
one may consider continuing the in-
travenous scheme longer because the
reliability of oral medication when
administered via a nasogastric tube

can be poor). Oral aspirin (75- to 325-mg loading dose, followed
by a,100-mg daily maintenance dose) can thereby replace intra-
venous aspirin. The second intravenous agent may be converted
to an oral P2Y12 inhibitor (see Table 2 for dosing schemes).

Postprocedural Management: Platelet-Function Testing
Panel members agreed that routine platelet-function testing after
stent-assisted coiling/flow diversion for ruptured intracranial
aneurysms may not be necessary.

Figure 2 summarizes the panel consensus for antiplatelet
management for stent-assisted coiling/flow diversion of ruptured
intracranial aneurysms.

DISCUSSION
This DELPHI consensus study identifies current challenges and
suggests a possible approach to antiplatelet management for stent-
assisted coiling/flow diversion in ruptured intracranial aneurysms
until sufficient evidence becomes available, and it encourages fur-
ther research in this regard. While the DELPHI panel in this study
acknowledged the potential advantages of antiplatelet testing,
panel members mostly believed that platelet-function testing in its
current form may not be necessary, possibly reflecting the lack of
standardization and prevailing uncertainty regarding the value of
currently available platelet-function tests.9,10 In fact, a recent
meta-analysis showed that platelet-function testing before flow-di-
verter treatment for intracranial aneurysms in the elective setting
might be associated with worse outcomes.9 There clearly seems to
be a need for faster and more standardized platelet-function tests
and more reliable data on the clinical impact of the test results for
the theoretic benefits to translate into clinical practice. Panel
members also believed that antiplatelet management for stent-
assisted coiling and flow diversion of ruptured intracranial aneur-
ysms can follow the same principles, most likely because there are
currently no studies that suggest otherwise.

Table 1: Consensus recommendations for the dosage of GPIIb/IIIa receptor inhibitors18-26

Agent Tirofiban Eptifibatide Abciximab
Loading dose (IV or IA bolus) 12mcg/kg for30mina 180mcg/kg for 1–2min 0.25mg/kg
Maintenance dose (if necessary, IV infusion for 12–24 hours) 0.1 mcg/kg/min 2mcg/min 0.125mcg/kg/min
Trade name Aggrastat Integrilin ReoPro
Duration of antiplatelet effect 4–8 hours 4 hours 48 hours

Note:—IA indicates intra-arterial.
a 0.4mcg/kg/min.

Table 2: Consensus recommendations for dosing of oral P2Y12 inhibitors in the postpro-
cedural period24,27

Agent Clopidogrela Ticagrelor Prasugrel
Loading doseb 600mg 180mg 40–60mg
Maintenance dose 75mg daily 60–90mg 2�/day 5–10mg daily
Trade name Plavix Brilinta/Brilique Effient
Onset of action 2 hours 30min 15–30min

a The panel favored clopidogrel as the oral P2Y12 inhibitor of choice in the postprocedural period after discontinu-
ation of the GPIIb/IIIa inhibitor but acknowledged that in case of known clopidogrel resistance, an alternative
P2Y12 inhibitor may be chosen and that evidence from unruptured intracranial aneurysm treatment might suggest
a superior safety profile of prasugrel compared with clopidogrel in the acute phase.28 It was thought that in cases
in which ticagrelor was administered in the periprocedural period, it could be continued beyond the periproce-
dural period, depending on the cost and availability of different agents.
b If deemed necessary.
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The metal-coverage of flow diverters is, however, much
higher compared with stents, and further research toward de-
vice-specific antiplatelet regimens as well as antithrombogenic
surface coatings16,17 should be encouraged. A periprocedural,
dual, intravenous, antiplatelet regimen with aspirin and a GPIIb/
IIIa inhibitor with conversion to oral aspirin and an oral P2Y12
inhibitor within 24hours after the procedure was preferred as a
standard approach. This regimen is very similar to the manage-
ment of elective aneurysm treatment with stent-assisted coiling/
flow diversion in many places and was probably favored by most
panel members due to the lack of large, inclusive studies focusing
on patients with ruptured aneurysms. In the latter, conducting
studies on antiplatelet therapy is much more difficult due to the

emergent nature of the condition, but it would be of high impor-
tance to reduce variability and improve safety in antiplatelet
management.

Limitations
The results of this study should not be misinterpreted as advocating
stent-assisted coiling or flow diversion over surgical clipping, endo-
saccular treatments, or conservative therapy for any particular
patient, nor is it intended to compete with or replace any future evi-
dence-based recommendations. On the contrary, the authors and
panel members believe that such data are urgently needed. The rela-
tively low number of panel members could have resulted in personal
biases in the presented recommendations, and region-specific

FIG 2. Summary of panel consensus for antiplatelet management for stent-assisted coiling/flow diversion of ruptured intracranial aneurysms.
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peculiarities, such as limited or no access to certain agents, could
not be taken into account. Furthermore, the considerations outlined
in this perspective are a snapshot in time, as antiplatelet therapy and
neurointerventional devices continue to evolve. With further advan-
ces in surface coatings of stents and flow diverters for instance,
dual-antiplatelet therapy could soon become obsolete. Last, this
DELPHI consensus statement focused on antiplatelet management
in the acute phase; thus, considerations on the optimal timing for
conversion from intravenous to oral agents were not addressed in
depth nor were questions on ventricular drain removal, ventriculo-
peritoneal/ventriculoatrial shunts, and cases with simultaneous
intraparenchymal hemorrhage.

CONCLUSIONS
Studies to determine the optimal antiplatelet regimen for stent-
assisted coiling and flow diversion in the setting of ruptured in-
tracranial aneurysms are urgently needed. Panel members in this
DELPHI consensus study preferred a periprocedural dual-anti-
platelet regimen with aspirin and a GPIIb/IIIa inhibitor.
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The Dilator-Dotter Technique: A Modified Method of Rapid
Internal Carotid Artery Revascularization in

Acute Ischemic Stroke
K. Amuluru, D. Sahlein, F. Al-Mufti, T. Payner, C. Kulwin, A. DeNardo, and J. Scott

ABSTRACT

BACKGROUND AND PURPOSE: Acute ischemic stroke due to tandem occlusive lesions involves high-grade ICA stenosis or occlu-
sion with a distal intracranial occlusion. Several approaches and devices exist in the treatment of tandem occlusions; however, a
consensus on the optimal technique does not exist. The Dotter technique is a method of catheter-based angioplasty to recanalize
cervical ICA occlusions. We present a modified dilator-Dotter technique, which involves a polyethylene, tapered inner dilator to
initially cross the occlusion, followed by guide catheterization and subsequent intracranial thrombectomy. The purpose of this
study was to examine the safety and efficacy of this dilator-Dotter technique.

MATERIALS AND METHODS: We performed a retrospective review of patients with acute stroke due to tandem ICA intracranial
occlusions, treated with our dilator-Dotter technique and thrombectomy between June 2018 and December 2019. We examined
clinical, radiographic, and procedural data, as well as complications and outcomes.

RESULTS: Thirty-two patients were included. In 100% of cases, the dilator-Dotter technique resulted in ICA recanalization allowing
successful thrombectomy. TICI 2b-3 revascularization was obtained in 31 patients (96%), within an average time of 25minutes. The
average preprocedural ICA stenosis was 98%, including 23 patients (72%) with complete occlusion. Following the dilator-Dotter
technique, average ICA stenosis improved to 59%. There were no instances of death, iatrogenic dissection, emboli to new territory,
or symptomatic intracranial hemorrhage.

CONCLUSIONS: The dilator-Dotter technique may be a safe and effective modification of the traditional Dotter technique in
allowing rapid ICA recanalization in cases of acute ischemic stroke due to tandem occlusions.

ABBREVIATIONS: ADAPT ¼ direct aspiration first-pass technique; AIS ¼ acute ischemic stroke; ICH ¼ intracranial hemorrhage; LVO ¼ large-vessel occlu-
sion; sICH ¼ symptomatic intracranial hemorrhage

Acute ischemic stroke (AIS) due to tandem occlusive
lesions involves acute dissection or ulcerated rupture of

an unstable proximal ICA atherosclerotic plaque causing ste-
nosis/occlusion and subsequent embolic intracranial large-ves-
sel occlusion (LVO).1,2 Several methods exist in the treatment
of AIS due to tandem occlusions, involving various approaches

(anterograde versus retrograde) and devices; however, a con-
sensus on the optimal technique does not exist.3,4 One of the
primary issues in cases of tandem occlusions is management of
the proximal ICA occlusion. Balloon angioplasty, emergent ca-
rotid stent placement, and catheter angioplasty are all options
to recanalize the ICA or achieve access to the distal intracranial
occlusion.

The Dotter technique is a well-known method of catheter-
based angioplasty used by interventional radiologists in other
parts of the body, particularly in peripheral vascular occlusive dis-
ease.5 Neurointerventionalists have implemented the Dotter tech-
nique in cases of AIS involving cervical ICA occlusions, given its
simplicity and timeliness. We describe a modification of the
Dotter technique using a polyethylene dilator, which is biome-
chanically less traumatic compared with the traditional Dotter
technique. We present a series of 32 cases of AIS due to cervical
ICA occlusive disease with tandem, distal, intracranial LVOs
treated with the dilator-Dotter technique, followed by intracranial

Received April 13, 2020; accepted after revision June 15.

From the Division of Neurointerventional Radiology (K.A., D.S., A.D., J.S.) and
Division of Cerebrovascular Neurosurgery (T.P., C.K.), Goodman Campbell Brain
and Spine, Indianapolis, Indiana; Department of Neuroendovascular Surgery and
Neurocritical Care (F.A.-M.), Westchester Medical Center at New York Medical
College, Valhalla, New York; and Division of Neurointerventional Radiology (K.A.,
D.S., A.D., J.S.) and Division of Cerebrovascular Neurosurgery (T.P., C.K.), Ascension
St. Vincent's Medical Center, Indianapolis, Indiana.

Please address correspondence to Krishna Amuluru, MD, Goodman Campbell Brain
and Spine, Division of Neurointerventional Radiology, 13345 Illinois St, Carmel, IN
46032; e-mail: kamuluru@goodmancampbell.com; @AmuluruKrishna

Indicates article with supplemental on-line table.

http://dx.doi.org/10.3174/ajnr.A6733

AJNR Am J Neuroradiol 41:1863–68 Oct 2020 www.ajnr.org 1863

https://orcid.org/0000-0002-8859-8574
https://orcid.org/0000-0002-6591-9427
https://orcid.org/0000-0003-4461-7005
https://orcid.org/0000-0002-8799-679X
https://orcid.org/0000-0001-9990-2028
https://orcid.org/0000-0001-7585-8624
https://orcid.org/0000-0001-8739-3780
mailto:kamuluru@goodmancampbell.com
https://mobile.twitter.com/AmuluruKrishna


thrombectomy. We review the pathophysiology of tandem occlu-
sions, the controversy surrounding treatment techniques, and the
biomechanical benefits of dilator angioplasty. This study received
institutional (St. Vincent’s) review board approval.

MATERIALS AND METHODS
Patient Selection and Preprocedural Management
We performed a retrospective review of our Comprehensive
Stroke Center data base of patients with AIS treated with endo-
vascular thrombectomy between June 2018 and December 2019.
Patients who demonstrated critical stenosis or occlusions of-ICA
origin and tandem ipsilateral intracranial occlusions were
included. Patients without clinically relevant ICA steno-occlusive
disease and those with proximal disease noncontributory to the
distal occlusion were excluded. Cases of AIS with proximal ICA
occlusion resulting from dissection were excluded. Cases of prox-
imal ICA occlusion treated with the “traditional” Dotter tech-
nique or balloon angioplasty were excluded. Cases of AIS due to
posterior circulation pathology were excluded.

All patients with AIS presenting or transferred to our center
undergo a noncontrast CT scan of the head and are evaluated by a
neurologist who determines whether the patient is a candidate for
intravenous tPA. Candidacy for endovascular treatment is deter-
mined according to the guidelines set forth by the American Heart
Association/American Stroke Association for the Management of
Patients with AIS and the Society of Neurointerventional Surgery
Standards and Guidelines Committee.6,7

Clinical and procedural data including age, sex, NIHSS score
on presentation, endovascular devices used, procedural time to
definitive revascularization (TICI grade 2b–3), preprocedural se-
verity of the stenosis and/or occlusion, procedural complications,
postprocedural hemorrhage, NIHSS score at discharge, and mRS
score at follow-up were recorded.

Interventional Technique
All patients in this series were treated under general anesthesia.
Access via the right common femoral artery was used in most cases.
In 1 case, right radial access was used due to chronic bilateral femo-
ral arterial occlusion. A 6F, 90-cm, straight-tip Neuron MAX 088
guide catheter (Penumbra) over a 5F Berenstein catheter with a
0.035-inch Glidewire (Terumo) was used to select the common ca-
rotid artery proximal to the occlusion, and cervical and intracranial
angiography was performed. In certain cases, a priori knowledge of
the proximal occlusion was determined from the preprocedural
CTA. The diagnostic catheter was removed, and the prepackaged
Neuron MAX 088 inner dilator was inserted into the guide catheter
along with the Glidewire. The proximal occlusion was then crossed
with the Glidewire, and the inner dilator was subsequently tracked
over the wire and across the occlusion. The Neuron MAX 088
guide catheter was then advanced over the dilator, through the
occluded segment, and into the cervical ICA. The Neuron MAX
088 guide catheter was vigorously aspirated during and after re-
moval of the dilator and wire. In most cases, contrast was gently
injected through the dilator before its removal to confirm the posi-
tion within the true lumen and to further define the intracranial
tandem occlusion.

Attention was then turned to the intracranial thrombus, which
was treated using either a combination stent retriever (Solitaire
Platinum, Medtronic; or Embotrap II, Johnson & Johnson) through
an aspiration catheter (SOFIA 5F or 6F, MicroVention; React 71,
Medtronic; or JET 7 reperfusion catheter, Penumbra) technique or
the direct aspiration first-pass technique (ADAPT) technique
according to the operator’s discretion. Intracranial thrombectomy
was determined successful if the therapy resulted in TICI 2b–3 re-
canalization. Adjunctive intra-arterial tPA or antiplatelet medica-
tions were not used.

Once intracranial flow was restored, the Neuron Max 088 cath-
eter was retracted proximal to the carotid occlusion under vigorous
aspiration. In 2 cases involving particularly severe multifocal ICA
calcific atherosclerotic disease, there was pre-emptive concern for
possible artery-to-artery embolization with removal of the guide
catheter. In these cases, the Neuron MAX 088 was retracted using
an embolic protection device positioned in the ICA. The patency
of the cervical ICA was re-evaluated with repeat cervical angiogra-
phy (approximately 10–15minutes) until the operator was confi-
dent that the dilator-Dotter technique would maintain patency or
at least provide short-term stability until a more definitive therapy
could be performed. If re-occlusion was encountered, balloon
angioplasty or emergent carotid stent placement was considered
on the basis of the patient’s history, clinical presentation, and the
risk of vessel injury and/or intracranial hemorrhage.

Postinterventional Management
Following endovascular intervention, antiplatelet therapy is typically
started on postprocedural day 1 after imaging demonstrating the ab-
sence of hemorrhage. Postprocedural carotid patency is monitored
by carotid Doppler and/or CTA. Depending on a patient’s pre- and
postprocedural functional status, clinical history, and final infarction
volume, definitive carotid recanalization with endarterectomy or ca-
rotid stent placement is performed within a timeframe determined
by the neurology and neurovascular services. In cases involving sub-
acute complete re-occlusion in the absence of new or worsening
clinical symptoms, definitive recanalization is avoided due to a phys-
iologically compensatory circle of Willis.

RESULTS
Between June 2018 and December 2019, we treated 372 patients
with endovascular thrombectomy for AIS at our institution.
Three hundred ten patients were excluded due to absent and/or
noncontributory proximal ICA disease. Seventeen patients were
excluded due to proximal steno-occlusive disease treated with
the “traditional” Dotter technique or balloon angioplasty before
the intracranial thrombectomy. Thirteen patients were excluded
due to proximal ICA dissections, determined either on the pre-
procedural CTA or via DSA showing classic “flame-shaped”
luminal narrowing in the absence of calcific atherosclerotic dis-
ease. Thus, 32 patients were included who demonstrated critical
stenosis or occlusions of the ICA origin and tandem occlusions of
the ipsilateral carotid terminus or middle cerebral artery.

Of the 32 patients, 25 were men (78%) and 7 were women
(22%). The mean age and NIHSS score at presentation were
63 years and 17 (range, 6–30), respectively. Eleven patients (34%)
received intravenous tPA before the procedure. (On-line Table).
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Procedural Results
The average time from groin access to definitive intracranial revas-
cularization (TICI 2b–3) was 25minutes (range, 7–88 minutes). In
18 cases, distal thrombectomy was performed using a combination
of an aspiration catheter along with a stent retriever, while aspira-
tion alone (ADAPT technique) was used in 12 cases. In 2 patients,
the distal tandem occlusion resolved after a proximal Dotter-dila-
tor technique. Definitive intracranial revascularization (TICI 2b–3)
was obtained in 31 patients (97%), with 18 patients (56%) achiev-
ing full TICI 3 recanalization.

Preprocedural ICA stenosis ranged from 90% to 100% (mean,
98%), including 23 patients with complete occlusion (72%). The di-
lator-Dotter technique resulted in successful access to the cervical
ICA and the ability to perform intracranial thrombectomy in 100%
of cases. Following the dilator-Dotter technique, ICA stenosis
decreased to 59% (range, 4%–100%). Twenty-four patients (75%)
demonstrated a residual post-Dotter stenosis of#70% (range, 4%–
70%; mean, 50%), which was not hemodynamically flow-limiting.

In 6 patients (19%), acute restenosis with flow limitation or
re-occlusion was identified after intracranial thrombectomy and
after removing the Neuron MAX guide catheter from the ICA.
These 6 patients necessitated further interventions (5 stent place-
ments and 1 balloon angioplasty, all with embolic protection
devices). There were no instances of iatrogenic dissection or
emboli to new territory. There were no procedural complications.

Clinical Outcomes
No patients died during the immediate inpatient hospitalization.
There were no cases of postprocedural symptomatic intracranial
hemorrhage (sICH). Four patients (13%) developed postproce-
dural hemorrhagic transformation, all of which were asymptom-
atic hemorrhagic infarction type 1, petechial hemorrhage. The
mean NIHSS score at discharge was 6 (range, 0–20). Patient 15
presented 7hours after acute onset of a left MCA syndrome, with
an NIHSS score of 20. Despite successful recanalization and lack of
hemorrhagic transformation, the patient demonstrated no mean-
ingful clinical improvement and was discharged to home hospice
care. Patient 26 required an emergent internal carotid artery stent
after intracranial thrombectomy, which re-occluded on postinter-
vention day 2, causing massive cerebral edema necessitating hemi-
craniectomy, and the patient died on postinfarct day 47.

In 6 patients (19%), subacute re-occlusion was discovered on
follow-up carotid duplex sonography and/or CTA during the
subsequent hospitalization. None demonstrated worsening or
new symptoms; thus, none required further intervention.

In 20 patients (63%), no further carotid intervention was per-
formed during the follow-up period, either due to residual stenosis
,70% or subacute re-occlusion. In 7 patients, eventual definitive
carotid endarterectomy was performed, within a range of 1 day to
6months following the ictal stroke. One patient underwent carotid
stent placement 2months after the ictal stroke.

DISCUSSION
Approximately 10%–25% of patients with intracranial LVO will
have a concomitant proximal extracranial occlusion, and con-
versely, 50% of patients with proximal extracranial occlusion will
have a tandem distal intracranial LVO.8 AIS in patients with

tandem lesions has a poor prognosis, with only 2%–12% of
patients achieving favorable clinical outcome after systemic
thrombolysis.4 Intravenous thrombolysis and other combined
approaches have limited success in this subgroup of patients.8,9

Accordingly, the Multicenter Randomized Clinical trial of
Endovascular treatment for Acute ischemic stroke in the
Netherlands (MR CLEAN), Endovascular Treatment for Small
Core and Anterior Circulation Proximal Occlusion With
Emphasis on Minimizing CT to Recanalization Times (ESCAPE),
and Endovascular Revascularization With Solitaire Device Versus
Best Medical Therapy in Anterior Circulation Stroke Within 8
Hours (REVASCAT) trials, which included 32.3%, 17%, and
18.6% of patients with acute tandem occlusions, respectively,
showed treatment effect in favor of thrombectomy compared
with medical management.10-12

In the treatment of tandem occlusions, controversy exists
regarding the order in which to treat the proximal and distal lesions,
and consensus on management guidelines does not exist.2,3,13-15

Advantages of the retrograde/reverse approach include prioritizing
the critical intracranial thrombectomy step, quicker restoration of
cerebral blood flow, and the possibility of reducing final cerebral in-
farction volume.14 On the other hand, advantages of proximal re-
canalization first include subsequent access to the intracranial LVO
with larger guide catheters, collateral restoration, theoretic reduction
of further embolization, and, in some cases, spontaneous distal re-
canalization.2,3,13-16 Controversy also exists regarding balloon angio-
plasty alone versus carotid stent placement for the treatment of the
proximal lesion. Both techniques have associated risks, including
distal emboli propagation and intracerebral hemorrhage.2,14,17,18

Although angioplasty alone may restore anterograde flow with a
less-invasive procedure, disadvantages compared with stent stabili-
zation include the possibility of “rebound” restenosis or re-occlu-
sion, which may be as high as 16%.19

Percutaneous transluminal catheter angioplasty (Dotter tech-
nique) was first described in 1965 by Dr Charles Dotter, who used
a coaxial system of rigid polyethylene catheters to recanalize an
occluded popliteal artery, resulting in salvage of the limb.20 The
Dotter technique has since been implemented in the neurointer-
ventional space, where simplified techniques of ICA recanalization
are regarded favorably in the time-sensitive environment of AIS.21

Woodward et al21 described crossing and sequentially dilating ICA
stenoses with a 6F diagnostic catheter, followed by advancement of
a 6F Shuttle Sheath (Cook Medical, Bloomington, IN) across the
stenosis. However, factors such as stenosis severity, length, eccen-
tricity, stiffness, and vessel angulation can preclude catheter place-
ment, resulting in technical failure. Forceful advancement of a
catheter with a large size mismatch to the guidewire (step-off)
across the stenosis may result in intimal dissection, flap formation,
embolization, perforation, and spasm.

The Neuron MAX 088 guide catheter comes prepackaged
with a 100- or 110-cm (depending on the length of the Neuron
MAX 088 chosen) High-density polyethylene (HDPE) polymer
inner dilator shaft, which has an inner diameter (ID) of 0.035
inches. Used mainly for femoral artery access directly through
the skin, it extends 11.5 cm distal to the Neuron MAX 088 cathe-
ter tip when fully click-locked through the included cross-cut
valve (Fig 1). Smooth, coaxial dilation of an occluded ICA using
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the tapered dilator is not only intuitively less traumatic compared
with traditional Dotter angioplasty over a wire or nontapered
diagnostic catheter, but it also exerts less shear force on the arte-
rial intimal surface and associated plaque.22,23 Furthermore,
sequentially tapered dilator angioplasty results in less longitudinal
movement of the vessel compared with dilation with a sole cathe-
ter over a wire with a large size mismatch, reducing the risk of
dissection, embolization, and perforation.22 Although the risk of
iatrogenic embolization exists any time an unstable stenosis is

crossed, in our cohort, our technique caused zero cases of dissec-
tion, perforation, or embolization.

In our cohort, we encountered zero instances of sICH. This
outcome is comparable with previous reports of the traditional
Dotter technique in AIS due to tandem occlusions and is favorable
compared with data on patients treated with emergent carotid
stent placement.3,21,24,25 Studies examining the complications of
acute ICA stent placement in patients with AIS have shown an in-
tracranial hemorrhage (ICH) rate as high as 25%.3,24,25 Dorado et

al25 showed that the placement of a
stent was an independent predictor of
sICH in their report on acute stent
placement during stroke intervention.
Several theories exist on why emergent
carotid stent placement and mechani-
cal thrombectomy may increase the
risk of ICH. Patients with increasingly
proximal occlusions are at higher risk of
established infarction of the basal gan-
glia, which predisposes to hemorrhagic
conversion. Additionally, emergent stent
placement exposes patients to hyperper-
fusion syndrome (re-establishment of
flow dynamics that have been chroni-
cally absent), which, when combined
with established infarction, can lead to
an increased risk of ICH. Finally, aggres-
sive prophylactic antiplatelet therapy, to
prevent in-stent thrombosis, may further

FIG 1. High-density polyethylene polymer inner dilator shaft extends 11.5-cm distal to the
Neuron MAX 088 catheter tip, with a 0.035-inch Glidewire.

FIG 2. A, Preprocedural CTA showing acute occlusion of right MCA. Note nonopacification of cervical right ICA. B, Digital subtraction angio-
gram of the right common carotid artery in a lateral view shows occlusion of cervical ICA at the origin. C, Subtracted fluoroscopic roadmap
shows crossing of the cervical ICA occlusion with a Glidewire, followed by the Neuron MAX 088 inner dilator (D). Despite radiolucency of the
dilator, note the subtle change in Glidewire angulation indicating the dilator tip location (arrow). E, Subsequent dilator-Dotter angioplasty by
crossing the ICA occlusion with the Neuron MAX 088. Note the lack of dilator-catheter “step-off.” F, Angiogram in a frontal view shows tandem
intracranial occlusion of right MCA, with subsequent successful thrombectomy (G) yielding a TICI 3 recanalization. H, The patient is left with
80% stenosis on the final postinterventional angiogram, which eventually asymptomatically reoccluded.
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increase subsequent ICH risk.25 These issues are only further compli-
cated in patients who have received intravenous tPA or in whom the
cerebral infarct volume is unknown.17 Thus, any approach that can
restore proximal ICA patency while obviating emergent balloon
angioplasty or stent placement is a potentially powerful technique in
this population.

In our cohort, we encountered a mean preprocedural ste-
nosis rate of 98%, which improved to 58% after dilator-Dotter
angioplasty. These results compare slightly favorably with
those in a recent examination of the traditional Dotter tech-
nique, which examined 7 patients with a preinterventional ste-
nosis of 88%, which improved to 61% after intervention.21 In 6
of our patients (19%), acute rebound stenosis/occlusion neces-
sitated further intervention with balloon angioplasty or stent
placement, all of which were successful without complication.
Six additional patients (23%) demonstrated subacute re-occlu-
sion during their hospitalization, all of whom were asymptom-
atic, presumably due to a physiologically compensatory circle
of Willis (Figs 2 and 3). While these 12 patients demonstrate
the unclear long-term efficacy of the dilator-Dotter technique,
the technique facilitated definitive recanalization in a timely
manner (mean, 25 minutes) without the need for ancillary
devices and their associated risk. Furthermore, we postulate
that in addition to enabling rapid ICA access for timely throm-
bectomy, the intermediate recanalization achieved may be suf-
ficient to provide short-term stability until more definitive
endarterectomy or stent placement can be performed. Indeed,

8 of our patients clinically improved
enough to undergo eventual carotid
endarterectomy or stent placement.

The predominant risks of the dila-
tor-Dotter technique include iatro-
genic dissection, embolization, and/or
perforation, though these risks are
present when any unstable stenosis is
crossed, regardless of the technique or
device used. In several cases, once the
proximal occlusion was crossed using
the dilator-Dotter technique, subse-
quent placement of the guide catheter
in the ICA resulted in flow arrest,
decreasing the likelihood of iatrogenic
thromboembolization during throm-
bectomy. Finally, the inner dilator is
radiolucent, making visualization dif-
ficult. However, if the Neuron MAX
088 is visualized on fluoroscopy,
appreciation of the 11.5-cm length
extrusion from the Neuron MAX 088
catheter tip allows operator recogni-
tion of the tip location. Furthermore,
appreciation of the change in angula-
tion of the dilator to the Glidewire will
also aid in recognition of tip location
(Fig 1). Operators should be aware
that all ICA occlusions in this series

were in the setting of atherosclerosis; if an occlusion due to dis-
section is encountered, using the dilator-Dotter technique may
exacerbate the dissection.

Limitations of our study include the retrospective nature as
well as the small patient population. The results herein reported
using the Neuron MAX inner dilator might not be generalizable
to other manufacturers’ dilators. Given the presence of tandem
intracranial LVO, there is no way to determine whether our
technique caused angiographically occult embolism due to the
pre-existing distal occlusion. Despite this limitation, we
encountered zero instances of embolization to new territory
when comparing the preprocedural CTA with the first angio-
gram after the dilator-Dotter technique.

CONCLUSIONS
In this series of 32 patients with AIS due to tandem ICA intracra-
nial occlusions, the dilator-Dotter technique resulted in rapid
ICA recanalization in all cases, allowing successful thrombectomy
attempts. There were no instances of death, iatrogenic dissection,
emboli to new territory, or symptomatic intracranial hemorrhage.
The dilator-Dotter technique may be a safe and effective modifi-
cation of the traditional Dotter technique in allowing rapid ICA
recanalization in cases of AIS due to tandem occlusions.
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FIG 3. A, Digital subtraction angiogram of the left common carotid artery in a lateral view showing
occlusion of cervical ICA at the origin. B, Subtracted fluoroscopic roadmap shows crossing of the
cervical ICA occlusion with the Glidewire and Neuron MAX 088 inner dilator Note the subtle
change in Glidewire angulation indicating the dilator tip location (arrow). C, Subsequent dilator-
Dotter angioplasty by crossing the ICA occlusion with the Neuron MAX 088. D, Microcatheter
angiogram in frontal view shows tandem intracranial occlusion of superior-division M2 segment of
the left MCA, with subsequent successful thrombectomy (E) yielding TICI 3 recanalization. Note the
robust crossflow across the anterior communicating artery. F, The patient was left with high-grade
stenosis on the final postinterventional angiogram, which eventually asymptomatically re-occluded
on follow-up carotid duplex sonography.
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Quantifying Intra-Arterial Verapamil Response as a
Diagnostic Tool for Reversible Cerebral Vasoconstriction

Syndrome
J.M. Sequeiros, J.A. Roa, R.P. Sabotin, S. Dandapat, S. Ortega-Gutierrez, E.C. Leira, C.P. Derdeyn, G. Bathla,

D.M. Hasan, and E.A. Samaniego

ABSTRACT

BACKGROUND AND PURPOSE: There is mounting evidence supporting the benefit of intra-arterial administration of vasodilators in
diagnosing reversible cerebral vasoconstriction syndrome. We prospectively quantified the degree of luminal diameter dilation after
intra-arterial administration of verapamil and its accuracy in diagnosing reversible cerebral vasoconstriction syndrome.

MATERIALS AND METHODS: Patients suspected of having intracranial arteriopathy on noninvasive imaging and referred for digital
subtraction angiography were enrolled in a prospective registry. Intra-arterial verapamil was administered in vascular territories with
segmental irregularities. The caliber difference (Caliberpost � Caliberpre) and the proportion of caliber change ([(Caliberpost �
Caliberpre)/Caliberpre] � 100%) were used to determine the response to verapamil. The diagnosis of reversible cerebral vasoconstric-
tion syndrome was made on the basis of clinical and imaging features at a follow-up appointment, independent of the reversibility
of verapamil. Receiver operating characteristic curve analysis was performed to determine the best threshold.

RESULTS: Twenty-six patients were included, and 9 (34.6%) were diagnosed with reversible cerebral vasoconstriction syndrome. A
total of 213 vascular segments were assessed on diagnostic angiography. Every patient with a final diagnosis of reversible cerebral
vasoconstriction syndrome responded to intra-arterial verapamil. The maximal proportion of change (P, .001), mean proportion of
change (P¼ .002), maximal caliber difference (P¼ .004), and mean caliber difference (P¼ .001) were statistically different between
patients with reversible cerebral vasoconstriction syndrome and other vasculopathies. A maximal proportion of change $32%
showed a sensitivity of 100% and a specificity of 88.2% to detect reversible cerebral vasoconstriction syndrome (area under the
curve¼ 0.951). The Reversible Cerebral Vasoconstriction Syndrome-2 score of $5 points achieved a lower area under the curve
(0.908), with a sensitivity of 77.8% and a specificity of 94.1%.

CONCLUSIONS:Objective measurement of the change in the arterial calibers after intra-arterial verapamil is accurate in distinguish-
ing reversible cerebral vasoconstriction syndrome from other vasculopathies. A proportion of change $32% has the best diagnos-
tic performance.

ABBREVIATIONS: AUC ¼ area under the curve; CD ¼ caliber difference; IA ¼ intra-arterial; ICAD ¼ intracranial atherosclerotic disease; DSA ¼ digital sub-
traction angiography; PACNS ¼ primary angiitis of the central nervous system; PC ¼ proportion of change; RCVS ¼ reversible cerebral vasoconstriction syn-
drome; ROC ¼ receiver operating characteristic; TCH ¼ thunderclap headache

Reversible cerebral vasoconstriction syndrome (RCVS) com-
prises a group of disorders characterized by prolonged-but-

reversible vasoconstriction of the cerebral arteries. It is usually
characterized by self-limited and reversible multifocal narrowing,
which is associated with acute-onset, severe, recurrent headaches
with or without additional neurologic deficits.1 Vasoconstriction
often involves distal cerebral arteries, develops in the first

4–5 days after symptom onset, and persists for.3weeks.2 Due to
the lack of specific criteria, the presumptive diagnosis needs to be
confirmed with reversibility of angiographic abnormalities within
12weeks of clinical onset.3,4 Other intracranial stenotic arteriopa-
thies such as primary angiitis of the central nervous system
(PACNS), Moyamoya disease, or intracranial atherosclerotic dis-
ease (ICAD) present with similar findings on initial noninvasive
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imaging.5,6 Distinguishing these conditions early in their course
is crucial because treatment options are different, have potential
adverse effects, and may affect clinical outcomes.7 Clinical and
radiologic differences between RCVS and PACNS have been
described;8 however, a prompt and accurate diagnosis remains
challenging in patients with atypical presentation.9

Calcium channel blockers have been used to challenge vasocon-
strictive changes in patients with suspected RCVS.10-18 However,
other arteriopathies may have reversible changes with time, and it
is unclear whether calcium channel blockers can be used reliably to
diagnose RCVS. We evaluated the degree of response to intra-arte-
rial (IA) infusion of verapamil as a diagnostic tool in distinguishing
RCVS from other intracranial vasculopathies.

MATERIALS AND METHODS
After institutional review board approval, patients were enrolled in
a prospective registry for patients with intracranial vasculopathy
between September 2017 and January 2020. As part of the clinical
protocol at our institution, patients with possible underlying vas-
culopathy are routinely referred for digital subtraction angiography
(DSA). IA verapamil challenge was performed as part of the diag-
nostic DSA. Demographic, clinical, laboratory, and radiologic data
were collected from electronic medical charts at discharge and last
follow-up.

Diagnosis of RCVS
The final diagnosis of RCVS was adjudicated after the last outpa-
tient follow-up and was based on the criteria proposed by
Calabrese et al.1 The adjudication was independent of the revers-
ibility of vascular changes after IA verapamil. The criteria proposed
by Calabrese et al include the following: 1) severe, acute headache
with or without neurologic signs or symptoms, 2) normal or near-
normal CSF analysis findings (protein level ,80mg%; leukocyte
count , 10 mm3; and normal glucose level), 3) angiography docu-
menting multifocal segmental cerebral artery vasoconstriction, 4)
no evidence of aneurysmal SAH, and 5) reversibility of angio-
graphic abnormalities within 12weeks after onset.

IA Verapamil Challenge
DSA was performed with selective catheterization of the internal
carotid and vertebral arteries. Subtracted images were reviewed,
and if there was evidence of irregularities suggestive of an under-
lying vasculopathy, 5mg of IA verapamil was slowly administered
for 10minutes in the most affected vascular territory. Blood pres-
sure was closely monitored to avoid a drop of .5mm Hg in
mean arterial pressure during the IA administration of verapamil.
If the patient experienced any substantial drop in blood pressure,
the IA infusion was stopped and resumed only once the blood
pressure was back to baseline. A total of 5mg of verapamil was
diluted in saline to a final concentration of 0.5mg/mL and man-
ually infused at a continuous rate of 1mL/min through the side
port of a 3-way valve connected to the diagnostic catheter and to
a continuous heparinized saline infusion. A repeat angiogram of
the same vascular territory was obtained 10minutes following the
IA administration of verapamil.

Radiologic Assessment
Qualitative and quantitative assessment was performed using
PACS software. To achieve accurate measurements before and af-
ter verapamil injections, we used the same projection angle,
source-to-object distance (x-ray tube to patient), and patient-to-
detector distance in both angiograms. We used 2� magnification
for imaging assessment in all cases. The qualitative assessment of
reversibility was performed blindly, comparing pre- and post-ve-
rapamil angiograms that were provided by the Department of
Radiology without any identifiers (name, time, or order).
Anterior-posterior, lateral, and oblique projections were eval-
uated by 2 experienced neurointerventionalists (E.A.S. and S.D.).
Both reviewers were blinded to clinical data and did not know
the sequence of pre- and post-verapamil angiograms. Score sheets
to determine arterial involvement, vascular territory affected, and
morphologic changes between both angiograms were collected
(On-line Figs 1 and 2). Vascular territories were divided as fol-
lows: 1) proximal branches: A1, M1, P1, vertebral artery, and bas-
ilar artery; 2) middle branches: A2, M2, P2, superior cerebellar
artery, anterior-inferior cerebellar artery, posterior-inferior cere-
bellar artery; and 3) distal branches: A3, M3–M4, P3, and any
other more distal branch. Morphologic changes were reported as
the following: 1) concentric, smooth tapering (“sausaging”); 2)
eccentric narrowing, irregular/notched; and 3) segmental dila-
tion, using the same description by Singhal et al.8 The response to
IA verapamil was graded as a dichotomous variable (yes/no).

A quantitative assessment was performed by measuring the
caliber of different arterial segments on pre- and post-verapamil
angiograms.19 The diameter of proximal, middle, and distal arte-
rial branches was measured in millimeters. For each patient, the
intracranial artery located in the most affected vascular territory
was identified; this artery usually showed multiple irregularities
suggestive of a vasculopathy process. The area of maximal nar-
rowing of each vascular segment was measured on pre- and post-
verapamil angiograms. After visual inspection, areas that
appeared more stenotic in each segment were measured; the
reviewer registered only the shortest caliber in each segment and
used the same area for assessing the patient’s second angiogram.
Measurements were performed by the same reviewers in a differ-
ent session at least 4 weeks from the initial subjective assessment.
Again, reviewers were blinded to clinical data and the order of
the angiograms. Two objective measurements of change (revers-
ibility) were statistically tested as predictors of RCVS:

1Þ Caliber Difference ¼ Caliberpost � Caliberpre

2Þ Proportion of Change

¼ Caliberpost � Caliberpre
� �

Caliberpre

" #
� 100%:

For each equation, mean and maximal values were used (a
total of 4 measurements per arterial segment). Changes in diame-
ter were analyzed with a receiver operating characteristic (ROC)
curve to determine the best threshold in diagnosing RCVS.

The performance of the RCVS-2 score was compared with the
objective radiologic determination of reversibility. The RCVS-2
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score is a semiquantitative scoring system developed as a bedside
diagnostic algorithm. This grading system adjudicates points to
different categories as follows: single or recurrent thunderclap
headache (TCH)¼ þ5 points, involvement of the intracranial ca-
rotid artery ¼ �2 points, a vasoconstrictive trigger ¼ þ3 points,
female sex¼ þ1 point, and the presence of subarachnoid hemor-
rhage ¼ þ1 point. A score$5 has a high sensitivity and specific-
ity in diagnosing RCVS.9

Statistical Analysis
Continuous variables are presented as mean 6 SD, and categoric
variables are presented as frequency and percentage. Distributions
of values for mean andmaximal measurements of reversibility (cali-
ber difference [CD] and proportion of change [PC]) were tested for

normality using the Shapiro-Wilk
method. For normally distributed
variables, Student t tests were used to
compare means. For nonparametric
variables, Mann-Whitney U tests
were used to compare the medians
between the size groups. For categoric
values, x 2 or Fisher tests were applied
as appropriate. An ROC analysis
using the Youden index was per-
formed to establish the best cutoffs
for measurements of reversibility
(CD and PC) to diagnose RCVS. The
RCVS-2 score was also compared
with our objective assessments of re-
versibility in pre- and post-verapamil
angiograms using the DeLong test. A
2-sided P value, .05 was considered
significant. All statistical analyses
were performed with SPSS Statistics
25.0 (IBM).

RESULTS
Twenty-six patients with intracranial
vasculopathy and suspected RCVS were
included in the study. Nine patients had
a confirmed clinical diagnosis of RCVS
(34.6%); 8 with ICAD; 7 with undeter-
mined intracranial vasculopathy; and 2
with PACNS (Table 1).

Qualitative Assessment
Both reviewers reported an angio-
graphic response to IA verapamil in
88.9% (8/9) of patients in the RCVS
group versus 41.2% (reviewer 1) and
47.1% (reviewer 2) in the no-RCVS
group (On-line Table 1). The Cohen k

analysis demonstrated poor intraob-
server agreement to subjectively detect
RCVS by comparing pre- and post-ve-

rapamil DSAs (reviewer 1: k ¼ 0.41, P¼ .019; reviewer 2: k ¼
0.35, P¼ .037). Also, the interrater reliability to detect overall vas-
cular changes was very poor (k ¼ 0.28, P¼ .149).

Quantitative Assessment
Two hundred thirteen vascular segments were assessed on DSA,
and 87 (40.5%) had post-IA verapamil changes. The statistical
analysis showed significant differences in all measurements of re-
versibility for patients with RCVS, including maximal PC
(P, .001), mean PC (P¼ .002), maximal CD (P¼ .004), and
mean CD (P¼ .001) compared with patients without RCVS
(Table 2 and On-line Table 2). The Cohen k analysis demon-
strated substantial interobserver agreement for objective vessel
diameter measurements (k ¼ 0.86).

Table 1: Baseline, clinical course, and work-up among patients with and without RCVS
Variable RCVS (n5 9) No RCVS (n5 17) Pa

Age (mean) (yr) 44.9 55.7 .06
Women (%) 8 (88.9) 10 (58.8) .19
Race
White (%) 8 (88.9) 12 (70.6) .39
African American (%) 1 (11.1) 2 (11.8)
Other (%) 0 (0) 3 (17.7)

Medical history
Migraine (%) 4 (44.4) 0 (0) .008
Depression/anxiety (%) 8 (88.9) 3 (17.6) .001
Hypertension (%) 2 (22.2) 14 (82.4) .009
Trigger/associated condition 7 (77.8) 2 (11.8) .002

Vasoconstrictive drugs
SSRI (%) 6 (66.7) 1 (5.9) .002
Illicit drugs (%) 0 (0) 1 (5.9) .65
Postpartum (%) 2 (22.2) 0 (0) .11

Clinical presentation
Thunderclap headache (%) 5 (55.6) 1 (5.9) .01
Other headaches (%) 2 (22.2) 5 (29.4) .54
Focal neurologic signs
Hemiparesis/aphasia (%) 5 (55.6) 10 (58.8) .99
Visual symptoms (%) 3 (33.3) 1 (5.9) .10
Seizures (%) 2 (22.0) 1 (5.9) .27

Diagnostic work-up
ESR (mean) (mm/h) 22.5 43.9 .31
CRP (mean) (mg/L) 3.0 1.9 .61
Normal CSFb (%) 2/5 (40.0) 4/9 (44.4) .99
Brain biopsy (%) 1 (11.1) 1 (5.9) .58
Abnormal neuroimaging findings (%)
Infarct (%) 3 (33.3) 13 (76.5) .046
Multiple (%) 2/3 (66.7) 12/13 (92.3) .35
Borderzone territory (%) 2/3 (66.7) 1/13 (7.7) .08
IPH (%) 0 (0) 4 (23.5) .26
SAH in convexity (%) 5 (55.6) 2 (11.8) .03
CTA/MRA with vasculopathy
CTA [n¼ 14]c (%) 2/5 (40) 5/9 (55.6) .99
MRA [n¼ 16]c (%) 2/6 (33.3) 10/10 (100) .008
Patients with intracranial vasculopathy
on DSA not detected by CTA and/or
MRA (n¼ 26) (%)

6/9 (66.7) 3/17 (17.6) .028

RCVS-2 score of $ 5 5 (55.6) 1 (5.9) .01

Note:—CRP indicates C-reactive protein; ESR, erythrocyte sedimentation rate; IPH, intraparenchymal hemorrhage;
SSRI, selective serotonin reuptake inhibitor.
a P value calculated using a t test, x 2 test, or Fisher test as appropriate.
b Normal CSF if ,5 cells and ,50mg/dL.
c Number of examinations performed including both groups.
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CD and PC as Predictors of RCVS
ROC curve analysis was performed to establish the best PC and CD
thresholds in diagnosing RCVS (Fig 1). Maximal PC$32% had a
sensitivity of 100% and a specificity of 88.2% to detect RCVS, with
an excellent area under the curve (AUC) of 0.951. However, an
RCVS-2 scoreof$5 points had a sensitivity of 77.8% and a specific-
ity of 94.1%, achieving a nonstatistically significant lower AUC in
the analysis (0.908) (P ¼ .47). Mean PC and mean CD performed
similarly in the analysis (AUC ¼ 0.886 and 0.882, respectively),
whereas maximal CD performed the worst (AUC¼ 0.840) (Table 3).

DISCUSSION
Reversibility of intracranial vasoconstriction is the key to diagnos-
ing RCVS. In this study, the objective assessment of caliber changes

in affected arteries after the IA infusion of verapamil was accurate
and reliable in distinguishing RCVS from other intracranial arterio-
pathies. The degree of response to IA verapamil quantified as
improvement in the caliber of each vascular segment had an excel-
lent performance as a predictor of RCVS. A maximal proportion of
change $32% in post-verapamil angiograms showed better diag-
nostic performance than the RCVS-2 score. The subjective assess-
ment of vessel caliber before and after IA administration of
verapamil was poor and should not be used routinely as the only
marker of reversibility on RCVS.

Patients with typical RCVS symptoms who present with TCH
have a well-known trigger and a mild evolution with angiographic
changes that generally resolve in 12 weeks.4 However, the clinical
presentation of RCVS is variable, and patients may present without

TCH in up to 15% of cases.20 Patients
without TCH may experience severe
forms of RCVS, present with coma or
confusion due to stroke or posterior re-
versible encephalopathy syndrome, or
have fulminant RCVS. The clinical
spectrum of RCVS varies among differ-
ent populations, and the diagnosis
of atypical cases can be challenging.21

Moreover, the classic “string of beads”
appearance of vasoconstriction has been
described in only 12%–81% of patients
with RCVS.4

Previous reports have suggested the
benefit of calcium channel blockers (ni-
cardipine, verapamil, and nimodipine)
and phosphodiesterase inhibitors (mil-
rinone) in diagnosing and treating
RCVS (On-line Table 3).11-18,22-24

Diagnosis entails the IA infusion of
these drugs to determine the improve-
ment in the caliber of the affected vas-
cular segment. Other vasculopathies
such as ICAD and PACNS usually do
not improve after these challenges or
have a milder response, perhaps sug-
gesting some degree of overlap between
these conditions. Ospel et al18 used ve-
rapamil in diagnosing RCVS by docu-
menting the reversibility of vascular
changes in 11 patients. Luminal nar-
rowing was classified as mild ¼ ,30%
of normal caliber, moderate¼ 30%–
60% of normal caliber, and severe ¼

Table 2: Reversibility measurements among patients with and without RCVS
Reversibility Measurementa RCVS (n5 9) No RCVS (n5 17) P Valueb

Maximal PC (%) 50.6 6 13.6 21.7 6 12.5 ,.001
Mean PC (%) 20.4 6 9.8 6.2 6 6.0 .002
Maximal CD (mm) 0.54 6 0.27 0.25 6 0.17 .004
Mean CD (mm) 0.23 6 0.13 0.07 6 0.08 .001

a Reversibility measurements shown as mean 6 SD.
b P value was calculated using the Mann-Whitney U test, given a nonparametric distribution of data.

FIG 1. ROC analysis to predict RCVS using objective reversibility measurements and RCVS-2
scores. Circles identify best coordinates (cutoffs) for each curve.

Table 3: Cutoffs, AUC, sensitivity, specificity, and positive and negative predictive values of different reversibility measurements
Reversibility Measurement Cutoff AUC 95% CI Sen Spe PPV NPV
Maximal PC (%) $32 0.951 0.87–1.00 100 88.2 81.8 100
Mean PC (%) $14.4 0.886 0.76–1.00 88.9 88.2 80 93.8
Maximal CD (mm) $0.45 0.840 0.68–0.99 77.8 82.4 70 87.5
Mean CD (mm) $0.125 0.882 0.75–1.00 88.9 76.5 66.7 92.8
RCVS-2 score (points) $5.0 0.908 0.79–1.00 77.8 94.1 87.5 88.9

Note:—NPV indicates negative predictive value; PPV, positive predictive value; Sen, sensitivity; Spe, specificity.

1872 Sequeiros Oct 2020 www.ajnr.org



.60% of normal caliber. We have objectively documented that a
maximal proportion of change of 32% in the lumen diameter after
the administration of IA verapamil had a sensitivity of 100% and a
specificity of 82% in diagnosing RCVS. All the RCVS cases
included in our series were confirmed as RCVS on follow-up using
strict diagnostic criteria.

The sensitivity and specificity of DSA in diagnosing RCVS has
not been assessed in blinded studies.4 However, the sensitivity of
indirect methods of angiography such as CTA and/or MRA is
about 70% compared with DSA.25 Furthermore, patients may have
normal findings on the first DSA if performed early. Thus, subse-
quent angiograms may be required 1 week after the onset of symp-
toms to document changes.26 Our subjective assessment showed
poor intra- and interobserver agreement when determining caliber
changes in the middle and distal branches. In our cohort, these vas-
cular regions are involved in approximately 89% and 72% of cases,
respectively. Singhal et al8 also reported 92% and 86% of changes
affecting the middle and distal branches, respectively. The accuracy
of CTA/MRA in detecting mild changes in the distal branches is
lower than that of DSA due to their inferior spatial resolution (Fig
2).2,27,28 The sensitivity of CTA and MRA in detecting small (,3-
mm) aneurysms is inferior to that of DSA.29 The accuracy of these

noninvasive imaging modalities in
determining,1-mm caliber changes in
the middle and distal branches is insuf-
ficient compared with DSA. The objec-
tive DSA quantification of changes in
the diameter of vascular segments after
the administration of IA verapamil
demonstrated high accuracy in detect-
ing RCVS (Fig 3). Therefore, objective
rather than subjective quantification of
subtle changes in pre- and post-IA vera-
pamil angiograms should be routinely
performed to ascertain the correct
diagnosis.

The role of DSA in RCVS has been
criticized for its invasiveness, radiation
exposure, use of contrast, and lack of
scope for intervention.30 Moreover, the
IA administration of vasoactive drugs
has been questioned due to the risk
of iatrogenic hypotension, reperfusion
injury, and theoretic disruption of
the blood-brain barrier.31 While most
patients with RCVS have a good
outcome, a considerable number
of patients will experience a more ful-
minant course that results in perma-
nent disability or death. This occurs
most prominently in patients with
atypical clinical presentations whose
diagnosis and subsequent treatment
are delayed.31 There is growing evi-
dence that IA administration of vasoac-
tive drugs can be done safely and that
DSA may be therapeutic in addition to

its valuable diagnostic capabilities.10,13 It is also possible that the
verapamil-induced vasodilation shortens the course of the illness
and lowers the chances of subsequent ischemic complications.
We recommend DSA with IA verapamil challenge for patients
with atypical RCVS presentations (without TCH or classical trig-
gers), slow disease evolution, or an alternative diagnosis being
entertained. DSA is particularly helpful if there is an intracranial
lesion (ischemic or hemorrhagic) and normal indirect angio-
graphic findings (CTA/MRA) in the setting of a suspected intra-
cranial vasculopathy like RCVS.

This study is limited by the small number of patients. RCVS is
a rare condition, and a more thorough assessment would require
a prospective multicenter study. Another limitation is the intrin-
sic selection bias favoring recruitment of sicker patients. Every
patient had abnormal imaging findings with evidence of an ische-
mic stroke and/or hemorrhage at presentation, but almost half
did not have the typical TCH. Milder cases of RCVS with typi-
cal presentation were not referred for DSA. Therefore, the re-
versibility of vasoconstriction and the diagnostic accuracy of
the IA verapamil challenge are yet to be proved in most cases
of RCVS. An ideal statistical comparison between the 2 diag-
nostic tools became difficult due to few patients with atypical

FIG 2. A, Contrast-enhanced MRA of a patient with atypical RCVS. The posterior cerebral artery
branches appear unremarkable. B, Lateral angiogram with areas of segmental narrowing in the
posterior circulation. C, Pre-verapamil infusion DSA shows the caliber of a P3 branch¼ 0.6mm.
D, Post-verapamil infusion DSA shows a 0.3-mm CD (0.9 – 0.6mm, 50% PC) in the P3 branch at
the same level. These subtle changes in distal branches were not diagnosed in subjective
assessments.

AJNR Am J Neuroradiol 41:1869–75 Oct 2020 www.ajnr.org 1873



presentations of RCVS, even at a high-volume stroke center.
The method used for objective vessel-caliber assessment in
this study might seem laborious, but for a vascular neuroi-
maging–trained physician, it would take only a few additional
minutes at the workstation. With the recent overwhelming
advances in neuroradiology using artificial intelligence,32 an
automated assessment tool might be feasible in the near
future.

CONCLUSIONS
Objective quantification of the caliber of affected arterial segments
on pre- and post- IA verapamil angiograms has a high diagnostic
yield in patients with atypical RCVS. A maximal proportion of
change $32% had the best performance as a diagnostic tool and
was superior to both subjective assessment of reversibility and the
clinical RCVS-2 score.

Data are available on reasonable request. Additional unpublished
data will be made available by the corresponding author with an
appropriate request.
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BRIEF/TECHNICAL REPORT
INTERVENTIONAL

Intraprocedural Flat Panel Detector Rotational Angiography
and an Image Fusion Technique for Delivery of a
Microcatheter into the Targeted Shunt Pouch

of a Dural Arteriovenous Fistula
J.H. Choi, D.Y. Cho, Y.S. Shin, and B.-S. Kim

ABSTRACT

SUMMARY: The accurate and safe delivery of a microcatheter to a targeted shunt pouch is essential for successful transvenous
embolization of intracranial dural arteriovenous fistulas. However, complex anatomy and variations in head and neck veins and
occluded sinuses can hinder intraprocedural microcatheter delivery. In this study, we introduce an intraprocedural flat panel detec-
tor rotational angiography and image fusion technique to aid precise navigation inside the veins and proper placement of the
microcatheter in the targeted shunt pouch.

ABBREVIATIONS: ACC ¼ anterior condylar confluence; DAVF ¼ dural arteriovenous fistula; FPCTRA ¼ flat panel CT rotational angiography; IF ¼ image
fusion; TVE ¼ transvenous embolization

For the successful treatment of intracranial dural arteriovenous
fistulas (DAVFs), precise evaluation of the angioarchitecture

using pretherapeutic DSA is important. However, identification
of detailed angioarchitectures of some DAVFs using conventional
2D-DSA or 3D rotational angiography images is difficult because
of overlapping vessels.1,2 With the evolution of angiography
equipment and 3D postprocessing technology, performing a flat
panel CT rotational angiography and image fusion (FPCTRA and
IF) technique to obtain a fusion image using 2 different rotational
angiographic images is feasible. This technique enables physicians
to gain better pretherapeutic knowledge for establishing an
appropriate treatment plan.1-3 However, to our knowledge, no
research has focused mainly on the value of the intraprocedural
FPCTRA and IF technique. Especially, for transvenous emboliza-
tion (TVE), the most important factor for successful occlusion is
the accurate and safe delivery of a microcatheter to the shunt
pouch. Complex anatomy and variations in head and neck veins,4

especially those located in the skull base,5 and sinus occlusion6,7

can hinder intraprocedural microcatheter delivery. In this study,
we introduce an intraprocedural FPCTRA and IF technique to
aid the navigation of a microcatheter inside veins and confirm
the placement of the microcatheter in the targeted pouch.

Technique
For treating all DAVFs and image processing, we used Artis Zee
biplane angiography equipment (Siemens). All procedures were
conducted with the patient under general anesthesia. Systemic
heparin (2000- to 3000-IU bolus) was routinely administrated af-
ter placement of a femoral sheath. Antiplatelet agents were not
routinely administrated. We placed a 5F angiocatheter in the
main feeding artery and a 7F guiding catheter in the internal jug-
ular vein or the retromandibular vein according to the access
route. Thereafter, we performed 3D dual rotation angiography
with contrast injection to obtain subtraction (vessel only), mask
(bone only), and native fill (vessel with bone) images as a base-
line. We named this series DSA24, which irradiated at 0.24 mGy/
frame and took 30 frame/s for 5 seconds. The rotational angle
was 200° with 1.5° increments, resulting in 133 projections and a
rotation velocity of 40°/s. For contrast, we infused iodixanol
(Visipaque 270; GE Healthcare) via the external carotid artery
with an injector at a rate of 2–3mL/s for 5 seconds with a 1- to 2-
second acquisition delay according to vessel diameter and shunt
flow. Acquired data were sent to the workstation (syngo 3D
workplace; Siemens), and 3D reconstruction was performed with
the following parameters: kernel type, Hounsfield unit; image
characteristics, normal; reconstruction mode, dual volume; sec-
tion matrix, 512� 512; and voxel size, 0.47mm. A size 18

Received April 3, 2020; accepted after revision June 3.

From the Departments of Neurosurgery (J.H.C., Y.S.S.) and Radiology (B.-S.K.), Seoul
St. Mary’s Hospital, The Catholic University of Korea College of Medicine, Seoul,
Republic of Korea; Department of Neurosurgery (D.Y.C.), Ewha Womans University
Seoul Hospital, College of Medicine, Ewha Womans University, Seoul, Republic of
Korea.

Please address correspondence to Bum-Soo Kim, MD, PhD, Department of
Radiology, Seoul St. Mary’s Hospital, The Catholic University of Korea, 222
Banpodaero, Seochogu, Seoul, 06591, Republic of Korea; e-mail:
bumrad@catholic.ac.kr

Indicates article with supplemental on-line appendix and table.

Indicates article with supplemental on-line photos.

http://dx.doi.org/10.3174/ajnr.A6724

1876 Choi Oct 2020 www.ajnr.org

https://orcid.org/0000-0001-6838-0343
https://orcid.org/0000-0002-2535-4273
https://orcid.org/0000-0002-4250-1896
https://orcid.org/0000-0002-3870-6813
mailto:bumrad@catholic.ac.kr


microcatheter (Excelsior 1018, Stryker) and a 0.014-inch micro-
wire (Transend; Stryker) were usually used for navigation.
During navigation, if needed, we performed 3D single-rotation
angiography with a reduced FOV without contrast injection
while keeping the microwire and microcatheter inside the vein and
fused with the initial subtraction image to identify the microcath-
eter going in the right direction. This series was named DRcare,
which was performed with a single rotation for 5 seconds and irra-
diated 0.10 mGy/frame. In the workstation, we performed 3D
reconstruction: kernel type, EE; image characteristics, normal;
reconstruction mode, native. Two different image datasets (DSA24
and DRcare) were fused by a mapping application syngo iDentify
(Syngo 3D workplace, Siemens AG, Erlangern, Germany), which
superimposes the spatial coordinate system of the initial dataset
onto that of the second dataset. We used landmark-based auto-
matic registration to avoid misalignment.8 When the microcath-
eter accessed the shunt pouch, we also checked DRcare and fused
images to confirm the exact placement of the microcatheter in the
target. Thereafter, we inserted the coil until the shunt disappeared.

Clinical Results
Details of the study population and outcome assessment are pre-
sented in the On-line Appendix. We used the FPCTRA and IF
technique in 18 of 58 DAVFs treated with TVE between January
2009 and March 2020. Among them, 11 had ipsilateral sinus
occlusion (8 in the cavernous sinus, 2 in the anterior condylar
confluence [ACC], and 1 in the transverse-sigmoid sinus). We
approached the shunt pouch through the occluded sinus by
blinded navigation (n ¼ 6) or through alternative venous routes

(the facial or superficial temporal vein,
n ¼ 5). Seven DAVFs were located in
the ACCs. The complete or near-com-
plete occlusion rate and symptom-free
or improved rate were 94.4% and
100%, respectively. There was no cath-
eter-related vessel injury with or with-
out using this technique. We could
access the shunt via the transfemoral
route in all cases treated using this
technique (On-line Table). In contrast,
we failed to reach the shunt pouch via
the transfemoral approach in 5 cases
without this technique. Therefore, sur-
gical cannulation of the target sinus or
the direct ophthalmic vein approach
was additionally performed to reach
the shunt. Illustrative cases are pre-
sented in the Figure and On-line Figs
1 and 2.

DISCUSSION
In this study, we described an intra-
procedural FPCTRA and IF technique
and demonstrated its usefulness
during the TVE. The transvenous
approach may have technical difficul-
ties for various reasons. In cases with

an occluded accessing route due to thrombosis or hypoplasia,
TVE can be more challenging. Breaching the occluded sinus by
blinded navigation can be attempted. However, breaching the
occluded route is not always feasible, and serious complications,
including vessel perforation, can occur.7 In addition, delivery
of the microcatheter in the wrong direction can occur because
breaching the occluded route is always performed by blinded
navigation. Moreover, the complexity of head and neck veins
that have numerous tributaries and confluences may prevent
the microguidewire and microcatheter from advancing in the
right direction to the shunt pouch.4 Especially, a DAVF involv-
ing the ACC can be challenging for navigation of the micro-
catheter because of complex venous anatomy around the
hypoglossal canal.5 Additionally, roadmap images during TVE
may have low image quality and efficacy due to an overlap of
vessels on 2D-DSA. Therefore, blinded microcatheter naviga-
tion may be needed, and the microcatheter position for coil
insertion can be inappropriately placed. These might lead to
unexpected complications or incomplete occlusion. In this
study, we used the FPCTRA and IF technique to overcome
these obstacles. MPR or a partial MIP image was mainly used
for identification of the microcatheter tip with bony landmarks
during the blinded navigation. To confirm appropriate micro-
catheter placement, we used mainly 3D volume-rendering or
MPR fusion images.

This study has some limitations. The retrospective nature and
small sample size may not be enough to draw definite conclu-
sions. Moreover, our technique was mainly used in DAVFs
involving an ACC or with sinus occlusion needing blinded

FIGURE. Case 1. A 61-year-old female patient presenting with intracranial hemorrhage. A, Initial
right external carotid angiography shows a transverse sigmoid dural AVF with an isolated sinus
(black arrow) and pial reflux. B, Intraprocedural 0.24-mG/frame FPCTRA (DSA24) is performed to
obtain subtraction and mask images as a control. C, During the microcatheter navigation, we per-
form low-dose FPCTRA with a reduced FOV (DRcare). D, We found that the microcatheter was
placed in the wrong direction (white arrow) by fusion of the initial DSA24 and follow-up DRcare
images. E, After we pulled back the microcatheter (white arrow), we directed it the right way and
placed the microcatheter in the target shunt (black arrowhead). F, Successful coil embolization is
performed.
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navigation. Other typical lesions could be successfully treated
using conventional techniques. Therefore, we do not advocate
our technique as a first-line use. Finally, our technique may
require more radiation exposure. However, minimizing addi-
tional radiation exposure can be accomplished using low-dose
protocols. Further large-volume data should be evaluated to con-
firm the efficacy and safety of our technique.

Intraprocedural use of FPCTRA and IF for TVE might be an
effective and safe method to navigate the microcatheter into the
targeted shunt pouch, especially in cases that require blinded
microcatheter navigation.
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INTERVENTIONAL

Microcatheter Originating Debris during Neuroendovascular
Procedures: Mechanism of Dislodgement and Its Prevention

I. Kan, K. Karagiozov, S. Ito, S. Sato, and Y. Murayama

ABSTRACT

SUMMARY: Embolic material dislodgement from microcatheters can potentially induce subclinical brain damage as evidenced by a
delayed enhanced or other type of lesions. Some of the most frequently used microcatheters were investigated in vitro in differ-
ent setups and combinations with different port insertions and rotating hemostatic valves. It was found that side port application
increases injury to the catheter surface and debris dislodgement by conflicting with internal ledges in rotating hemostatic valves.
This initial observation suggests the need for measures to remove the produced debris during such procedures.

ABBREVIATIONS: DEL ¼ delayed enhanced lesion; FTIR ¼ Fourier-transform infrared; RHV ¼ rotating hemostatic valve

Intraprocedural embolization by coating material particles from
medical devices, especially stent devices,1,2 and nickel allergy

reaction to these particles,3,4 have been presumed to be the poten-
tial cause of delayed enhanced lesions (DELs) after endovascular
surgery, but these have also been reported after the double-cathe-
ter technique5 and balloon-assisted coil embolization6 with multi-
ple-microcatheter usage. Therefore, an in vitro setup of dual-
microcatheter access via 2 single-port, rotating hemostatic valves
(RHVs) connected one to the other via the side port was investi-
gated for debris dislodgement.

MATERIALS AND METHODS
Microcatheters and Devices
The Excelsior SL-10 microcathter (Stryker) was evaluated by in
vitro simulation of its application in different device configura-
tions during endovascular procedures, by comparing it with 3
similar types of microcatheters and between 2 similar RHV
devices.

For hydrophilic coating–integrity study before and after inter-
actions with the RHV, the Excelsior SL-10 was stained with a
0.1% aqueous solution of Congo red for 60minutes and dried for

24 hours,7 and the Headway 17 (Terumo) and Echelon 10
(Medtronic) microcatheters were stained with a 0.1% aqueous so-
lution of Toluidine blue.

Two single-port RHVs (Abbott 0.096-inch model 23242
RHV; Abbott Vascular) (AbbottRHV) were connected in series,
via the side port (On-line Fig 1). Sequentially, we tested an SL-10
insertion (with a CHIKAI 14 guidewire; Asahi Intecc) separately
through the attached RHV straight port or the side ports; 2
microcatheters under the same conditions, a Headway 21
(Terumo) or Prowler 21 (Codman & Shurtleff) microcatheter
through the straight port and the SL-10 through the side port;
and finally an SL-10 without a guidewire (Table). Next a combi-
nation of Headway 17 and Echelon 10 were tested. Finally, a
Gateway Advantage Y Adaptor model H74904482012 (Boston
Scientific) (BostonRHV) was compared with the Abbott model.

The inside of the RHV was flushed with saline as during rou-
tine surgical procedures on a single insertion and extraction
through the available port, and the skived material from micro-
catheters was collected from the flush fluid in a 0.45-mm filter.
Three neurointerventionalists including the first author inde-
pendently assessed the amount of debris, rating it semiquantita-
tively in 3 grades: –, none; 1, any identifiable; and 11,
substantial amount/bulk of debris (On-line Fig 2B).

After extraction from the RHV, the length of the stained
microcatheter from the tip to 1000mm proximally was photo-
graphed using a stereomicroscope. For microscopic testing, the
debris from an unstained microcatheter was collected in saline
and sent to the pathology department, where Papanicolaou and
hematoxylin-eosin stains were applied.

The samples collected in the 0.45-mm filters were directly ana-
lyzed using Fourier-transform infrared (FTIR) spectroscopy with

Received April 15, 2020; accepted after revision June 15.

From the Departments of Neurosurgery (I.K., K.K., Y.M.) and Pathology (S.I., S.S.),
The Jikei University Hospital, Tokyo, Japan.

This work was supported by an educational research grant to our department
from Stryker.

Please address correspondence to Issei Kan, MD, Department of Neurosurgery,
The Jikei University Hospital, 3-25-8 Nishi-Shinbashi, Minato-ku, 105-8461 Tokyo,
Japan; e-mail: isseikan@gmail.com

Indicates article with supplemental on-line photos.

http://dx.doi.org/10.3174/ajnr.A6723

AJNR Am J Neuroradiol 41:1879–81 Oct 2020 www.ajnr.org 1879

https://orcid.org/0000-0003-4829-4784
https://orcid.org/0000-0001-6105-0480
https://orcid.org/0000-0001-6740-0330
https://orcid.org/0000-0002-4852-7704
https://orcid.org/0000-0003-3490-385X
mailto:isseikan@gmail.com


a Thermo-Nicolet 6700 FTIR spectrometer (attenuated total
reflection mode; Thermo Electron) and a germanium crystal with
a typical penetration depth of �1 mm. The analytic spot size
was approximately 100 x 100 mm. OMNIC Series Software
(ThermoFisher) was used for the data analysis.

The pulling resistance force for SL-10 was evaluated with and
without a guidewire through the 2 different types of RHVs using
Digital Force Gauge DS2-20N (Imada, Aichi, Japan).

Both RHVs were imaged using a MicroCT Scanner NSI X25
(GE Healthcare) for cross-sectional views (14.7-mm voxel).
High-resolution conebeam DynaCT RHV images (Artis Q
biplane; Siemens) with the microcatheter inserted were acquired
to measure the curvature radius of the microcatheter and the
angle between the RHV side and straight ports.

RESULTS
All single-test combinations with side port SL-10 use (alone or
through Headway 21 or Prowler 21) yielded some amount of de-
bris at insertion and much more at extraction. The straight port
SL-10 insertion and the SL-10 without a guidewire or together
with the Prowler 21 did not produce debris.

The double-microcatheter application (Headway17/Headway21,
Echelon10/Headway21) produced smaller amounts of debris at
insertion and more significant amounts at extraction.

On a single experiment performed, the AbbottRHV produced
more debris than the BostonRHV both on insertion and
extraction.

All microcatheters inserted through the additional side port
RHV (with and without a microcatheter in the main port) dem-
onstrated damaged or skived coating 110mm from the micro-
catheter tip (On-line Figs 1A and 2A), and microscopically
stained debris resembled the microcatheter coating.

FTIR debris analysis from the Excelsior SL-10 detected polyvi-
nylpyrrolidone and a sulfonate salt similar to sodium lignosulfo-
nate, and from the Headway 17, an organic acid salt similar to
sodium alginate with trace of silicone species. Similar substances
were detected for the Echelon 10 microcatheter. These results
were all indicative of chemical structural components of catheter
coating materials, mentioned in the corresponding documents
accompanying the devices.

AbbottRHV produced 16-gram-force resistance with the
guidewire and 3-gram-force without it, while for BostonRHV

these values were 4 gram-force and 1 gram-force respectively, 3
to 4 times difference between RHVs and with/without the
guidewire.

The CT scans of both AbbottRHV and BostonRHV showed a
small ledge (protrusion) at the junction of the side and straight
ports (On-line Fig 1C). The microcatheter inserted through the
side port has to follow a tighter turn that requires direct firm con-
tact with the ledge.

DISCUSSION
This in vitro study confirms that coating skiving of several types
of stained-in-advance microcatheters will release debris when
inserted through the side ports of RHVs. Some authors already
have suggested that concurrent use of multiple microcatheters
may cause DEL, blaming intracatheter friction and skiving of the
microcatheter coating.1,5,8

We selected the widely applied method of multiple-micro-
catheter use and explored its course through the RHV to find
more severe coating damage with the AbbottRHV. It can be
assumed that differences in geometries between RHVs with the
presence of a ledge inside creating friction resistance are probably
the reason for this observation.

Biopsy-proved existence of foreign body emboli after endo-
vascular treatment of intracranial aneurysms has already been
reported, and pathologic findings have shown foreign body gran-
uloma reaction with inflammatory cell infiltration.1,6,9 In the cen-
ter of the granuloma, blue-gray nonpolarized material was
frequently observed with H&E staining, and it appeared to be
polyvinylpyrrolidone catheter coating.1,10

Most articles reporting DELs (cerebral leptomeningeal
enhancement with perilesional edema seen after endovascular
treatment of cerebral aneurysms) refer to the use of stent-assisted
coil embolization or flow diverters.1-4 Speculated potential causes
were polyglycolic lactic acid polymer,11 hydrophilic coating,1,12-14

and nickel allergy.3 However, DEL occurrence following coil
embolization as well as balloon-assisted coil embolization have also
been reported.2,5,6,15

A continuous skiving of all microcatheter coating after stain-
ing was observed from 110 to 1000mm from the tip, and the
obtained debris was similar to that in previous reports.1,10 The
microcatheter distal tip is more flexible than its proximal sections,
and that feature may be the cause for not observing skived

Microcatheter combinations investigated and the amount of debris they produced

Step Side Port Straight Port RHV
Amount of Debris

Insertion Extraction
1 SL-10 Evaluation None SL-10 Abbott – –

SL-10 None Abbott 1 11
SL-10a,b Headway 21 Abbott 1 11
SL-10 Prowler 21 Abbott 1 11
SL-10 without guidewire Prowler 21 Abbott – –

2 Microcatheter comparison
(similar MC to SL-10)

Headway 17a Headway 21 Abbott 1 11
Echelon 10a Headway 21 Abbott 1 11

3 RHV comparison (other RHV) SL-10b Headway 21 Boston Scientific – 1

Note:—MC indicates microcatheter; – for amount of debris, none; 1, identifiable; 11, substantial, "None" under Side Port and Straight Port, absence of device use.
aMicrocatheter comparison.
b RHV comparison.
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coating most distally as impact is reduced. Insertion with the
guidewire reduced microcatheter flexibility and increased the de-
bris amount.

On the basis of this study, removing the guidewire before
microcatheter extraction and aspiration of the guiding catheter
content at the time of microcatheter extraction to reduce coating
debris discharge into the circulation are suggested because the
constant infusion through the port will inject debris into the cir-
culation. Internal lumen modification of RHVs to reduce the me-
chanical conflict of side port channels could be helpful.

As a preliminary investigation, this study inherently contains
limitations. First, currently, it is not confirmed that skived coating
causes DEL. Next, there is no evidence for or against changes
induced by the dyes used on the catheter coating, and finally,
there are many different brands and models of RHVs and micro-
catheters currently available in different clinical settings; there-
fore, further investigation of these devices is warranted.

CONCLUSIONS
This preliminary study shows that a microcatheter insertion
through an RHV side port may induce coating damage and de-
bris dislodgement. Further investigation is warranted into dual-
microcatheter access using different device combinations, and
redesigning to minimize microcatheter coating damage and de-
bris release. Measures to counteract this issue are necessary.
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ORIGINAL RESEARCH
HEAD & NECK

Olfactory Bulb Signal Abnormality in Patients with COVID-19
Who Present with Neurologic Symptoms

S.B. Strauss, J.E. Lantos, L.A. Heier, D.R. Shatzkes, and C.D. Phillips

ABSTRACT

BACKGROUND AND PURPOSE: Unique among the acute neurologic manifestations of Severe Acute Respiratory Syndrome corona-
virus 2, the virus responsible for the coronavirus disease 2019 (COVID-19) pandemic, is chemosensory dysfunction (anosmia or dys-
geusia), which can be seen in patients who are otherwise oligosymptomatic or even asymptomatic. The purpose of this study was
to determine if there is imaging evidence of olfactory apparatus pathology in patients with COVID-19 and neurologic symptoms.

MATERIALS AND METHODS: A retrospective case-control study compared the olfactory bulb and olfactory tract signal intensity
on thin-section T2WI and postcontrast 3D T2 FLAIR images in patients with COVID-19 and neurologic symptoms, and age-matched
controls imaged for olfactory dysfunction.

RESULTS: There was a significant difference in normalized olfactory bulb T2 FLAIR signal intensity between the patients with
COVID-19 and the controls with anosmia (P ¼ .003). Four of 12 patients with COVID-19 demonstrated intraneural T2 signal hyperin-
tensity on postcontrast 3D T2 FLAIR compared with none of the 12 patients among the controls with anosmia (P ¼ .028).

CONCLUSIONS: Olfactory bulb 3D T2 FLAIR signal intensity was greater in the patients with COVID-19 and neurologic symptoms
compared with an age-matched control group with olfactory dysfunction, and this was qualitatively apparent in 4 of 12 patients
with COVID-19. Analysis of these preliminary finding suggests that olfactory apparatus vulnerability to COVID-19 might be sup-
ported on conventional neuroimaging and may serve as a noninvasive biomarker of infection.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; OB ¼ olfactory bulb; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

Severe Acute Respiratory Syndrome coronavirus 2 (SARS-
CoV-2), the virus responsible for the coronavirus disease

2019 (COVID-19) pandemic, may produce a broad range of
acute neurologic symptoms that involve both the CNS and the
peripheral nervous system, including stroke,1 meningitis, enceph-
alitis, Guillain-Barré syndrome, and acute necrotizing hemor-
rhagic encephalopathy.2 Unique among these acute neurologic
manifestations is chemosensory dysfunction (anosmia or dysgeu-
sia), which can be seen in patients who are otherwise oligosymp-
tomatic or even asymptomatic. A single-institution report from
the United States that involved 1480 patients with COVID-19

testing showed that loss of smell and taste was reported in 68% of
patients who tested positive for COVID 19, of whom, 26% did
not recover.3 The reported incidence of anosmia varies interna-
tionally: as low as 30% in South Korea, where there is widespread
testing, and as high as 88% in Europe, where testing practices
might be less uniform.4-11 Chemosensory symptoms may present
as viral prodromes or be concomitant with the development of
other disease symptoms.12 Although olfactory dysfunction can be
seen with rhinoviruses, parainfluenza, Epstein-Barr virus, and
other coronaviruses, this symptom is typically linked with rhinor-
rhea and nasal obstruction, whereas there is accumulating evi-
dence that SARS-CoV-2 associated olfactory dysfunction is seen
independent of nasal congestion.2,6 Anosmia in the absence of
other symptoms is reported in as many as 1 of 6 individuals with
SARS-CoV-2 infection.10

The olfactory bulbs (OBs) are easily identified on conventional
MR imaging and are located immediately beneath the olfactory
sulci within the anterior cranial fossa, above the cribriform plate.
The normal imaging appearance of the adult OB is well
described13-15 and should appear oval- or j-shaped in morphology
and demonstrate uniform T2 signal intensity from the center to
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the periphery.15 The olfactory neural network includes first-order
projections to the piriform cortex and amygdala as well as secondary
projections, including the orbitofrontal cortex, thalamus, and insula.16

Morphologic changes in the OB and associated areas have been
shown in various other disease states, including chronic rhinosinusi-
tis, post–viral anosmia, and neurodegenerative disease.17-19 Moreover,
both central and peripheral components of the olfactory system seem
to have distinct functional roles in olfactory perception.20

Although much remains unknown with regard to the patho-
physiology of anosmia in the setting of COVID-19, given that che-
mosensory dysfunction is reported as the first symptom of disease
in up to 27% of patients,21 imaging-detected OB pathology might
serve as a noninvasive biomarker for infection. To our knowledge,
there are no studies that systematically evaluated patients with
COVID-19 for radiologic evidence of OB, tract, and olfactory asso-
ciation area abnormalities. The purpose of this study was to deter-
mine if there is imaging evidence of olfactory apparatus pathology
in patients with COVID-19 and neurologic symptoms. We
hypothesize that individuals with COVID-19 will show evidence of
OB pathology manifesting as OB signal abnormality.

MATERIALS AND METHODS
Subject Enrollment
This was a Health Insurance Portability and Accountability Act
retrospective, case-control study performed with approval of the
institutional review board at Weill Cornell Medical Center. A ra-
diology report data base query was performed to identify all
patients with suspected or confirmed COVID-19 and MR imag-
ing of the brain performed as part of standard of care between
April 4, 2020, and May 4, 2020. Inclusion criteria for subjects
included positive SARS-CoV-2 reverse transcription–polymerase
chain reaction result from nasopharyngeal specimen, MR imag-
ing examination, including thin-section coronal T2WI of the OB
(2mm) and high-resolution 3D T2 FLAIR images of the whole
brain. An age-matched control group was scanned for olfactory
dysfunction with previous MR imaging of the brain that included
thin-section coronal T2WI and high-resolution 3D T2 FLAIR.

Imaging Acquisition
MR images were acquired by using a 3T MR imaging system on
several in- and outpatient scanners at our institution: Signa
Architect (GE Healthcare; 6 cases, 3 controls), Discovery 750W
(GE Healthcare; 6 cases), Skyra (Siemens; 9 controls) by using a
48-channel head coil. Coronal T2WIs of the OB were acquired
with the following parameters: repetition time/echo time, 2744.0/
108.3ms; field of view, 180.0 � 180.0mm; and section thickness,
2.0mm. Sagittal 3D T2 FLAIR images were acquired after the
administration of Gadavist (gadobutrol) 0.1mmol/kg (Bayer
Schering Pharma) intravenous contrast with the following parame-
ters: repetition time/echo time 6002.0/126.9 ms; inversion time,
1681.0ms; field of view, 215.3 � 108.7mm; and section thickness,
1.0mm (with 3-mm coronal and axial reconstructed images).

Imaging Data Analysis
Evaluation of the patients and the controls was done via consen-
sus review by 2 neuroradiologists (L.A.H. [with 34 years of imag-
ing experience], J.L. [with 10 years of imaging experience]); a

third neuroradiologist (C.D.P. [with 30 years of imaging experi-
ence]) adjudicated the differences when consensus was not
reached. All the reviewers were blinded to patient category.
Consensus review was performed for the following measures:
Kennedy staging for paranasal sinus disease (0–IV), mucosal dis-
ease that involves the olfactory recess, loss of OB volume (coronal
T2 of the OB), OB and olfactory tract signal abnormality (coronal
T2 of the OB), OB and olfactory tract signal abnormality (3D T2
FLAIR), the presence of abnormality in the piriform cortex and
amygdala, the presence of signal abnormality in the orbitofrontal
cortex, and evaluation for other relevant imaging findings (the
presence of acute stroke; chronic microvascular disease graded as
mild, moderate, severe). Paranasal sinus disease was assessed by
using the Kennedy staging,22 as outlined in Table 1. The OB vol-
ume loss was a qualitative determination based on loss of the nor-
mal oval- or J-shaped morphology, or loss of volume compared
with the contralateral OB.15 The OB and olfactory tract signal in-
tensity was assessed relative to the trigeminal nerve; OB and ol-
factory tract hyperintense to the trigeminal nerve was classified as
abnormal. Quantitative assessment of the OB signal intensity was
also performed. For each patient, an ROI was drawn at the mid
segment of the OB as well as in the left superior frontal WM to
calculate normalized values (Fig 1).

Patients were excluded if coronal T2WI of the OB was not
performed (n ¼ 19), high-resolution 3D T2 FLAIR was not

Table 1: Kennedy staging
Stage Description
0 Normal
I Anatomic abnormalities, unilateral sinus disease, bilateral

disease limited to ethmoid sinuses
II Bilateral ethmoid disease with involvement of 1

dependent sinus
III Bilateral ethmoidal disease with involvement of 2 or

more dependent sinuses on each side
IV Diffuse sinonasal polyposis

FIG 1. Quantitative assessment of OB signal intensity. For each
patient, the ROI is drawn at the mid segment of the OB and within
the left superior frontal WM to calculate normalized values.
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performed (n ¼ 10), if motion degradation precluded satisfactory
evaluation (n ¼ 1), or if the final SARS-CoV-2 reverse transcrip-
tion–polymerase chain reaction result was negative (n ¼ 3) . One
patient underwent 2 examinations; therefore, only the first study
was included. The remaining 12 patients with a history of
COVID-19 infection and sequences of interest were included in
the study. Demographic data (age, sex at birth), date of positive
SARS-CoV-2 reverse transcription–polymerase chain reaction
result, and date of examination were recorded. A total of 12 age-
matched controls who underwent MR imaging of the brain with
an olfactory protocol were also included.

Statistical Analyses
Statistical analyses were performed by using SPSS (version 26;
IBM). The x 2 test of independence was used to assess significant
differences between patients with COVID-19 and the anosmia
control group in OB T2 FLAIR hyperintensity. The independent
2-sample t test was performed to test for significance of difference
in age and the Kennedy staging score between patients with
COVID-19 and the controls with anosmia, and normalized OB
T2 FLAIR signal intensity between patients with COVID-19 and
the controls with anosmia. The Spearman rank correlation analy-
sis was used to test for significance of association between age
and normalized OB T2 FLAIR signal intensity.

RESULTS
Demographic and clinical characteristics of the patients and the
controls are shown in Table 2. There was no significant difference
in age between the 2 groups (P = .966). There were significantly
more women in the anosmia control group (9 women, 3 men)
compared with patients with COVID-19 (6 women, 6 men)
(P, .001). All the subjects included within the COVID-19 group
had laboratory confirmation of SARS-Cov-2 infection. The aver-
age latency between the COVID-19 diagnosis and the MR imag-
ing examination was 14.17 days (range, 0–32days). There was no
significant difference between the patients with COVID-19 and
the controls with anosmia, and the grading of paranasal sinus
mucosal disease (P ¼ .346). There was a range of disease severity
among the patients with COVID-19: five patients required intu-
bation and 5 patients presented with purely neurologic and/or

psychiatric symptoms in the absence
of pulmonary manifestations of the
infection. Among the 11 patients with
COVID-19 who presented and re-
quired hospitalization, the length of
stay ranged from 4 to 71 days (mean,
27 days). Seven of 12 patients with
COVID-19 received hydroxychloro-
quine over the course of their
treatment.

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 nor-
malized signal intensity, 1.27 [range,

0.99–3.13]) (P ¼ .003) (Fig 2). There was no correlation between
age and a normalized OB signal intensity (R = �0.128, P = .552).
The patients with COVID-19 and the controls with anosmia did
not demonstrate OB volume loss or signal abnormality based on
thin-section T2WI of the OB. However, 4 of 12 patients with
COVID-19 demonstrated intraneural T2 signal hyperintensity on
3D T2 FLAIR (Figs 3 and 4) compared with none of the 12
patients (Fig 5) among the controls with anosmia (P ¼ .028). Of
the patients in the COVID-19 group, there was no significant
difference between those with and those without OB and olfac-
tory tract neuritis, and the number of days between the COVID-
19 diagnosis and the MR imaging examination (P ¼ .882) or
severity of paranasal sinus disease (P = .080). Olfactory recess dis-
ease was seen in a single control with anosmia but not in any of
the patients with COVID-19. A single patient with COVID-19
demonstrated an increased T2 signal in the entorhinal cortex and
the orbitofrontal cortex; this individual was admitted for delirium
and lethargy in the setting of Escherichia coli urinary tract infec-
tion, with persistent altered mental status despite resolution of
the infection.

In terms of additional imaging findings on the performed
examinations, there was a significant difference in distribution
among categories of chronic microvascular ischemic disease
(none, mild, moderate, severe) between the patients and the con-
trols, as shown in Table 3 (P# .001). Additional notable findings
included posterior reversible encephalopathy syndrome (2
patients with COVID-19, neither of whom demonstrated qualita-
tively increased OB and olfactory tract signal intensity on 3D T2
FLAIR) and acute infarction (2 patients with COVID-19, 1 of
whom demonstrated qualitatively increased OB and olfactory
tract signal intensity on 3D T2 FLAIR). Anosmia data were avail-
able for only 1 of the 12 patients with COVID-19. This individual
presented with right arm numbness, paresthesia, and loss of sense
of smell, and was found to have increased T2 signal in the OB
and olfactory tract on 3D T2 FLAIR.

DISCUSSION
In this retrospective case-control study that examined imaging
correlates to COVID-19, we found that the patients with acute-
to-subacute COVID-19 were more likely to demonstrate

Table 2: Demographic and clinical characteristics of patients and controls
Characteristic Patients (n = 12) Controls (n = 12)

Age, mean 6 standard
deviation, y

58.25 6 14.852 58.00 6 13.824

Sex at birth 6 women, 6 men 9 women, 3 men
Indication for study

(n/N)
Altered mental status (9/12);
ataxia, dysarthria (1/12); status
epilepticus (1/12); paresthesia,
anosmia (1/12)

Anosmia (7); phantosmia (2);
hyposmia (3)

Kennedy staging
score, n/N

0 3 7
I 4 2
II 0 0
III 2 0
IV 3 3

Olfactory recess
involvement, n/N

0 1
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increased intraneural T2 signal abnormality on 3D T2 FLAIR in
the OB compared with the controls with anosmia and not
infected, which may represent enhancement or intrinsic T2 pro-
longation. There was a group-wise difference in normalized T2
FLAIR signal intensity between the patients with COVID-19 and
the controls with anosmia. This difference was evident in 4 of 12
patients with COVID-19 on consensus review. These findings
were independent of the presence of olfactory recess or paranasal
sinus disease. We did not find signal abnormality in other struc-
tures related to the olfactory apparatus, including the orbitofron-
tal and entorhinal (piriform and amygdala) regions. These

preliminary findings have important
implications in terms of establishing
biomarkers for acute infection,
understanding the potential neurot-
ropism of SARS-Cov-2, and identify-
ing a subset of patients who might
require longitudinal clinical and
imaging follow-up to assess for neu-
rologic changes.

A report by Galougahi et al23

demonstrated no signal abnormality
or morphologic changes in a patient
with sudden-onset anosmia and posi-
tive SARS-CoV-2 polymerase chain
reaction result during the acute phase
of the illness. Similarly, we did not
detect signal abnormality on coronal
T2WI; rather, signal abnormality
was detected on 3D-T2 FLAIR
sequences, defined as hyperintense
relative to the trigeminal nerve. An
additional case report on acute
onset anosmia in a patient with
COVID-19 demonstrated complete
olfactory cleft obstruction24; in con-
trast, we did not find olfactory recess
disease in any of our patients with
COVID-19. However, given the char-
acteristic imaging appearance, it is
possible that the previously reported
case represents respiratory epithelial
adenomatoid hamartoma rather than
pathology related to COVID-19.24

Olfactory neuritis observed in
our study might be a secondary
effect of olfactory dysfunction and
might reflect a phenomenon similar
to post–infectious olfactory loss seen
in the setting of other upper respira-
tory infections. Although the neuro-
invasive potential of SARS-COV-2
remains to be established, direct
CNS inoculation due to viral neurot-
ropism is also plausible. The anat-
omy of the olfactory recess and the
relationship among the nasal epithe-

lium, OB, and CNS allows for a natural pathway for virus spread
via neuronal transport.25 Trans-synaptic transfer of virus is
described in SARS-CoV26 and Middle East respiratory syn-
drome coronavirus,27 betacoronaviruses homologous to SARS-
CoV-2 and responsible for previous epidemics. Preclinical
experiments in transgenic mice demonstrated that the intra-
nasal introduction of these viruses resulted in CNS inoculation,
with neuronal loss in areas of viral expression. Therefore, it has
been postulated that the neuroinvasive potential of SARS-
COV-2 might similarly occur via a trans-synaptic route.
Angiotensin-converting enzyme 2 protein expression is present

FIG 2. Normalized OB T2 FLAIR signal intensity in patients and controls. Box-and-whisker plots
show median and interquartile ranges for each group. There was a significant difference in mean
signal intensity between the patients and the controls (P = .003). Findings remain significant even
with the exclusion of the COVID-19 high outlier depicted at a mean normalized OB T2 FLAIR signal
intensity of 3.1.

FIG 3. A 48-year-old woman positive for COVID-19 who presented with weakness and unsteady
gait of 1 week’s duration. Neurologic examination was significant for truncal ataxia, dysarthria, and
left-sided dysmetria. A, Coronal high-resolution T2WI demonstrates normal OB morphology and
signal intensity. B, Coronal and (C) sagittal postcontrast T2 FLAIR images demonstrate an
increased T2 signal within the OB (red arrows). Note relative increased signal compared with (D)
coronal T2WI at the level of the intracisternal segment of the trigeminal nerve (red arrow).
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in sustentacular and olfactory stem cells and may serve as a pu-
tative target for SARS-CoV-2 infection of olfactory epithe-
lium.25 Alternatively, viral binding to angiotensin-converting
enzyme 2 receptors expressed in CNS capillary endothelium
might result in endothelial damage, which enables spike protein
binding to neuronal angiotensin-converting enzyme 2 receptors
and subsequent CNS infection.28 Another possibility is that he-
matogenous spread may occur via the blood supply shared by
olfactory sensory neurons and the OB.

Imaging correlates to anosmia on conventional MR imaging
have been shown in the setting of other disease status causing
olfactory dysfunction. For instance, OB volume loss has been
demonstrated in patients with migraine headache,29 chronic rhino-
sinusitis,30 trauma,30,31 and subsequent to upper respiratory tract
infection.30,32 Morphologic changes in the OB have also been

demonstrated in neurodegenerative
diseases, including Parkinson disease18

and Alzheimer disease.19 Chung et al33

evaluated OB volume and signal inten-
sity in patients with a reported history
of olfactory deficit due to chronic rhi-
nosinusitis, trauma, prior viral infec-
tion, and idiopathic etiologies, and
found that OB volume loss was more
common in patients with olfactory dys-
function than in those with normos-
mia. However, there was no significant
difference between the 2 groups in
terms of T2 signal abnormality (P ¼
.395).33 The investigators attributed
their findings to the chronicity of olfac-
tory deficits because patients in the
cohort experienced olfactory deficits
for.2months.33

The presence of an increased T2
signal observed in our study might
reflect the acuity of the time course; it
is possible that, if these individuals
were imaged at longer-term follow-up,
we would observe volume loss in the
absence of signal abnormality. For
instance, studies have demonstrated a
negative correlation between the dura-
tion of anosmia and OB volume loss.
Yao et al17 demonstrated OB volume
loss in individuals with anosmia of 0.5–
8.7 years’ duration and that the volume
negatively correlated with the dura-
tion of olfactory loss. In addition,
Yao et al17 reported orbitofrontal cor-
tex volume loss. In our study, a single

patient with COVID-19 demonstrated increased entorhinal and
orbitofrontal signal abnormality; however, the clinical signifi-
cance of this isolated finding is uncertain.

There are several limitations to this study. Patients included
were those who underwent MR imaging of the brain as part of
standard of care during the COVID-19 pandemic. As such, our
findings do not necessarily reflect patients on the milder end of the
spectrum who might not have undergone imaging due to regula-
tory constraints or those on the more severe end of the spectrum
who may have been too clinically unstable to undergo MR imag-
ing. Although quantitative measures for the OB T2 FLAIR signal
intensity were normalized to superior frontal WM, a large propor-
tion of patients with COVID-19 underwent examinations on inpa-
tient scanning systems versus outpatient scanning systems, and,
therefore, it is possible that technical factors contributed to the dif-
ferences observed between the 2 groups. Although all the patients
included in the study demonstrated neurologic manifestations of
disease, the presence of anosmia was not documented for all the
subjects in this small-sample, retrospective study. Three of the 24
patients included in this study underwent noncontrast 3D T2
FLAIR, which might have decreased sensitivity for detection of

FIG 4. A 52-year-old woman positive for COVID-19 and with a history of major depressive disor-
der, was found to be catatonic. A, Coronal and (B) sagittal postcontrast 3D T2 FLAIR demonstrates
increased intraneural signal within the OBs (red arrows) relative to (C) coronal postcontrast 3D T2
FLAIR images of the trigeminal nerve (red arrow).

FIG 5. A 74-year-old woman (in the control group) with decreased sense of smell of several
months’ duration. Coronal postcontrast 3D T2 FLAIR of (A) the OB (red arrow) and (B) the trigemi-
nal nerve (red arrow) demonstrate isointense signal.

Table 3: Severity of chronic microvascular ischemic disease in
patients and controls

Subjects None Mild Moderate Severe
Patients with COVID-19 0.50 0.25 0.167 0.83
Controls with anosmia 0.333 0.417 0.25 0.00
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signal abnormality. On consensus review, we found increased T2
signal within the OBs in 33% of patients with COVID-19, similar
to some estimates of acute-onset anosmia in patients with
COVID-19.11 A larger, prospective study with both self-reported
and objective data34,35 on olfaction with imaging performed at uni-
form chronology could potentially validate these preliminary
results that suggest the possibility of OB signal intensity as a nonin-
vasive biomarker of disease in COVID-19.

CONCLUSIONS
OB 3D T2 FLAIR signal intensity was greater in patients with
COVID-19 and neurologic symptoms compared with an age-
matched control group with olfactory dysfunction, and was quali-
tatively apparent in 4 of 12 patients with COVID-19. Analysis of
these preliminary findings suggests that olfactory apparatus vul-
nerability to COVID-19 might be supported on conventional
neuroimaging. Future prospective studies that examine the rela-
tionship between imaging findings and objective chemosensory
assessment are warranted.
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ORIGINAL RESEARCH
HEAD & NECK

Are Gadolinium-Enhanced MR Sequences Needed in
Simultaneous 18F-FDG-PET/MRI for Tumor Delineation in

Head and Neck Cancer?
N. Pyatigorskaya, R. De Laroche, G. Bera, A. Giron, C. Bertolus, G. Herve, E. Chambenois, S. Bergeret,

D. Dormont, M. Amor-Sahli, and A. Kas

ABSTRACT

BACKGROUND AND PURPOSE: PET/MRI with 18F-FDG has demonstrated the advantages of simultaneous PET and MR imaging in
head and neck cancer imaging, MRI allowing excellent soft-tissue contrast, while PET provides metabolic information. The aim of
this study was to evaluate the added value of gadolinium contrast–enhanced sequences in the tumor delineation of head and
neck cancers on 18F-FDG-PET/MR imaging.

MATERIALS AND METHODS: Consecutive patients who underwent simultaneous head and neck 18F-FDG-PET/MR imaging staging or
restaging followed by surgery were retrospectively included. Local tumor invasion and lymph node extension were assessed in 45
head and neck anatomic regions using 18F-FDG-PET/MR imaging by 2 rater groups (each one including a radiologist and a nuclear
medicine physician). Two reading sessions were performed, one without contrast-enhanced sequences (using only T1WI, T2WI, and
PET images) and a second with additional T1WI postcontrast sequences. The results were compared with the detailed histopatho-
logic analysis, used as reference standard. The k concordance coefficient between the reading sessions and sensitivity and specific-
ity for each region were calculated.

RESULTS: Thirty patients were included. There was excellent agreement between the contrast-free and postgadolinium reading sessions
in delineating precise tumor extension in the 45 anatomic regions studied (Cohen k ¼ 0.96, 95% CI ¼ [0.94–0.97], P, .001). The diagnos-
tic accuracy did not differ between contrast-free and postgadolinium reading sessions, being 0.97 for both groups and both reading ses-
sions. For the 2 rater groups, there was good sensitivity for both contrast-free (0.83 and 0.85) and postgadolinium reading sessions (0.88
and 0.90, respectively). Moreover, there was excellent specificity (0.98) for both groups and reading sessions.

CONCLUSIONS: Gadolinium chelate contrast administration showed no added value for accurate characterization of head and
neck primary tumor extension and could possibly be avoided in the PET/MR imaging head and neck workflow.

ABBREVIATIONS: HNC ¼ head and neck cancer; IDEAL ¼ iterative decomposition of water and fat with least-square estimation; SUVmax ¼ maximum stand-
ardized uptake value; PNS ¼ perineural spread

Integrated PET/MR imaging systems are increasingly used in
clinical practice. PET/MR imaging with 18F-FDG has demon-

strated the advantages of simultaneous PET and MR imaging, with
MR imaging allowing excellent soft tissue contrast and PET pro-
viding metabolic information.1,2 This multimodality imaging may
improve the diagnostic accuracy in complex anatomic regions.

Head and neck cancer (HNC) is a frequent pathology with
high morbidity and mortality rates.3 Precise clinical and imaging

delineation of tumor expansion is challenging in the complex
head and neck anatomic area. Nevertheless, accurate tumor
delineation by imaging is essential for therapeutic decision mak-
ing and for performing complete tumor resection while preserv-
ing healthy functional surrounding tissue.

In simultaneously acquired PET/MR imaging, MR images are
the most time-consuming. PET/MR imaging in a clinical setting
should be time-efficient for maintaining sufficient patient work-
flow and because the increase in acquisition time is a source of
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motion artifacts and patient discomfort. Still, protocol optimiza-
tion should not lead to the degradation of imaging quality and
diagnostic accuracy. PET/MR imaging acquisition commonly
includes a head and neck MR imaging protocol usually per-
formed in clinical practice4,5 and PET acquisition. However, in
clinical context, each MR image should provide additional infor-
mation to that provided by 18F-FDG-PET. Consequently, the util-
ity of each MR image in this combined examination should be
questioned and justified.

Gadolinium contrast–enhanced sequences are useful in the
detection and delineation of head and neck tumors.6 However,
these sequences are time-consuming, and gadolinium adminis-
tration can cause potential side effects such as nephrogenic sys-
temic sclerosis7,8 or gadolinium chelate brain accumulation.9

Thus, before including a contrast-enhanced MR image in the
protocol of simultaneous PET/MR imaging for head and neck
examination, it is important to first examine whether gadolin-
ium-enhanced sequences provide any additional information of
value compared with 18F-FDG-PET/MR imaging including only
nonenhanced morphologic MR images.10 Indeed, although gad-
olinium contrast–enhanced sequences are known to have an im-
portant place in MR imaging examination, there is currently no
evidence concerning their usefulness in simultaneous head and
neck 18F-FDG-PET/MR imaging acquisition.11 Only 1 study on
a pediatric population investigated whether gadolinium contrast
enhancement added any information in PET/MR imaging, find-
ing no notable difference in the diagnostic accuracy between the
enhanced and unenhanced images.12 Another study, which
investigated the added value of MR imaging sequences com-
pared with PET/CT, suggested that PET/MR imaging could be a
legitimate alternative to PET/CT in patients with HNC.11 To the
best of our knowledge, no study has yet systematically investi-
gated whether gadolinium contrast–enhanced sequences pro-
vide any additional information compared with contrast-free
simultaneous 18F-FDG-PET/MR imaging for assessing precise
local and regional invasion in HNC.

The aim of this study was to evaluate the added value of gado-
linium contrast–enhanced sequences for HNC tumor delineation
using 18F-FDG-PET/MR imaging to examine the usefulness of
this sequence in HNC PET/MR imaging protocols.

MATERIALS AND METHODS
Patients
Thirty consecutive patients with histopathologically confirmed
HNC examined in our institution between November 2015 and
June 2016 were retrospectively included. The inclusion criteria
were available simultaneous 18F-FDG-PET/MR imaging scan per-
formed in the context of staging or restaging the histopathologi-
cally confirmed HNC, which included the sequences with and
without contrast administration, and head and neck surgery per-
formed within 4weeks after the PET/MR imaging examination
with available detailed pathologic analysis of precise tumor exten-
sion. None of the patients were undergoing any therapy at the time
of imaging or in the interval between the imaging and the resec-
tion. The restaging examination was performed at least 4weeks af-
ter the surgery and 12weeks after radiation therapy, as previously
recommended for posttreatment evaluation in HNC.13,14

The data for this study were extracted from the local data base
of PET/MR imaging examinations, which was approved by the
French authority for the protection of privacy and personal data
in clinical research (CNIL, approval No. 2111722). This study
was performed according to the principles of the Declaration of
Helsinki.

Imaging Protocol
All the images were acquired simultaneously with an inte-
grated PET/MR imaging system (Signa 3T, GE Healthcare)
using the same protocol, 60minutes after IV injection of 3.7
MBq/kg 18F-FDG. No patients had blood glucose level
.11mmol/L, and all had been fasting for 6 hours or more
before the 18F-FDG injection. Contraindications for MR
imaging were respected.

Simultaneous PET/MR imaging acquisition was performed
in the head and neck region using a 40-channel head and
neck receiver coil; the duration time was approximately
20min. The protocol included a 2-point Dixon MR imaging
sequence for the attenuation correction (which resulted in in-
phase T1WI, out-of-phase T1WI, water-only, and fat-only
images); an axial FSE T1WI, iterative decomposition of water
and fat with least-square estimation (IDEAL) FSE axial T2WI
sequence; and a 3D contrast-enhanced FSE T1WI acquired
immediately after the injection of gadoterate meglumine
(Dotarem 0.2mL/kg, Guerbet). The simultaneous PET acqui-
sition, which lasted 16minutes, was followed by a whole-
body simultaneous PET/MR imaging acquisition from the
neck to the proximal femur, including 4 bed-PET/MR imag-
ing position scans. Finally, an axial postcontrast-injection
IDEAL FSE T1WI, a coronal IDEAL FSE T2WI, and an axial
DWI centered on the head and neck region were acquired
during about 8minutes. The total duration of PET/MR imag-
ing examination was 45–50minutes.

PET data were reconstructed iteratively using the ordered sub-
sets expectation maximization algorithm, integrating TOF, point
spread function modeling, and attenuation, truncation, and scatter
corrections with a matrix size of 256 � 256, 4 iterations and 28
subsets, and a filter cutoff of 3mm for head and neck scans, result-
ing in voxel size of 1.17� 1.17� 2.78mm. For photon attenuation
correction, a 2-point DixonMR imaging was used.

Image Analysis
PET/MR images were analyzed by 2 rater groups, each com-
prising an experienced radiologist (M.A.-S. or N.P.) and an
experienced nuclear medicine physician (A.K. or G.B.) with
at least 11 years of practice. The raters performing the PET/
MR imaging readings were blinded to previous medical his-
tory, suspected diagnosis, pathologic findings, and other
imaging technique results. Whole-body PET/MR imaging
and DWI were unavailable to the raters during the reading.
The images were analyzed using an Advantage Workstation
4.6 (AW4.6, GE Healthcare).

For the first reading session (referred to as “contrast
free”), only PET images and contrast-free spin-echo T1WI
and IDEAL T2WI were available for simultaneous interpre-
tation. For each of the 45 specific anatomic regions
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determined together with the pathologists (On-line Table),
the raters had to specify the presence or absence of tumor
invasion. All areas of focal uptake were identified and cor-
related to the corresponding MR images. Analyses of the
PET/MR imaging data included qualitative and quantitative
assessment. Areas of focal 18F-FDG-uptakes were classified
as probably malignant or as probably benign based on vis-
ual analysis, focused on the pattern and asymmetry of FDG
distribution as well as contrast to background uptake, espe-
cially in anatomic structures with physiologic uptake (eg,
palatine tonsils or salivary glands). The semiquantitative
standardized uptake value (SUVmax) was used as a tool to
supplement visual interpretation. SUVmax values were
measured in tissues or nodes with increased 18F-FDG
uptake using a volume of interest based on a 40% isocon-
tour threshold with an AW4.6 workstation.15,16 The mor-
phologic criteria for tumor malignancy included a masslike
lesion with irregular borders, low T1-weighted signal, and
usually iso or high T2-weighted signal. The combination of
the most relevant findings (morphologic and metabolic) was
considered for the PET/MR imaging classification. The
lesions were classified by consensus using a qualitative 2-
point scale as follows: 1 represented malignant tumor inva-
sion of the anatomic region, and 0 represented the absence
of suspicious invasion. The same reading was performed for

the assessment of lymph node
involvement. Lymph nodes with
suspected malignant invasion were
reported in each anatomic region.
The size, shape, homogeneity, cap-
sular disruption, and intensity of
18F-FDG uptake were taken into
consideration.

The second interpretation session
(referred to as “postgadolinium”)
followed the same method of analy-
sis, which additionally included gad-
olinium-enhanced images and the
assessment of contrast enhancement
in each region. The time interval
between the 2 reading sessions was
at least 8 weeks.

Histopathologic Analysis
All the lesions were analyzed by an
experienced senior anatomopathol-
ogist with 14 years of experience
(G.H.). Each of the included
patients had a histopathologic con-
firmation of the lesion nature.
Histopathologic tumor grade, sur-
gical margin invasion by the tumor,
and invasion of each of the 45 sys-
tematically examined anatomic
regions (On-line Table) were deter-
mined. The histopathologic results
were considered as standard of ref-

erence for this study. Only lymph nodes with available pa-
thology analysis were considered.

Statistical Analysis
Statistical analysis was performed using JMP Pro 14 (SAS
Institute). The interrater agreement and the agreement
between contrast-free and postgadolinium sessions were esti-
mated using the Cohen k coefficient for each region and for
each reading session. The sensitivity, specificity, and diagnos-
tic accuracy were also calculated for each region for each read-
ing session. Additionally, the overall diagnostic accuracy was
estimated. The values between 0.9 and 1 were considered
“excellent,” between 0.80 and 0.90 as “good,” and between
0.70 and 0.80 as “fair.” These values were also determined for
a subgroup analysis (n¼ 10) of small-sized tumors (stage T1
and T2 according to the American Joint Committee on
Cancer Cancer Staging Manual 7th edition, being applicable
at the time of the study) because these lesions are considered
to be more difficult to detect and explore.17

RESULTS
Patients and Lesions
Thirty consecutive patients (61.6 6 16.8 years old, 12 women)
were retrospectively included. Histopathologic tumor types
included squamous cell carcinomas (n¼ 23), adenoid cystic

Table 1: Lesion characteristics

Total Number of Subjects (%)
Number of Subjects with

T1–T2 Lesions (%)
Histologic type
Squamous cell carcinoma 23 (77%) 8 (80%)
Adenoid cystic carcinoma 4 (13%) 1 (10%)
Adenocarcinoma 1 (3%) 1 (10%)
Sarcoma 1 (3%)
Melanoma metastasis 1 (3%)
Tumor stage
pT1 4 (13%) 4 (40%)
pT2 6 (20%) 6 (60%)
pT3 1 (3%)
pT4 16 (53%)
Lymph node stage
pN0 12 (38%)
pN1 5 (17%)
pN2a 1 (3%)
pN2b 6 (20%)
pN2c 1 (3%)
pN3 0
Initial tumor location
Base of tongue 1 (3%)
Tongue 6 (20%) 2 (20%)
Floor of mouth 4 (13%) 3 (30%)
Vestibule or lip 2 (7%)
Maxillary 2 (7%)
Palate 3 (10%)
Mandibular 8 (27%)
Amygdala 1 (3%) 3 (30%)
Salivary glands 3 (10%) 2 (20%)
Staging
Initial diagnosis 23 (77%) 6 (60%)
Recurrence 7 (23%) 4 (40%)
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carcinomas (n¼ 4), adenocarcinoma (n¼ 1), sarcoma (n¼ 1), and
melanoma metastasis (n¼ 1). Twenty-five patients (83%) under-
went cervical lymph node resection; in 19 (76%) patients, the resec-
tion was unilateral, and in 6 (24%) patients, it was bilateral. A total
of 142 cervical lymph nodes were analyzed. The head and neck
surgery was performed within 25.8 613.2 (range, 2–29) days after
the PET/MR imaging examination. The lesion characteristics are
shown in Table 1, Figs 1-3, and On-line Figs 1 and 2.

Agreement between Evaluations
There was excellent agreement between the contrast-free and post-
gadolinium reading sessions for the precise assessment of tumor
extension (Cohen k ¼ 0.96, 95% CI¼ [0.94–0.97], P, .001). Good
interrater agreement was also found for the contrast-free session
(k ¼ 0.78, 95% CI ¼ [0.74–0.81], P, .001) and for the

postgadolinium session (k ¼ 0.78,
95% CI ¼ [0.73–0.83], P, .001). The
data for each region are detailed in the
On-line Table.

Diagnostic Accuracy
The diagnostic accuracy did not differ
between the contrast-free and postga-
dolinium reading sessions (0.97 for
both groups and both reading ses-
sions). For the first group (A.K. and
M.A.-S.), there was good sensitivity for
both contrast-free and postgadolinium
reading sessions (0.83 and 0.85, respec-
tively), and there was excellent specific-
ity (0.98 for each reading session). For
the second raters group (G.B. and N.
P.), there was also good sensitivity
(0.88 and 0.9, respectively), and there
was excellent specificity (0.98 for each
reading session). The data regarding
the sensitivity and specificity for the
assessment of tumor invasion for each
of the 45 anatomic regions are detailed
in Table 2.

Lymph Node Analysis
The agreement between the contrast-
free and postgadolinium sessions was
good (Cohen k ¼ 0.90, 95% CI ¼
[0.78–0.95], P, .001). For both con-
trast-free and postgadolinium reading
sessions, there was good sensitivity
(0.85), and there was excellent speci-
ficity (0.97 and 0.98, respectively).

Subgroup Analysis
For small-sized tumor lesions (T1–T2
stages), there was also excellent intra-
rater agreement for tumor extension
assessment between the contrast-free
and postgadolinium reading sessions

(Cohen k ¼ 0.91, 95% CI¼ [0.85– 0.96], P, .001). The diagnos-
tic accuracy for T1–T2 lesions did not differ from the overall ac-
curacy (0.97 for both groups and both reading sessions). For the
first rater group, there was good sensitivity (0.79 for both con-
trast-free and postgadolinium sessions), and there was excellent
specificity (0.98 for both reading sessions). For the second rater
group, the sensitivity was good (0.89 and 0.79, respectively), and
specificity was excellent (0.99 for both reading sessions).

DISCUSSION
We observed excellent diagnostic accuracy of simultaneous 18F-
FDG-PET/MR imaging for the assessment of locoregional exten-
sion of HNC with or without gadolinium contrast administration.
There was excellent agreement between the contrast-free and post-
gadolinium reading sessions, and there were good sensitivity and

FIG 1. Initial staging of a right maxillary squamous cell carcinoma in an 84-year-old woman. A,
Axial T1-weighted spin-echo (SE) sequence. B, Axial T1-weighted fat-saturated sequence. C, Fusion
between axial T1WSE sequence. C, 3D T1-weighted fat-saturated SE postcontrast sequence, axial
plane. D, Fusion between axial T1-weighted SE sequence and 18F-FDG-PET. Both T1-weighted FDG-
PET/MR imaging with and without gadolinium showed right hard palate invasion. The anterior tu-
mor margin (arrow) was difficult to define on both contrast-free and postcontrast T1WI (B and
D). PET imaging allowed clarification of the lesion margins (A and C).
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excellent specificity for the assessment of local tumor extension as
well as for the evaluation of lymph node involvement, similarly
with and without gadolinium injection.

To the best of our knowledge, this is the first simultaneous PET/
MR imaging study investigating the added value of gadolinium-
enhanced sequences in adults and the first study of the head and
neck region.

To this day, several studies have debated on the added value of
PET/MR imaging compared with PET/CT in HNC evaluation.
Although some studies found no advantages of PET/MR imaging

in terms of diagnostic perform-
ance,16,18-20 others showed it to be ad-
vantageous in terms of overall diagnostic
accuracy21 or of tumor delineation,22

which is particularly relevant in the
head and neck region, where ana-
tomic landmarks are complex and
mobile because of patients position-
ing differences between examina-
tions.23 Additionally, coregistration
procedures between PET/CT and
MR imaging are usually performed
in studies conducted for research
purposes, being less feasible in
clinical practice using routine
algorithms. Consequently, several
studies have demonstrated the su-
periority of PET/MR imaging ver-
sus PET/CT24 and versus the
association of PET/CT and MR
imaging.25,26

The main drawback of PET/MR
imaging is its long acquisition
time.27 However, although the du-
ration of PET/MR imaging is longer
than that of PET/CT, it should be
pointed out that acquiring simulta-
neous PET/MR imaging data re-
duces the overall examination time
compared with sequential PET/CT
and MR examinations. PET/MR
imaging should still be as short as
possible for clinical workflow opti-
mization, especially in patients with
HNC, who often have swallowing
or breathing difficulties.

In PET/MR workflow considera-
tions, the limiting factor for reducing
the acquisition time is the MR imaging
and not the PET acquisition. Indeed,
transaxial PET data for a 25-cm fields
of view are acquired within #10min,
whereas simultaneously acquired MR
pulse sequences require much longer
imaging times.

In the context of workflow optimi-
zation, one should question the rele-

vance of each MR image. Furthermore, the information provided
by PET and MR modalities should be as complementary as possi-
ble, any redundancy being avoided.

Avoiding contrast injection is also preferable in patients
with severe renal failure, who are at risk of developing neph-
rogenic systemic sclerosis,7,8 especially in the case of repeated
injections and if the linear-structured gadolinium-chelated
molecules are used.28 Moreover, gadolinium chelate deposi-
tion in the brain was recently reported,9 especially in patients
undergoing repeated injections, as would be the case for

FIG 2. Initial staging of right adenoid cystic carcinoma of a minor salivary gland (palate) in a 55-
year-old man. A, Axial FDG-PET. B, Axial T2-weighted spin-echo (SE) sequence. C, Axial T1-weighted
SE sequence. D, 3D T1-weighted fat-saturated SE postcontrast sequence. On both T1-weighted and
T2-weighted MR imaging (B and C), thickening of the trigeminal nerve is present, with a loss of signal
of the fatty tissue in the pterygopalatine fossa, strongly suggestive of perineural spread of the tu-
mor. On the T1-weighted postgadolinium sequence (D), high enhancement of the trigeminal nerve
is visible (arrow). There is no significant perineural 18F-FDG uptake (A); only slight uptake is discern-
able when guided by MR imaging findings.
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certain patients with HNC with
long follow-up times. Even though
the clinical impact of these deposits
remains unclear, there is a current
trend of reducing the overall
received dose of gadolinium, espe-
cially in patients with a good prog-
nosis and a high life expectancy.

Although this is the first study
directly investigating the value of gad-
olinium injection in HNC simultane-
ous PET/MR imaging protocols for
precise assessment of tumor invasion,
DWI has already been similarly exam-
ined22,29 with the results suggesting
that it has no added value in the PET/
MR imaging protocol.22,29 Indeed, sig-
nificant correlation between DWI-
ADC and SUVmax values on PET
images was found.16,21,30,31 In contrast
to this, in another study, it was
observed that PET/MR-DWI may
help to avoid false-positive findings
caused by nonspecific FDG uptake in
the case of tumor recurrence.21

Previously, it was reported that fat-
suppressed contrast-enhanced T1-
weighted MR images are superior to
unenhanced ones for tumor diagnosis

Table 2: Diagnostic accuracy of contrast-free and postgadolinium sessions

First Raters Group Second Raters Group

Contrast-Free Session Postgadolinium Session Contrast-Free Session Postgadolinium Session
Region extension Se Sp Se Sp Se Sp Se Sp
Median line involvement 0.67 0.96 0.67 0.95 0.83 0.95 0.83 0.95
Vascular extension 0 1 0 1 1 0.93 1 0.93
Mandibular cortical bone 0.9 0.95 0.9 0.95 0.9 0.95 0.9 0.95
Mandibular medullary bone 0.88 0.9 0.88 0.9 0.88 0.9 0.88 0.9
Intermaxillary commissure 1 0.91 1 0.86 1 0.95 1 0.89
Vestibule 0.92 1 0.92 1 0.92 1 0.92 1
Skin 0.67 1 1 1 0.67 0.92 0.67 1
Mobile tongue 0.8 1 0.8 1 0.67 1 0.67 1
Palatoglossal arch 0.67 1 0.33 1 1 0.96 0.67 1
Palatine tonsil 1 0.92 1 0.92 1 1 0.5 1
Floor of mouth 0.78 0.94 0.78 0.94 0.89 1 0.89 1
Submandibular glands 1 0.9 1 0.9 1 1 1 1
Soft palate 0.67 0.96 0.67 1 1 0.81 1 0.81
Hard palate 1 1 1 1 1 0.96 1 0.96
Maxillary bone 1 0.96 1 0.96 1 0.92 1 0.92
Maxillary sinus 1 0.96 1 0.96 1 0.96 1 0.96
Masseter muscle 1 0.96 1 0.96 1 0.96 1 1
Pterygoid muscles 1 0.89 1 0.92 1 0.88 1 0.88
Nasal fossa 1 1 1 1 0.5 0.96 1 0.96
Subarachnoid spaces 1 1 1 1 1 1 1 1
Parotid glands 0 1 1 1 1 1 0 1
Perineural extension (V) 1 1 1 1 1 0.96 1 0.96
Perineural extension (VII) 0 1 0.5 1 1 1 1 1
All locations 0.83 0.98 0.85 0.98 0.88 0.98 0.9 0.98
All locations T1-T2 0.79 0.99 0.79 0.99 0.79 0.98 0.89 0.98

Note:—Se indicates sensitivity; Sp, specificity.

FIG 3. Local extension of a mandibular gingiva tumor in a 71-year-old woman. A, Axial contrast-
free T1-weighted. B, Axial 18F-FDG-PET image. C, 3D T1-weighted spin-echo (SE) contrast-enhanced
sequence, axial plane. D, Fusion between axial T1-weighted and 18F-FDG-PET. Both contrast-free
and gadolinium-enhanced T1W MR imaging showed right vestibular invasion. Although bone inva-
sion remained doubtful because of dental artifacts on MR alone, high FDG uptake includes a por-
tion of the mandibular bone with margins that are clearly visible on the fusion images between
PET and T1-weighted MRI, demonstrating bone involvement (arrow), which was pathologically
confirmed.
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in the head and neck region.32 Contrast enhancement has shown
an ability to improve lesion detection and tissue characterization
and to facilitate the evaluation of tumor extension. However,
some studies with advanced morphologic MR images, such as
fast short inversion recovery MR imaging, have shown compara-
ble results to postgadolinium sequences for soft tissue tumor
characterization.33

Whereas postgadolinium contrast enhancement reflects the
tumor vascularization,34 18F-FDG reflects glucose metabolism.35

Even if the pathophysiological mechanisms are different, our
study suggests that contrast-free MR imaging morphologic
sequences with simultaneous 18F-FDG PET images may give the
same information as that added by postgadolinium sequences. In
other words, the postgadolinium sequence does not seem to
improve diagnostic accuracy in patients explored by simultane-
ous 18F-FDG-PET/MR imaging. On the basis of retrospectively
fused PET/CT and MR imaging, Kuhn et al11 previously suggested
that gadolinium contrast enhancement gave added value to the
evaluation of primary tumor extension compared with fused PET
and T2-weighted images alone. However, in our study, using simul-
taneous PET/MR imaging, the diagnostic accuracy in the evaluation
of precise tumor extension remains the same with or without post-
contrast images, suggesting that gadolinium-enhanced MR images
provide redundant information compared with simultaneously
acquired nonenhanced morphologic MRI together with FDG-PET
images.

Although several previous PET/MR imaging studies
focused on its diagnostic performance in head and neck tu-
mor detection,2,18,26 the present work, to the best of our
knowledge, is the first study presenting a precise mapping
of the regional HNC extension areas, analyzed by means of
simultaneous PET/MR imaging. Previously, it was sug-
gested that postcontrast T1-weighted sequences allow
detection of perineural spread.11 In our study, 1 rater group
correctly detected all of the 3 cases of perineural spread on
both contrast-free and postgadolinium sessions, but for the
second rater group, detection was facilitated by contrast
enhancement in 1 case. In the present study, thorough anal-
ysis of contrast-free simultaneous PET/MR imaging alone
allowed detection of perineural spread in most cases.
However, studies including larger numbers of cases of peri-
neural spread are needed to corroborate this finding.
Perineural spread (PNS) is a significant element of patient
prognosis and long-term survival, and noncontrast MR
imaging may be limited in this regard, but PET/CT has
been widely applied in patients with multiple head and neck
tumors at risk of having PNS, knowing the limitation of the
study. At this stage, considering that PNS can be subtle with
a non-negligible risk of omission and that postgadolinium
MR clearly increases the radiologist’s degree of confidence,
postcontrast sequences should be maintained in 18F-FDG-
PET/MR for salivary gland malignancy work-up (given the
high propensity for nerve invasion36) or when PNS is clini-
cally suspected. Still, with the exception of those particular
cases, our results suggest that analyzing contrast-free MR

imaging simultaneously with 18F-FDG PET in the context
of PET/MR provides optimal diagnostic accuracy without
the need for gadolinium-enhanced sequences.

Assessment of potential tumor invasion of bony struc-
tures, such as the mandible or maxillary sinus, has been
reported as challenging, and some studies have suggested,
in this case, better specificity and sensitivity of CT
compared with MR imaging37 or PET/MR imaging.11

However, other studies found good diagnostic accuracy
for both CT and MR imaging.38 Moreover, higher confi-
dence of PET/MR imaging compared with PET/CT for
bone lesion detection has been reported.39 In our study, all
cases of mandibular bone cortical and medullary invasion
were correctly detected in the contrast-free session alone,
with 1 exception, in which even gadolinium injection did
not facilitate the detection. Therefore, PET/MR imaging
diagnostic accuracy for bone lesion detection appears to
be good and does not seem to be improved by contrast
enhancement.

Detection of small-sized head and neck tumors can be par-
ticularly challenging.40 In this context, one could suppose
that all available MR images should be used to maximize
the chances of precise lesion detection and delineation.
However, in the present study, we have observed that the
diagnostic accuracy was good for both reading sessions
with no improvement of sensitivity or specificity when a
contrast-enhanced sequence was added.

PET/MR appears to be an advantageous imaging method in
HNC because it can simultaneously evaluate the locoregional tumor
extension, lymph node involvement, and distant metastases by
combining head and neck MR imaging and whole-body 18F-FDG-
PET, 2 imaging modalities recommended for HNC staging. Still, in
our opinion, management of patients with HNC should also sys-
tematically include head and neck and chest CT in search of cortical
bone erosion, enlargement of foramina, and lung nodules.

Our study has several limitations. First, the sample size
was small in this proof-of-concept study. Still, despite this,
the results appear to be significant and promising. Second,
because of the clinical design of the study, there was hetero-
geneity concerning histopathologic tumor types, related to
the local recruitment. However, the main lesions were large
oral cavity squamous cell carcinoma and salivary gland
adenoid cystic carcinoma, with all the detailed histologic
data available. Different histologic types of tumors might be
different in contrast enhancement and FDG uptake.
Namely, we could expect that some adenoid cystic tumors
may show important contrast enhancement with moderate
hypermetabolism. Still, in our study, we have not observed
added value of contrast enhancement for these tumors. In
the future, it might be interesting to conduct larger scale
studies focused on the adenoid cystic tumor subtype, which
remains difficult because of the low prevalence of these
tumors. Last, there were few cases of perineural spread,
which is consistent with the rarity of adenoid cystic carci-
noma and of perineural spread.
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CONCLUSIONS
In our study, the diagnostic accuracy of simultaneously
acquired PET/MR imaging for assessing locoregional exten-
sion in patients with HNC was comparable with or without
the addition of a gadolinium-enhanced sequence. These
results suggest that in the specific case of simultaneously
acquired head and neck PET/MR imaging, contrast injection
does not provide added value to HNC evaluation and may be
avoided.
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ORIGINAL RESEARCH
HEAD & NECK

Prediction of Human Papillomavirus Status and Overall
Survival in Patients with Untreated Oropharyngeal

Squamous Cell Carcinoma: Development and Validation of
CT-Based Radiomics

Y. Choi, Y. Nam, J. Jang, N.-Y. Shin, K.-J. Ahn, B.-S. Kim, Y.-S. Lee, and M.-S. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Human papillomavirus is a prognostic marker for oropharyngeal squamous cell carcinoma. We aimed
to determine the value of CT-based radiomics for predicting the human papillomavirus status and overall survival in patients with
oropharyngeal squamous cell carcinoma.

MATERIALS AND METHODS: Eighty-six patients with oropharyngeal squamous cell carcinoma were retrospectively collected and
grouped into training (n¼ 61) and test (n¼ 25) sets. For human papillomavirus status and overall survival prediction, radiomics fea-
tures were selected via a random forest–based algorithm and Cox regression analysis, respectively. Relevant features were used to
build multivariate Cox regression models and calculate the radiomics score. Human papillomavirus status and overall survival predic-
tion were assessed via the area under the curve and concordance index, respectively. The models were validated in the test and
The Cancer Imaging Archive cohorts (n¼ 78).

RESULTS: For prediction of human papillomavirus status, radiomics features yielded areas under the curve of 0.865, 0.747, and
0.834 in the training, test, and validation sets, respectively. In the univariate Cox regression, the human papillomavirus status (posi-
tive: hazard ratio, 0.257; 95% CI, 0.09–0.7; P¼ .008), T-stage ($III: hazard ratio, 3.66; 95% CI, 1.34–9.99; P¼ .011), and radiomics score
(high-risk: hazard ratio, 3.72; 95% CI, 1.21–11.46; P¼ .022) were associated with overall survival. The addition of the radiomics score to
the clinical Cox model increased the concordance index from 0.702 to 0.733 (P¼ .01). Validation yielded concordance indices of
0.866 and 0.720.

CONCLUSIONS: CT-based radiomics may be useful in predicting human papillomavirus status and overall survival in patients with
oropharyngeal squamous cell carcinoma.

ABBREVIATIONS: AUC ¼ area under the curve; HPV ¼ human papillomavirus; OPSCC ¼ oropharyngeal squamous cell carcinoma; OS ¼ overall survival;
rad-scores ¼ radiomics scores; TCIA ¼ The Cancer Imaging Archive

Oropharyngeal squamous cell carcinoma (OPSCC) is one of
the most rapidly growing subtypes of head and neck can-

cers, primarily due to the increased incidence of human papillo-
mavirus (HPV)-related OPSCC.1 HPV is a well-established

prognostic factor for OPSCC, with a positive HPV status carrying
a better prognosis.2-4 This distinction in HPV status has contrib-
uted to the recent change in OPSCC staging in the 8th edition of
the American Joint Committee on Cancer Staging Manual.5-7

Because HPV status has substantial clinical implications, tissue
biopsy from a primary or neck site and a test for p16/HPV are
indicated. Although biopsy is generally straightforward in the
head and neck, it is conceivable that image-based differentiation
of OPSCC based on HPV status could become relevant, especially
if it comes with cost savings.

Imaging of head and neck cancer is often difficult due to ana-
tomic complexity, overlapping tissue densities, and artifacts (ie,

motion, dental amalgam, and so forth). Thus, describing imaging
features can be challenging. Recently, the advent of radiomics in

image-based research has allowed the quantification of such com-
plex imaging features into standardized high-throughput data,
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the subsequent analysis of which could aid clinical decision-

making.8

Before radiomics, diffusion-weighted MR imaging indicated
that HPV-positive OPSCC had lower apparent diffusion coeffi-
cients than its counterpart,9 a finding that was presumed to be
due to low stromal volume10 and abundant lymphoid cells11 asso-
ciated with HPV-positive OPSCC. Previous CT-based radiomics
studies reported promise in prognostication,12 prediction of HPV
status,9 and both prediction and prognostication in head and
neck cancers.13,14

We hypothesized that CT-based radiomics could fulfill both
purposes—HPV status and overall survival (OS) prediction.
Therefore, the aim of this study was to determine whether pre-
treatment CT-based radiomics of primary OPSCC could predict
the HPV status and OS of patients initially diagnosed with
OPSCC.

MATERIALS AND METHODS
Patients
This single-center retrospective cohort study was approved by
the institutional review board of Seoul St. Mary’s Hospital, and
the need to obtain informed consent was waived. Between
January 2009 and September 2019, one hundred twenty-five
patients initially diagnosed with OPSCC were retrospectively
reviewed. The inclusion criteria were the following: 1) patholog-
ically confirmed OPSCC, 2) known HPV status, and 3) available
pretreatment contrast-enhanced neck CT images. Thirty-nine
patients were excluded for the following reasons: 1) primary tu-
mor not visible on CT (n¼ 8), 2) beam-hardening artifacts
hampering appropriate image analysis (n¼ 26), and 3) other
underlying malignancy (n¼ 3) or distant metastases (n¼ 2) at
the time of OPSCC diagnosis. Finally, a total of 86 eligible
patients were selected for analysis. Clinical information, includ-
ing age at diagnosis, sex, smoking history, cancer staging
(American Joint Committee on Cancer Staging Manual, 8th edi-
tion), and HPV status were retrieved via the electronic medical
records of our institution. OS was defined as the interval from
the date of initial diagnosis to the date of death or last docu-
mented clinical visit. The cohort was grouped into training and
test cohorts (7:3 ratio) by random stratified sampling so that the
survival status (dead or alive) in each group was evenly distrib-
uted. The review of patients’ medical records was finalized on
October 2, 2019.

Independent External Validation Dataset
An independent external cohort (n=137) was retrieved from The
Cancer Imaging Archive (TCIA), an open repository of various
oncologic images.15 We specifically selected the head and neck
cancer dataset previously published by Aerts et al,16 who publicly
shared CT-segmented primary OPSCC for reproducibility pur-
poses. The patients were subjected to the same selection process
as described above. After screening for eligibility criteria, 59
patients were excluded for the following reasons: 1) no OPSCC
(n¼ 49), 2) unknown HPV status (n¼ 8), and 3) errors in
importing segmentation (n¼ 2). Finally, 78 eligible patients were
included as an external validation dataset.

HPV Status Assessment
The formalin-fixed and paraffin-embedded tissues were pre-
pared in 4-mm-thick sections, which were then mounted onto
3-aminopropylmethoxysilane-coated slides. In situ hybridiza-
tion was processed on an automated BenchMark system
(Ventana Medical Systems) via INFORMH HPV III Family 16
Probe (cocktail of HPV subtypes 16, 18, 31, 33, 35, 39, 45, 51,
52, 56, and 66; Ventana Medical Systems) as recommended by
the manufacturer. After removal of the paraffin wax, the tissue
underwent protease digestion and hybridization with a probe.
The probe-target complex was detected by the action of alkaline
phosphatase on the 5-bromo-4-chloro-3-indolyl phosphate,
which yielded dark blue with a pink counterstain for the HPV-
negative cells due to nuclear fast red. The nuclear hybridization
signal was evaluated by a head and neck pathologist (Y.-S.L.).

CT Image Acquisition
CT imaging of the neck was acquired using 2 different 128-chan-
nel multidetector CT scanners (Somatom Definition AS1 and
Somatom Definition; Siemens). The CT protocol included pre-
contrast and contrast-enhanced images after intravenous injec-
tion of 100mL of iodinated contrast agent (60-second delay)
(370mg of iodine/mL, Ultravist, iopromide; Bayer HealthCare) at
2.5mL/s via an automatic flow power injector (MEDRAD®

Stellant, Bayer, Leverkusen, Germany). The scan parameters for
both scanners were the following: x-ray voltage, 120 kV(peak);
automatic tube current modulation (CARE Dose, syngo CT;
Siemens); rotation time, 1 second; pitch, 0.8; detector collimation,
0.6mm; matrix size, 512� 512 pixels; FOV, 25 cm; and section
thickness, 3mm. The z-axis encompassed the skull base to the
aortic arch.

Image Analysis and Radiomics Feature Extraction
All image analyses were performed using syngo.via Frontier
software (Siemens). Primary sites of OPSCC were semiauto-
matically segmented using the ”lesion segmentation” function
within the software,17 which yielded a 3D ROI contour; mini-
mal additional adjustment of the ROI was needed to avoid
beam-hardening artifacts and other soft tissues surrounding the
tumor. 3D ROI segmentation included both solid and necrotic
portions. The semiautomatic segmentation required approxi-
mately 2 seconds of processing time per patient. A radiologist
(Y.C.) with 7 years of experience in head and neck imaging seg-
mented all ROIs; another radiologist (K.-J.A.) with 20 years of
experience in head and neck imaging reviewed and confirmed
the ROIs, and any discrepancy was resolved by consensus. Both
radiologists were blinded to the patients’ clinical information
during image analysis. Representative images of ROI segmenta-
tions are provided in Fig 1.

The ROIs were initially resampled to an isometric voxel size
of 1mm. Radiomic features were extracted using PyRadiomics—
a publicly maintained platform of radiomic features18 that were
embedded in syngo.via Frontier. Six different classes of features
were automatically extracted, yielding a total of 854 features per
patient. The detailed information regarding these features is pub-
licly available (https://pyradiomics.readthedocs.io/en/latest/).
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Radiomics Feature Selection
For HPV-status prediction, radiomics features were selected via
Boruta, which is a random forest–based wrapper algorithm for
all-relevant feature selection.19 Random forest generates an im-
portance measure for each feature, allowing minimal parameter
adjustment. In estimating feature importance, we applied the
Boruta algorithm repetitively, and irrelevant features were con-
secutively excluded. The Boruta algorithm reached statistical
significance by continuously calculating all possible feature com-
binations, producing an all-relevant subset of features.

Regarding OS prediction, least absolute shrinkage and selec-
tion operator–Cox regression were used for dimensionality
reduction of radiomics features.20 The selected features were

weighted by their respective coefficients to calculate radiomics
scores (rad-scores) for individual patients, with the median rad-
score being used to dichotomize patients into high-risk and low-
risk groups. All feature selections were performed in the training
cohort to remove the possibility of overfitting.

Statistical Analysis
For HPV-status prediction, the Boruta-selected radiomic features
from the training cohort were fitted into generalized linear models
to plot receiver operating characteristic curves with calculation of
the area under the curve (AUC). The same features were applied in
the test and TCIA cohorts for internal and external validation,
respectively, to calculate their respective AUCs. The optimal cutoff

FIG 1. Representative contrast-enhanced CT images with a 3D ROI in a 73-year-old female patient. Volumetric rendering of segmentation is illus-
trated as a yellow contour (lower right).
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threshold yielding the best AUC
was obtained via the Youden index.
Receiver operating characteristic curves
with AUCs and 95% CIs were gener-
ated with 2000-times stratified boot-
strapping. Comparisons among AUCs
were performed using the DeLong test.

For OS prediction, a univariate Cox
proportional hazard analysis was per-
formed using variables including HPV
status, smoking history, age (65 years of
age or older), sex, T-stage (I/II versus
III/IV), N-stage (0/I versus II/III), and
rad-score (high-risk versus low-risk).
Kaplan-Meier survival curves were
plotted for each of these variables. Log-
rank tests were used to compare the
survival curves. Moreover, a nomo-
gram for 2- and 5-year OS probabilities
was constructed using the HPV status,
T-stage, N-stage, and rad-score.

Multivariable Cox proportional
hazards analyses were also performed
to build 3 Cox regression models
based on cancer stage (ie, T- and N-

stage) alone (Cox model 1), cancer stage combined with the HPV
status (Cox model 2), and cancer stage combined with both the
HPV status and rad-score (Cox model 3). Harrell concordance
indices were calculated for each model with likelihood ratio tests.
Cox model 3 was both internally and externally validated in the
test and TCIA cohorts to calculate the respective concordance
indices. Finally, prediction error curves over survival times were
plotted for the institutional and TCIA cohorts with an integrated
Brier score, which ranges from 0 (perfect model) to 0.25 (mean-
ingless model). All statistical analyses were performed using R
statistical software (Version 3.5.1; http://www.r-project.org/) with
“glmnet,” “survival,” “pROC,” “pec,” “caret” (for random strati-
fied sampling), and “rms” (for nomogram) packages. The statisti-
cal significance was set at P, .05.

RESULTS
Patients
A flow diagram of the patient selection process is provided in
Fig 2. The clinical characteristics of the study population are
summarized in Table 1. Among the 86 patients in the institu-
tional cohort (mean age, 60.9 6 8.6 years; male, 90.7% [78/
86]), 53 (61.6%) and 33 (38.4%) patients were HPV-positive
and -negative, respectively. Stage II was the most prevalent for
both T-stage (47.7%, 41/86) and N-stage (38.4%, 33/86). The
training and test cohorts consisted of 61 and 25 patients,
respectively; their clinical characteristics are provided in the
On-line Table.

For the TCIA cohort (mean age, 60.26 7.6 years; male, 78.2%
[61/78]), 23 (29.5%) and 55 patients (70.5%) were HPV-positive
and -negative, respectively. T-stage IV (39.7%, 31/78) and N-
stage II (57.7%, 45/78) were the most prevalent.

FIG 2. A flow diagram illustrating the patient-selection process.

Table 1: Clinical characteristics of the 2 study cohorts

Characteristics
Institutional

Cohort (n= 86) TCIA (n= 78)
Age (mean) (yr) 60.9 6 8.6 60.2 6 7.6
Sex (No.) (%)
Male 78 (90.7) 61 (78.2)
Female 8 (9.3) 17 (21.8)

Smoking history (No.) (%)
Smoker 50 (58.1) NA
Nonsmoker 36 (41.9)

HPV status (No.) (%)
Positive 53 (61.6) 23 (29.5)
Negative 33 (38.4) 55 (70.5)
T-stage (No.) (%)
I 19 (22.1) 13 (16.7)
II 41 (47.7) 24 (30.8)
III 20 (23.3) 10 (12.8)
IV 6 (7.0) 31 (39.7)
N-stage (No.) (%)
0 18 (20.9) 20 (25.6)
I 32 (37.2) 11 (14.1)
II 33 (38.4) 45 (57.7)
III 3 (3.5) 2 (2.6)

Overall stage (No.) (%)
I 25 (29.1) 5 (6.4)
II 25 (29.1) 7 (9)
III 23 (26.7) 10 (12.8)
IVA 11 (12.8) 49 (62.8)
IVB 2 (2.3) 7 (9)

No. of deaths (No.) (%) 24 (27.9) 45 (57.7)
Overall survival (mean)
(day)

1290.6 6 883.4 2243.4 6 1370.7

Treatment (No.) (%)
Surgery 60 (69.8) 3 (3.8)
Chemotherapy 56 (65.1) NA
Radiation therapy 60 (69.8) 78 (100)

Note:—NA indicates not applicable.
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Relevant Radiomics Features
For each patient in the training cohort,
854 features from 6 different classes
(first-order statistics, shape-based, gray-
level cooccurrence matrix, gray-level
run-length matrix, gray-level size-zone
matrix, neighboring gray-tone differ-
ence matrix, and gray-level dependence
matrix) were extracted. Among these,
the Boruta algorithm selected 9 relevant
features (2 shape-based, 2 first-order, 4
gray-level co-occurrence matrices, and
1 gray-level size-zone matrix) for the
prediction of HPV status (Table 2).

As for OS prediction, least absolute
shrinkage and selection operator–Cox
regression yielded 3 radiomic features,
including 1 shape-based and 2 first-
order features. From these, the rad-
score was calculated using the follow-

Table 2: Relevant features for the prediction of human papillomavirus status and overall
survival

Mean Variable
Importance

Norm Hitsa/
Coefficients

Selected features by Boruta for prediction (Norm Hits)a

original_shape_Flatness 4.753 0.812
original_shape_SphericalDisproportion 5.012 0.828
wavelet_HLH_firstorder_Mean 9.017 0.965
wavelet_HLH_firstorder_Uniformity 3.606 0.678
wavelet_HLH_glcm_ClusterShade 4.692 0.804
wavelet_LHH_glcm_Idm 3.296 0.600
wavelet_LHH_glcm_Imc1 4.201 0.753
wavelet_LHL_glszm_SmallAreaHighGrayLevelEmphasis 11.378 0.989
wavelet_LLH_glcm_Imc2 4.503 0.792

Selected features by LASSO-Cox for OS (coefficient)
original_shape_SphericalDisproportion 3.20E-01
original_firstorder_Minimum –2.36E-03
original_firstorder_10Percentile –1.75E–05

Note:—LASSO indicates least absolute shrinkage and selection operator; glcm, gray-level co-occurrence matrix;
glszm, gray-level size-zone matrix; idm, inverse difference moment; imc1, informational measure of correlation 1;
imc2, informational measure of correlation 2.
a Fraction of random forest runs (Norm Hits) in which they were more important than the most important shadow
value.

Table 3: Sensitivity, specificity, and accuracy of radiomics features in predicting human papillomavirus status
Cohort Sensitivity (95% CI) Specificity (95% CI) Accuracy (95% CI) AUC (95% CI)

Training (n¼ 61) 76.3% (55.3%–100%) 91.3% (56.5%–100%) 80.3% (70.5%–90.2%) 0.865 (0.777–0.953)
Test (n¼ 25) 100% (40%–100%) 60.0% (30.0%–100%) 80.0% (60.0%–92.0%) 0.747 (0.533–0.961)
TCIA (n¼ 78) 82.6% (60.9%–100%) 80.0% (52.7%–94.6%) 80.8% (65.4%–89.7%) 0.834 (0.738–0.930)

FIG 3. Receiver operating characteristic curves with AUC values for HPV-status prediction in the training, test, and TCIA cohorts (A). The P val-
ues calculated from the DeLong test between a pair of AUCs are presented above each line segment (B).
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ing formula with Cox proportional hazard weights given to each
feature as previously described:12

0.32�Original_Shape_SphericalDisproportion 1 (�2.363 -
� 10�3) � Original_Firstorder_Minimum 1 (�1.753� 10�5) �
Original_Firstorder_10Percentile.

Performances of Radiomics Features in HPV Status
Prediction
The generalized linear models fitted with 9 radiomics features in
the training cohort yielded an AUC of 0.865 (95% CI, 0.777–0.953)
with a sensitivity and specificity of 76.3% and 91.3%, respectively
(Table 3). The internal validation, which was performed on a

separate test set (30% of the initial cohort), yielded an AUC of
0.747 (95% CI, 0.533–0.961) with a sensitivity and specificity of
100% and 60%, respectively. The external validation yielded an
AUC of 0.834 (95% CI, 0.738–0.930) with a sensitivity and specific-
ity of 82.6% and 80%, respectively. Comparison of the AUCs
revealed no significant differences (training versus test, P¼ .324;
training versus TCIA, P¼ .643; test versus TCIA, P¼ .471) (Fig 3).

Performance of Radiomics Features in OS Prediction
In the univariate Cox analysis, the HPV status (positive: hazard ra-
tio, 0.27; 95% CI, 0.09–0.7; P¼ .008), T-stage ($III: hazard ratio,
3.66, 95% CI, 1.34–9.99; P= .01), and rad-score (high-risk: hazard

ratio, 3.72; 95% CI, 1.21–11.46;
P¼ .02) were found to be strongly
associated with OS (Table 4). The
Kaplan-Meier survival curves with log-
rank tests of individual variables are
provided in the On-line Figure. The
nomogram for 2- and 5-year OS proba-
bilities is illustrated in Fig 4. For the
multivariate Cox analysis, Cox model
1 (T- and N-stage) had a concord-
ance index of 0.621; the sequential
addition of the HPV status and rad-
score to Cox model 1 increased the
concordance index to 0.702 (Cox
model 2) and 0.733 (Cox model 3),
respectively. The internal and exter-
nal validation of Cox model 3
yielded concordance indices of 0.866
and 0.720, respectively. In addition,

Table 4: Cox proportional hazards analyses and model validation

HR 95%CI/C-Index P Value
Clinical variable (95% CI)
HPV status, positive 0.26 (0.09–0.7) .008a

Smoking history, smoker 1.9 (0.66–5.44) .23
Age, older than 65 years 0.97 (0.34–2.78) .96
Sex, female 0.51 (0.07–3.83) .51
T-stage, $III 3.66 (1.34–9.99) .01a

N-stage, $II 1.62 (0.62–4.19) .32
Overall stage, .IV 2.7 (0.95–7.68) .06
Rad-score, high-risk 3.72 (1.21–11.46) .02a

Multivariate model (C-index)
Cancer stage (model 1) 0.621 .03
Cancer stage 1 HPV status (model 2) 0.702 .01
Cancer stage 1 HPV status 1 rad-score (model 3) 0.733 .01

Validation (C-index)
Internal validation on test set 0.866 .01
External validation on TCIA set 0.72 ,.001

Note:—HR indicates hazard ratio; C index, concordance index.
astatistically significant.

FIG 4. A nomogram of the 2- and 5-year overall survival. Sur. Prob. indicates survival probability.
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the external validation of Cox model 3 onto the TCIA cohort
resulted in a reduction in the prediction error rates (ie, TCIA
cohort curve remaining below the training cohort curve [Fig
5]). Similarly, the integrated Brier score was lower in the TCIA
cohort than in the training cohort for all OS periods (Table 5).

DISCUSSION
In the current study, quantitative pretreatment CT-based radiomics
features were extracted from patients with primary OPSCC, and the
subsequent analysis of these features yielded robust performance in
the prediction of HPV status and OS. The results were reproduced
reliably in both internal and external validation sets. The findings of
this study provide preliminary evidence that pretreatment CT-based
radiomics could potentially aid both HPV-status prediction and
prognostication for patients with OPSCC.

Several studies have considered the implications of radiomics in
head and neck cancers. The present data are consistent with prior
similar studies in that radiomics demonstrated additive prognos-
tic13,14 and predictive value for HPV status.13,21 The studies per-
formed by Ou et al13 and Bogowicz et al14 revealed that CT-based
radiomics provided prognostic value in locally advanced head and
neck cancers.. However, the current study differs from theirs in that
our target population was composed of untreated patients with
OPSCC of various stages, which allowed more comprehensive risk

assessment. Furthermore, our focused
analysis on OPSCC minimized the
potential heterogeneity that might be
associated with various subtypes of head
and neck cancers.

In multivariate Cox proportional
hazards analysis, the addition of HPV
status to the cancer stage increased the
prognostic performance of the survival
model. Likewise, the addition of the
rad-score to the survival model fitted
with HPV status and cancer stage fur-
ther increased the prognostic perform-
ance. This finding suggests that rad-
score—when combined with HPV sta-
tus and cancer stage—may provide an
incremental benefit for prognostica-
tion of patients.

An interesting additional finding in
this study was the good performance
observed in the external validation set,
which was better than that of the inter-
nal validation set. Compared with the
institutional cohort, the external valida-

tion set represented a regionally different cohort with varying clini-
cal variables. Regardless, the CT-based radiomics models trained
with the institutional cohort exhibited comparable AUCs in HPV-
status prediction and better OS prediction in the external validation
set. Therefore, a possible interpretation of this finding is that CT-
based radiomics could be reproduced in multi-institutional cohorts.

As for the radiomics features, the most significant feature in
OS prediction was the shape feature (spherical disproportion).
This finding is consistent with a previous study by Leijenaar et
al,12 who also found a shape feature as the most significant prog-
nostic marker among other features associated with survival of
patients with OPSCC. Additionally, a previous study found that
primary head and neck cancers displaying asphericity on prether-
apeutic [18F] fluorodeoxyglucose uptake appeared to be associ-
ated with a poorer prognosis.22 Taken together, these findings
suggest that the spatial heterogeneity of tumors might be associ-
ated with patients’ prognosis. Future research should investigate
the radiologic-pathologic correlation with regard to the spatial
heterogeneity of the tumor.

The strength of the current study lies in its robust validations
using internal and external datasets. While most previous radio-
mics studies of head and neck cancers used only internal valida-
tions14 or lacked validations,23,24 we used both internal and
external validations to minimize the potential overfitting of
radiomics models. In addition, the primary OPSCC images were
segmented in 3D rather than in circular ROIs on single axial sli-
ces. These volumetric segmentations encompassed the entire oro-
pharyngeal squamous cell carcinoma (OPSCC) and, therefore,
better reflected the true intratumoral environment.

There are several limitations to this study. First, selection bias
might have been present due to the retrospective nature of the
study. However, we attempted to minimize the potential selection
bias by strictly adhering to the predefined selection criteria.

FIG 5. Prediction error curves with respect to the overall survival of the training (black line) and
TCIA cohorts (red line).

Table 5: The integrated Brier scores of Cox model 3 in 2
cohorts
Survival Time (Day) Patients at Risk Training Cohort TCIA
0 78 0 0
743 59 0.172 0.160
2545 40 0.217 0.173
3247 19 0.233 0.190
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Second, the issue of reproducibility is ongoing in most radiomics
studies.25 Thus, the open-platform PyRadiomics was adopted as
our primary source of radiomics features. Furthermore, the exter-
nal validation set used in this study was acquired from the TCIA,
the public repository of oncologic medical images, thereby
increasing the chance of reproducibility of our results. Some of
the variables (ie, OS, treatment received, HPV status) differed
between our cohort and the TCIA cohort; however, the differen-
ces would not have affected the outcome because the Cox models
were built from the training cohort and the TCIA was used solely
for external validation.

CONCLUSIONS
The current study highlighted the feasibility of CT-based radio-
mics in HPV status and OS prediction for patients with OPSCC.
The results were good and reliably validated in both internal and
external datasets. Our findings add preliminary evidence to the
potential value of CT-based radiomics in risk-stratification and
treatment allocation for patients with OPSCC.
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COVID-19-Associated Cytotoxic Lesions of the Corpus
Callosum

P. Gaur, L. Dixon, B. Jones, H. Lyall, and W. Jan

ABSTRACT

SUMMARY: There are very limited published data on the neurologic complications associated with coronavirus disease 2019
(COVID-19) in the pediatric population. Here we present the first 2 pediatric cases of presumed COVID-19 related cytotoxic lesions
of the corpus callosum. Similar to reports in adults, these cases suggest that the COVID-19 infection in children may rarely mediate
a hyperinflammatory response that can cause CNS pathology. As the pandemic continues further, the presentation of cytotoxic
lesions of the corpus callosum should prompt radiologists to consider COVID-19, among other known causes.

ABBREVIATIONS: CLOCC ¼ cytotoxic lesions of the corpus callosum; COVID-19 ¼ coronavirus disease 2019; CRP ¼ C-reactive protein; RT-PCR ¼ real-time
reverse transcriptase polymerase chain reaction; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

As of June 2, 2020, over 6.1 million cases of coronavirus dis-
ease 2019 (COVID-19) have been recorded and over

370,000 people have died.1 Most confirmed cases have been in
the adult population with only a small percentage (1%–2%) of
reported cases being in children.2 In the pediatric population,
COVID-19 infection seems to be often asymptomatic or associ-
ated with mild respiratory symptoms.2 As yet, there have been
very limited reports of neurologic complications in children. Here
we report the first series of pediatric neurologic presentations with
COVID-19-associated cytotoxic lesions of the corpus callosum
(CLOCC). This presentation has been related to other viral infec-
tions, but not yet demonstrated in association with COVID-19.

CASE DETAILS
A 12-year-old boy presented with a 5-day history of fever, leth-
argy, severe headache, vomiting, lower abdominal pain, and diar-
rhea. On examination, he was febrile and tender in the left iliac
fossa and there was bilateral conjunctival infection, periorbital
swelling, and scrotal edema. Neurologic examination was normal.
Blood tests demonstrated lymphopenia and thrombocytopenia,
with evidence of a systemic inflammatory response (raised
D-dimer, fibrinogen, C-reactive protein [CRP], ferritin, lactate

dehydrogenase, and procalcitonin). Urine and blood cultures
were negative. Chest radiograph was indeterminate for COVID-
19. Real-time reverse transcriptase polymerase chain reaction
(RT-PCR) analysis of 2 nasopharyngeal swabs was negative. A
subsequent COVID-19 serology test, an immunoassay for the
in vitro detection of IgG antibody specific to Severe Acute
Respiratory Syndrome coronavirus 2 (SARS-CoV-2) in human
serum and plasma, was positive. No other causative agent was
isolated and serologic testing showed no evidence of other infec-
tion. In the context of the serology and supportive blood test
results, a diagnosis of COVID-19 was reached. MR imaging of
the brain, performed early into admission, showed a small, oval-
shaped, T2-weighted hyperintense lesion in the splenium of the
corpus callosum that exhibited restricted diffusion (Fig 1).
There was no associated intrinsic susceptibility signal drop-out;
postcontrast imaging was not performed. The patient was not on
any medications or therapies that could have clearly accounted
for the callosal lesion at the time of imaging. Shortly after admis-
sion he became hemodynamically shocked with raised troponin
levels suggesting myocardial involvement. His level of conscious-
ness and oxygen saturation worsened, without appreciable sei-
zure phenomenon, necessitating intubation and mechanical
ventilation. Based on the evidence of both cardiac and central
nervous system pathology and blood tests supporting a hyperin-
flammatory response, a diagnosis of COVID-19-related pediatric
multisystem inflammatory syndrome was made.3

The patient was treated with intravenous immunoglobulin,
Anakinra (Interleukin-1 antagonist), infliximab, and steroids.
The patient’s condition improved rapidly soon after commencing
therapy and there were no neurologic symptoms at discharge.
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Repeat MR imaging has not yet been performed and was felt
unwarranted acutely due to the clinical resolution.

A second pediatric patient, a 9-year-old boy, presented with
altered mental state, fever, and lethargy. On examination he was
dysarthric and ataxic. Audible lung crepitations were noted on re-
spiratory examination. Blood tests demonstrated a lymphopenia,
raised C-reactive protein and serum ferritin. Urine and blood cul-
tures were negative, and a chest radiograph was normal. An early
head MR imaging showed similar but more extensive abnormal
T2-weighted hyperintense signal and restricted diffusion in the
entire corpus callosum and frontoparietal cerebral white matter.

This had a dorsal predilection, with
greatest in-volvement of the splenium,
peri-atrial white matter, and posterior
frontal and parietal centrum semiovale
(Fig 2). There was no intrinsic suscepti-
bility signal drop-out. Postcontrast
imaging was not performed. SARS-
CoV-2 on RT-PCR testing was subse-
quently confirmed on broncho-alveolar
lavage, despite initial negative results
from nasopharyngeal swabs. No other
causative agent was isolated. This sec-
ond patient’s symptoms improved
rapidly and early follow-up MR imag-
ing showed almost complete resolu-
tion of abnormal signal.1

DISCUSSION
CLOCC is a clinical-radiologic syn-
drome with a wide range of reported
causes, including infection, trauma,
drug-related, metabolic disorders, and
malignancy.4 It typically manifests in
children and can present with reduced
consciousness, nuchal rigidity, and
seizures.2,4

CLOCC has been described in asso-
ciation with many pathogens, including
influenza, malaria, Ebstein-Barr virus,
adenovirus, and E coli.5,6 In these cases
where infection is thought to be the
underlying cause, the diagnosis is also
termed mild encephalitis/encephalop-
athy with a reversible splenial lesion.
Our cases mirror clinical and radiologic
features reported in a case series of 15
children with CLOCC of which 83%
were presumed to be related to various
different infections. Similar to our
observations in presumptive COVID-
19 related CLOCC, the authors of that
series demonstrated evidence of sys-
temic inflammation (raised CRP) and
different degrees of nonenhancing, dif-
fusion-restricting, white matter signal
abnormality from isolated splenial

lesions to more diffuse corpus callosal and extracallosal involve-
ment.6 To our knowledge no cases of CLOCC related to the
inflammatory response to SARS-CoV-2 or other coronaviruses
have been reported. CLOCC is thought to be caused by a cytokine
storm that triggers T cells to breach the blood-brain barrier caus-
ing inflammation and intramyelinic edema.5,7 This aligns with
our cases of CLOCC that appeared to occur in the context of a
multisystem inflammatory process with one of the cases showing
more classic signs of pediatric inflammatory multisystem
syndrome temporally associated with SARS-CoV-2, including
myocardial and abdominal involvement.3 These cases reflect a

FIG 1. Axial MR images demonstrate an oval T2-weighted hyperintensity in the splenium of the
corpus callosum (A) with associated restricted diffusion on the DWI (B) and ADC maps (C).

FIG 2. Axial MR images demonstrate T2-weighted hyperintensity in the splenium and genu of
the corpus callosum (A) and symmetrically in the deep cerebral white matter (B) with associated
restricted diffusion on the DWI (B and E) and ADC maps (C and F).
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new presentation of CNS inflammatory complication of SARS-
CoV-2 exposure in children with pediatric inflammatory
multisystem syndrome temporally associated with SARS-CoV-2.
This inflammatory syndrome shares features with Kawasaki dis-
ease, toxic shock syndrome, and macrophage activation syn-
drome.8-10 In our cases, the apparent rapid response to
immunotherapy is encouraging and further supports the theory
that this is an inflammatory and possibly cytokine-mediated
process.

The diagnosis of CLOCC is based on the MR imaging demon-
stration of diffusion-restricting, nonenhancing lesions that usu-
ally resolve between a few days and weeks. Radiologically, as
demonstrated in our cases, there is typically a lesion in the sple-
nium of the corpus callosum with more variable involvement of
the remaining corpus callosum and cerebral white matter.5 Often
clinical recovery lags behind imaging, but is usually within 3
months.5

This is the first reported series of presumptive COVID-19-
associated CLOCC that appeared to occur in the context of pedi-
atric inflammatory multisystem syndrome temporally associated
with SARS-CoV-2. Further investigation of COVID-19-related
CNS pathology in children and the potential role of immunother-
apy is required. Clinicians and radiologists should be aware of
this potential presentation.
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ORIGINAL RESEARCH
PEDIATRICS

Maternal Anxiety and Depression during Late Pregnancy and
Newborn Brain White Matter Development

R.M. Graham, L. Jiang, G. McCorkle, B.J. Bellando, S.T. Sorensen, C.M. Glasier, R.H. Ramakrishnaiah, A.C. Rowell,
J.L. Coker, and X. Ou

ABSTRACT

BACKGROUND AND PURPOSE: Anxiety and depression during pregnancy have been associated with an increased risk of adverse neuro-
developmental outcomes in offspring. We aimed to study the in utero effects of maternal anxiety and depression on early brain
development.

MATERIALS AND METHODS: Pregnant women were recruited at �36weeks of gestation for this prospective study. They were
assessed for anxiety symptoms by the State-Trait Anxiety Inventory and for depression symptoms by the Beck Depression Inventory,
2nd Edition. After delivery, infant underwent an MR imaging examination of the brain without sedation, including DTI, for evaluation of
white matter (WM) development. Infant fractional anisotropy values, a putative marker of WM integrity, were correlated with the moth-
ers’ State-Trait Anxiety Inventory and Beck Depression Inventory scores by using both tract-based spatial statistics and ROI methods.

RESULTS: Thirty-four infants were included in this study. Both maternal State-Anxiety and Trait-Anxiety scores negatively correlated
(P, .05, corrected) with fractional anisotropy values in widespread brain WM regions; Beck Depression Inventory scores also nega-
tively correlated (P, .05) with fractional anisotropy values in one cluster in the brain. Further ROI analyses confirmed significant
negative correlations between average fractional anisotropy values in ROIs including left and right prefrontal WM, left and right
middle frontal gyrus WM, and the fornix, and State-Anxiety (R values, –0.47 to –0.67; P values, .008 to ,.001), Trait-Anxiety (R, –
0.37 to –0.59; P, .04 to ,.001), and Beck Depression Inventory (R values, –0.36 to –0.55; P, .05 to .002) scores.

CONCLUSIONS: Higher maternal anxiety and depression symptom scores during late pregnancy were associated with lower estimated
infant brain WM development, which indicated in utero influences of maternal mental health during pregnancy on the developing brain.

ABBREVIATIONS: BDI-II ¼ Beck Depression Inventory, 2nd ed; FA ¼ fractional anisotropy; S-Anxiety ¼ State-Anxiety score; SD ¼ standard deviation; STAI
¼ State-Trait Anxiety Inventory; T-Anxiety ¼ Trait-Anxiety score; TBSS ¼ tract-based spatial statistics

It is estimated that 28.8% of the US population is diagnosed
with an anxiety disorder and that 20.8% will be diagnosed

with a mood disorder, for example, depression, throughout
life.1 These disorders are of particular concern to women of
reproductive age, which coincides with the median age of onset
for these diagnoses,1 because the physiologic and metabolic

changes associated with pregnancy may play an important role

in triggering these conditions. In fact, it has been estimated that

�13% of pregnant women in the United States experience an

anxiety-related disorder, and 13.3% have a mood disorder, for

example, depression.2,3

Maternal anxiety and depression during pregnancy are not

only a significant health issue for the women because many of

them continue to have psychiatric disorders postpartum, but also

a potential health concern for their offspring. For example, off-

spring of women who have depression during pregnancy are

almost 5 times more likely to receive a diagnosis of depression by

age 16 than those who were not exposed to antenatal depression.4

In addition, increased maternal anxiety during early pregnancy is

independently associated with lower mental development scores

of infants at age 1 year5 as well as hyperactivity and inattention in

boys at 4 years of age, and behavioral and emotional problems in

both boys and girls.6
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Recent advances in noninvasive neuroimaging, particularly in
quantitative MR imaging methods,7 provide an opportunity to
link maternal depression and anxiety with adverse neurodevelop-
mental outcomes in offspring by sensitive evaluation of children’s
early brain development. A few new studies have revealed associ-
ations between prenatal anxiety and/or depression and infant
brain structural or functional development measured by MR
imaging,8-10 which suggests the possibility of in utero influences
of a mother’s mental health status to fetal brain development. In
addition, maternal anxiety and depression are associated with an
increased risk of fetal growth restriction,11 which has been linked
to changes in later brain development.12

These possible in utero influences reflected by brain differences
at early ages may be key to understand the relationships between
prenatal maternal mental health and long-term neurodevelopment
outcomes because studies have indicated the predictive value of
early brain measures to later outcomes.13,14 Moreover, studies also
reported associations between maternal anxiety and/or depression
during pregnancy and their offspring’s brain structure and func-
tion at later ages,15,16 although other postnatal influences may have
confounded these relationships. Overall, with emerging evidence
that shows the potential impact of maternal anxiety and depression
on offspring neurodevelopment, more studies are needed to char-
acterize how different brain regions may be vulnerable to this
unfavorable prenatal environment and to delineate the prenatal
effects with postnatal influences.

In this study, we hypothesized that both maternal anxiety and
depression during pregnancy would negatively affect offspring fe-
tal brain development, particularly for brain regions that control
emotion, motivation, memory, and cognitive and/or executive
functions. We aimed to determine if significant associations exist
between measures of symptoms for these disorders in late preg-
nancy and measures of infant WM development soon after birth.
To achieve that, we recruited healthy pregnant women without
complications, measured their anxiety and depression symptom-
atology by using standardized tests, and evaluated WM micro-
structural development in their newborn infants during the first
few weeks of life by using diffusion-tensor MR imaging.

MATERIALS AND METHODS
Subjects
All study procedures were approved by the institutional review
board of the University of Arkansas for Medical Sciences, and
all the participants signed informed consent to be included in
this study. Healthy pregnant women without medical complica-
tions during pregnancy were recruited through the Arkansas
Children’s Nutrition Center for this prospective study. The inclu-
sion criteria for the pregnant women were the following: singleton
pregnancy, �36weeks of pregnancy, and$18 years of age.
Exclusion criteria were the following: hypertension, diabetes, or
other pre-existing medical conditions known to influence fetal
growth; self-reported recreational drug, tobacco, or alcohol use
while pregnant; pregnancy conception with assisted fertility treat-
ment; and medical conditions developed during pregnancy known
to influence fetal growth. Infants born preterm, with congenital
defects and/or anomalies (or known chromosomal abnormalities),
small for gestational age (birth weight ,10th percentile), with a

low Apgar score (,7) or any other medical complications at birth
that suspected to affect brain WM development were also
excluded. In total, 44 infants had an MR imaging examination at
age 2weeks. Among them, 34 had both valid structural and/or dif-
fusion scans and maternal anxiety scores (2 of these did not have
valid depression scores) and were included in this report. The
demographics for the included subjects are presented in the Table.

Anxiety and Depression Assessment
Anxiety and depression symptom scores were obtained by using
the State-Trait Anxiety Inventory (STAI) and the Beck
Depression Inventory, 2nd ed (BDI-II),17 respectively. Both
assessments were administered by a licensed psychological exam-
iner (GM). The STAI provides 2 results: state (S-Anxiety) and
trait (T-Anxiety). The S-Anxiety score reflects the subject’s cur-
rent state of anxiety, that is, how the subject is feeling at the
moment of filling out the evaluation. In contrast, the T-Anxiety
result reflects how prone to anxiety the subject is, which can
include general states of calmness and security.18 The STAI
assessment consists of 40 questions in total, with 20 dedicated to
each subcategory. The result of the examination is a range of
scores between 20 and 80, with a higher score indicating greater
anxiety. Although the STAI manual does not indicate actual cut-
points to describe clinical thresholds, results of some studies sug-
gested a score of 39–40 to define clinically significant symptoms
of S-Anxiety,19 and results of other studies suggest a score of 45
as the cutoff for T-Anxiety.20 For the purposes of this study,
mean1 1 standard deviation (SD) (which provided a cutoff value
of 38 for S-Anxiety and 45 for T-Anxiety, similar to the literature
above) was used to determine whether their endorsement of anxi-
ety symptoms was in the elevated range. The instrument manual
reveals that alpha coefficients for the STAI show correlations of
0.92 to 0.94, which indicate that the STAI has very good internal
consistency and is a reliable instrument for measuring anxiety.
Validity evidence for the STAI also shows that this measure cor-
relates well with other widely used measures of personality and
adjustment and anxiety.21

The BDI-II is a 21-item questionnaire that evaluates the pres-
ence of symptoms for depression listed in the Diagnostic and
Statistical Manual of Mental Disorders, 4th ed. The assessment
includes items that measure affective, vegetative, cognitive, and
somatic symptoms of depression during the past 2 weeks.22 The
Beck Depression Inventory is one of the most widely used
indexes of depression due to its high validity, internal

Demographic information of the infants (17 male and 17 female)
and their mothers’ STAI, BDI-II, and IQ test scores at �36weeks
of pregnancy

Demographic

Result

Mean 6 SD
Range: minimum,

maximum
Gestational age at birth, days 275 6 7 259, 285
Age at MR imaging, days 18 6 7 12, 37
Mother’s IQ score 99 6 11 74, 132
Mother’s S-Anxiety score 29 6 8 20, 52
Mother’s T-Anxiety score 34 6 10 21, 61
Mother’s BDI-II score 9 6 6 0, 29
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consistency, and sensitivity to change.23 Overall, the BDI-II has
an internal consistency of 0.9 and a retest reliability range from
0.73 to 0.96. Validity research for the BDI-II when comparing it
with the Beck Depression Inventory and other well-researched
depression inventories shows excellent validity, which justifies its
use for assessment of depression in these subjects.24 Results are
considered to indicate the presence of “minimal” depressive
symptoms for scores 0–13, “mild” depressive symptoms for
scores 14–19, “moderate” for scores 20–28, and “severe” for
scores.29.

In addition, all pregnant women were administered the
Wechsler Abbreviated Scale of Intelligence, 2nd ed,25 which is an
abbreviated scale of intellectual performance that measures verbal
comprehension, perceptual reasoning, and general cognitive abil-
ities (Full Scale IQ Index). The average reliability coefficient in
adult samples when calculated with the Fisher z transformation is
0.97. Concurrent validity has been established with several widely
used measures of intelligence.

MR Imaging Data Acquisition
At approximately age 2weeks, the infants were brought to the radi-
ology department of the Arkansas Children’s Hospital for an MR
imaging examination of the brain at natural sleep without sedation.
Mini-muffs and/or headsets were placed over their ears to protect
them from the noise during the scan. They were swaddled by using
a MedVac infant immobilizer and warm sheets and were securely
positioned. An MR imaging–compatible camera was used to moni-
tor them. The infants were scanned by using a PRISMA scanner
(Siemens Medical Solutions) and an equipped 20-channel head
coil. Pulse sequences included sagittal T1 MPRAGE (TR, 1550ms;
TE, 3ms; TI, 1100ms; flip angle, 15°; voxel size, 1mm � 1mm �
1mm) and T2 TSE (TR, 10,500ms; TE, 168ms; echo spacing,
15.3ms; voxel size, 1mm� 1mm� 2mm) to screen for structural
abnormalities by neuroradiologists, and DWI with TR of
10,200ms, TE of 63ms, acquisition voxel size of 2mm � 2mm �
2mm, and b-value of 1000 s/mm2 with diffusion-weighting gra-
dients uniformly distributed (ie, projection of diffusion directions
uniformly distributed on a sphere unit) in 30 directions to evaluate
brainWM development.

MR Imaging Data Analysis
Fractional anisotropy (FA) maps were calculated by using the
scanner software and were exported to a workstation with FSL
(version 6.0, http://www.fmrib.ox.ac.uk/fsl) installed on a
VMware Linux virtual machine (VMware) for postprocessing.
The postprocessing methods were similar to those in previous
publications.13,26,27 Briefly, through the use of FSL’s tract-based
spatial statistics (TBSS; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS)
toolbox, each FA image set was eroded slightly to remove the
thin and bright voxels that surround the edge of the brain, and
end slices were zeroed to remove outliers, which are voxels out-
side the brain with noisy FA. The FA image sets were then regis-
tered to each other by using nonlinear transformation to find the
most representative one, which then, consequently, served as the
target images. Each FA image set was then centered and layered
on top of the target images, and a mean FA map and a mean
WM skeleton (with FA$ 0.15 as the threshold, when considering

that infants have lower FA values than adults, for which 0.2 is
usually the default threshold) were then generated for all the sub-
jects and served as age-specific templates. All FA maps were then
projected onto the FA skeleton to create a 4D FA maps dataset
that encompassed all the subjects and, subsequently, was used for
statistical analysis. Finally, voxelwise correlation analyses were
used in TBSS to evaluate associations between FA values and
STAI and BDI-II scores. In addition, WM ROI, showing consist-
ent correlations between FA values and STAI and BDI-II scores
in the TBSS analysis were sketched on the mean FA maps based
on anatomy, and the average FA values for WM tracts in each
ROI were calculated. The associations between these average FA
values in these ROIs and STAI and BDI-II scores were also
evaluated.

Statistical Analysis
For the voxelwise correlation analyses using TBSS, randomization
with 5000 permutations was used. The threshold-free cluster
enhancement option was used to identify voxels with significant
correlation (P , .05, corrected for multiple comparisons in the
voxelwise analysis) between FA values and S-Anxiety, T-Anxiety,
or BDI-II scores. Potential confounders were considered, includ-
ing postmenstrual age (gestational age at birth plus age at MR
imaging), which has shown strong effects on infant WM develop-
ment26 as well as maternal IQ and infant sex. These parameters
were included in the randomized design matrix, and their poten-
tial confounding effects were controlled by regressing out before
permutation. For the ROI analysis, partial Spearmen correlation
analyses were used to evaluate correlations between average FA
values in each ROI and the S-Anxiety, T-Anxiety, and BDI-II
scores, also with the effects of potential confounders (postmenst-
rual age at MR imaging, infant sex, mother’s IQ) controlled. Both
the correlation coefficients and the P values were computed and
presented. P, .05 was regarded as significant.

RESULTS
The characteristics for the participants included in this study are
listed in the Table. Most of the mothers (76%) self-reported anxi-
ety and depressive symptoms that were within normal ranges,
with overall average scores for the study group also well within
established normal values. In total, 8 mothers (24%) reported ele-
vated symptoms of depression and/or anxiety. Specifically,
among 5 women (15%) with elevated depressive symptoms, 1
had severe symptoms and 4 had mild symptoms on the BDI-II.
Anxiety was also considered clinically elevated in 5 women (15%)
on the T-Anxiety score and 1 woman (3%) on the S-Anxiety
score. There were 2 women (6%) who endorsed clinical elevations
on both anxiety and depression measures. There was 1 woman
who was taking sertraline (Zoloft; a selective serotonin reuptake
inhibitor) 50mg once a day and another woman who was taking
Zoloft 25mg per day during pregnancy to treat anxiety. No other
women took anxiety or depression treatment medicine during
pregnancy. In addition, the S-Anxiety and T-Anxiety scores
showed strong correlation (correlation coefficient R ¼ 0.78, P ,

.001), and both S-Anxiety (R ¼ 0.61, P , .001) and T-Anxiety
(R ¼ 0.65, P , .001) scores showed significant correlations with
Beck Depression Inventory scores.
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Seventeen male and 17 female infants, born at a mean 6 SD
gestational age of 275 6 7 days, had successful MR imaging, with
valid structural and diffusion imaging data at a mean 6 SD age

of 18 6 7 days. There were no signifi-
cant incidental findings that suggested
WM abnormality for any of these sub-
jects. Voxelwise TBSS analysis showed
negative correlations (P , .05, cor-
rected for the voxelwise multiple
comparison and controlled for post-
menstrual age at MR imaging, infant
sex, and mother’s IQ) between S-
Anxiety scores in the pregnant women
and FA values in the infant in wide-
spread brain WM regions (Fig 1A).
These regions involved frontal, parie-
tal, and temporal WM in both brain
hemispheres as well as the limbic sys-
tem. In addition, the T-Anxiety score
in the pregnant women also negatively
and significantly (P , .05, corrected
for multiple comparison and con-
trolled for covariates) correlated with
FA values in their infants in multiple
WM regions (Fig 1B). These regions
involved the left orbitofrontal, pre-
frontal, and middle frontal WM, and
the right middle frontal WM. There
also was a negative and significant (P
, .05, corrected for multiple compari-
son and controlled for covariates) cor-
relation between the BDI-II score in
the pregnant women and FA values in
their infants in 1 cluster located in the
right middle frontal WM (arrow in Fig
1C). In addition, multiple WM regions
in the left and right frontal WM as
well as in the limbic system showed
trends (P , .10, corrected for multiple
comparison and controlled for covari-
ates) of negative correlations between
BDI-II scores and FA values in the
TBSS analysis (Fig 1C). No imaging
voxels or clusters in the brain showed
a positive correlation (P , .05)
between the S-Anxiety, T-Anxiety,
BDI-II scores, and the FA values.26

Based on the TBSS results, several
regions that consistently showed clus-
ters with significant (or trend of)
correlations between the S-Anxiety, T-
Anxiety, BDI-II scores, and the FA val-
ues were chosen for additional ROI
analysis. These ROIs were manually
drawn on the mean FA maps based on
anatomy and included the left-right
prefrontal WM, the left-right middle

frontal gyrus WM, and the fornix in the limbic system. The aver-
age FA values for the WM tracts in each of these ROIs were cal-
culated and correlated with STAI and BDI-II scores. Specifically,

FIG 1. A, WM regions (orange/red) showing significant (P , .05, corrected) negative correlations
between the mother’s S-Anxiety score (n ¼ 34) and infant FA value. B, WM regions showing signifi-
cant negative correlations (P , .05, corrected) between the mother’s T-Anxiety score (n ¼ 34) and
infant FA value. C, WM regions showing a trend (P , .10, corrected, except for the cluster shown by
the white arrow in which P , .05) of negative correlations between mother’s BDI-II score (n ¼ 32)
and infant FA value.
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a partial correlation test (with the postmenstrual age at MR imag-
ing, infant sex, and mother’s IQ as covariates) showed negative
correlations (correlation coefficient R values ranging from �0.47
to �0.67; P values ranging from .008 to ,.001) between S-
Anxiety scores in the pregnant women and the average FA values
in all of the 5 ROIs (Fig 2); negative correlations (correlation
coefficient R values ranging from �0.37 to �0.59; P values rang-
ing from .04 to,.001) between T-Anxiety scores in the pregnant
women and average FA values in all of the 5 ROIs (Fig 2); and
negative correlations (correlation coefficients R values ranged
from �0.36 to �0.55; P values ranged from .05 to .002) between
BDI-II scores in the pregnant women and the average FA values
in 4 of the 5 ROIs (Fig 2).

If depression scores were controlled for, then the relationships
between the anxiety scores and the FA values weakened.
Nevertheless, the following relationships were still significant: S-
Anxiety and left prefrontal WM FA (R ¼ –0.40, P ¼ .03), or left
(R ¼ –0.59, P, .001) or right (R¼ –0.42, P ¼ .03) middle fron-
tal gyrus WM FA; and T-Anxiety and left (R ¼ –0.43, P ¼ .02) or
right (R ¼ –0.38, P ¼ .05) middle frontal gyrus WM FA. On the

other hand, if anxiety scores were controlled for, then the rela-
tionships between the depression scores and the FA values
weakened as well, with only the relationship between the BDI-II
score and fornix FA significant (R ¼ –0.40, P ¼ .04). Therefore,
it seems that associations in the left prefrontal and left-right
middle frontal gyrus WM may be more specific to anxiety,
whereas the associations in the fornix may be more specific to
depression.

DISCUSSION
Our prospective study showed that the healthy full-term infants
born from uncomplicated pregnancies of mothers with symp-
toms for anxiety or depression (higher S-Anxiety, T-Anxiety, or
BDI-II scores) had lower estimated WM development (as indi-
cated by lower FA values) in multiple brain regions. A number of
recent brain imaging studies looked into the relationships
between maternal anxiety or depression during pregnancy and
measurements of brain structure or function in children. For
example, maternal anxiety during the second trimester of

FIG 2. Correlations between infant average FA values in the selected ROIs and maternal anxiety and/or depression symptom scores (S-Anxiety,
T-Anxiety, BDI-II) measured at pregnancy. The column on the right shows manually drawn regions (shaded blue), which, in combination with the
underlying WM skeleton (green), defined the WM ROIs used for calculation. PF indicates prefrontal WM; MFG, middle frontal gyrus WM.
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pregnancy was associated with decreased GM volume in the pre-
frontal cortex and several other cerebral-cerebellar regions in 6–
9-year-old children.15 Likewise, depression symptoms at the sec-
ond trimester measured by the Edinburgh Postnatal Depression
Scale negatively correlated with cortical thickness in inferior fron-
tal and middle temporal regions in 2.6–5.1-year-old children.16

In addition, increased maternal anxiety measured at 26weeks of
pregnancy using the STAI was associated with slower growth
of the hippocampus in the infant brain during the first 6months
of life.28 Functionally, maternal depressive symptoms measured
by the Edinburgh Postnatal Depression Scale at 26weeks of gesta-
tion were also associated with lower functional connectivity
between the amygdala and the corticostriatal circuitry in girls at
4 years of age.29 Importantly, although postpartum maternal
depression and a few other postnatal factors were considered in
the aforementioned studies, the associations between in utero ex-
posure to maternal depression and anxiety and brain develop-
ment in childhood were inevitably confounded by many other
postnatal factors, such as family environment and child nutrition.
Measuring the neonatal brain soon after birth may be more indic-
ative of the in utero effects, independent of postnatal influences.
In fact, a few imaging studies with slightly different designs when
compared with our study (eg, time evaluating pregnant women
and infants, structural and/or microstructural parameters ana-
lyzed) looked into whether brain structures in young infants
show changes associated with maternal depression or anxiety
during pregnancy. For example, FA values in the amygdala in 6–
14-day-old infants were lower for those born to mothers with
high depression symptom scores during pregnancy versus those
born to mothers with low depression symptom scores.9 Similarly,
a diffusion imaging study on 1-month-old infants showed that a
higher composite symptom score of anxiety and/or depression
measured at the third trimester of pregnancy in their mothers
was associated with lower microstructural measures in their fron-
tal WM.8 Interestingly, although widespread differences in WM
microstructures in 1-month-old infants were found between
those born to mothers who received depression treatment with
selective serotonin reuptake inhibitors during pregnancy com-
pared with controls (mothers with no depression diagnosis or
treatment during pregnancy), there were no differences in WM
microstructures or GM volumes when comparing those born to
mothers with a history of depression but no treatment with the
same controls.30 Analysis of these results suggests that exposure
to medicine may have important confounding effects in relation-
ships of maternal anxiety and/or depression and fetal brain devel-
opment, and should not be overlooked. Analysis of these results
also suggested that additional studies may be necessary to con-
firm the in utero effects of anxiety and depression on brain
development.

Our voxel wise TBSS and subsequent ROI analysis results
indicated a few brain regions that consistently showed negative
correlations between higher anxiety and/or depression symptoms
and lower estimated WM development. These regions mainly
involved the left and right prefrontal WM, the left and right mid-
dle frontal WM, and the fornix in the limbic system. The findings
in prefrontal–middle frontal WM are consistent with a few previ-
ous studies.8,15,16 The prefrontal cortex is important for executive

functioning, attention, and memory as well as speech production
and language. Depression and/or anxiety has been linked with
abnormalities in prefrontal WM,31–33 and exposure to maternal
depression and/or anxiety in utero has been linked to adverse de-
velopment in executive functioning.34 Likewise, WM abnormal-
ities associated with anxiety and/or depression have been found
in the middle frontal gyrus,32 which supposedly serves as the con-
nection between the ventral and dorsal attention network and
acts as a “circuit-breaker” to transition between stimulus-driven
and goal-oriented attention;35 and, studies show that antenatal
maternal depression and/or anxiety were associated with a higher
risk of child attention problems.36 The associations between
maternal anxiety and/or depression during pregnancy and off-
spring fornix development have not been reported before, with
only one study showing changes of pace in hippocampal volume
growth in infants associated with maternal anxiety.28

Development of the fornix begins at week 10 of gestation and
continues rapidly throughout gestation as one of the most promi-
nent brain fiber tracts at the fetal stage despite fornix’s relatively
small size in the adult brain.37 It is understandable that the fornix
is vulnerable to environmental influences during this stage of
rapid development. In addition, lower fornix FA values at birth
have been associated with lower cognitive scores measured at
2 years of age,13 which indicate the functional importance of nor-
mal early development of this structure.

Although the underlying mechanism for the changes in in
utero WM development associated with maternal anxiety or
depression is unclear, there are a few physiologic and/or meta-
bolic factors that may be involved. The increase of cortisol (one
of the major stress and anxiety hormones) level in the maternal
and fetal circulation may affect fetal neural development.38 In
addition, maternal anxiety and/or depression may lead to an
increased number of inflammatory cytokines in circulation,
which also could adversely affect fetal development via alteration
of the in utero environment.39 Although these potential pathways
can only be speculated without appropriately designed studies,
our imaging data that show infant brain differences associated
with maternal anxiety and/or depression during pregnancy indi-
cate that there are likely fetal programming effects involved. One
clinical implication of our study is that focus on postpartum
mental health of women at reproductive age may need to be
extended to before and during pregnancy because there may be
significant prenatal influences on offspring brain development.

There are a few limitations with our study. First, the sample
size was small. Although significant associations between mater-
nal anxiety and/or depression and infant WM development were
revealed by using this small cohort, a larger cohort can allow con-
sideration to more potential confounders and may potentially
identify more regions with significant correlation. Second, the
psychological evaluations of anxiety and depression symptoms
were only measured once, at 36weeks of pregnancy. Future stud-
ies with longitudinal observation of these symptoms throughout
the pregnancy may provide a more complete characterization of
fetal exposure to this unfavorable environment. Third, in our
study design, we included participants on medicine for treatment
of anxiety or depression (n¼ 2). Although the effects of medicine
did not seem to change our results (when analyzing the data by
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adding whether taking medicine as an additional covariate), the
effects may need to be carefully considered with a larger cohort.
Fourth, we only focused our diffusion evaluation on FA values
that are commonly available on clinical scanners, while FA values
are sensitive but not specific to different microstructural changes
inWM. Nevertheless, our study is one of the first to reveal signifi-
cant effects of both maternal anxiety and depression during preg-
nancy on offspring brain development, and in imaging the infant
brain as early as possible to capture the in utero effects while lim-
iting postnatal influences.

CONCLUSIONS
Higher maternal anxiety and depression symptom scores during
late pregnancy were each associated with lower estimated infant
brain WM development in multiple brain regions, including pre-
frontal and middle frontal WM and the fornix, indicating in
utero influences and early brain changes, which may potentially
lead to changes in long-term neurodevelopmental outcomes in
offspring.
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Intracranial Arterial Tortuosity in Marfan Syndrome and
Loeys-Dietz Syndrome: Tortuosity Index Evaluation Is Useful

in the Differential Diagnosis
L. Spinardi, G. Vornetti, S. De Martino, R. Golfieri, L. Faccioli, M. Pastore Trossello,

C. Graziano, E. Mariucci, and A. Donti

ABSTRACT

BACKGROUND AND PURPOSE: The association of arterial tortuosity and connective tissue diseases is widely reported in the litera-
ture, but only a few studies were based on a quantitative evaluation of this arterial phenotype, and none of the latter examined
the intracranial vasculature. The aim of this study was to evaluate the degree of intracranial arterial tortuosity in patients with
Marfan syndrome and those with Loeys-Dietz syndrome, and to assess its usefulness in the differential diagnosis.

MATERIALS AND METHODS: We performed a retrospective analysis of 68 patients with genetically confirmed Marfan syndrome
(n¼ 36) or Loeys-Dietz syndrome (n¼ 32), who underwent at least 1 MRA of the brain at our institution. Fifty-two controls were
randomly selected among patients who presented with headache and without any known comorbidity. Tortuosity indexes of 4
intracranial arterial segments were measured on a 3D volume-rendered angiogram by using the following formula:

centerline length
straight-line length � 1

� �
� 100.

RESULTS: Both Marfan syndrome and Loeys-Dietz syndrome showed a significantly higher tortuosity index compared with controls
in all examined vessels. The tortuosity index of the vertebrobasilar system showed an excellent interrater reliability (intraclass cor-
relation coefficient, 0.99) and was the strongest independent predictor of Loeys-Dietz syndrome in patients with connective tissue
disease (P ¼ .002), with a 97% specificity for this pathology when its value was. 60.

CONCLUSIONS: The tortuosity index of intracranial arteries is an easily calculated and highly reproducible measure, which shows a
high specificity for Marfan syndrome and Loeys-Dietz syndrome and may be useful in differentiating these 2 entities.

ABBREVIATIONS: CTD ¼ connective tissue disease; IICA ¼ intracranial internal carotid artery; IQR ¼ interquartile range; LDS ¼ Loeys-Dietz syndrome; TI ¼
tortuosity index; VBS ¼ vertebrobasilar system

The term arterial tortuosity defines the presence of multiple
abnormal turns of one or more arteries, which likely develop

as a result of aberrant vessel elongation.1 Previous studies showed
an association between arterial tortuosity and aging as well as
female sex, hypertension, and other cardiovascular risk factors.2-4

A renewed interest in this vascular biomarker emerged in recent
years, especially in relation to its possible role in the diagnostic
evaluation and prognostic assessment of genetic arteriopathies.5-7

Although arterial tortuosity has been recognized as a hallmark of
Loeys-Dietz syndrome (LDS) and arterial tortuosity syndrome,8-10

recent studies suggest that this arterial phenotype is also present in
other connective tissue diseases (CTDs), such as Marfan syndrome,
and familial thoracic aneurysm and aortic dissection.5,11

LDS is characterized by a disease course that is more severe
compared with Marfan syndrome and presents with aortic dissec-
tion at a younger age and smaller aortic diameter, with vascular
disease extending beyond the aortic root.9,12 An early and accu-
rate differential diagnosis between Marfan syndrome and LDS,
therefore, is essential to ensure proper patient care. Nonetheless,
a risk of misdiagnosis is present, especially in patients without
specific traits of Marfan syndrome (eg, ectopia lentis) or LDS (eg,
bifid uvula, cleft palate, and hypertelorism) because several other
features of these syndromes demonstrate a considerable over-
lap.12,13 In these scenarios, the presence of prominent intracranial
arterial tortuosity may raise the suspicion of LDS and lead to
early genetic testing and closer monitoring of these patients.

Several studies reported the presence of tortuous intracranial
arteries in patients with LDS,14-18 but all of them were based on
subjective evaluation of tortuosity, which limits the usefulness of
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this finding due to the lack of standardization in terms of defini-
tion and measurement. Recently, more advanced quantitative
methods, for example, the tortuosity index (TI), have been pro-
posed to measure arterial tortuosity. TI is calculated as the ratio
between the actual length of an arterial segment and the shortest
distance measured between its end points, which has been shown
to be a reproducible measure of arterial tortuosity in different vas-
cular territories.1,5 Recent studies used TI to measure carotid artery
and vertebral artery tortuosity in the cervical region in patients
with CTDs,5,6 but no quantitative data are available with regard to
the intracranial vasculature. The aim of this study was to evaluate
the degree of intracranial arterial tortuosity in patients with
Marfan syndrome and those with LDS, and to assess its usefulness
in the differential diagnosis of these 2 pathologies.

MATERIALS AND METHODS
We retrospectively reviewed the electronic medical records and
imaging studies of all patients with genetically confirmed Marfan
syndrome and LDS who were referred until December 2019 to
the hub center for heritable CTDs of the University of Bologna
(Italy). We included in this study all patients (N=68) who under-
went at least 1 MRA of the brain at our institution.

In accordance with current guidelines,12 at our institution, all
patients diagnosed with LDS undergo full vascular imaging,
including the intracranial arterial system, every 2 years to screen
for the presence of aneurysms and other vascular pathology. In
recent years, due to the reported association of Marfan syndrome
with extra-aortic vascular pathology,17 our patients diagnosed
with Marfan syndrome undergo a screening MRA of the brain,
which is not repeated if no pathologic findings are discovered. All
MRAs were acquired after the diagnosis of Marfan syndrome or
of LDS was already established. When more than one brain imag-
ing study was available, only the most recent MRA was selected
for analysis. All included MRAs were acquired between January
2015 and December 2019.

Fifty-two controls were randomly selected among patients who
presented with headache and without any intracranial vascular pa-
thology, and who underwent an MRA of the brain during the

same period. We reviewed the elec-
tronic medical records of the controls
and excluded all the patients with sys-
temic arterial disease or cardiovascular
risk factors (such as hypertension, dia-
betes, renal pathology, atrial fibrillat-
ion, aortic aneurysm or dissection, and
fibromuscular dysplasia). In addition,
patients with genetic syndromes or a
history of cancer were excluded from
the control group. This study was car-
ried out in accordance with ethics
standards as set out in the Declaration
of Helsinki and was approved by the
institutional review board as a retro-
spective study.

MRA Acquisition and Image
Analysis

MRAs of the brain were performed with a 1.5T superconducting
system (Ingenia; Philips Healthcare), with a 20-channel phased
array head coil. A commercially available 3D TOF-MRA
sequence was used, with the following parameters: field of view,
200 � 189 mm; matrix, 444 � 235; section thickness, 1.2 mm;
number of slices, 168; echo time, 6.9ms; repetition time, 27ms;
flip angle, 20°; and number of acquisitions, 1.

Image analysis was performed by using IntelliSpace 8.0 soft-
ware (Philips Healthcare) by an examiner who was blinded to
clinical data and extracranial imaging findings. A 3D volume-
rendered angiogram was created from the source TOF-MRA
images for each patient. The actual length of the artery was meas-
ured by using the vessel centerline, which was automatically
traced by the software algorithm; manual correction was only
needed in the presence of extremely tortuous vessels when the
ends of a vascular loop came into contact with each other. Both
centerline length and straight-line length were automatically
measured by the software, whereas the end points of each vessel
were manually selected. TI was calculated by using a previously

described formula:
�

centerline length
straight-line length � 1

�
� 100.5 A second exam-

iner (SD)calculated the TI of 20 randomly selected MRAs of the
brain, and interrater reliability was assessed by using the intra-
class correlation coefficient.

Arterial Segment Selection
To obtain a comprehensive estimate of intracranial arterial tortu-
osity, we selected vessels from both the anterior and posterior cir-
culation, which could be defined based on easily identifiable
anatomic landmarks, to maximize reproducibility and ease of
segmentation (Fig 1). In the anterior circulation, the following ar-
terial segments were analyzed: intracranial internal carotid artery
(IICA) (from its entrance into the carotid canal of the temporal
bone to its bifurcation into anterior and middle cerebral arteries),
the A1 segment of the anterior cerebral artery (from the origin of
the anterior cerebral artery to the level of the anterior communi-
cating artery), and the M1 segment of the MCA (from the origin
of the MCA to the M1–M2 bifurcation). In the posterior circula-
tion, we segmented the vertebrobasilar system (VBS) starting

FIG 1. The TI measurement on 3D volume-rendered TOF-MRA. The solid black line indicates the
centerline length, whereas the dashed gray line shows straight-line length. A, Superior view of A1
and M1 segments in a patient with LDS (all anterior cerebral artery segments distal to A2 have
been removed; white arrowhead, anterior communicating artery; black arrowhead, right M1–M2
bifurcation). B, Lateral view of the right IICA in a patient with LDS (white arrows, level of the infe-
rior opening of the carotid canal). C, Anterior view of VBS in a patient with Marfan syndrome
(white arrows, level of the foramen magnum).
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from the level of the foramen magnum to the tip of the basilar ar-
tery. The level of the inferior opening of the carotid canal and the
level of the foramen magnum were identified on MPR images.
The TI of each arterial segment was calculated on both sides. For
the VBS, the TI was calculated starting from both vertebral
arteries. Both the average TI and maximum TI values of each seg-
ment were used for analyses. To improve clarity, we only
reported data on the former because both values yielded similar
results at univariate analysis, but receiver operating characteristic
curve analysis showed higher sensitivity and specificity for the av-
erage TI.

Statistical Analysis
Categoric variables were compared by using the Fisher exact test,
whereas the Wilcoxon rank sum test was computed for continu-
ous variables. The Spearman rank correlation coefficient was
used to evaluate the association between TI and age. Normalcy
was assessed by means of the Shapiro-Wilk test. Receiver operat-
ing characteristic curve analysis was performed for each vessel TI
and the binary end points of Marfan syndrome versus LDS and
CTD versus control. At multivariate analysis, ORs and 95% CIs
were estimated with a logistic regression model, including age,
A1 TI, and VBS TI. Continuous variables were described as me-
dian and interquartile range (IQR), whereas categoric variables
were summarized by absolute and relative (%) frequency. All tests
were 2-sided, and P, .05 was considered statistically significant.
Statistical analysis was performed by using R version 3.6.1 (2019;
The R Foundation for Statistical Computing).

RESULTS
Subjects
Sixty-eight patients with CTD and 52 controls were included in
this study. In the CTD group, 36 patients (52.9%) had Marfan syn-
drome and 32 (47.1%) had LDS. All the patients with Marfan syn-
drome had a mutation in the FBN-1 gene, whereas, among
patients with LDS, 15 (46.9%) had a mutation in SMAD3, 11
(34.4%) in TGFBR2, and 6 (18.7%) in TGFBR1. Univariate analysis
did not show a statistically significant difference in age or sex
between cases and controls. The median age at MRAwas 38.5 years
(IQR, 23–48 years) in patients with CTD and 35 years (IQR, 28.5–
54 years) among the controls (P¼ .43); 10 patients and 5 controls
were, 18 years old. There were 33 females (48.5%) in the CTD
group and 28 females (53.8%) among the controls (P¼ .59). We
did not find any significant difference in the examined demo-
graphic and clinical variables between the patients with Marfan

syndrome and those with LDS, except
for a higher prevalence of peripheral
artery dissection in LDS (Table 1).

Among the patients with LDS, 7
were found to harbor a total of 8 intra-
cranial aneurysms; in 1 patient, a dural
arteriovenous fistula was reported. We
did not find any intracranial vascular
pathology in the patients with Marfan
syndrome. The average aneurysm diam-
eter was 3.6 mm (range, 2–5 mm), and

the most frequent location was the carotid siphon (50%). No
patients presented with subarachnoid hemorrhage. After evaluation
by a multidisciplinary team, including neuroradiologists, neurosur-
geons, and cardiologists, 2 patients underwent successful treat-
ment of the aneurysm, 1 via endovascular coiling, the other by
surgical clipping, without any complications. We did not find
any significant difference in tortuosity between the patients
with LDS and with and without intracranial aneurysm (P¼ .71
for A1, P¼ .10 for M1, P¼ .37 for IICA, and P¼ .96 for VBS).
Among the patients with CTD, 7 (10.3%) reported a history of
smoking, 8 (11.8%) presented with dyslipidemia, 1 (1.5%) had a
body mass index .30 kg/m2, and none had diabetes mellitus.
No significant difference in TI was found between smokers and
nonsmokers (P¼ .36 for A1, P¼ .39 for M1, P¼ .24 for IICA,
and P¼ .69 for VBS) nor between patients with and patients
without dyslipidemia (P¼ .52 for A1, P¼ .86 for M1, P¼ .73
for IICA, and P¼ .89 for VBS).

Interrater Reliability
The TI of the 4 examined arterial segments were measured by 2
observers in 20 randomly chosen subjects (8 patients with Marfan
syndrome, 6 patients with LDS, and 6 controls) to assess for inter-
rater reliability. Intraclass correlation coefficient for TI comparison
between the 2 observers was 0.97 (P, .001) for A1, 0.76 (P¼ .03)
for M1, 0.99 (P, .001) for IICA, and 0.99 (P, .001) for VBS.

Analysis of Intracranial Arterial Tortuosity
IICA TI and VBS TI showed a positively skewed distribution
both in patients with CTD and the controls, whereas the distribu-
tion of A1 TI and M1 TI was positively skewed in LDS and nor-
mally distributed in those with Marfan syndrome and the
controls. The highest TI variability was observed for M1, which
may be explained by the highly variable position of the M1–M2
bifurcation relative to the origin of the MCA. The median differ-
ence between the TI of the right and left side (expressed as the
percentage of the absolute value of the difference between the 2
sides compared with the less tortuous side) was 45.5% for A1
(IQR, 14.3%–64.8%), 40.7% for M1 (IQR, 21.4%–84.6%), 10.2%
for IICA (IQR, 5.0%–20.1%), and 19.2% for VBS (IQR, 7.6%–
33.3%). The variation in tortuosity between the 2 sides was not
significantly different when comparing the patients with CTD
and the controls (P¼ .85 for A1, P¼ .67 for M1, P¼ .46 for
IICA, and P¼ .48 for VBS) as well as patients with Marfan syn-
drome and those with LDS (P¼ .91 for A1, P¼ .94 for M1,
P¼ .97 for IICA, and P¼ .33 for VBS).

Table 1: Demographic and clinical characteristics of patients with CTD

Characteristic
CTD

(N= 68)
Marfan Syndrome

(n= 36)
LDS

(n= 32) P
Age at MRA, median (IQR), y 38.5 (23–48) 32.5 (25–43.5) 42 (22–50) .21
Female, n (%) 33 (48.5) 15 (41.7) 18 (56.3) .33
Aortic root dilation, n (%) 59 (86.8) 33 (91.7) 26 (81.3) .29
Aortic dissection, n (%) 9 (13.2) 6 (16.7) 3 (9.4) .48
Arterial dissection, n (%) 4 (5.9) 0 (0.0) 4 (12.5) .04
Aortic surgery, n (%) 41 (60.3) 25 (69.4) 16 (50.0) .14
Age at surgery, median (IQR), y 28 (20–37) 26 (21–35) 33 (18–44) .47
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No significant differences were found between the TI of ves-
sels from the right and left sides (P¼ .90 for M1, P¼ .67 for
IICA, and P¼ .37 for VBS), except for a trend toward significance
for the A1 segment (P¼ .05), which showed a higher TI on the
right side (median TI, 11 [IQR, 7–17]) compared with the left
side (median TI , 8 [IQR, 7–15]). No significant results were
found when stratifying the patients by CTD status. The TI of the
examined arterial segments did not differ significantly between
males and females, even when stratifying the subjects by CTD sta-
tus. The median TI in males and females was 11 (IQR, 7.5–14)
and 11 (IQR, 7–18) for A1 (P¼ .42); 7 (IQR, 4–14.5) and 10
(IQR, 5–18) for M1 (P¼ .50); 117 (IQR, 93–136.5) and 117 (IQR,
97–140) for IICA (P¼ .68); and 22 (IQR, 12.5–33) and 29 (IQR,
13–49) for VBS (P¼ .11), respectively. No correlation was found
between age and the TI: the correlation coefficient was �0.03 for
A1 (P¼ .73), 0.05 for M1 (P¼ .62), 0.06 for IICA (P¼ .50), and
0.06 for VBS (P¼ .54). Similar results were obtained when assess-
ing each group of patients separately.

Association between the TI and CTD
Among the patients with LDS, no sig-
nificant association was found betw-
een intracranial arterial tortuosity and
gene mutation; therefore, we considered
these patients as a single group for fur-
ther analysis. Both Marfan syndrome
and LDS were characterized by a signifi-
cantly higher intracranial TI compared
with controls. In addition, the A1 TI
and VBS TI were significantly higher in

patients with LDS compared with patients with Marfan syndrome
(Table 2 and Fig 2). When considering only the 59 patients with
both CTD and aortic root dilation (according to Hager nomo-
grams19), patients with LDS demonstrated a significantly higher TI
compared with patients with Marfan syndrome for A1 (16 [IQR,
11–22] versus 11 [IQR, 8–16]; P¼ .02), IICA (145 [IQR, 125.5–164]
versus 125 [IQR, 110–143]; P¼ .01), and VBS (59 [IQR, 48–80] ver-
sus 29 [IQR, 20–36]; P, .001). Examples of different degrees of
tortuosity of the IICA and VBS are reported in Fig 3. A multivari-
ate logistic regression model, including the TI of A1 and VBS as
well as age confirmed the VBS TI to be the strongest independent
predictor of LDS in patients with CTD (OR 1.68 [95% CI, 1.25–
2.44]) (Table 3).

Specificity and Sensitivity Analysis
Receiver operating characteristic curve analysis of the intracranial
TI for the binary outcome of LDS versus Marfan syndrome
showed the VBS TI to be the best classifier, with an area under
the curve of 0.84 (Fig 4). The “optimum” cutoff value of the VBS
TI for maximizing sensitivity and specificity was 48, which
yielded a sensitivity of 77% (95% CI, 56%–91%) and a specificity
of 91% (95% CI, 76%–98%), with a positive likelihood ratio of
8.46 (95% CI, 2.82–25.40) and a negative likelihood ratio of 0.25
(95% CI, 0.12–0.52). When maximizing specificity for a value of
sensitivity of at least 50%, a VBS TI. 60 returned a specificity of
97% (95% CI, 84%–100%).

To evaluate how the VBS TI performed in differentiating
patients without discriminating features of either Marfan syn-
drome or LDS, we grouped patients with Marfan syndrome with-
out ectopia lentis (n¼ 24 [66.6% of the patients with Marfan
syndrome]) and patients with LDS without bifid uvula and/or
cleft palate and hypertelorism (n¼ 22 [68.7% of the patients with
LDS]). When applying the previously calculated cutoff of 48 for
the VBS TI in this group of patients, it yielded a sensitivity of
82% (95% CI, 57%–96%) and a specificity of 86% (95% CI, 65%–
97%) for the diagnosis of LDS. When analyzing the ability of the
intracranial TI to discriminate between the patients with CTD
and the controls, the IICA TI and VBS TI showed similar overall
results, with an area under the curve of 0.84 and 0.87, respectively
(Fig 4), but the IICA TI allowed for a higher specificity and the
VBS TI allowed for a higher sensitivity. When maximizing speci-
ficity for a value of sensitivity of at least 50%, an IICA TI. 132
yielded a specificity of 98% (95% CI, 90%–100%). When maxi-
mizing sensitivity for a value of specificity of at least 50%, a VBS
TI. 13 yielded a sensitivity of 96% (95% CI, 88%–99%).

FIG 2. Boxplots of the TI of the 4 examined arterial segments for
controls and patients with Marfan syndrome (MS) and LDS.

Table 2: The intracranial TI in patients with CTD and the controls

Intracranial TI, median (IQR) P

Controls
(n= 52)

Marfan
Syndrome
(n= 36) LDS (n= 32)

Marfan
Syndrome vs
Controls

LDS vs
Controls

LDS vs
Marfan

Syndrome
A1 9 (6–12) 11.5 (8–16) 15.5 (11–21) .02 ,.001 .02
M1 5 (1–7) 11.5 (6–22) 12.5 (6–21) ,.001 ,.001 .92
IICA 97 (80.5–110) 123.5 (105–144) 141.5 (123–160.5) ,.001 ,.001 .06
VBS 12 (9–19) 28.5 (20–36) 52 (32–73.5) ,.001 ,.001 ,.001
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DISCUSSION
This study demonstrates that the TI can be reliably used in the
assessment of intracranial arterial tortuosity in patients with
CTDs and yields a highly reproducible quantitative measure.
Importantly, our findings confirmed, on a quantitative basis, the
widely reported association of LDS with intracranial arterial tor-
tuosity but also demonstrated a significantly higher tortuosity of
the intracranial vasculature in patients with Marfan syndrome
compared with the controls. The TI of all examined arterial seg-
ments, except for M1, showed excellent interrater reliability, with
an intraclass correlation coefficient that ranged from 0.97 to 0.99.
The highly variable distance of the M1–M2 bifurcation from the
origin of the MCA, as well as the presence of many different
branching patterns, could explain the lower interrater reliability for
the M1 segment (intraclass correlation coefficient, 0.76).

Besides the TI, other quantitative methods for measuring arte-
rial tortuosity include the sum of angles metric, defined as the
sum of the deviations from the straight line (expressed in degrees)
at each point of angulation normalized by the length of the vessel,
and the inflection count metric, which is calculated by multiply-
ing the length of a vessel by the number of inflection points along
its path and then dividing it by the distance between its end
points.1 Although these methods are more sensitive to local tortu-
osity and are effective for measuring vessels with high-frequency–
low-amplitude coils, as in the coronary circulation, they require

either to segment the vessel at each
point of angulation or to identify
inflection points, which makes their
measurement more complex compared
with the TI. In addition, these methods
are mainly validated for 2D analysis.1,20

Diedrich et al21 used tortuosity
score curves to measure intracranial ar-
terial tortuosity in a heterogeneous
patient population, which also included
5 patients with LDS. Compared with
the TI, this method is not dependent
on the choice of 2 end points along the
vessel centerline and may be used to
compare images that contained differ-
ent lengths of the selected artery.
However, to our knowledge, no com-
mercially available software allows for
calculation of tortuosity score curves,
and this method, albeit giving a more
comprehensive estimate of tortuosity,
might have limited applicability outside
the research setting for the time being.

Although previous studies showed
that older age and female sex were associated with arterial tortu-
osity,2,4 the TI of the intracranial arteries did not differ signifi-
cantly between males and females in our cohort, and we did not
find any correlation between age and the TI (correlation coeffi-
cients ranged from �0.03 for A1 to 0.06 for the IICA). Even
though we were not able to assess changes in intracranial tortuos-
ity over time due to the small number of patients with serial
MRA studies, the lack of a significant association between age
and the TI is in agreement with previously reported data on the
vertebral artery TI in the cervical region5 and may support the
hypothesis of a relative stability of the head and neck artery TIs
over time in young patients. Although a lack of association
between older age and increased arterial tortuosity is in agree-
ment with previous studies on CTD,5-7 this finding cannot be
generalized to older patients due to the relatively young age of the
subjects included in this study as well as in other studies that
focused on patients with CTD. We were not able to evaluate the
association of hypertension with arterial tortuosity because all of
our patients were treated with antihypertensive drugs, either an-
giotensin II receptor blockers or b -blockers. Current guidelines
recommend blood pressure control in individuals with Marfan
syndrome and those with LDS to reduce hemodynamic stress
and the aortic root dilation rate.12,22

Intracranial arterial tortuosity is a frequently reported neu-
roradiologic manifestation of LDS14-18 but has never been
described in Marfan syndrome. A possible explanation could be
found in the lower degree of tortuosity in Marfan syndrome
compared with LDS, which may not be conspicuous enough to
be detected by qualitative assessment. On the contrary, quanti-
tative analysis found a significantly higher intracranial TI in
patients with Marfan syndrome compared with the controls.
This finding is consistent with the increased tortuosity of the
cervical vertebral arteries previously reported in patients with

Table 3: Multivariate model for LDS versus Marfan syndrome
by TI and age

ORa 95% CIa P
A1 1.61 0.73–3.93 .26
VBS 1.68 1.25–2.44 .002
Age 1.22 0.86–1.77 .28

a Computed for a 10-unit increase of the variable.

FIG 3. Examples of different degrees of tortuosity of IICA and VBS. A–C, Lateral view of the right
IICA in a control (A), in a patient with Marfan syndrome (B), and in a patient with LDS (C).
D–F, Anterior view of VBS in a control (D), in a patient with MS (E), and in a patient with LDS (F).
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Marfan syndrome5 and seems to suggest the presence of a more
widespread arterial tortuosity in this syndrome, which goes
beyond the aorta.7,23

The presence of arterial tortuosity in both LDS and Marfan
syndrome could be the expression of underlying vessel wall ab-
normality.11,12,24 In fact, these 2 conditions share a common
pathogenic mechanism because the causative mutations of both
Marfan syndrome and LDS affect the transforming growth factor
beta signaling pathway, which results in a disturbance in biogene-
sis and maintenance of elastic fiber, which, in turn, could lead to
vessel wall weakening and clinical vascular manifestations.11,24,25

Increased arterial tortuosity has been associated with reduced
perfusion pressure in different vascular territories, including the
posterior circulation,26,27 but no data are available on the associa-
tion between this arterial phenotype and cerebral blood flow in
patients with CTD. Although it is possible that the intracranial ar-
terial tortuosity observed in this patient population might have
an impact on cerebral perfusion, the potential clinical implica-
tions of this association have not been elucidated.

We did not find any significant difference in the examined
clinical variables between patients with Marfan syndrome and
patients with LDS, except for a higher prevalence of peripheral ar-
tery dissection in the latter (Table 1). This result is in contrast
with early reports of LDS, which describe a more severe clinical
course in this patient population compared with Marfan syn-
drome.8,9 Nonetheless, our findings are congruent with more
recent studies,5 a possible explanation being the wide phenotypic
variability of patients with LDS, even among individuals who
belong to the same family12,28 as well as the tendency of early
reports to characterize the most severe cases.

Although previous studies showed higher arterial tortuosity of
head and neck arteries in patients with intracranial aneu-
rysm,20,29,30 we did not find any significant difference in tortuosity
between the patients with LDS and with or without intracranial an-
eurysm. This finding may suggest a difference in some of the
underlying mechanisms of aneurysm formation in patients with
CTD compared with the general population, but further studies,

including greater numbers of patients
with CTD and intracranial aneurysm,
are needed to further elucidate these
results. Our results show that the in-
tracranial TI could be helpful in the
differential diagnosis between Marfan
syndrome and LDS. The VBS TI is
the strongest independent predictor
of LDS (Table 3) and yields the best
results in classifying these 2 entities
compared with other arterial seg-
ments (Fig 2), which demonstrates a
97% specificity for LDS when its
value is. 60.

No formal diagnostic criteria have
been established for the diagnosis of
LDS, which is currently based on the
presence of a mutation in one of the
known LDS genes in a patient with
aortic aneurysms or dissection.13

Nevertheless, some of these patients may not undergo genetic
testing due to a misdiagnosis of Marfan syndrome. According to
the Revised Ghent Nosology,31 Marfan syndrome can be diag-
nosed without genetic testing in the presence of aortic root dila-
tion (Z. 2) and either ectopia lentis or a systemic score of .7 if
no discriminating feature of LDS or other CTDs are present.
Although ectopia lentis is not reported in LDS, many of the fea-
tures included in the systemic score can also be found among
these patients, including scoliosis, pes planus, anterior chest de-
formity, spontaneous pneumothorax, joint hyperextension, mi-
tral valve prolapse, and dural ectasia.12,13 In addition, craniofacial
anomalies that are absent in Marfan syndrome, such as bifid
uvula, cleft palate, and hypertelorism, are not always found in
patients with LDS.9

In our cohort, 24 patients with Marfan syndrome (66.6%) did
not show ectopia lentis and 22 patients with LDS (68.7%) had
neither bifid uvula and/or cleft palate nor hypertelorism. The
VBS TI also demonstrated high sensitivity and specificity in this
group of patients. In the absence of ectopia lentis, an increased
VBS TI, therefore, should prompt genetic testing, even if charac-
teristic craniofacial features are lacking, to avoid misdiagnosis of
patients with LDS. All the examined arterial segments show a sig-
nificantly higher tortuosity in both Marfan syndrome and LDS
compared with the controls. An increased intracranial TI, there-
fore, may raise the suspicion for CTD in the appropriate clinical
setting. IICA and the VBS TI demonstrated similar overall results
in classifying patients and controls, but the IICA TI showed a
higher specificity for CTD, which reached 98% for values. 132.

Limitations
The present study has some limitations, including its retrospec-
tive nature and the small number of enrolled patients. In addi-
tion, the study design did not allow estimating CTD prevalence,
which thus precluded computation of positive and negative pre-
dictive values. Because our control group had similar demo-
graphic characteristics to the CTD group and included only
healthy subjects, without cardiovascular risk factors, our data on

FIG 4. Receiver operating characteristic curves for the intracranial TI, with the outcome of LDS
versus Marfan syndrome and CTD versus controls. Dashed gray line indicates the A1 TI; solid gray
line, M1 TI; dashed black line, IICA TI; and solid black line, VBS TI.
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intracranial tortuosity cannot be generalized to older individuals
or those with comorbidities, for example, hypertension, because
these factors are known to be associated with increased vascular
tortuosity. Our sample is limited to Marfan syndrome and LDS,
therefore, our results need to be validated in larger prospective
studies, enrolling a larger number of subjects and also including
patients with other CTDs.

CONCLUSIONS
Our results confirmed a significantly increased tortuosity of the
intracranial vasculature in LDS compared with Marfan syndrome
and controls but also demonstrated that patients with Marfan
syndrome have significantly more tortuous intracranial arteries
compared with healthy subjects, which has not been previously
reported. The TI of the intracranial arteries is an easily calculated
and highly reproducible measure, which shows a high specificity
for CTD and may raise the suspicion for the diagnosis of Marfan
syndrome or LDS in the appropriate clinical setting as well as
helping in differentiating between these 2 entities.
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Fetal Intraventricular Hemorrhage in Open Neural Tube
Defects: Prenatal Imaging Evaluation and Perinatal

Outcomes
R.A. Didier, J.S. Martin-Saavedra, E.R. Oliver, S.E. DeBari, L.T. Bilaniuk, L.J. Howell, J.S. Moldenhauer,

N.S. Adzick, G.G. Heuer, and B.G. Coleman

ABSTRACT

BACKGROUND AND PURPOSE: Fetal imaging is crucial in the evaluation of open neural tube defects. The identification of intraven-
tricular hemorrhage prenatally has unclear clinical implications. We aimed to explore fetal imaging findings in open neural tube
defects and evaluate associations between intraventricular hemorrhage with prenatal and postnatal hindbrain herniation, postnatal
intraventricular hemorrhage, and ventricular shunt placement.

MATERIALS AND METHODS: After institutional review board approval, open neural tube defect cases evaluated by prenatal sonography
between January 1, 2013 and April 24, 2018 were enrolled (n ¼ 504). The presence of intraventricular hemorrhage and gray matter heterotopia
by both prenatal sonography and MR imaging studies was used for classification. Cases of intraventricular hemorrhage had intraventricular
hemorrhage without gray matter heterotopia (n ¼ 33) and controls had neither intraventricular hemorrhage nor gray matter heterotopia (n ¼
229). A total of 135 subjects with findings of gray matter heterotopia were excluded. Outcomes were compared with regression analyses.

RESULTS: Prenatal and postnatal hindbrain herniation and postnatal intraventricular hemorrhage were more frequent in cases of
prenatal intraventricular hemorrhage compared with controls (97% versus 79%, 50% versus 25%, and 63% versus 12%, respectively).
Increased third ventricular diameter, specifically.1 mm, predicted hindbrain herniation (OR ¼ 3.7 [95% CI, 1.5–11]) independent of
lateral ventricular size and prenatal intraventricular hemorrhage. Fetal closure (n ¼ 86) was independently protective against post-
natal hindbrain herniation (OR ¼ 0.04 [95% CI, 0.01–0.15]) and postnatal intraventricular hemorrhage (OR ¼ 0.2 [95% CI, 0.02–0.98]).
Prenatal intraventricular hemorrhage was not associated with ventricular shunt placement.

CONCLUSIONS: Intraventricular hemorrhage is relatively common in the prenatal evaluation of open neural tube defects.
Hindbrain herniation is more common in cases of intraventricular hemorrhage, but in association with increased third ventricular
size. Fetal closure reverses hindbrain herniation and decreases the rate of intraventricular hemorrhage postnatally, regardless of the
presence of prenatal intraventricular hemorrhage.

ABBREVIATIONS: NTD ¼ neural tube defects; BPD ¼ biparietal diameter; GA ¼ gestational age by sonography; IVH ¼ intraventricular hemorrhage; HC ¼
head circumference; HH ¼ hindbrain herniation; GMH ¼ gray matter heterotopia; ONTD ¼ open neural tube defects; MMC ¼ myelomeningocele; MS ¼ mye-
loschisis; MOMS ¼ Management of Myelomeningocele Study; HC/AC ¼ head circircumferenceto abdominal circumference ratio

Neural tube defects (NTD) can be classified as open (eg, mye-
lomeningocele [MMC] and myeloschisis [MS]) or closed,

and detailed radiologic evaluation is key to their differentiation.1

Fetal sonography is effective in the assessment and characteriza-
tion of NTD, with important implications for patient counseling
and management.2-5 Fetal MR imaging provides supplementary

or additional diagnostic information in these disorders.6 Both
imaging modalities have similar performance in the evaluation of
NTD prenatally5 and when compared with postnatal imaging.7

The association between open neural tube defects (ONTD) and
hindbrain herniation (HH) has long been described.8 In animal
studies, surgically created MMC produced HH that could
be reversed with prenatal repair.9,10 The Management of
Myelomeningocele Study (MOMS) trial demonstrated clinical
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effectiveness11 and further studies have supported these initial
results.11-16 In theMOMS trial, the safety and efficacy of fetal closure
was proved with slight outcome discrepancies in subsequent stud-
ies.17-20 Prenatal identification of HH is crucial for patient counsel-
ing and management and serves as an important outcome variable
in conjunction with ventricular shunt placement. However, none of
the reported studies have evaluated the significance of prenatal intra-
ventricular hemorrhage (IVH) on these important outcomes.21,22

The incidence of IVH in ONTD has not been reported. This
may be partially explained by the challenge in identification by
both sonography and MR imaging. For example, sonography is
less sensitive in detecting blood products and MR imaging may
confuse normal germinal matrix vessels as hemorrhage, particu-
larly on EPI sequences. Furthermore, imaging findings of IVH,
including ependymal nodularity, overlap with those of gray mat-
ter heterotopia (GMH), a common finding in NTD. The aim of
this study is to investigate fetal sonography and MR imaging
findings of patients with ONTD with attention to prenatal IVH
to determine the incidence and its associations with prenatal and
postnatal HH, postnatal IVH, and ventricular shunt placement to
better inform patient management and family counseling.

MATERIALS AND METHODS
Setting
As a large referral center for ONTD diagnosis and management,
including fetal surgery, our institution evaluates approximately 100
new patients per year with this diagnosis. A single-institution

retrospective case-control study was conducted after approval from
our institutional review board. All patients who underwent evalua-
tion for suspected NTD with fetal sonography at our institution
between January 1, 2013 and April 24, 2018 were screened. Patients
with a confirmed diagnosis of MMC or MS were included.

Study Population and Case Selection
Patients with discrepant diagnoses of the type of NTD (MMC or
MS) between imaging modalities, those without fetal MR imag-
ing, inconclusive HH, or multiple congenital anomalies or chro-
mosomal abnormalities were excluded. The presence or absence
of IVH and GMH by both prenatal sonography and MR imaging
studies was used for classification. Cases of IVH were determined
by the presence of IVH and the absence of GMH by both modal-
ities (Figs 1 and 2). Controls were defined as fetuses with neither
IVH nor GMH (n ¼ 229). Studies were excluded from final anal-
yses if there was disagreement between imaging modalities of the
presence or absence of IVH or the presence of GMH to maximize
the true-positive rate of IVH. Ultimately, a total of 135 subjects
with findings of GMHwere excluded from the final analyses.

Data Sources
Data were extracted from electronic medical records. If imaging
reports were incomplete, variables were unavailable, or if an
inconsistency in the report was discovered (ie, dictation error),
images were evaluated by a pediatric radiologist for resolution
and to verify data accuracy. Report data were intentionally

FIG 1. Prenatal intraventricular hemorrhage in open neural tube defect of a fetus (24 weeks and 2 days gestational age) with myelomeningocele
and intraventricular hemorrhage with resolution of hindbrain herniation and intracranial blood products postnatally following in utero surgical
closure. A, Sagittal grayscale sonography image of the fetal spine demonstrating the lumbosacral myelomeningocele (white arrows). Transverse
gray-scale sonography images through the fetal skull demonstrate (B) dilation of the third ventricle measuring 2.8mm in transverse dimension
and (C) ependymal nodularity of the right lateral ventricle concerning for intraventricular hemorrhage. Corresponding fetal MR imaging demon-
strates multiple foci of susceptibility artifact (D) within the left choroid plexus (black arrow) and along the right ventricular wall (white arrow)
and (E) layering within the right lateral ventricle on axial and coronal EPI through the fetal brain, respectively, consistent with germinal matrix
and intraventricular hemorrhage. F, Sagittal T2WI through the fetal brain demonstrates hindbrain herniation. Following in utero surgical closure
at 25weeks and 6 days gestational age, postnatal MR imaging performed at 3 days of age demonstrates (G) resolution of hindbrain herniation on
sagittal T2WI through the neonatal brain and there was no evidence of intraventricular hemorrhage on any sequence. RT, right; LT, left.
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included in this retrospective study as it is the actionable informa-
tion used to make critical treatment and management decisions
during prenatal evaluation and consultation.

Imaging Protocols
Sonography and MR imaging examinations were performed per
clinical protocols and before any surgical intervention. Detailed
fetal sonography evaluation included transabdominal gray-scale
and Doppler evaluation to assess the ventricular size, presence of
ependymal nodularity, intraventricular debris/blood products,
and the NTD. Transvaginal sonography was performed in all
patients considering in utero fetal closure or for further anatomic
evaluation of the brain and/or spine if transabdominal images
were suboptimal. MR imaging examinations were performed on
a 1.5T or 3T magnet using an 18-channel body coil in line with a
spine coil with the following sequences: T2-weighted HASTE and
steady-state free precession, and EPI performed in orthogonal
planes through the fetal brain and spine. Postnatal MR imaging
was performed with sequences including T2-weighted FSE,
FLAIR, and CISS, T1-weighted FLASH or MPRAGE, gradient-
echo, spin-labeled perfusion imaging, and DWI.

Variables and Study Outcomes
Clinical data included: fetal sex, gestational age, ventricular shunt
placement within 12months of birth, type of pregnancy (single-
ton or multiple), presence of an additional anomaly, and age at
the time of imaging studies and surgical interventions. Eligibility

for in utero closure was determined by institutional protocol and
in accordance with the MOMS trial criteria, and all were per-
formed as an open procedure.11 Prenatal sonography data
included: gestational age (GA) by sonography, biparietal diameter
(BPD), head circumference (HC), head circumference to abdomi-
nal circumference ratio (HC/AC), cerebellar diameter, transverse
third ventricular size, level of the osseous defect (T12 or higher,
L1–L3, or L4 or lower), transverse lateral cerebral ventricles mea-
surement at the level of the glomus of the choroid plexus, and
absolute difference in lateral ventricular size (left versus right).
Prenatal MR imaging data included: transverse measurement of
the lateral ventricles at the level of the atria and absolute differ-
ence in lateral ventricular size. HH was defined as cerebellar ton-
sillar tissue below the foramen magnum on prenatal or postnatal
MR imaging. Secondary outcomes were IVH by postnatal MR
imaging (if performed ,30 days of age and before surgical inter-
vention) and requirement of ventricular shunt placement within
12months of birth.

Bias Assessment
Patients were selected consecutively. All data were extracted by
experienced research personnel using the Research Electronic Data
Capture (REDCap) platform. Data were reviewed and validated by
a board-certified radiologist with 3 or 8 years of experience.
Concordance between prenatal imaging modalities identifying
IVH was evaluated. Study personnel were blinded to postnatal
findings of IVH at the time of data extraction and image review.

FIG 2. Prenatal intraventricular hemorrhage in open neural tube defect of a fetus (22 weeks and 3 days gestational age) with myelomeningocele
and intraventricular hemorrhage with resolution of hindbrain herniation and intracranial blood products postnatally following in utero surgical
closure. A, Sagittal gray-scale sonography image through the fetal lumbosacral spine demonstrates a myelomeningocele with a large, thin-walled
sac. Transverse gray-scale sonography images through the fetal skull demonstrate (B) dilation of the third ventricle measuring 2 mm in transverse
dimension and (C) layering echogenic material within the right lateral ventricle concerning for intraventricular hemorrhage. Corresponding fetal
MR imaging demonstrates multiple foci of susceptibility artifact within the right lateral ventricle on (D) transverse and (E) coronal EPI through
the fetal brain consistent with intraventricular hemorrhage. F, Sagittal T2WI through the fetal brain demonstrates hindbrain herniation.
Following in utero surgical closure at 24weeks and 5 days gestational age, postnatal MR imaging performed at 7 days of age demonstrates (G) re-
solution of hindbrain herniation on sagittal T2WI through the neonatal brain and there was no evidence of intraventricular hemorrhage on any
sequence. RT, right; LT, left.
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Statistical Analysis
R statistical software (version 3.5.1 for Windows, R Core Team)
and packages ‘vcd’, ‘aod’, ‘pscl’, and ‘ggplot2’ were used. Cases
and controls were compared using x 2 or Fisher exact test and in-
dependent t Student or Wilcoxon rank sum, as appropriate.
Concordance was evaluated with Cohen k .23 Primary outcomes
were evaluated using multivariate logistic regression models.
Variables were included if univariate regression was significant
(Wald test, P, .05), and McFadden pseudoR2 was used to deter-
mine effect size. Cut-points for significant continuous predictors
were established using predicted probabilities and were included
in an additional model as binary predictors. Analyses were con-
sidered significant at P, .05.

RESULTS
Five hundred four cases with confirmed MMC (n ¼ 369, 73.2%)
or MS (n ¼ 135, 26.8%) by prenatal sonography were included
(Fig 3). Four hundred eighty-seven of 504 (96.6%) also under-
went fetal MR imaging. Overall, mean gestational age at prenatal
sonography and MR imaging was 22 weeks and 4 days
(617days), and mean maternal age was 29.75 (65.37) years.
IVH was reported prenatally in 83 of 504 (16.5%) sonography
and 108 of 487 (22.2%) MR imaging examinations. Agreement
between imaging modalities was observed in 404 of 487 cases
(83%). Of these, IVH was reported in 52 of 404 (13%) (k ¼ 0.454,

P, .001). On postnatal MR imaging, IVH was reported in 38 of
223 (17.0%) neonates. Compared with postnatal MR imaging, con-
cordance with prenatal imaging modalities was lower but remained
significant (k ¼ 0.131, P ¼ .049 and k ¼ 0.223, P ¼ .001 for fetal
sonography andMR imaging, respectively).

The On-line Table compares the findings between IVH and
controls. In cases of IVH, there was a higher prevalence of HH, on
both prenatal and postnatal imaging studies, though this only
reached statistical significance prenatally (P , .05). In cases of
IVH, we found significantly increased bilateral lateral ventricular
size (P , .001), increased head biometric measurements (P
, .001), and third ventricle diameter (P, .001).

A multivariate model evaluating the association between pre-
natal IVH and HH was performed and included the presence of
IVH, largest lateral ventricle by sonography, BPD, HC, GA, level
of osseous defect, and transverse third ventricular diameter by so-
nography (Wald test, x 2 ¼ 31.8, P , .001, pseudoR2 ¼ 0.27).
IVH was more common in prenatal HH but not independently
predictive (OR ¼ 3.1 [95% CI, 0.5–60]). Decreased BPD (OR ¼
0.02 [95% CI, 0.001–0.37]), decreased HC (OR¼ 0.38 [95% CI,
0.16–0.89]), increased GA (OR ¼ 5.89 [95% CI, 2–19]), and
increased third ventricular size (OR¼ 8.4 [95% CI, 2.2–37]) were
predictive of prenatal HH (Table 1 and Fig 4). The level of the os-
seous defect was not shown to be predictive of HH in our cohort.
After calculating cut-points, an additional multivariate logistic
regression model showed good fit (x 2 ¼ 46.4, P , .001,

FIG 3. Population flow chart. US indicates sonography.
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pseudoR2 ¼ 0.07) (Table 1). From this second model, only a
third ventricular diameter.1 mm (OR¼ 3.4 [95% CI, 1.7–
7.5]) was independently predictive of prenatal HH. Mean
third ventricular size was higher in the setting of HH (1.15 6

0.74mm versus 0.83 6 0.35mm; P , .001). A multivariate
model evaluating variables associated with postnatal HH was
performed and included: IVH, largest ventricular size by MR
imaging, GA at birth, prenatal HH, and history of in utero
surgical closure (Wald test, x 2 ¼ 13.3, P ¼ .02, pseudoR2 ¼
0.31). Prenatal IVH was not predictive of postnatal HH
(OR ¼ 2.8 [95% CI, 0.5–16]) (Table 2). Not surprisingly, pre-
natal HH predicted postnatal HH (OR 11.4 [95% CI, 2.4–
75]), but a history of in utero surgical closure was negatively
predictive (OR ¼ 0.04 [95% CI, 0.01–0.16]).

A final multivariate regression model showed that prena-
tal IVH was predictive (OR¼ 15.7 [95% CI, 2.8–80]) of
postnatal IVH, while a history of in utero surgical closure
(OR ¼ 0.08 [95% CI, 0.01–0.39]) was negatively predictive
(Wald test, x 2 ¼ 25.4, P ,.001, pseudoR2 ¼ 0.24), suggest-
ing that fetal closure is protective against persistent IVH.
No association between prenatal IVH and postnatal ventric-
ular shunt placement was observed (On-line Table).

DISCUSSION
IVH is commonly detected by sonography and MR imaging in
prenatal evaluation of ONTD and frequently described on
postnatal MR imaging. Prenatal IVH is associated with, but
not independently predictive of, prenatal and postnatal HH
likely related to its close association with increased ventricu-
lomegaly. Third ventricular size was strongly associated and a
1 mm cut-point predicted prenatal HH. Postnatal HH was
associated with prenatal HH and history of fetal closure was
negatively predictive. These findings confirm that in utero
surgical closure reverses HH, and we found that this outcome
is independent of the presence of prenatal IVH. Last, prenatal
IVH was not associated with a requirement for postnatal ven-
tricular shunt placement.

Ventriculomegaly is a common finding in MMC and is
thought to be secondary to obstruction of CSF by HH.24-26 In
cases of open NTD, associated HH is an important factor in
determining eligibility for prenatal surgical intervention and

contributes to predictions of patient outcomes.11,12,21,22 We
found an expected association between HH and decreased head
biometric measurements as the HH limits normal calvarial
expansion, which may serve as an additional clue to the presence
of HH. We also found an association between HH and increased
GA, suggesting that the progression of HH is possible later in ges-
tation. Therefore, patients initially excluded from fetal surgery
due to absent HHmay benefit from follow-up evaluation for sub-
sequent HH development.

In delineating the influence of prenatal IVH in our cohort,
we found that ventricular size and head biometric parameters

were significantly larger in cases of IVH, suggesting that

hemorrhage may contribute to ventriculomegaly. Despite this

association, we found that neither IVH nor increased lateral
ventricular size was independently predictive of HH, suggest-

ing that ventriculomegaly is a consequence of HH rather than

causative. Interestingly, third ventricular enlargement was
strongly predictive and size $1 mm may be a more specific

sign for HH. While this measurement falls within the

reported normal range for midgestation fetuses,27 these val-
ues are established from healthy fetuses without congenital

anomalies and our data suggest that these normograms may

not be applicable to our patient population and this is sup-

ported by our results demonstrating a smaller mean third
ventricular diameter in cases without HH. Therefore, sonog-

raphy assessment of the third ventricle may aid in influencing

the suspicion for HH and be of particular benefit when MR
imaging is inconclusive or not readily available.

Importantly, our results demonstrate that prenatal IVH
does not affect the efficacy of fetal closure in reversing HH.
While concordance for IVH detection was moderate prena-
tally and reduced postnatally, overall concordance remained
statistically significant. These findings may be explained by
the self-limited nature of IVH, time-associated factors, the
potential for interval hemorrhage, and unavoidable differen-
ces in the timing of imaging. Our results are similar to those
reported comparing prenatal and postnatal imaging studies
for GMH.28 In addition, our multivariate model shows that
fetal closure may even promote IVH resolution; we suspect
by reversal of HH and improvement in CSF flow dynamics
thus allowing clearance of blood products. This is concordant

Table 1: Coefficient results of multivariate logistic regression models for prenatal HH including continuous variable and categorical
variables with cut-points
Predicted Outcome Predictor b SE P
Prenatal HH (continuous variables) IVH presence 1.6 1.1 1.6

Right ventricular size by US (mm) 0.1 0.1 .08
BPD (cm) �3.6 1.5 .02a

Head circumference (cm) �1.1 0.4 .01a

AUA 1.7 0.6 .003a

Third ventricular diameter (mm) 2.5 0.7 ,.001a

Prenatal HH (categoric variables with cut-points) BPD (.4.5 cm) �0.7 0.7 .34
HC (.18 cm) �1.2 0.7 .1
AUA (.21 weeks) 0.6 0.7 .44
Third ventricle diameter (.1 mm) 1.2 0.4 .001a

Note:—HH indicates hindbrain herniation; IVH, intraventricular hemorrhage; mm, millimeters; cm, centimeters; US, ultrasound; AUA, average ultrasound age; b , regression
coefficient; SE, standard error.
a Significant difference P , .05.
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with results reporting a higher prevalence of IVH in infants
who did not undergo in utero surgery.21 Ultimately previ-
ously considered possible exclusion criteria, prenatal IVH
should not preclude eligibility for in utero closure, and fami-
lies should be counseled and treated accordingly.

The limitations of this study are the retrospective nature and
decision to use imaging report data, though this accounts for var-
iability in clinical practice. We ran concordance analyses among
imaging studies before case classification and defined IVH based
on findings by both sonography and MR imaging to account for
this bias and increase data reliability. Previous studies have imple-
mented a grading system in the severity of HH, which would be of
benefit for more detailed characterization, but the severity has not
been shown to significantly change without fetal closure, does not
influence patient counseling or management at our institution, and
would be challenging to implement given the variability in the tim-
ing of postnatal MR imaging in our cohort; but could be a source of
further study. Lastly, subtle changes in sonography and MR image
acquisition over the study periodmay affect the study results, though
performing statistical analyses as case-control series may decrease
any potential influence on outcomes.

CONCLUSIONS
IVH is prevalent in the prenatal evaluation of fetuses with
ONTD. While IVH is associated with prenatal HH, this is not in-
dependent and seen in conjunction with increased ventricular
size. The transverse third ventricular diameter appears to be a
good radiologic marker of prenatal HH and, if larger than 1 mm,
it is strongly predictive. The presence of prenatal IVH does not
prevent resolution of HH following fetal surgical closure and
does not increase the need for postnatal shunt placement.
Overall, our results support that prenatal IVH in ONTD is self-
limited, particularly in those with fetal closure that is protective
against postnatal IVH, likely secondary to the restoration of CSF
flow dynamics and clearance of blood products.
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Expanding the Neuroimaging Phenotype of Neuronal
Ceroid Lipofuscinoses

A. Biswas, P. Krishnan, A. Amirabadi, S. Blaser, S. Mercimek-Andrews, and M. Shroff

ABSTRACT

BACKGROUND AND PURPOSE: Neuronal ceroid lipofuscinoses are a group of neurodegenerative disorders characterized by the
accumulation of autofluorescent lipopigments in neuronal cells. As a result of storage material in the brain and retina, clinical mani-
festations include speech delay, cognitive dysfunction, motor regression, epilepsy, vision loss, and early death. At present, 14 differ-
ent ceroid lipofuscinosis (CLN) genes are known. Recently, the FDA approved the use of recombinant human proenzyme of
tripeptidyl-peptidase 1 for CLN2 disease, while phase I/IIa clinical trials for gene therapy in CLN3 and CLN6 are ongoing. Early diag-
nosis is, therefore, key to initiating treatment and arresting disease progression. Neuroimaging features of CLN1, CLN2, CLN3, and
CLN5 diseases are well-described, with sparse literature on other subtypes. We aimed to investigate and expand the MR imaging
features of genetically proved neuronal ceroid lipofuscinoses subtypes at our institution and also to report the time interval
between the age of disease onset and the diagnosis of neuronal ceroid lipofuscinoses.

MATERIALS AND METHODS: We investigated and analyzed the age of disease onset and neuroimaging findings (signal intensity in
periventricular, deep, and subcortical white matter, thalami, basal ganglia, posterior limb of the internal capsule, insular/subinsular
regions, and ventral pons; and the presence or absence of supratentorial and/or infratentorial atrophy) of patients with genetically
proved neuronal ceroid lipofuscinoses at our institution. This group consisted of 24 patients who underwent 40 brain MR imaging
investigations between 1993 and 2019, with a male preponderance (male/female ratio ¼ 15:9).

RESULTS: The mean ages of disease onset, first brain MR imaging, and diagnosis of neuronal ceroid lipofuscinoses were 4.70 6 3.48 years,
6.76 6 4.49 years, and 7.27 6 4.78 years, respectively. Findings on initial brain MR imaging included T2/FLAIR hypointensity in the thalami
(n¼ 22); T2/FLAIR hyperintensity in the periventricular and deep white matter (n¼ 22), posterior limb of the internal capsule (n¼ 22),
ventral pons (n¼ 19), and insular/subinsular region (n¼ 18); supratentorial (n¼ 21) and infratentorial atrophy (n¼ 20). Eight of 9 patients
who had follow-up neuroimaging showed progressive changes.

CONCLUSIONS: We identified reported classic neuroimaging features in all except 1 patient with neuronal ceroid lipofuscinoses in
our study. CLN2, CLN5, and CLN7 diseases showed predominant cerebellar-over-cerebral atrophy. We demonstrate that abnormal
signal intensity in the deep white matter, posterior limb of the internal capsule, and ventral pons is more common than previously
reported in the literature. We report abnormal signal intensity in the insular/subinsular region for the first time. The difference in
the median time from disease onset and diagnosis was 1.5 years.

ABBREVIATIONS: CLN ¼ ceroid lipofuscinosis; DWM ¼ deep white matter; IQR ¼ interquartile range; I-SI ¼ insular/subinsular region; NCL ¼ neuronal ce-
roid lipofuscinoses; PLIC ¼ posterior limb of the internal capsule; PVWM ¼ periventricular white matter; SCWM ¼ subcortical white matter

Neuronal ceroid lipofuscinoses (NCL) are a group of clinically
and genetically heterogeneous lysosomal storage disorders

characterized by the accumulation of autofluorescent lipopig-
ments in neuronal cells of the brain and retina.1 They constitute

the most common neurodegenerative disorders of childhood,
with an estimated incidence of 1.6–2.4/100,000 in the United
States, 2.2/100,000 in Sweden, 2–2.5/100,000 in Denmark, 3.9/
100,000 in Norway, 4.8/100,000 in Finland, and 7/100,000 in
Iceland.1,2 Clinical manifestations include speech delay, cognitive

Received May 2, 2020; accepted after revision June 16.

From the Department of Diagnostic Imaging (A.B., P.K., A.A., S.B., M.S.), The Hospital
for Sick Children, Toronto, Canada; Division of Clinical and Metabolic Genetics
(S.M.-A.), Department of Pediatrics, University of Toronto, The Hospital for Sick
Children, Toronto, Canada.

Previously presented in poster format at: Annual Meeting of the American Society
of Pediatric Neuroradiology, January 10–12, 2020; Miami Beach, Florida.

Please address correspondence to Asthik Biswas, MD, MBBS, Department of
Diagnostic Imaging, The Hospital for Sick Children, 555 University Ave, Toronto,
ON, M5G 1X8, Canada; e-mail: asthik.biswas@sickkids; caasthikbiswas@gmail.com;
@stikkman11
http://dx.doi.org/10.3174/ajnr.A6726

1930 Biswas Oct 2020 www.ajnr.org

https://orcid.org/0000-0003-2010-9524
https://orcid.org/0000-0003-0598-091X
https://orcid.org/0000-0001-6324-9776
https://orcid.org/0000-0001-8891-5106
https://orcid.org/0000-0001-8396-6764
https://orcid.org/0000-0002-3791-5920
mailto:asthik.biswas@sickkids
mailto:caasthikbiswas@gmail.com
https://mobile.twitter.com/stikkman11


dysfunction, developmental regression, epilepsy, vision loss, and
early death.3 Although traditionally classified on the basis of the
age of onset (infantile, late-infantile, juvenile, and adult), classifi-
cation is now based on genetic etiology, with 14 different ceroid
lipofuscinosis (CLN) genes known at present (Table 1).4 Several
new insights into the cell biology of NCL have emerged,5-7 with
ongoing translational research likely to have therapeutic implica-
tions.8 Furthermore, it has been proposed that the different sub-
types of NCL are actually distinct disorders, each with a unique
underlying molecular pathomechanism sharing a common end
point in the form of neuronal loss and autofluorescent storage ma-
terial.8 Recently, the FDA approved the use of cerliponase alfa
(Brineura), a recombinant human proenzyme of tripeptidyl-pepti-
dase 1, for CLN2 disease.9 The treatment arrests disease progres-
sion; therefore, early diagnosis is essential for optimal treatment
outcomes. In addition, phase I/IIa clinical trials with gene therapy
are currently in progress for CLN310 and CLN6 diseases.11

The classic neuroimaging features in brain MR imaging of
NCL reported in the literature include T2-hypointense thalami,
T2-hyperintense periventricular white matter, and progressive
cerebral and cerebellar volume loss.12-19 Subtype-specific imaging
findings are well-described in CLN1, CLN2, CLN3, and CLN5

diseases,20-25 with scarce literature on
other subtypes.26-31 Given the rapidly
changing landscape in cell biology and
translation in NCL and the need for
early diagnosis facilitating early treat-
ment, we performed a retrospective
review study to investigate and expand
the MR imaging features of the disease
in patients with genetically confirmed
NCL diagnosed at our institution. We
also report the time interval between
the age of disease onset, first brain MR
imaging, and diagnosis in this study.

MATERIALS AND METHODS
The institutional Research Ethics Board
approved the study (REB 1000065260).
Patients were identified from a pre-
vious study data base.32 Patient
demographics and clinical features
were obtained through electronic
chart review. Brain MR imaging
examinations were reviewed for
quality and co-read by 2 of the
authors (A.B. and P.K.) with consensus
review. Specifically, the nature of T2
signal intensity in the thalami, periven-
tricular white matter (PVWM), deep
white matter (DWM), subcortical
white matter (SCWM), basal ganglia,
posterior limb of the internal capsule
(PLIC), insular/subinsular region (I-
SI), and ventral pons, along with the
presence or absence of supratentorial

and infratentorial atrophy, was documented. Atrophy was graded
subjectively as mild, moderate, and severe. Note was made of the
degree of cerebral atrophy relative to cerebellar atrophy.
Volumetric analysis was not performed due to insufficient numbers
of cases with volume data. The age of disease onset was determined
by documented history in the hospital records system (Chartmaxx;
https://chartmaxx.software.informer.com/). A working diagnosis of
NCL was defined either by a histopathologic basis with positive
conjunctival or skin biopsy demonstrating curvilinear profiles, fin-
gerprint profiles, or granular osmiophilic profiles; or by a clinicora-
diologic basis when clinical presentation or family history, or both
in conjunction with MR imaging findings were highly suggestive of
the diagnosis. All patients in the cohort eventually had confirmed
genetic diagnoses via direct Sanger testing, the details of which have
been published previously.32 Data were entered into Excel
(Microsoft). Data were analyzed with descriptive statistics (median
and interquartile range [IQR] for age calculated in Excel).

RESULTS
Thirty-four patients with genetically confirmed neuronal ceroid
lipofuscinosis were identified between 1993 and 2019. Most of
these patients and their molecular genetic investigations have

Table 1: Subgroups of NCL, their genes, protein names, and MIM numbers
Locus Name Gene Symbol Protein Name MIM Number
CLN1 PPT1 Palmitoyl protein thioesterase 1 600722
CLN2 TPP1 Tripeptidyl peptidase 1 607998
CLN3 CLN3 CLN3 607042
CLN4 DNAJC5 DnaJ homolog 611203
CLN5 CLN5 CLN5 608102
CLN6 CLN6 CLN6 601780
CLN7 MFSD8 Major facilitator superfamily 611124
CLN8 CLN8 CLN8 607837
CLN9 N/A Unknown 609055
CLN10 CTSD Cathepsin D 116840
CLN11 GRN Granulins 138945
CLN12 ATP13A2 Probable cation transporting 610513
CLN13 CTSF Cathepsin F 603539
CLN14 KCTD7 BTB/POZ domain-containing 611725

Note:—MIM indicates Mendelian Inheritance in Man; N/A, not applicable.

FIG 1. Time delay between disease onset (median, 3.6 years; IQR, 3 years) and clinical, radiologic,
and histopathologic diagnoses (median, 5.1 years; IQR, 6.7 years) of NCL is depicted.
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been reported.32 Of these, 24 patients (male/female ratio = 15:9)
had 40 MR imaging examinations and were therefore included in
the study. The time delay between disease onset and diagnoses is
depicted in Fig 1. The median (IQR) age of disease onset, first
brain MR imaging, and age of genetic diagnoses were 3.6 (3.0),
4.9 (5.4), and 5.1 (6.7) years, respectively (Fig 1). The NCL sub-
types were CLN1 (n¼ 6), CLN2 (n¼ 5), CLN3 (n¼ 2), CLN5
(n¼ 1), CLN6 (n¼ 2), CLN7 (n¼ 6), and CLN8 (n¼ 2) diseases.
The most common symptom was developmental and cognitive
regression (n¼ 22). Other presenting symptoms included speech
delay (n¼ 21), seizures (n¼ 19), impaired vision (n¼ 14), and
behavioral abnormalities (n¼ 11). Clinical features and their dis-
tribution to each subgroup of NCL are listed in Table 2.

Brain MR imaging features are summarized in Table 3. Findings
on initial brain MR imaging included the following: 1) T2/FLAIR
hypointensity in the thalami (n¼ 22); 2) T2/FLAIR hyperintensity
in the PVWM and DWM (n¼ 22); 3) T2/FLAIR hyperintensity in
the PLIC (n¼ 22); 4) T2/FLAIR hyperintensity in the ventral pons
(n¼ 19); 5) T2/FLAIR hyperintensity in the I-SI region (n¼ 18); 6)
supratentorial atrophy (n¼ 21; mild, [n¼ 10]; moderate-severe,
[n¼ 11]; and 7) cerebellar atrophy [n¼ 20]). Eight of 9 patients
who had follow-up neuroimaging showed progressive changes.
Imaging findings in each subtype are summarized below.

CLN1 Disease
In CLN1 disease (n¼ 6), the median (IQR) age of onset was 3
(8.5) years, while the median (IQR) age at first MR imaging was
3.5 (11.5) years. On the initial MR imaging, all patients (n¼ 6)
showed T2/FLAIR hypointensity in the thalami and T2 hyperin-
tensity in the basal ganglia. All patients had T2/FLAIR hyperin-
tensity in the PVWM, DWM, PLIC, and pons, while only 1

patient showed abnormality in the SCWM. Four patients demon-
strated T2/FLAIR hyperintensity in the I-SI region. All patients
showed supratentorial atrophy (mild ¼ 2; moderate ¼ 2; severe ¼
2) and cerebellar atrophy (mild¼ 4; moderate¼ 2), with 5 patients
showing brain stem atrophy. In all 6 patients, the degree of cerebral
atrophy was greater than that of cerebellar atrophy.

Three of 6 patients had follow-up imaging. All 3 patients dem-
onstrated progressive supratentorial and cerebellar volume loss,
and 2 patients showed progressive white matter T2/FLAIR hyper-
intensity now extending to involve the SCWM.

CLN2 Disease
In CLN2 disease (n¼ 5), the median (IQR) age of onset was 3.5
(5.3) years. The median (IQR) age the first MR imaging was 8.7
(8.4) years. All patients (n¼ 5) showed T2/FLAIR hypointensity
in the thalami, whereas 3 patients showed T2 hyperintensity in
basal ganglia. All patients showed T2/FLAIR hyperintensity in
the PLIC, PVWM, and DWM, with 1 patient demonstrating ab-
normality involving the SCWM. Four patients showed T2/FLAIR
hyperintensity in the I-SI region, and 3 showed signal abnormal-
ity in the pons.

Four patients showed supratentorial atrophy (mild¼ 1;
moderate¼ 1; severe¼ 2) and cerebellar atrophy (mild ¼ 2;
severe¼ 2), with 4 patients showing brain stem atrophy. In 3
of 5 patients, cerebellar atrophy was greater than cerebral
atrophy.

Three patients had follow-up imaging. All 3 showed progres-
sive supratentorial atrophy, and 2 showed progression in cerebel-
lar atrophy. One patient who had normal signal in the I-SI region
and pons on the initial MR imaging showed signal abnormality
in both regions on follow-up MR imaging.

Table 2: Clinical features of patients with NCLa

NCL Subtypes Sex

Speech
Delay
n (%)

Visual
Impairment

n (%)
Seizures
n (%)

Behavioral
Abnormalities

n (%)

Cognitive
Decline
n (%)

Developmental
Regression n (%)

CLN1 disease (n¼ 6) M (n¼ 4), F (n¼ 2) 5 (83) 5 (83) 4 (67) 3 (50) 5 (83) 5 (83)
CLN2 disease (n¼ 5) M (n¼ 5) 4 (80) 3 (60) 4 (80) 2 (40) 4 (80) 4 (80)
CLN3 disease (n¼ 2) M (n¼ 2) 2 (100) 2 (100) 1 (50) 2 (100) 2 (100) 2 (100)
CLN5 disease (n¼ 1) F (n¼ 1) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100)
CLN6 disease (n¼ 2) M (n¼ 1), F (n¼ 1) 1 (50) 1 (50) 1 (50) 1 (50) 2 (100) 2 (100)
CLN7 disease (n¼ 6) M (n¼ 4), F (n¼ 2) 6 (100) 2 (33) 6 (100) 2 (33) 6 (100) 6 (100)
CLN8 disease (n¼ 2) M (n¼ 1), F (n¼ 1) 2 (100) 0 (0) 2 (100) 0 (0) 2 (100) 2 (100)

a Data are number of patients (percentage in parenthesis).

Table 3: Brain MR imaging features of patients with NCL

NCL Subtypes
T2 hypointense
thalami n (%)

T2 Hyperintensity n (%) Volume Loss n (%)

Corpus
Striatum

STWM (PVWM and/or
DWM and/or SCWM

and/or PLIC)
Insular/Sub-

Insular Pons Supratentorial Cerebellar
CLN1 disease (n¼ 6) 6 (100) 6 (100) 6 (100) 4 (67) 6 (100) 6 (100) 6 (100)
CLN2 disease (n¼ 5) 5 (100) 3 (60) 5 (100) 4 (80) 3 (60) 4 (80) 4 (80)
CLN3 disease (n¼ 2) 0 (0) 0 (0) 1 (50) 1 (50) 0 (0) 2 (100) 0 (0)
CLN5 disease (n¼ 1) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100)
CLN6 disease (n¼ 2) 2 (100) 1 (50) 2 (100) 1 (50) 2 (100) 1 (50) 1 (50)
CLN7 disease (n¼ 6) 6 (100) 2 (33) 6 (100) 5 (83) 5 (83) 5 (83) 6 (100)
CLN8 disease (n¼ 2) 2 (100) 2 (100) 2 (100) 2 (100) 2 (100) 2 (100) 2 (100)

Note:—STWM indicates supratentorial white matter.
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Sample cases of CLN2 disease are shown in Figs 2 and 3.

CLN3 Disease
In CLN3 disease (n¼ 2), the age of onset was 10 years in patient
3A and was unknown in patient 3B. MR imaging of patient 3A
performed at 6 years of age showed no signal abnormality or vol-
ume loss on the initial MR imaging. Follow-up MR imaging at
10 years of age showed supratentorial volume loss with PVWM
and DWM signal abnormality. MR imaging of patient 3B per-
formed at 1.2 years of age showed only mild supratentorial atro-
phy without signal change and no obvious progression on follow-
up imaging after 6 years (the first MR imaging for patient 3B was
actually performed for follow-up of intraventricular hemorrhage;
therefore, the atrophy was possibly not related to NCL). Neither
patient had cerebellar atrophy.

CLN5 Disease
In CLN5 disease (n¼ 1), the disease onset was at 3.5 years of age.
MR imaging at 6.5 years of age showed T2/FLAIR hypointense thal-
ami; and T2/FLAIR hyperintensity in basal ganglia, PVWM, DWM,
PLIC, I-SI region, and pons, along with mild supratentorial and
severe cerebellar atrophy. There was no follow-upMR imaging.

CLN6 Disease
In CLN6 disease (n¼ 2), the age at
disease onset was 4 years in a female
and 9 years in a male patient. MR
imaging of both patients (6A and 6B,
at 8.6 years and 10.8 years of age)
showed T2/FLAIR hypointense thal-
ami, and both showed T2/FLAIR
hyperintense signal in the PLIC,
PVWM, DWM, and pons (none in
the SCWM). One (patient 6A) had
T2/FLAIR hyperintensity in the basal
ganglia. Patient 6A showed severe su-
pratentorial and cerebellar atrophy and
brain stem atrophy. Patient 6B did not
have atrophy on the initial MR imaging
but showed mild supratentorial atrophy
on follow-up imaging after 4.5 years.
Both patients showed a greater degree
of cerebral atrophy compared with cere-
bellar atrophy.

CLN7 Disease
In CLN7 disease (n ¼ 6), the median
age of onset of disease was 3.75 years
(IQR, 3.1 years), while the median age
at first MR imaging was 4.5 years
(IQR, 4 years). All patients showed
T2/FLAIR hypointense thalami; 2
showed a T2/FLAIR hyperintense ba-
sal ganglia; all showed T2/FLAIR
hyperintense PLIC, PVWM, and
DWM (none in the SCWM) and 5
showed abnormal signal in the I-SI

region and pons. Five patients showed supratentorial atrophy
(mild¼ 3; moderate¼ 2), while all 6 patients showed cerebellar
atrophy (mild¼ 1; moderate¼ 4; severe¼ 1). Four patients had
brain stem atrophy. In 5 of 6 patients, the degree of cerebellar
atrophy was greater than cerebral atrophy (Fig 4), with equal at-
rophy in 1 patient. None of the patients had follow-up MR
imaging.

CLN8 Disease
In CLN8 disease (n ¼ 2), the age of disease onset was 3.7 years in
a male (8A) and 3.3 years in a female (8B) patient. MR imaging of
both patients (at 4.5 and 3.3 years, respectively) showed T2/
FLAIR hypointense thalami and T2/FLAIR hyperintense basal
ganglia, PVWM, DWM, PLIC, I-SI region, and pons. None had
SCWM signal abnormality. Both showed supratentorial (mild¼
1; moderate¼ 1) and cerebellar (mild¼ 1, moderate¼ 1) atro-
phy. Patient 8A had greater cerebellar atrophy compared with
cerebral atrophy while patient 8B had an equal degree of atrophy.
Neither of the patients had follow-up MR imaging.

DISCUSSION
We report 24 patients with genetically confirmed NCL and their
brain MR imaging features, which is one of the largest patient

FIG 2. A 4-year-old boy with CLN2 disease. Axial FLAIR MR imaging shows hypointense thalami
and hyperintense insular/subinsular region and posterior limb of the internal capsule (A); hyperin-
tense periventricular and deep white matter (B), and hyperintense ventral pons (C). Note diffuse
cerebral and cerebellar volume loss (A–C).

FIG 3. Progression of CLN2 disease. Coronal T2-weighted MR imaging at 6 years of age (A) shows
no discernible volume loss. Follow-up MR imaging at 11 and 13 years of age (B and C) shows pro-
gressive cerebral and cerebellar volume loss. Note the greater degree of cerebellar volume loss
relative to the cerebrum.
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cohorts, to the best of our knowledge. Brain MR imaging findings
of atrophy and white matter signal changes in NCL were first
reported by Machen et al,33 expanding the findings on previously
reported brain MR imaging features of NCL on CT.34 To the best
of our knowledge, thalamic T2 hypointensity and periventricular
T2 hyperintense rims in infantile-onset NCL were reported by
Vanhanen et al35 for the first time in 1994. The white matter sig-
nal change was hypothesized to represent loss of myelin due to
Wallerian degeneration based on histopathologic and micro-
scopic studies.7,36-38 The thalamic T2 darkening was speculated
to represent accumulation of iron, though this was debated.38

Vanhanen et al14 studied postmortem MR imaging with histopa-
thologic correlation in 8 patients with infantile NCL in 1995 and
demonstrated almost complete loss of cortical neurons, axons, and
myelin sheaths in all patients, along with astrocytic proliferation
containing periodic-acid-Schiff-positive storage material. They also
demonstrated loss of thalamic neurons and loss of granular and
Purkinje cells in the cerebellar cortex. They speculated that the tha-
lamic T2 hypointense signal was due to accumulation of saposin
(similar to GM2 gangliosides) and also by hypertrophic astrocytes
containing storage protein and glial fibrillary acid protein.

In addition to their previous reports, Vanhanen et al,18 in
1995, reported progressive cerebral atrophy in infantile-onset
NCL starting from 13months of age and peaking at 4 years of
age, redemonstrated by the same group in 2004 in patients with
proved CLN1,20 with cerebellar atrophy lagging behind cerebral
atrophy. All 6 of our patients with CLN1 disease (infantile onset)
showed this pattern of initial early-onset cerebral atrophy fol-
lowed by later-onset cerebellar atrophy.

Patients with late infantile-onset NCL have been reported to
show early-onset cerebellar atrophy.23,39,40 We also identified
similar findings in our late-infantile-onset CLN2, CLN5, and
CLN7 diseases, wherein most patients showed earlier onset and,
in most, a greater degree of cerebellar atrophy compared with
cerebral atrophy. Interestingly, this was most remarkable in our
CLN7 disease cohort wherein 5 of 6 patients showed this finding.
On the other hand, both patients with CLN6 disease (early-juve-
nile and late-infantile NCL) had a greater degree of cerebral atro-
phy compared with cerebellar atrophy.

Juvenile NCL generally demonstrates cerebral and cerebellar at-
rophy, usually after the ages of 9 and 13 years respectively,19

though quantitative white matter signal intensities may be abnor-
mal at a younger age.19 Studies have also demonstrated progressive
hippocampal atrophy,25 altered white matter microstructure,22 and

decreased volume of the dorsomedial thalami and corona radiata
in CLN3 disease.24 One of our patients (3A) with CLN3 disease
had mild PVWM and DWM signal abnormality and mild supra-
tentorial volume loss at 14 years of age, while the other patient (3B)
was only imaged up to 7 years of age and had no discernible signal
abnormality. Unfortunately, we do not have morphometric data
on these images.

White matter signal abnormalities, starting from the periven-
tricular white matter with progression to deep and subcortical
white matter in NCL, have been reported and have been attrib-
uted to white matter degeneration or abnormal myelin.18,19 We
noted a distinctive abnormality in our cohort with involvement
of the insular/subinsular region seen in 75% of our patients. To
the best of our knowledge, this brain MR imaging feature has not
been reported previously. Additionally, we identified T2/FLAIR
hyperintensity of the PLIC and ventral pons in 91% and 79%,
respectively, in our study cohort, which has been rarely reported
in the literature.17,18 Jadav et al17 reported PLIC hyperintensity as
an uncommon-but-characteristic brain MR imaging feature of
CLN3 disease, though Holmberg et al23 also had previously
reported this finding in a CLN5 disease cohort. In our study, this
was seen not only in juvenile-onset but also in infantile and late-
infantile onset NCL.

The differences in imaging phenotypes (eg, predominant cere-
bral over cerebellar atrophy and vice versa) is intriguing. As
alluded to earlier, different subtypes of NCL may represent dis-
tinct disorders, each with its own molecular pathway converging
to a common end point (including storage of autofluorescent ma-
terial and neuronal death). The NCL genes encode several types
of gene products that include lysosomal enzymes, soluble lysoso-
mal proteins, transmembrane domain–containing proteins, and
other proteins with different subcellular localizations.1,41 The pre-
cise localization and function of many of these proteins remain
elusive. However, several roles of these proteins have now been
elucidated, including apoptosis and autophagy, endocytosis, ve-
sicular trafficking, cell proliferation, pH homeostasis, synaptic
functioning, and protein secretion.1,41 Furthermore, researchers42

have demonstrated interaction among NCL proteins, with the
CLN5 protein interacting with CLN2 and CLN3 polypeptides,
suggesting the possibility of common pathways among these sub-
types. In a recent study, CLN1, CLN3, CLN6, and CLN8 diseases
have been linked to endoplasmic reticulum stress resulting in ap-
optosis.43 Whether the cerebral cortex is particularly susceptible
to endoplasmic reticulum stress–related apoptosis accounting for

FIG 4. CLN7 disease. Coronal T2-weighted MR imaging of 4 different patients (A, B, C, and E) and coronal reformatted CT of 1 patient (D). Note
cerebellar more than cerebral volume loss in all patients.
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predominant cerebral atrophy in these subtypes is unclear but
appears plausible. The pathogenesis of NCL is therefore multifac-
torial and occurs not only due to the accumulation of lipopig-
ments but also due to mitochondrial dysfunction, endoplasmic
reticulum stress, and alterations in cellular pH, which lead to ex-
cessive production of mitochondrial reactive oxygen species and
disturbed calcium homeostasis, resulting in apoptosis and neuro-
nal loss. Each of the NCL proteins has varying effects on these
cellular functions, resulting in slight differences in phenotypes
and neuroimaging features.

This study has several limitations. First, because it was a retro-
spective study, MR imaging performed in different machines and
protocols was analyzed, with nonuniform imaging parameters.
Second, because images were analyzed during a 30-year period,
there was an insufficient number of cases with the data required to
perform meaningful quantitative analyses. We, therefore, restricted
the study to qualitative analysis of signal intensity and volume loss.
Third, only 9 patients had follow-up imaging, making it difficult to
assess progression of disease. Last, there was under-representation
of certain subtypes (eg, CLN3 disease) in this study cohort.

CONCLUSIONS
CLN1 and CLN7 diseases were the most common subgroups in
our study cohort. The difference in the median time from disease
onset and diagnosis was 1.5 years. Given recent FDA approval of
the use of cerliponase alfa for treatment of CLN2 disease and
ongoing phase I/IIa clinical trials with gene therapy for CLN3
and CLN6 diseases, it is imperative to reduce this time gap to
arrest disease progression. In patients with a history of develop-
mental regression, brain MR imaging and referral to a neurologist
and geneticist are crucial to diagnose patients at the disease onset.

We identified reported classic neuroimaging features in all
except 1 patient with NCL in our study, including predominant
cerebellar-over-cerebral atrophy in CLN2, CLN5, and CLN7 dis-
eases and minimal abnormality up to early adolescence in CLN3
disease. We confirmed less frequently reported findings of abnor-
mal signal intensity in the deep white matter, posterior limb of
the internal capsule, and ventral pons and demonstrated that
these findings are more common than previously reported in the
literature. We report abnormal signal intensity in the insular/sub-
insular region for the first time.
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CT-Based Measurements of Facial Parameters of Healthy
Children and Adolescents in Thailand

N. Jullabussapa, K. Khwanngern, C. Pateekhum, C. Angkurawaranon, and S. Angkurawaranon

ABSTRACT

BACKGROUND AND PURPOSE: Facial parameters are used for evaluating normal growth patterns, diagnosing patients with craniofa-
cial abnormalities, and planning surgical procedures. However, these parameters vary by ethnicity and race. This study aims to
describe soft-tissue and bony facial parameters based on CT of healthy pediatric and adolescent patients in Thailand.

MATERIALS AND METHODS: CT imaging of the brain, orbit, facial bones, and neck was performed at Maharaj Nakorn Chiangmai
Hospital, in patients from birth to 19 years old. Patients with known syndromic disease, craniofacial syndrome, facial trauma and/or
infection, and previous surgery that deformed the study area were excluded. The key points of measurement were soft-tissue
intercanthal, bony interorbital, and bony lateral orbital distances.

RESULTS: There were 932 patients: 554 males (59.4%) and 378 females (40.6%). Facial parameters rapidly increased in the first 2 years
of life. Significant differences in these parameters between the males and females were found at the age of $15 years. However,
ratios of the interorbital to the lateral orbital distance were generally consistent among age groups in both sexes, at 0.25.

CONCLUSIONS: This study, in Thailand, provides detailed age- and sex-specific normative data of the craniofacial measurements in
children and adolescences based on CT imaging. These data can be used for evaluating individual patients with craniofacial abnor-
malities as well as determining the treatment in Thai and Asian populations, in whom craniofacial abnormalities, for example, fron-
toethmoidal encephalomeningocele, are common.

ABBREVIATIONS: IC ¼ intercanthal; IO ¼ interorbital; LO ¼ lateral orbital; SD ¼ standard deviation

Facial parameters and proportions play important roles in med-
icine because they are used for evaluating normal growth pat-

terns, diagnosing patients with craniofacial abnormalities, and
planning surgical procedures.1,2 One of the most common cranio-
facial abnormalities in southeast Asia is frontoethmoidal encepha-
lomeningocele,3 a congenital pediatric disorder characterized by
herniation of the brain and the meninges through an anterior skull
defect that usually involves the orbits.3-5 Although rare in Europe
and the United States, it has been described in several pediatric
groups of different races in southeast Asia, including Thais,
Malaysians, and Burmese.3 The incidence of frontoethmoidal

encephalomeningocele in Thailand and Burma is 1:5000 to 1:6000
live births.6 Treatment for frontoethmoidal encephalomeningocele
includes surgery, which requires normal facial parameters for or-
bital reconstruction.

Existing data of the facial parameters have been collected by
using one or more of these methods: direct measurement (an-
thropometric), radiographic measurement (cephalometric), and
sonography measurement of the fetus in utero.7 Each method has
its own limitations in accurately measuring normative standards
for craniofacial measurements. Most of the data were collected
and applied to adult populations.1,2,8-11 Available data for the pediat-
ric population is reported to a much lesser extent.11-13 CT is now
considered as the main technique for diagnosis, follow-up, and sur-
gical planning for reconstructive surgery. There is literature that
indicates that CT is more accurate and reliable than other cephalo-
metric measures.14 Furthermore, CT measurements are reliable and
reproducible; results of studies have suggested that the accuracy,
interobserver error, and intraobserver error are often within an ac-
ceptable range (within 1mm) for craniofacial measurements.15,16

Facial characteristics vary across multiple ethnicities.1,2,8,17,18

There are limited normative craniofacial parameters based on CT
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among populations in Asian countries, for example, Thailand.
One study was conducted in India and used CT from 100 adults,19

and one study was from Thailand and used CT from 349 patients
(ages, 0-21 years), with a broad categorization of age groups into 2-
to 3-year age bands with both sexes grouped together.20 These lim-
ited data with relatively small sample sizes make the establishment
of normative data difficult because the facial parameters may
change rapidly in early life due to cranial growth. The cranium tri-
ples in size during the first year of life, is 75% complete at age
2 years, and is 95% complete by age 10 years. Some biologic varia-
tion between the sexes also exists because additional growth there-
after is usually complete by ages 16–18 years in girls and 18–20
years in boys. Thus, more-detailed normative data are needed to
document normal growth patterns. This will be useful for monitor-
ing and diagnosing those suspected with craniofacial anomalies,
such as telecanthus, pseudohypertelorism, or ocular hypertelorism
as well as for pediatric patients with frontoethmoidal encephalo-
meningocele who require surgical reconstruction.

MATERIALS AND METHODS
All CT imaging of the brain, orbit, facial bone, and neck per-
formed at Maharaj Nakorn Chiang Mai Hospital between 2013

and 2016, in patients from birth to 19
years old was retrospectively reviewed.
Maharaj Nakorn Chiang Mai Hospital
is a tertiary university hospital that
acts as a referral center for northern
Thailand. Based on the patient’s his-
tory review and evaluation of imaging,
we excluded any patient with a known
syndromic disease, craniofacial syn-
drome, facial trauma and/or infection,
and previous surgery that deformed
the study area.

All the scans were produced by
using 2 multidetector CT machines:
1) Dual sources Somatom Force
(Siemens), and 2) Dual sources
Somatom Definition, (Siemens). The
CT images were reviewed in soft-tissue
and bone windows. The 4 key points
measured were intercanthal (IC), bony
interorbital (IO), bony lateral orbital
(LO) distances, and the IO:LO ratio.
These points of measurement, deter-
mined by the craniofacial surgeon
(K.K.) and the radiologists (N.J., S.A.),
were considered to be useful for clinical
purposes and reproducibility. These
points of measure were also those sug-
gested by a previous study from
Thailand.20 All measurements were
performed by research assistants who
were trained by a board-certificated
diagnostic neuroradiologist (S.A.) by
using the PACS.

Orientation was in the Frankfort
horizontal plane, defined as the highest point on the upper mar-
gin of the opening of the external auditory canal and the lowest
point on the lower margin of the orbit (Fig 1). After the Frankfort
horizontal plane was identified, the measurements of the soft-tis-
sue IC, bony IO, and bony LO distances in millimeters (Fig 2)
were performed. The IC distance was defined as the distance
between medial canthi. IO and LO distances were defined as the
distance between the medial wall of orbits and the distance
between the lateral wall of orbits, respectively. Key points of mea-
surement were summarized by using descriptive statistics with
the calculation of means and standard deviations (SDs). Data
were divided by different age groups. Due to the rapid growth of
the skull and face during early life, age groups were catego-
rized by every 3 months until 2 years of age, then every year
until age 19 years. Male and female patients were analyzed
separately, and comparisons between the sexes within each
age group were conducted by using t-tests.

RESULTS
A total of 983 scans from 932 individuals were reviewed, of
whom 554 were males (59.4%) and 378 were females (40.6%).
The mean6 SD age for males was 9.06 6.5 years and for females

FIG 1. Multiplanar reconstruction CT of the facial bone in the sagittal view. The dotted line repre-
sents the Frankfort horizontal plane.

FIG 2. An axial CT of the brain. Left, soft-tissue intercanthal (IC); right, bony interorbital (IO) and
bony lateral orbital (LO) distances, which measure 32.10, 23.65, and 101.50mm, respectively.
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was 7.86 6.4 years. The mean measurements of soft tissue IC,
bony IO, and bony LO distances for both sexes, categorized by
age group, are shown in Tables 1–3. As expected, there was a

rapid increase in the IC distance in the first 2 years of
life. The average 6 SD IC distance was 22.16 2.8 mm
among neonates (0–3months). At 22–24months, the
average 6 SD IC distance was 27.36 3.8 mm or
approximately 80% of the mean IC distances among
adults ages . 18 years (Table 1 and On-line Fig 1).
The average IC distances increased with age. By the
age of 8 years, the mean IC distance was 29.2 mm or
approximately 90% of the mean IC distance among
adults aged . 18 years. Small differences between
the sexes, between 1 and 2 mm, were also detected
among those .15 years of age. On average, after the
age of 15 years, males tended to have larger IC dis-
tances than did the females. By age 15 years, among
the males, the average IC distance was approxi-
mately 90% of the mean IC distances among adult
men at .18 years. For females, by age 15 years, the
average IC distance was already similar to the mean
IC distances among adult women at age .18 years
(Table 1).

This pattern of rapid growth in early life and differ-
ence between males and females aged .15 years was
also observed from IO distances and LO distances.
Among neonates (ages, 0–3months), the average IO
distance was 16.4mm and was 18.6mm by age 2 years.
By the age of 8 years, the average IO distance as
22.5mm or 90% of the mean IO distance in adulthood.
Among those .15years of age, the mean IO distance
was 1–2mm longer for men compared with women
(Table 2 and On-line Fig 2). As demonstrated in Table 3,
by 2 years of age, the average LO distance
(77.3 mm) was also nearly 80% of the average LO
distances among adults .18 years (90.0 mm). By
the age of 8 years, the average LO distance
(88.1 mm) was also almost 90% of the average adult
LO distance at the age of 18 years. Similar to IC and
IO distances, after the age of 15 years, the average
LO size was 3–5mm longer among men compared
with women (On-line Fig 3). Although there is evi-
dence for rapid growth and small differences
between the sexes in IO and LO distances after the
age of 15 years, the mean ratios between IO/LO
were relatively stable, at 0.25, across age groups and
between the sexes (Table 4). Ninety percent of all
the scans had an IO:LO ratio between 0.22 and 0.28
(Fig 3).

DISCUSSION
This study aimed to document normative facial pa-
rameters among children, adolescents, and young
adults in Thailand by using CT. Consistent patterns
emerged that facial parameters were approximately
80% developed within the first 2 years of life and 90%
developed by the age of 8 years. However, small differ-

ences between the sexes in distances after the age of 15 years also
existed. Despite different growth rates across different ages and
sexes, the ratios between IO:LO were relatively constant.

Table 1: Values for soft-tissue intercanthal distances by age group and sex

Age Group

IC Distance, Mean 6 Standard
Deviation, mm

PAll Males Females
0–3months (n¼ 76) 22.1 6 2.8 22.6 6 2.7 21.3 6 2.7 .05
.3–6months (n¼ 41) 23.9 6 2.7 24.5 6 2.9 23.3 6 2.4 .15
.6–9months (n¼40) 24.1 6 2.5 24.8 6 2.2 23.7 6 2.7 .17
.9–12 months (n¼ 30) 24.3 6 2.1 24.0 6 2.1 24.8 6 2.1 .34
.12–15months (n¼ 25) 26.1 6 3.3 26.3 6 3.9 25.9 6 2.3 .75
.15–18months (n¼ 14) 25.6 6 3.3 24.8 6 2.1 26.3 6 4.0 .42
.18–21months (n¼ 21) 26.4 6 3.4 26.5 6 3.6 26.4 6 3.3 .95
.21–24months (n¼ 12) 27.3 6 3.8 26.2 6 3.8 28.7 6 3.8 .29
.2–3 years (n¼ 49) 27.1 6 3.3 27.8 6 3.1 26.1 6 3.2 .08
.3–4 years (n¼ 36) 27.8 6 3.3 28.3 6 2.5 27.1 6 3.0 .26
.4–5 years (n¼ 42) 28.0 6 2.8 27.4 6 3.0 28.9 6 2.3 .08
.5–6 years (n¼ 41) 27.7 6 2.9 28.2 6 3.0 27.0 6 2.7 .21
.6–7 years (n¼ 36) 29.3 6 3.4 30.1 6 3.9 28.7 6 2.8 .20
.7–8 years (n¼ 29) 29.2 6 3.8 28.7 6 3.4 30.1 6 4.5 .37
.8–9 years (n¼ 26) 29.3 6 2.6 29.4 6 2.7 29.1 6 2.6 .71
.9–10 years (n¼ 30) 30.7 6 3.3 31.4 6 3.8 30.0 6 2.3 .19
.10–11 years (n¼ 31) 29.5 6 3.6 29.0 6 2.7 30.3 6 4.5 .31
.11–12 years (n¼ 33) 30.2 6 3.9 30.3 6 4.6 30.0 6 2.0 .80
.12–13 years (n¼ 32) 31.1 6 3.2 31.8 6 3.1 29.2 6 2.7 .03
.13–14 years (n¼ 42) 31.4 6 4.4 30.9 6 3.7 31.9 6 5.2 .50
.14–15 years (n¼ 43) 31.5 6 3.9 31.6 6 3.4 31.1 6 5.0 .68
.15–16 years (n¼ 69) 32.9 6 4.6 33.9 6 4.6 31.8 6 4.3 .05
.16–17 years (n¼ 71) 32.8 6 3.9 32.9 6 4.0 32.8 6 3.5 .91
.17–18 years (n¼ 57) 32.7 6 3.9 33.6 6 3.8 30.4 6 3.2 ,.01
.18–19 years (n¼ 57) 32.7 6 4.2 34.2 6 4.1 30.2 6 2.7 ,.01

Table 2: Values for bony interorbital distances by age group and sex

Age Group (No. Scans
Per Group)

IO Distance, Mean 6 Standard
Deviation, mm

PAll Males Females
0–3months (76) 16.4 6 1.9 16.5 6 2.1 16.1 6 1.8 .39
.3–6months (41) 18.2 6 2.0 18.4 6 2.6 18.0 6 1.3 .57
.6–9months (40) 17.7 6 2.1 19.5 6 2.4 17.2 6 1.8 .07
.9–12months (30) 18.1 6 2.0 18.1 6 1.6 17.9 6 2.6 .79
.12–15months (25) 18.8 6 2.2 18.9 6 2.0 18.5 6 2.5 .66
.15–18months (14) 18.5 6 2.3 18.2 6 1.6 18.7 6 2.7 .67
.18–21 months (21) 19.1 6 2.8 19.2 6 2.0 19.0 6 3.7 .90
.21–24months (12) 18.6 6 1.4 19.1 6 1.6 18.1 6 1.7 .22
.2–3 years (49) 19.3 6 2.1 20.0 6 2.0 18.3 6 1.8 ,.01
.3–4 years (36) 19.8 6 2.3 19.8 6 2.4 19.8 6 2.3 .94
.4–5 years (42) 20.4 6 2.6 20.1 6 2.0 20.8 6 3.3 .37
.5–6 years (41) 20.5 6 2.4 20.7 6 2.3 20.3 6 2.7 .69
.6–7 years (36) 22.3 6 2.4 22.9 6 2.8 21.9 6 2.0 .25
.7–8 years (29) 22.5 6 3.0 22.2 6 2.8 21.1 6 3.3 .43
.8–9 years (26) 22.2 6 2.1 22.8 6 2.1 21.1 6 1.7 .04
.9–10 years (30) 23.1 6 2.5 24.1 6 2.1 21.7 6 2.3 ,.01
.10–11 years (31) 23.1 6 2.0 22.9 6 2.4 23.3 6 1.2 .66
.11–12 years (33) 22.8 6 2.3 23.0 6 2.7 22.4 6 1.6 .48
.12–13 years (32) 24.3 6 3.5 24.6 6 3.6 23.6 6 3.7 .49
.13–14 years (42) 24.2 6 3.3 23.9 6 3.1 24.4 6 3.5 .64
.14–15 years (43) 24.6 6 3.1 24.8 6 3.2 24.1 6 2.8 .48
.15–16 years (69) 24.6 6 3.0 25.4 6 3.3 23.7 6 2.5 .02
.16–17 years (71) 25.3 6 3.1 25.6 6 3.0 24.4 6 3.3 .13
.17–18 years (57) 24.7 6 2.9 25.3 6 2.6 23.2 6 3.2 .01
.18–19 years (57) 24.8 6 2.6 25.7 6 2.2 23.4 6 2.7 ,.01
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Compared with a study conducted in the United States that
examined orbital measurements of healthy infants and children,12

our average soft-tissue IC distances were slightly lower, whereas,
the average bony LO distances were of similar values and our bony

IO average distance was longer. The
findings were not surprising because fa-
cial parameters differ among difference
ethnicities.1,21,22 Our facial parameters
were in the line with a recent report
from Thailand.20

Similar to previous literature,
there were no significant differences
in our measured parameters between
males and females from birth until
the early teenage years.23,24 However,
we noticed differences in our meas-
ured parameters between the sexes at
ages $15 years. A previous study
conducted in Thailand by using
direct anthropometric measurements
also found significant differences
between the sexes in their binocular
width, which was concordant with
our bony LO distance in the adoles-
cent age group.22 Another study,
from Malaysia, that used 3D facial
imaging and anthropometric techni-
ques also found some differences in
LO and IC distances between the
sexes in late adolescence.25 This is
not surprising because studies docu-
mented that, unlike males, facial
growth is usually completed by the
age of 14–15 years among
females.26,27

Our study has some limitations
with regard to using samples from a
single referral center in northern
Thailand and of using a hospital-
based sample. However, our results
were in line with the recent study
conducted in Bangkok, which indi-
cated that their sample was repre-
sentative of the normal Thai
population.20 There were limited
longitudinal data because most of
the scans used were of unique indi-
viduals rather than repeated follow-
up. There is literature that indicates
that the cross-sectional design is
likely to underestimate growth rates
but is useful for determining cutoff
normative values because they are
more likely to be representative of
the healthy population.20,28 The
strength of our study is the large
number of scans, which allowed

more-detailed age- and sex-specific normative values not pre-
viously published in an Asian population.

Based on the strengths of our study, our findings have several
clinical implications. Establishing normative values is important

Table 3: Values for bony lateral orbital (LO) distances by age group and sex

Age Group (No. Scans
Per Group)

LO Distance, Mean 6 Standard Deviation, mm
PAll Males Females

0–3months (76) 63.3 6 4.4 63.7 6 4.5 62.5 6 4.2 .23
.3–6months (41) 69.3 6 4.4 69.6 6 4.8 69.0 6 4.1 .67
.6–9months (40) 72.6 6 3.5 64.7 6 3.0 71.2 6 3.1 ,.01
.9–12 months (30) 73.1 6 3.4 73.9 6 3.3 71.9 6 3.2 .12
.12–15months (25) 75.5 6 3.4 76.1 6 3.3 74.6 6 3.4 .30
.15–18months (14) 76.1 6 3.9 76.7 6 3.8 75.6 6 4.2 .63
.18–21months (21) 77.3 6 3.2 78.0 6 3.1 76.3 6 3.1 .22
.21–24months (12) 77.3 6 2.8 78.3 6 2.9 75.7 6 2.1 .12
.2–3 years (49) 80.1 6 3.6 81.8 6 3.0 77.8 6 3.1 ,.01
.3–4 years (36) 80.6 6 4.6 81.5 6 4.8 79.5 6 4.2 .20
.4–5 years (42) 82.5 6 3.7 82.2 6 4.0 83.0 6 3.4 .45
.5–6 years (41) 83.4 6 3.5 83.9 6 4.0 82.7 6 2.6 .31
.6–7 years (36) 86.5 6 3.7 87.5 6 3.6 85.7 6 3.6 .13
.7–8 years (29) 88.1 6 3.7 88.8 6 3.4 87.0 6 4.0 .23
.8–9 years (26) 88.4 6 3.7 89.2 6 3.4 87.1 6 3.9 .16
.9–10 years (30) 90.7 6 3.9 91.7 6 3.3 89.4 6 4.3 .11
.10–11 years (31) 90.4 6 3.6 90.7 6 4.3 90.1 6 2.6 .66
.11–12 years (33) 91.0 6 4.3 91.1 6 4.7 90.7 6 3.5 .77
.12–13 years (32) 83.9 6 5.4 94.6 6 5.6 92.3 6 4.7 .28
.13–14 years (42) 93.9 6 4.7 94.0 6 4.4 93.9 6 5.1 .97
.14–15 years (43) 96.3 6 5.0 97.2 6 4.9 94.3 6 4.7 .08
.15–16 years (69) 97.1 6 4.6 99.0 6 4.3 95.0 6 4.0 ,.01
.16–17 years (71) 98.6 6 4.5 99.5 6 4.7 96.2 6 3.2 ,.01
.17–18 years (57) 98.9 6 5.0 100.6 6 3.7 94.2 6 5.1 ,.01
.18–19 years (57) 99.0 6 5.3 100.8 6 4.9 96.0 6 4.6 ,.01

Table 4: Values for bony interorbital (IO) to lateral orbital (LO) distances by age group
and sex

Age Group (No. Scans
Per Group)

IO to LO Distance, Mean 6 Standard Deviation, mm
PAll Males Females

0–3months (76) 0.26 6 0.02 0.26 6 0.02 0.26 6 0.02 .85
.3–6months (41) 0.26 6 0.02 0.26 6 0.02 0.26 6 0.02 .79
.6–9months (40) 0.24 6 0.03 0.25 6 0.03 0.24 6 0.02 .50
.9–12 months (30) 0.25 6 0.02 0.25 6 0.02 0.25 6 0.03 .76
.12–15months (25) 0.25 6 0.02 0.25 6 0.02 0.25 6 0.03 .95
.15–18months (14) 0.24 6 0.02 0.24 6 0.02 0.25 6 0.02 .45
.18–21months (21) 0.25 6 0.03 0.24 6 0.02 0.25 6 0.04 .82
.21–24months (12) 0.24 6 0.01 0.24 6 0.01 0.24 6 0.01 .53
.2–3 years (49) 0.24 6 0.02 0.24 6 0.02 0.24 6 0.02 .10
.3–4 years (36) 0.25 6 0.02 0.24 6 0.02 0.25 6 0.03 .46
.4–5 years (42) 0.25 6 0.03 0.24 6 0.02 0.25 6 0.03 .45
.5–6 years (41) 0.25 6 0.02 0.25 6 0.02 0.25 6 0.03 .96
.6–7 years (36) 0.26 6 0.02 0.26 6 0.03 0.26 6 0.02 .48
.7–8 years (29) 0.26 6 0.03 0.25 6 0.03 0.26 6 0.03 .20
.8–9 years (26) 0.25 6 0.02 0.26 6 0.02 0.24 6 0.02 .10
.9–10 years (30) 0.25 6 0.02 0.26 6 0.02 0.24 6 0.02 .02
.10–11 years (31) 0.25 6 0.02 0.25 6 0.02 0.26 6 0.01 .36
.11–12 years (33) 0.25 6 0.02 0.25 6 0.02 0.25 6 0.01 .49
.12–13 years (32) 0.26 6 0.03 0.26 6 0.03 0.25 6 0.03 .72
.13–14 years (42) 0.26 6 0.03 0.25 6 0.03 0.26 6 0.03 .55
.14–15 years (43) 0.25 6 0.03 0.26 6 0.03 0.25 6 0.02 .99
.15–16 years (69) 0.25 6 0.02 0.26 6 0.03 0.25 6 0.02 .29
.16–17 years (71) 0.26 6 0.02 0.26 6 0.02 0.25 6 0.03 .58
.17–18 years (57) 0.25 6 0.02 0.25 6 0.02 0.25 6 0.03 .43
.18–19 years (46) 0.25 6 0.02 0.26 6 0.02 0.24 6 0.02 .07
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because a diagnosis of craniofacial abnormality, for example, tele-
canthus, relies on age- and sex-specific means and SDs. To avoid
or reduce the number of unnecessary postoperative CTs, the val-
ues of soft-tissue IC can be used for follow-up of patients after
craniofacial surgery, such as frontoethmoidal encephalomeningo-
cele correction, craniofacial cleft correction, orbital translocation,
and facial bipartition. The understanding of normal growth de-
velopment also helps identify the timing of surgery of craniofacial
anomalies, such as frontonasal dysplasia, hypertelorism, and cra-
niofacial cleft because correction of the orbital complex or gla-
bella region should be performed when the bones are nearly fully
grown. Results of our study suggest that the facial parameters are
almost fully developed around the age of 8 years in this popula-
tion. The finding that the IO:LO ratio is relatively constant, at
0.25, across ages and sexes helps inform surgeons on the aesthetic
or cosmetic facial ratio for pre-, intra-, and postoperative
evaluations.

CONCLUSIONS
This study provides detailed age-and sex-specific normative data
of the craniofacial measurement in children and adolescents in
Thailand based on CT imaging. These data can be used for evalu-
ating individual patients with craniofacial abnormalities as well as
determining the treatment in Thai and Asian populations where
craniofacial abnormalities, for example, frontoethmoidal ence-
phalomeningocele, are common.
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MRI Spectrum of Brain Involvement in Sphingosine-1-
Phosphate Lyase Insufficiency Syndrome

K.W. Martin, N. Weaver, K. Alhasan, E. Gumus, B.R. Sullivan, M. Zenker, F. Hildebrandt, and J.D. Saba

ABSTRACT

SUMMARY: SGPL1 encodes sphingosine-1-phosphate lyase, the final enzyme of sphingolipid metabolism. In 2017, a condition featuring
steroid-resistant nephrotic syndrome and/or adrenal insufficiency associated with pathogenic SGPL1 variants was reported. In addition to
the main features of the disease, patients often exhibit a range of neurologic deficits. In a handful of cases, brain imaging results were
described. However, high-quality imaging results and a systematic analysis of brain MR imaging findings associated with the condition are
lacking. In this study, MR images from 4 new patients and additional published case reports were reviewed by a pediatric neuroradiolo-
gist. Analysis reveals recurring patterns of features in affected patients, including isolated callosal dysgenesis and prominent involvement
of the globus pallidus, thalamus, and dentate nucleus, with progressive atrophy and worsening of brain lesions. MR imaging findings of
abnormal deep gray nuclei, microcephaly, or callosal dysgenesis in an infant or young child exhibiting other typical clinical features of
sphingosine-1-phosphate lyase insufficiency syndrome should trigger prompt genetic testing for SGPL1 mutations.

ABBREVIATIONS: PKAN ¼ pantothenate kinase-associated neurodegeneration; S1P ¼ sphingosine-1-phosphate; SPLIS ¼ sphingosine-1-phosphate lyase insuffi-
ciency syndrome

Sphingosine-1-phosphate lyase insufficiency syndrome (SPLIS),
also referred to as nephrotic syndrome type 14, is a recently dis-

covered severe inborn error of metabolism caused by biallelic patho-
genic variants of SGPL1, the gene encoding sphingosine-1-phosphate
lyase.1 Sphingosine-1-phosphate lyase is an intracellular enzyme re-
sponsible for catalyzing the final step in sphingolipid degradation, in
which the universal sphingolipid breakdown product sphingosine-1-
phosphate (S1P) is irreversibly degraded (Fig 1).2 S1P is a bioactive
lipid that mediates signals through a family of G protein-coupled

receptors that regulate lymphocyte trafficking, vascular integrity, and
other physiologic and developmental processes.3,4

The first descriptions of a human syndrome of sphingosine-1-
phosphate lyase insufficiency associated with inactivating muta-
tions in SGPL1 and sphingolipid accumulation were reported in
2017, and during the subsequent 2 years, approximately 45
patients have been identified in total worldwide (including our
unpublished cohort of 7 new patients).5-11 A wide spectrum of se-
verity has been observed, ranging from nonimmune hydrops
fetalis to survival into at least the third decade. However, most
patients with SPLIS exhibit severe manifestations of $1 of the
main clinical features including steroid-resistant nephrotic syn-
drome, primary adrenal insufficiency, lymphopenia, ichthyosis,
hypothyroidism, micropenis, and neurologic defects.

Neurologic abnormalities were reported in .50% of the cases.
The incidence of neurologic complications may be higher than
reported because neurologic status could not be determined in cases
resulting in fetal loss or in patients requiring basic life support.
Neurologic manifestations may include macrocephaly, microce-
phaly, hypotonia, cranial nerve palsies, sensorineural hearing loss,
seizures, Charcot-Marie-Tooth-type peripheral neuropathy, ataxia,
developmental delay and/or regression, developmental brain
anomalies, and severe neurologic deterioration resulting in death.

Brain imaging results have been reported for some patients
with SPLIS (On-line Table). Lesions including cortical atrophy;
contrast enhancement of the midbrain, pons, and/or cerebellum;
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and developmental anomalies were described. We have per-
formed a detailed study of 4 new patients with genetically con-
firmed SPLIS including 1 infant in whom the progressive
nature of the disease was evident on serial MR imaging.
Interpreted in the context of other reported cases of SPLIS, our
findings reveal several patterns of MR imaging changes that
may aid in the recognition of this novel and atypical (nonlyso-
somal) sphingolipidosis.

MATERIALS AND METHODS
The main focus of this study is the MR images of the brain from
4 new unrelated patients with biallelic SGPL1 pathogenic variants
identified by whole-exome sequencing and referred to us from
the King Saud University College of Medicine in Saudi Arabia,
the Cincinnati Children’s Hospital Medical Center in the United
States, and the Harran University Department of Medicine in
Turkey. Individuals had testing that was interpreted by a College
of American Pathologists/Clinical Laboratory Improvement
Amendments–certified molecular testing lab. Pathogenicity call-
ing followed the American College of Medical Genetics guide-
lines. MR imaging studies were systematically reviewed by a
qualified pediatric neuroradiologist. Images from a fifth patient
who had been previously reported were obtained for review.5 CT
imaging, when available, did not reveal abnormalities even when
MR imaging findings for the same patient at the same time point
were abnormal. We have not included these negative CT results
in our report. We retrospectively reviewed MR images from

published case reports by Lovric et al,5 Prasad et al,6

Bamborschke et al,10 and Settas et al.11 The study was conducted
in accordance with human subject protocols and consent forms
that were reviewed and approved by the institutional review
boards of UCSF Benioff Children’s Hospital Oakland, Cincinnati
Children’s Hospital Medical Center, King Saud University
College of Medicine, and the Harran University Department of
Medicine.

Patients
The first patient, from Saudi Arabia, was homozygous for
c.1079G.T; p. Gly360Val SGPL1 pathogenic variant as deter-
mined by whole-exome sequence analysis at 3 years of age. She
developed a squint at 1 year of age requiring surgical correction,
steroid-resistant nephrotic syndrome at 3 years of age, and left-
radial neuritis several months later. At 4 years of age, she lost the
ability to walk or sit with support. Despite treatment for pre-
sumed autoimmune encephalitis with intravenous immunoglob-
ulin, high-dose prednisolone, baclofen, biotin, trihexphenydyl,
clonazepam, and, later, pyridoxine, she continued to deteriorate
from chronic progressive encephalopathy. Her course was further
complicated by suppression of the thyroid gland due to biotin,
which resolved without medication. She also exhibited lympho-
penia and was being investigated for adrenal insufficiency.
However, testing for the latter could not be completed because
she was on high corticosteroid doses. She died of presumed sepsis
at 4.5 years of age. MR imaging was performed at 4 years of age.

The second patient, from Saudi Arabia, was homozygous for
c.665G.A; p.Arg222Gln SGPL1 pathogenic variant as deter-
mined by whole-exome sequence analysis at 9 years of age. The
patient presented at 6 years of age with convulsions, electrolyte
disturbance, and hyperpigmentation and was diagnosed with ich-
thyosis and adrenal insufficiency, which was treated with fludro-
cortisone and hydrocortisone. The patient exhibited proteinuria
at first presentation, followed by fluctuating renal dysfunction
during the next 3 years. Renal biopsy at 9 years of age revealed
focal segmental glomerulosclerosis. Dialysis was instituted due to
chronic renal failure at that time. He also exhibited lymphopenia.
Other than seizures at presentation, the patient had no neurologic
problems until he was diagnosed with severe left carpal tunnel
syndrome at 6 years of age with persistent severe weakness in the
left arm. The patient remains alive and is scheduled for kidney
transplantation at the time of this report. MR imaging was per-
formed at 6 years of age.

The third patient, from the United States, was compound het-
erozygous for c.868-T.C; p.Phe290Leu; c.993C.G; p.Tyr331*
SGPL1 pathogenic variants as determined by whole-exome
sequence analysis at 13 months of age. This patient had adrenal
calcifications and polyhydramnios on fetal sonography imaging.
Prenatal MR imaging findings of the brain were normal. His peri-
natal course was complicated by apnea, bilateral hearing loss,
immunodeficiency including lymphopenia, and nephrotic syn-
drome accompanied by massive kidney enlargement. The latter
required bilateral nephrectomy and peritoneal dialysis at 3
months of age. At 1 year of age, he was diagnosed with adrenal
insufficiency and esotropia. At 13 months, the patient began
exhibiting developmental regression. His neurologic status

FIG 1. Sphingolipid metabolic pathway. Sphingolipid biosynthesis
leads to the formation of ceramide, the main building block of com-
plex sphingolipids. Ceramide is degraded to sphingosine. Sphingosine
is phosphorylated by sphingosine kinases, leading to formation of S1P,
which has intracellular activities and also serves as a ligand for S1P
receptors (S1PR1–5). S1P can be dephosphorylated by specific and non-
specific lipid phosphatases, regenerating sphingosine. Alternatively,
S1P can be irreversibly degraded by sphingosine-1-phosphate lyase
(S1P lyase), which controls the sole exit point of sphingolipid metabo-
lism. S1P catabolism by sphingosine-1-phosphate lyase results in for-
mation of hexadecenal and ethanolamine phosphate. CoA indicates
coenzyme A.
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deteriorated steadily with intermittent
seizures until his death at 17 months of
age. MR imaging of the brain was per-
formed at 25weeks’ gestation, and post-
natally at 6 weeks, 13 months, and 15
months of age.

The fourth patient, from Turkey,
was homozygous for c.44A.G; p.
Tyr15Cys SGPL1 pathogenic variant as
determined by whole-exome sequence
analysis at 2 years of age. The parents
were consanguineous, and the presence
of the pathogenic variant in each parent
was confirmed by Sanger sequencing.
The patient had a healthy infancy, but
experienced a fall from the bed at 1 year
of age, resulting in a hospital emergency
department visit, with no traumatic
injuries found. At 2 years of age, she was
noted to have macrocephaly, ptosis, loss
of developmental milestones, hypotonia,
and incontinence. Dysmorphic features
and abnormal dentition, including
structural and numeric dental problems
and a dentinogenesis imperfecta-like
appearance, were noted. The patient
remains alive at the time of this report.
MR imaging of the brain was performed
at 1 and 2 years of age.

Additional clinical information related
to these cases is being provided separately
in a therapy-related report.12

MR Imaging
MR imaging was performed on a variety
of scanners using T1- and T2-weighted
sequences, FLAIR, and occasionally

more sophisticated methods, including diffusion-weighting, sus-
ceptibility-weighting, and postcontrast imaging. Complete studies
were not available for our review. Imaging studies consisted
mostly of selected key images that had been submitted with other
medical data for clinical consultation. Available images from each
patient were reviewed and compared.

RESULTS
Our 4 new patients were combined with 11 patients from prior
publications that included patients with SPLIS who had imaging
of the brain. The clinical and imaging features are summarized in
the On-line Table. Five of these 15 patients had cortical atrophy
or clinical findings of microcephaly. Five had edema, calcifica-
tion, necrosis, or atrophy of the globus pallidus, caudate, puta-
men, or thalamus. Seven patients exhibited involvement of the
pons or cerebellum. Gadolinium contrast, when administered,
typically caused enhancement of the affected deep gray nuclei or
central structures in the midbrain, medulla, and cerebellum,
including the olivocerebellar circuits. The 3 patients who under-
went CT scanning all reportedly had normal findings, suggesting

FIG 2. SPLIS with mineral deposition and edema. T2-FLAIR axial MR images of a 4-year-old child
with SPLIS show involvement of the dentate nuclei (A), cerebral peduncles and tectum (B), and
globi pallidi (C). There is surrounding edema. Loss of central signal is attributed to calcium on the
basis of the analysis of susceptibility-weighted images in another patient. The findings predomi-
nantly involve dopaminergic neurons.

FIG 3. SPLIS with cerebral and cerebellar cortical lesions. T2-FLAIR axial images of an 8-year-old
child with SPLIS show multiple focal hyperintense lesions involving cerebellar and cortical gray
matter with some lesions extending into the subcortical white matter (B and C).

FIG 4. SPLIS at 25weeks’ gestation. Fetal sonography shows a trans-
verse image of the abdomen (A) with echogenic enlarged adrenal
glands with posterior shadowing presumably due to calcification.
Fetal whole-body MR imaging (B) shows normal-appearing kidneys
and adrenal glands. Mineralization of the adrenal glands is not appa-
rent on this T2-weighted sequence.
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the insensitivity of this method to detect the earliest brain abnor-
malities observed in patients with SPLIS.

New patient 1 had 3 scans showing similar-but-progressive
findings. Deep gray nuclear involvement was present, including

the globus pallidus, thalamus, substantia nigra, and dentate nuclei
of the cerebellum, all of which were associated with extensive sur-
rounding FLAIR hyperintensity, presumably representing edema
(Fig 2). Across time, the lesions appeared to consolidate and
edema diminished, and there was a loss of central or peripheral
T2 signal. Brain stem involvement was present, which could not
be separated into primarily gray or white matter disease.

New patient 2 had a single scan at 6 years of age showing mul-
tiple small areas of cerebral and cerebellar cortical T2-FLAIR
hyperintensity, some of which extended into the adjacent sub-
cortical white matter (Fig 3). The deep gray nuclei and deep white
matter structures appeared completely spared.

New patient 3 had fetal imaging at 25weeks’ gestation.
Sonography demonstrated enlarged echogenic adrenal glands
with posterior shadowing. The concurrent fetal MR images
showed prominent adrenal glands with a normal signal character
suggesting calcification rather than hemorrhage (Fig 4). Postnatal
MR imaging was performed at 6 weeks, 13 months, and 15
months of age (Fig 5). Initial brain imaging findings at 6 weeks
were normal. At 13 and 15 months, there was extensive and pro-
gressive bilateral caudate, putaminal, and thalamic involvement,
which appears to be centered on the globus pallidus. A rim of T1-
and T2-shortening developed about the en-larged globi pallidi
associated with the susceptibility effect and increased diffusivity.
Analysis of phase images suggests the presence of calcium rather
than iron.

New patient 4 underwent MR imaging of the brain at 1 and 2
years of age. There was callosal dysgenesis with absence of the
rostrum, genu, and splenium. Otherwise, the T2-weighted images
of the brain and progression of myelin maturation appeared nor-
mal at 1 and 2 years of age (Fig 6).

DISCUSSION
SPLIS is a newly recognized nonlysosomal sphingolipidosis
caused by recessive mutations in the gene encoding S1P lyase, an
intrinsic protein of the endoplasmic reticulum outer membrane.
Analysis of these patients demonstrates the variety of neuroimag-
ing findings in SPLIS. Appearances included callosal agenesis,
dysgenesis, or hypoplasia or a rapidly progressive neurodegenera-
tive disease in other patients. The developmental malformation
could range from the callosal dysgenesis alone to generalized
microcephaly, or it could result in widespread gyral simplification
and hypoplasia of the frontal and temporal lobes, as described by
Bamborschke et al.10 Patient 4 does not exhibit typical features of
SPLIS, and sphingolipid accumulation was not observed in the
patient’s plasma (our unpublished findings). Thus, the clinical
and imaging findings observed in this case could potentially have
another etiology. Considering that another reported patient with
SPLIS with biochemically confirmed pathogenic biallelic SGPL1
variants also exhibited callosal dysgenesis,5 we included this
patient in our analysis. Both patients with callosal dysgenesis
were Turkish, but they do not share SGPL1 pathogenic variants.
This feature raises the possibility of a separate genetic defect as
the cause of the developmental malformation.

Two of our patients and a total of 5 of the 15 patients reviewed
in this report had progressive damage to the deep gray nuclei,
including the thalamus, globus pallidus, caudate, putamen, brain

FIG 5. SPLIS appearance and progression of MR imaging findings with
age. Sequential MR imaging performed in this infant with SPLIS
between 6 weeks and 15 months of age has initially normal findings.
At 13 and 15 months of age, there is progressive involvement of the
globus pallidus with extensive edema of the caudate, putamen, and
thalamus. Diffusivity is increased, and there is a susceptibility effect
with a ring of T1- and T2- shortening. The susceptibility-phase images
indicate the presence of calcium.

FIG 6. SPLIS with dysgenesis of the corpus callosum and hypoplasia
with an absent rostrum, genu, and splenium. This 2-year-old patient
with SPLIS has dysgenesis of the corpus callosum. The sagittal T1- and
axial T2-weighted MR images show absence of the rostrum, genu, and
splenium (A). The body of the corpus callosum is hypoplastic. Brain vol-
ume, gyral complexity, and myelin maturation are grossly normal (B).
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stem, and cerebellum. One older patient progressed to develop
multiple focal lesions in the cerebral and cerebellar cortex and
subcortical white matter. The cause of deep and cortical gray
matter injury in patients with SPLIS is not known with certainty.
The appearance is not specific and resembles other toxic, meta-
bolic, mitochondrial, infectious, and postinfectious disorders.
The simultaneous presence of nephrotic syndrome with renal
dysfunction, adrenal insufficiency, immunodeficiency, and sphin-
golipid deposition disease creates a complicated mix of possible
pathophysiologic mechanisms of brain injury.

One pattern of injury affects the dopaminergic pathways,
particularly the globus pallidus and dentate nucleus, but also the
red nucleus and substantia nigra. These dopaminergic neural
pathways are characterized by high rates of metabolism and min-
eral transport. Thus, they may be especially sensitive to changes
in energy production, myelin composition, vascular supply, or
the abnormal accumulation of cellular sphingolipids, which influ-
ences mitochondrial function and cell fate decisions in response
to stress.13 The progressive nature of these changes has been
shown on serial imaging. Routine and susceptibility-weighted
imaging sequences have shown mineral deposition within or at
the margin of lesions affecting the globus pallidus, thalamus, and
dentate nucleus. Microhemorrhage and necrosis were suspected.
However, analysis of phase images in 1 patient suggested the
presence of calcium rather than iron or manganese. Disorders of
calcium phosphate metabolism are known to lead to mineral dep-
osition in the basal ganglia, particularly the globus pallidus; how-
ever, the deposition appears passive and less destructive than that
observed in patients with SPLIS. Neurodegeneration with brain
iron accumulation, including pantothenate kinase-associated
neurodegeneration (PKAN), leads to iron deposition in the dopa-
minergic pathways. The appearance resembles that of some of
our patients, but the presence of iron has not been proved in
patients with genetically proved SPLIS. We recently had the op-
portunity to image and review many patients with PKAN as part
of a novel drug-treatment trial.14 Other variants of neurodegener-
ation with brain iron accumulation were excluded. All patients
had symmetric SWI signal changes in the globus pallidus, sub-
stantia nigra, red nucleus, and dentate nucleus. Some patients
with SPLIS have involvement of these structures, which pro-
gresses to a much more robust disease than typical of PKAN. The
presence of cortical and cerebellar gray and white matter involve-
ment seems to distinguish SPLIS from PKAN in this regard.

The 1 patient whose fetal images we reviewed demonstrated
adrenal enlargement and calcification. Among the known
causes of adrenal calcification are Wolman disease and
Niemann-Pick disease, both of which, like SPLIS, are disor-
ders of lipid metabolism.

The molecular pathogenesis of SPLIS neuropathy is unknown.
Mice constitutively lacking SGPL1 in brain neurons exhibit cog-
nitive and motor deficits.15 SGPL1 disruption blocks autophagic
flux and induces accumulation of aggregation-prone proteins in
hippocampal neurons and brain tissue.15,16 S1P can act as a neu-
rotoxin by inducing inappropriate elevations in cellular calcium,
activating the unfolded protein response.17,18 In addition, sphin-
golipids such as S1P and ceramide exert effects on apoptosis,
autophagy, exosome release, neuroinflammation, mitochondrial

function, and the vasculature.19 Knockout mice lacking the ability
to produce S1P or signal through S1P receptor 1 have interrupted
angiogenesis and neurogenesis, are embryonic lethal, and exhibit
neural tube closure defects and increased neuronal apoptosis.20

Due to the novelty of SPLIS and its diverse clinical presenta-
tions, patients with SPLIS may be challenging to recognize. Most
are identified by next-generation sequencing studies of patients
presenting with congenital or infantile nephrotic syndrome or
nephrotic syndrome associated with other congenital anomalies.
Some commercially available diagnostic panels for genetic testing
of patients with these conditions include SGPL1, but this is not
universal. Furthermore, gene panels focused on other disease
characteristics have not yet incorporated SGPL1. Therefore, clini-
cians in all areas of pediatrics including radiologists who may en-
counter the MR imaging patterns described in this report should
have a high index of clinical suspicion. Delay in diagnosis may lead
to complications due to unrecognized conditions such as primary
adrenal insufficiency or immunodeficiency. Early diagnosis would
provide a window of opportunity for intervention before progres-
sion of clinical sequelae. Current treatments for SPLIS are largely
supportive. However, targeted therapeutic strategies are in devel-
opment and could potentially be leveraged to avert the devastating
neurodegenerative component of the syndrome.12
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Paraspinal Myositis in Patients with COVID-19 Infection
W.A. Mehan, B.C. Yoon, M. Lang, M.D. Li, S. Rincon, and K. Buch

ABSTRACT

SUMMARY:Myalgia is a previously reported symptom in patients with COVID-19 infection; however, the presence of paraspi-
nal myositis has not been previously reported. We report MR imaging findings of the spine obtained in a cohort of 9
patients with COVID-19 infection who presented to our hospital between March 3, 2020 and May 6, 2020. We found that 7
of 9 COVID-19 patients (78%) who underwent MR imaging of the spine had MR imaging evidence of paraspinal myositis, char-
acterized by intramuscular edema and/or enhancement. Five of these 7 patients had a prolonged hospital course (greater
than 25 days). Our knowledge of the imaging manifestations of COVID-19 infection is expanding. It is important for clini-
cians>a to be aware of the relatively high frequency of paraspinal myositis in this small cohort of patients with COVID-19
infection.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

Information regarding the imaging manifestations in patients
infected with Severe Acute Respiratory Syndrome coronavirus

2 (SARS-CoV-2) has been rapidly evolving; however, most of the
imaging studies have primarily focused on the pulmonary, gas-
trointestinal, and cardiac manifestations of coronavirus disease
2019 (COVID-19).1-15 Emerging case reports have described neu-
roimaging manifestations seen in patients with COVID-19 infec-
tion, including acute intracranial hemorrhage, demyelinating
lesions, and encephalitis.16

The presence of paraspinal muscular pathology in the set-
ting of COVID-19 infection has not been previously reported.
Although the most common symptoms of COVID-19 infec-
tion include cough, shortness of breath, and fever, myalgia
has been reported in up to 50% of patients with the infec-
tion.17-18 The purpose of this study was to describe the imag-
ing findings of suspected myositis in a small cohort of patients
with COVID-19 infection undergoing MR imaging of the
spine.

CASE SERIES
This study was an institutional review board–approved, retro-
spective study performed at a single large academic institution.
Between March 3, 2020 and May 6, 2020, 641 patients presented
to our institution for medical care and tested positive for
COVID-19 by reverse transcriptase polymerase chain reaction. A
total of 9 patients with COVID-19 infection at our institution
underwent MR imaging of the spine for evaluation of spinal pa-
thology with indications including back pain, lower extremity
weakness, and lower extremity paresthesia.

All imaging was performed on either a 1.5T (Signa HX and
Signa Excite HDx, GE Healthcare; Avanto, Siemens) or 3T scan-
ner (Discovery MR750, GE Healthcare; Tim Trio and Skyra,
Siemens). All MR imaging examinations of the spine included
sagittal T1-weighted imaging, sagittal non-fat-saturated T2-
weighted imaging, sagittal fat-saturated T2-weighted imaging,
and axial T2-weighted imaging. Postcontrast sequences were per-
formed in a subset of this cohort.

Evaluation of the MR imaging included an assessment for spi-
nal cord signal abnormality and clumping or thickening of the
cauda equina nerve roots, bone marrow edema suggestive of an
acute process, edema and/or enhancement within the interverte-
bral disks, and edema and/or enhancement within the paraspinal
musculature. Myositis was defined as intramuscular edema mani-
fested by T2 hyperintensity and/or enhancement within the
paraspinal muscles which was present in the absence of, or dis-
proportionate to the presence of minimal edema in the posterior
subcutaneous soft tissues. The locations of these findings were
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recorded in reference to the vertebral body level for each patient.
Indications for spine MR imaging included a report of back pain
in 5 patients, bilateral leg pain in 2 patients, imbalance in 1
patient, and 1 patient who was found unconscious after a suicide
attempt.

A complete cervical, thoracic, and lumbar spine MR imaging
was performed in 3 patients, an isolated cervical spine MR imag-
ing was performed in 1 patient, thoracolumbar MR imaging was
performed in 3 patients, and isolated lumbar spine MR imaging
was performed in 2 patients (On-line Table). Four of the 9 MR
imaging examinations were performed with contrast and the
remaining 5 MRIs were performed without contrast.

Prior MR imaging of the spine was available for 3 patients in
this cohort confirming that no findings of myositis were seen on
prior spine MR imaging. Additionally, the electronic medical
records were searched for each patient and confirmed that none
of these patients had been previously treated for myositis. One
patient in this cohort had a single-level laminectomy in the tho-
racic spine for treatment of an epidural abscess 5 years earlier. No
history of prior spine surgery was present in the remaining 8
patients.

Imaging findings were correlated with clinical parame-
ters. Patient age, sex, length of hospital stay, respiratory fail-
ure requiring intubation, presence of a superimposed
bacterial infection, and serum inflammatory markers were
recorded for each patient. The recorded serum inflammatory

markers included creatine kinase levels (normal range 60–
400 U/L), erythrocyte sedimentation rate (normal range 0–
20mm/h), C-reactive protein (normal range ,8.0 mg/L),
creatinine level (normal range 0.6–1.5 mg/dL), and D-dimer
(normal range,500mg/mL). All serum inflammatory
markers recorded were performed within 12 hours of the MR
imaging examination.

Of the 9 patients included in this cohort, the mean age was
55 years (standard deviation 17 years, range: 30–87). Six of the 9
patients required admission to the hospital for treatment of
COVID-19 infection, and 4 of these patients were intubated. The
mean time between hospital admission and/or symptom onset and
acquisition of the MR imaging scan was 17days (range 1–35days
following admission). None of the patients in this cohort were
diagnosed with having a superimposed bacterial infection over the
duration of their hospital courses.

Seven of 9 (78%) patients who underwent spine MR imaging
demonstrated evidence of myositis on MR imaging with involve-
ment of the erector spinae muscles and multifidus muscles (Figs
1–3). In all 7 patients with MR imaging findings of myositis, it
occurred exclusively in the lumbar spine and involved multiple
vertebral body levels (On-line Table). In all cases, the myositis was
bilateral.

All patients with lumbar spine imaging (8 total) had trace to
mild edema within the superficial subcutaneous soft tissues. In
the 7 patients with lumbar spine MR imaging who had imaging
findings suggestive of myositis, the edema in the paraspinal mus-
culature was out of proportion to the degree of superficial subcu-
taneous edema.

None of the patients in this cohort demonstrated signal ab-
normality or enhancement within the visualized portion of
the spinal cord or clumping or thickening of the cauda equina
nerve roots. Abnormal edema and/or enhancement within
the intervertebral disks was not seen in any patient in this
cohort. Two of the 9 patients in this cohort had degenerative
changes related to moderate facet hypertrophy confined to 2
levels within the lumbar spine. There was no evidence of re-
active marrow edema in these patients related to degenerative
disease.

FIG 1. A 56-year-old man with COVID-19. A, sagittal fat-saturated
T2-weighted image of the lumbar spine demonstrating increased
T2 signal intensity within the posterior paraspinal muscles. B, post-
contrast fat-saturated T1-weighted image of the lumbar spine
demonstrating diffuse enhancement within the posterior paraspi-
nal muscles.

FIG 2. Same 56-year-old man with COVID-19 seen in Fig 1. Axial post-
contrast, fat-saturated T1-weighted image of the lumbar spine dem-
onstrates symmetric areas of intramuscular enhancement involving
the erector spinae and multifidus muscles bilaterally.
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One patient included in this cohort had a history of adrenal
carcinoma with a known metastatic lesion at the L5 level, which
was unchanged in appearance from multiple prior MR imaging
examinations, and was not associated with new marrow edema
or extension of disease.

Of the 7 patients with MR evidence of myositis, 5 were admit-
ted to the hospital with a length of stay greater than 25days, and
4 of these 5 patients were intubated over the course of their hospi-
tal admission. Three of the 7 patients with myositis demonstrated
elevated serum inflammatory markers (as shown in the On-line
Table). MR findings suggestive of myositis were seen in 2 patients
who did not require hospital admission, did not have symptoms
of respiratory failure, and did not have serum inflammatory
markers collected.

None of the patients in this cohort received hydroxychloro-
quine or remdesivir for treatment of COVID-19 infection.

DISCUSSION
Of the small cohort of patients with COVID-19 infection who
underwent MR imaging at our institution for evaluation of
the spine, 78% (7 of 9) of patients had intramuscular edema
and imaging findings suggestive of myositis, and all cases of
myositis were found in the lumbar spine. These findings
occurred in the absence of spine trauma. Three of the 7
patients in this cohort with MR imaging findings suggestive of
myositis had elevated inflammatory markers. Two patients in
our cohort did not demonstrate imaging manifestations of
lumbar myositis; 1 had a relatively short hospital admission of
10 days, and the other patient was asymptomatic and did not
require hospital admission. The patients in this cohort who
had imaging of the cervical and thoracic spine demonstrated
no MR imaging findings to suggest myositis in these segments
of the spine.

Possible etiologies of the observed paraspinal myositis include
direct muscular viral infection with SARS-CoV-2, an immune-
mediated, parainfectious inflammatory response given the elevated
serum inflammatory markers in several patients, or drug-mediated
effects. An additional consideration for these findings includes
sequelae of a critical illness myopathy that has been previously
described in up to 62% of intensive care unit patients who failed to
be wean from the ventilator.19-20 While it is possible that these
findings could be compounded by third spacing with gravitation-
ally dependent edema, this is felt to be less likely as edema and/or
paraspinal muscular enhancement was found to be out of propor-
tion to the degree of overlying superficial subcutaneous edema,
which was found to be trace to mild in all patients. Of the 7
patients with MR imaging findings of myositis, 3 patients were
never intubated, and 4 patients had MR imaging findings sugges-
tive of myositis with MR imaging performed within 10days of
admission. These findings suggest that patients may have been rel-
atively early in their COVID-19 infection course and these find-
ings may be unrelated to a critical illness myopathy. Viral myositis
is a known entity reportedly caused by several other viruses includ-
ing influenza, HIV, hepatitis C, and Middle East Respiratory
Syndrome Coronavirus.21-25 The results of this study are consist-
ent with Beydon et al19 who demonstrated MR features of myositis
involving the pelvis and thighs in a patient with COVID-19
infection.

This is a small series of patients, in part related to the low fre-
quency of back pain complaints in patients with COVID-19
infection. Furthermore, severe manifestations of COVID-19 may
render patients too unstable or unable to undergo MR imaging of
the spine. There are numerous confounders in these patients
including heterogeneous sampling of serum inflammatory
markers, lack of clear information regarding how long patients
had the infection before experiencing symptoms of back pain and
weakness, and heterogeneous treatment algorithms. These varia-
tions in practice patterns, documentation, and recorded histories
make it difficult to determine dominant etiologies contributing to
these imaging manifestations.

In conclusion, the findings of this study demonstrate a high
frequency of myositis in patients with COVID-19 infection
reporting myalgia in a small series. It is important for health care
providers and radiologists to be aware of these clinical features
and imaging findings.

Disclosures: William A. Mehan—UNRELATED: Consultancy: Kura Oncology,
Comments: Independent reviewer of head and neck imaging studies for a clini-
cal trial; Expert testimony: CRICO and other health insurance companies,
Comments: Expert opinion for medicolegal cases involving neuroimaging.
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Safety of Consecutive Bilateral Decubitus Digital Subtraction
Myelography in Patients with Spontaneous Intracranial

Hypotension and Occult CSF Leak
M.C. Pope, C.M. Carr, W. Brinjikji, and D.K. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Digital subtraction myelography performed with the patient in the lateral decubitus position has
the potential for increased sensitivity over prone-position myelography in the detection of spinal CSF-venous fistulas, a well-estab-
lished cause of spontaneous intracranial hypotension. We report on the safety of performing routine, consecutive-day right and
left lateral decubitus digital subtraction myelography in these patients.

MATERIALS AND METHODS: In this retrospective case series, all patients undergoing consecutive-day lateral decubitus digital sub-
traction myelography for suspected spinal CSF leak between September 2018 and September 2019 were identified. Chart review
was performed to identify any immediate or delayed adverse effects associated with the procedures. Procedural parameters were
also analyzed due to inherent variations associated with the positive-pressure myelography technique that was used.

RESULTS: A total of 60 patients underwent 68 pairs of consecutive-day lateral decubitus digital subtraction myelographic examina-
tions during the study period. No major adverse effects were recorded. Various minor adverse effects were observed, including
pain requiring analgesics (27.2%), nausea/vomiting requiring antiemetics (8.1%), and transient neurologic effects such as syncope, ver-
tigo, altered mental status, and autonomic dysfunction (5.1%). Minor transient neurologic effects were correlated with increasing
volumes of intrathecal saline injectate used for thecal sac prepressurization.

CONCLUSIONS: In patients with spontaneous intracranial hypotension and suspected spontaneous spinal CSF leak, consecutive-day
lateral decubitus digital subtraction myelography demonstrates an acceptable risk profile without evidence of neurotoxic effects
from cumulative intrathecal contrast doses. Higher intrathecal saline injectate volumes may correlate with an increased incidence
of minor transient periprocedural neurologic effects.

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

Spontaneous intracranial hypotension (SIH) is a syndrome of
orthostatic headaches and other potentially debilitating neu-

rologic symptoms attributable to spontaneous spinal CSF leaks.1,2

Distinct subtypes of spinal CSF leaks have been described, includ-
ing dural tears and CSF-venous fistulas along the nerve root
sleeves. Ventral dural tears are often associated with epidural
fluid collections, which can be longitudinally extensive along the
spinal axis.3,4 These leaks usually are well-characterized by con-
ventional spinal MR imaging and CT or MR myelography.
Conversely, CSF-venous fistulas and some nerve root sleeve dural
tears may present without identifiable extradural fluid collec-
tions.5-7 Adjunctive techniques such as dynamic CT myelography

and digital subtraction myelography (DSM) can be used to

increase the sensitivity for these occult leaks and provide precise

localization for subsequent surgical repair or blood patching.8-11

In particular, digital subtraction myelography has proved effec-

tive for detecting occult CSF leaks due to its superior spatial and

temporal resolution.9,12 Various procedural variations have recently

been described in the literature, most notably the performance of

DSM imaging with the patient in the lateral decubitus position.

Schievink et al13 demonstrated a 5-fold increase in the detection

rate of previously occult CSF-venous fistulas by performing DSM

with patients in the lateral decubitus position instead of conven-

tional prone positioning. Farb et al5 also reported success with the

lateral decubitus DSM technique in detecting spinal CSF-venous

fistulas as well as a case of nerve root sleeve dural tear.
At our institution, right and left lateral decubitus DSM was

typically performed on consecutive days for patients being eval-

uated for SIH without an identifiable CSF leak on prior MR
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imaging and/or conventional CTmyelography. This approach pro-

vided several advantages over targeted or unilateral DSM. For

example, performing a comprehensive bilateral decubitus DSM ex-

amination with accompanying decubitus CT myelography within

a 24-hour window was less burdensome for our patients, simplify-

ing scheduling and potentially reducing travel expense. This also

ensured that no multifocal bilateral leaks were overlooked.
While the relative safety of intrathecal iodinated contrast and

various lumbar puncture techniques for myelography has been
well-documented,14-19 the risk profile of performing consecutive
myelographic procedures as discussed above has not been previ-
ously described. Specifically, there are currently no data on the
potential for increased adverse effects related to a cumulative intra-
thecal iodinated contrast load within such a short timeframe.
Additional considerations include increased patient exposure to
radiation, sedation, and general procedural risk. We report on our
experience with this unique practice during a 13-month period.

MATERIALS AND METHODS
Study Cohort
In this single-institution retrospective case series, we identified all
patients with SIH undergoing lateral decubitus DSM to evaluate
occult CSF leaks between September 2018 and September 2019.
Inclusion criteria were the following: 1) clinical suspicion of SIH
based on evaluation by neurologists with subspecialty experience
in CSF dynamics disorders; 2) prior brain and spinal MR imaging
deemed inconclusive for definitive spinal CSF leak; and 3) the
availability of intraprocedural and postprocedural care documenta-
tion in the electronic medical record. Given our primary concern
with cumulative effects of consecutive-day procedures, any lateral
decubitus DSM procedures performed on 1 side only or bilaterally
on nonconsecutive days were excluded. These were generally in
the case of patient scheduling exceptions or repeat examinations
due to extradural injections on the initial procedure.

Procedural Technique
Lateral decubitus DSM procedures were conducted per our
recently described technique.20 All examinations were performed
by a core group of 10 subspecialty neuroradiologists who received
training from a single individual. Because this was a new proce-
dure for our institution, some changes to the protocol were made
early in the study period. For example, Omnipaque 240 (iohexol;
GE Healthcare) was the intrathecal contrast agent used initially,
but Omnipaque 300 was subsequently found to produce higher
quality images due to higher concentration and became the agent
of choice for most cases in the study group. Additionally, varying
amounts of sterile preservative-free normal saline (Baxter) were
injected before main contrast runs in an attempt to create positive
intrathecal pressure and facilitate a CSF leak, which can be inter-
mittent, thereby improving detection of the leak.21,22 The volume
of saline injected was variable and ultimately based on operator
preference. Both 20- and 22-ga Quincke spinal needles (Becton
Dickinson) were used, and this was also based on operator prefer-
ence and consideration of factors such as patient body habitus.
Imaging was performed with Allura Xper FD 20/20 (Philips
Healthcare) or Axion Artis dTA ceiling-mounted (Siemens) sys-
tems. Procedures were intended to be performed 24hours apart,

though in practice, the time interval in a small number of cases
was as short as 19 hours or as long as 28hours.

Data Collection
Retrospective chart review of procedure reports, clinical notes,
medication administration logs, and radiation logs within the insti-
tutional electronic medical record was performed to identify rele-
vant periprocedural data. In addition to demographic data, the
following variables were recorded for each DSM procedure: spinal
level accessed (L1–L5), needle gauge (20- versus 22-ga), volume of
intrathecal contrast injectate (milliliters), volume of intrathecal sa-
line injectate (milliliters), type of intrathecal contrast material
(Omnipaque 240 or Omnipaque 300), total fluoroscopy time (sec-
onds), and total radiation skin dose (milligray). Radiation dose pa-
rameters were obtained from the automated software recording on
the angiographic equipment. The type of anesthesia (local, moder-
ate, or general) was also recorded, given the potential for con-
founding of documented adverse effects. All postprocedural
clinical encounters were reviewed for documentation of delayed
adverse effects, extending to 3 months after the conclusion of the
study period. If a leak was identified and subsequent definitive
treatment with spinal surgery or intrathecal blood patching was
performed, these steps were considered an end point due to poten-
tial confounding as to the source of the adverse effect.

Adverse Effects
Adverse effects were classified as major or minor. Major adverse
effects included procedure-site infections, procedure-site bleed-
ing requiring intervention, acute radiation injury, or a variety of
major, rare neurotoxic effects classically associated with intrathe-
cal iodinated contrast such as seizures, arachnoiditis, and long-
term mental status changes.23 Minor adverse effects included
intraprocedural and immediate postprocedural complications
such as pain (for example, headache, backache, or leg pain) or
nausea/vomiting. Specifically, pain and nausea/vomiting were
recorded if analgesic or antiemetic medication was administered
and symptoms resolved within 24 hours. Any other transient
neurologic symptoms such as vertigo were also categorized as
minor, in keeping with the spectrum of effects seen in prior stud-
ies of iodinated contrast myelography.14-19 Adverse effects were
documented either in the procedure report or periprocedural
nursing logs including standardized institutional pain and
Richmond Agitation Sedation Scale neurologic scores. Final cate-
gorization as a minor effect was contingent on complete sponta-
neous resolution of the effect within 24hours. Any reported
inadvertent extradural injections were also recorded.

Statistics
Descriptive statistics were performed to summarize patient dem-
ographics and general procedural factors. Mixed binomial logistic
regression modeling and x 2 analysis were performed to evaluate
any association between procedural factors and the probability of
adverse effects. Any missing data points were excluded from
comparative analyses. JMP, Version 14.1, (SAS Institute; 1989–
2019) and SPSS, Version 25.0 (IBM; released 2017) were used for
all statistical calculations. A P value, .05 was considered statisti-
cally significant.
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Institutional review board approval with waived consent was
granted for this Health Insurance Portability and Accountability
Act–compliant retrospective research study.

RESULTS
Study Cohort
Of 151 lateral decubitus DSM procedures identified in the study
period, 15 were not performed as consecutive pairs. These cases
were excluded, and a total of 60 unique patients undergoing 68
pairs of consecutive lateral decubitus DSMs were evaluated. The
excess procedural pairs were accounted for by 2 patients who
underwent 3 separate procedural pairs each and 4 patients who
underwent 2 separate procedural pairs each. These patients
undergoing multiple procedural pairs generally had definitive
treatment for CSF leaks after the initial study and subsequently
developed recurrent symptoms meeting the inclusion criteria at
least 1 month after the most recent dural puncture. The study
population included 37/60 women (62%) and 23/60 men (38%)
with a mean age of 54.66 11.9 years. Chart review follow-up for
a minimum of 3months was performed in all cases, with the
exception of patients undergoing targeted spinal therapy before
the 3-month period ended.

Procedural Parameters
Mean contrast injectate per single procedure was 11.5mL, and
mean saline injectate per procedure was 20.7mL. The mean fluo-
roscopy time per procedure was 8.0minutes (median, 7.9minutes).
The average cumulative radiation exposure for each procedural
pair was 666 mGy (median, 349 mGy), not including subsequent
CT scans, though this varied widely on the basis of patient body
habitus (range, 45–2678 mGy). Lumbar punctures were performed

at L3–L4 most commonly (70/136,
51.5%) followed by L2–L3 (57/136,
41.9%), L4–L5 (7/136, 5.1%), and L1–
L2 (2/136, 1.5%). Twenty-two-ga-
uge Quincke spinal needles were used
in 73/136 cases (53.7%), and 20-ga, in
63/136 cases (46.3%). General anesthe-
sia was used in 71/136 cases (52.2%);
moderate sedation, in 44/136 cases
(32.3%); and local anesthesia alone, in
21/136 cases (15.5%). Omnipaque 240
was used in 18/136 cases (13.2%), and
Omnipaque 300, in 118 cases (86.8%).
There were several missing data points,
including saline injectate volume (n ¼
13), fluoroscopy time (n¼ 1), and total
radiation dose (n ¼ 1), with the associ-
ated cases being excluded from com-
parative analyses.

Adverse Effects
Nomajor adverse effects were recorded
for any of the 68 procedural pairs
(Table 1). A single patient with severe
postprocedural vertigo, nausea, and
vomiting was admitted for observation

but recovered overnight and was discharged home after under-
going the second part of the procedure the following morning. An
additional patient elected for overnight admission between proce-
dures for baseline pain control. Otherwise, all procedures were per-
formed in an outpatient setting with no major or minor adverse
effects requiring admission.

Minor adverse effects were recorded in 54 of 136 total proce-
dures (39.7%), all of which resolved in the intraprocedural or im-
mediate postprocedural period except as previously described
(Table 1). Documented cases of pain included headache (23/136,
17.0%), backache (2/136, 1.5%), and leg pain (1/136, 0.7%). The
remaining cases of pain (11/136, 8.1%) received a numeric score
and analgesic treatment, but the location was not specified in the
nursing log. The category of transient neurologic effect included
cases of syncope, vertigo, altered mental status, and autonomic
dysfunction (Table 2). Altered mental status included patients
who briefly entered a trancelike state after intrathecal prepressuri-
zation and did not respond to verbal prompts from the procedur-
alist. Autonomic disturbance was used as a descriptor for 2
patients who, during general anesthesia, demonstrated transient
hypertension/tachycardia and bigeminal pulse, respectively.
Overall, there was no significant difference in the distribution of
minor adverse effects between first- and second-day procedures.

An increased total injectate volume was noted in the patients
experiencing minor transient neurologic effects. The mean injec-
tate volume (contrast 1 saline) in the neurologic-effect group
was 40.76 10.8 mL, while the mean injectate volume in the
remaining patients was 31.76 8.6 mL. The mean injectate-vol-
ume variance was almost entirely accounted for by differences in
saline volume used for thecal sac prepressurization because the
contrast volume was constant. There was a statistically significant

Table 1: Number of procedures with adverse effects recorded

Type
No. of Procedures (% of Total)

P ValueDay 1 (n = 68) Day 2 (n = 68) Day 3 (n = 136)
Major adverse effect 0 (0) 0 (0) 0 (0)
Local bleeding 0 (0) 0 (0) 0 (0)
Local infection 0 (0) 0 (0) 0 (0)
Seizures 0 (0) 0 (0) 0 (0)
Acute radiation injury 0 (0) 0 (0) 0 (0)
Minor adverse effect 28 (41.2) 26 (38.2) 54 (39.7) P¼ .730
Subdural injection 5 (7.4) 4 (5.9) 9 (6.6) P¼ .753
Pain 21 (30.9) 16 (23.5) 37 (27.2) P¼ .335
Nausea 5 (7.4) 6 (8.8) 11 (8.1) P¼ .753
Transient neurologic
effect

3 (4.4) 4 (5.9) 7 (5.1) P¼ .698

Table 2: Volume of injectate in patients experiencing transient neurologic adverse
effects
Patient Day 1 Volume (mL) Day 2 Volume (mL) Symptom/Sign
A 20 31a Syncope
B 33 41a Autonomic disturbance
C 26 41a Altered mental status
D 21 41a Autonomic disturbance
E 27a 52 Syncope
F 61a 31 Vertigo
G 43a 33 Altered mental status

a Occurrence of transient neurologic adverse effects.
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association between total injectate volume and the probability of
transient neurologic effects (P¼ .017), with no significant contrib-
utory effects from the procedure day (P¼ .46). Injectate volume
demonstrated no significant association with the probability of
pain (P¼ .25), nausea (P¼ .29), or pooled minor adverse effects
(P¼ .97). Minor transient neurologic effects were also associated
with the use of a 20-ga spinal needle (P¼ .004). The type of anes-
thesia performed was not correlated with minor neurologic effects
(P¼ .33), pain (P= .64), or nausea/vomiting (P¼ .21).

DISCUSSION
No major adverse effects were demonstrated during the 13-month
study period in any of the DSM procedural pairs. The rates of minor
adverse effects such as pain (27.2%), nausea (8.1%), and other minor
transient neurologic effects (5.1%) were comparable with complica-
tion rates in many of the original studies on lumbar myelography
using iohexol.16–19,24,25 For example, Kieffer et al18 reported symp-
toms of headache (21%), nausea (10%), dizziness (3%), and “other”
symptoms (7%), which included hypotension, paresthesia, photo-
phobia, syncope, and somnolence. Manufacturer’s studies for intra-
thecal Omnipaque describe adverse effects such as headache/pain
(26%), nausea/vomiting (9%), dizziness (2%), and other reactions
(,0.1%).26 Other more recent studies of myelography with iodin-
ated contrast have demonstrated lower rates of adverse effects, rang-
ing from 7.4% to 14%.14,15 This discrepancy can probably be at least
partially accounted for by differences in patient populations, with
other studies focusing on myelography for lumbar spinal stenosis
and disc herniation, while our patient population included patients
with SIH who demonstrated similar symptoms at baseline with
known derangement of CSF volumes.

Most important for our study, despite injecting at least the
maximum daily recommended intrathecal dose of Omnipaque
300 or 240 twice within a 24-hour interval, no significant differ-
ences were noted in the rate of minor adverse effects between
day 1 and day 2 of the procedural pairs. This suggests that there
is no accumulative toxicity from subsequent-day intrathecal
contrast injections. Because of the low overall systemic dose of
iodinated contrast and the relative health of this patient cohort,
pre- and postprocedural renal function was not recorded. In
patients with renal impairment or renal failure, it may be advis-
able to adjust contrast dosing or forgo the procedure altogether.
However, we suspect that equilibration of the relatively small
volume of water-soluble contrast from the CSF to the systemic
circulation would presumably limit any increase in CNS toxicity
related to delayed renal excretion.23 Also, we did not routinely
screen for seizure-threshold-lowering medications before per-
forming the procedures, a practice that may further reduce the
risk of seizures.27

Most interesting, a statistically significant correlation was
noted between the volume of intrathecal injectate and transient
minor neurologic effects such as vertigo, syncope, altered mental
status, and autonomic dysfunction. Specifically, variable amounts
of saline injectate were sometimes used to prepressurize the the-
cal sac in these patients with chronically low CSF volume, which
may have resulted in vasovagal reactions or mechanical effects on
pain-sensitive nerves and vessels related to CSF pressurization.
This effect did not appear to result in any lasting neurologic

sequelae. Contrast volumes were relatively constant but were
included in the mean injectate calculations because they did con-
stitute a large component of the total injectate volume. Griauzde
et al22 also reported transient neurologic symptoms in their expe-
rience with intrathecal preservative-free normal saline challenge
in patients with SIH. However, their injection rate was reported
at 1mL/min in contrast to our fast injection rate of 1mL/s, and
even higher average volumes of saline were injected in their study
(75.8mL). Although the sample size of our study is too small to
fully characterize the relationship between injectate rate/volume
and neurologic symptoms and no true control group was present,
our results suggest that standardizing and reducing the volume of
intrathecal injectate might be considered to help reduce patient
discomfort.

No acute radiation injury occurred, and the average cumula-
tive fluoroscopic skin dose from each procedural pair was compa-
rable with doses seen with common diagnostic visceral and
cerebral angiographic procedures.28 Medical radiation exposure
should always be minimized when possible, and these examina-
tions would certainly not be considered the first-line examination
for localization of spinal CSF leaks, given a cumulative dose of 2
DSMs and 2 entire spine CT examinations. However, in the case
of patients with SIH with debilitating symptoms and multiple
prior nondiagnostic radiographic examinations, a thorough bilat-
eral decubitus DSM examination could be considered.

There are several limitations of this study, most notably its
retrospective nature. The sample size is too small to adequately
assess certain rare serious adverse effects related to parenteral io-
dinated contrast exposure such as seizure, coma, or death, which
have an expected incidence of ,0.01%.26 Additionally, the post-
procedural effects of moderate and general anesthesia could
account for some of the patients’ recorded symptoms as well as
mask other symptoms. Other factors potentially contributing to
adverse effects could include the needle gauge, orientation of nee-
dle bevel during insertion, and stylet use.29-31 All 7 patients cate-
gorized as having minor neurologic transient effects underwent
lumbar puncture with 20-ga rather than 22-ga needles, and it is
unclear whether this association is clinically significant, given the
lack of similar correlation for pain or nausea. The difference in
the injection flow rate is one possibility, but the flow rate differen-
ces due to needle gauge would be small. Although preservative-
free normal saline has been safely used intrathecally, its hyperto-
nicity relative to the CSF could play a role in adverse symptoms,
and further studies comparing the use of artificial CSF (Elliotts B
solution; Baxter Laboratories) with saline would be helpful.
Finally, opening CSF pressures were not recorded before saline or
contrast injection, and variations in the baseline CSF pressure
could serve as a confounding factor in the development of minor
adverse effects.

Our results are pertinent to a unique group of patients with
SIH and may be of limited generalizability for other types of my-
elography. A core group of 10 fellowship-trained neuroradiolo-
gists who specialize in spine intervention performed the lateral
decubitus DSM procedures, and all received training from a sin-
gle individual. The specialty training of these interventionalists
may result in lower adverse effect rates, reducing generalizability
of our results.
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CONCLUSIONS
In patients with SIH without evidence of spinal CSF leak on con-
ventional imaging, consecutive-day lateral decubitus DSM proce-
dures have demonstrated an acceptable risk profile in our 13-
month experience, and there is no evidence of an increased neuro-
toxic effect from the cumulative intrathecal contrast dose. Adverse
effect rates are comparable with those previously reported for gen-
eral myelography studies. Increasing volumes of total intrathecal
injectate, mostly attributable to prepressurization with saline, may
have a correlation with the incidence of transient minor neurologic
effects such as syncope, vertigo, autonomic dysfunction, and altered
mental status. In patients who are undergoing this procedure with
moderate sedation or local anesthesia only, decreasing the volume
of injectate could help in reducing patient discomfort. Careful
patient selection is warranted, given the cumulative radiation expo-
sure associated with this technique.
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Time to Resolution of Inadvertent Subdural Contrast
Injection during a Myelogram: When Can the

Study Be Reattempted?
D.P. Shlapak, D.K. Kim, F.E. Diehn, J.C Benson, V.T. Lehman, G.B. Liebo, J.M. Morris,

P.P. Morris, J.T. Verdoorn, and C.M. Carr

ABSTRACT

BACKGROUND AND PURPOSE: Inadvertent subdural contrast injections can occur during any myelogram. Currently, there are no
guidelines defining when residual subdural iodinated contrast will be cleared and no longer interfere with subsequent procedure
and imaging. We investigated the time to resolution of subdural contrast using a 2-day lateral decubitus digital subtraction myelo-
gram and associated CT myelogram data in patients undergoing evaluation for spontaneous intracranial hypotension.

MATERIALS AND METHODS: Retrospective review of 63 patients with lateral decubitus digital subtraction myelograms from
September 4, 2018, to October 1, 2019, was performed. Patients with 2-day lateral decubitus digital subtraction myelograms on 2
consecutive days, with or without a same-day CT myelogram on day 1 and with a same-day CT myelogram on day 2, were
included. Patients with next-day CT covering at least the abdomen and pelvis after either-day injection were also included. In cases
of subdural injection, next-day CT scans were evaluated for residual subdural contrast.

RESULTS: Of 49 included patients, 5 had subdural injection on day 1, with the second-day CT myelogram available for review. One
of these 5 patients had subdural injections on 2 different days and subsequently had chest/abdomen/pelvis CTA a day after the
second subdural injection. In all 6 cases of subdural injections, there was complete resolution of subdural contrast on the next-day
CT, with the shortest time to resolution of approximately 20.5 hours (range, 20.5–28.5 hours).

CONCLUSIONS: Our study suggests that resolution of inadvertently injected subdural contrast occurs within 1 day, and the myelo-
gram can be reattempted as early as the next day.

ABBREVIATIONS: CTM ¼ CT myelogram; eGFR ¼ estimated glomerular filtration rate; LDDSM ¼ lateral decubitus digital subtraction myelogram

S ince the introduction of myelography in the mid-1900s, inad-
vertent subdural contrast injections during myelographic pro-

cedures have been called “the anathema to the myelographer”
because they can make interpretation of the findings more diffi-
cult and potentially inaccurate.1,2 Moreover, when a procedure is
reattempted, residual subdural contrast could confound the inter-
pretation of the repeat examination. This issue has led some prac-
tices to routinely wait several days or even a week before
reattempting myelography, which can potentially cause delay in
diagnosis and management.

Given the intricacy of the anatomy of the spinal meningeal
spaces, by “subdural,” we are referring to a cellular interface

between a laminar arachnoid and the inner surface of the dura—
a so-called “dura-arachnoid interface” or “subdural compart-
ment,” composed of neurothelial cells with an amorphous sub-
stance.3,4 This interface has also been previously described as the
medial border of the spinal dura mater,5 dural border cell layer,6

and subdural mesothelium.7

Suboptimal contrast injections are usually mixed, intrathecal,

and subdural, with a variable degree of subdural contrast amount.

The timeline to resolution of inadvertent subdural injections has

not been evaluated, and currently, there are no guidelines on when

a myelogram should or can be reattempted. At our institution, we

have been regularly performing lateral decubitus digital subtraction

myelograms (LDDSMs) to evaluate CSF leaks since 2018, with

alternating sides down on 2 consecutive days, usually immediately

followed by a lateral decubitus CT myelogram (CTM). These types

of myelograms have a higher rate of subdural injections compared

with conventional myelography due to multiple factors, including

low CSF pressure, patient positioning, tenting of the dura, and the

rate of injection.8 Given its consecutive-day nature, this new aspect

Received April 10, 2020; accepted after revision June 15.

From the Department of Radiology, Mayo Clinic, Rochester, Minnesota.

Please address correspondence to Darya Shlapak, MD, MBA, Department of
Radiology, Mayo Clinic, 200 1st St SW, Rochester, MN 55905; e-mail:
shlapak.darya@mayo.edu

Indicates article with supplemental on-line table.

http://dx.doi.org/10.3174/ajnr.A6725

1958 Shlapak Oct 2020 www.ajnr.org

https://orcid.org/0000-0002-8704-4115
https://orcid.org/0000-0003-3696-2474
https://orcid.org/0000-0001-9458-8017
https://orcid.org/0000-0002-4038-5422
https://orcid.org/0000-0002-8713-8293
https://orcid.org/0000-0002-7890-8698
https://orcid.org/0000-0001-5035-3910
https://orcid.org/0000-0002-9013-5624
https://orcid.org/0000-0002-1592-1182
https://orcid.org/0000-0002-4585-2958
mailto:shlapak.darya@mayo.edu


of modern myelography provides a unique opportunity to evaluate

CTM images for resolution of inadvertently injected subdural

contrast.

MATERIALS AND METHODS
This retrospective Health Insurance Portability and Accountability
Act–compliant study involving human participants was performed

FIG 1. Unsubtracted (A) and subtracted (B) left-side-down LDDSM
images on day 1 demonstrate subdural contrast injection at the lower
thoracic/upper lumbar levels. Notice nondependent masslike sub-
dural contrast overlying the middle of the osseous spinal canal (solid
arrows in A and B). Given the predominantly subdural injection, only
minimal intrathecal contrast is seen filling nerve root sheaths (arrow-
heads in B). The study was terminated without obtaining a CTM. The
next-day CTM following the repeat left LDDSM injection shows no
residual subdural contrast at the level of T11 and a homogeneous
appearance of the intrathecal contrast clearly outlining a nerve root
traversing the intrathecal space (arrow in C). The time interval
between images A/B and C is approximately 20.5 hours.

FIG 2. Unsubtracted (A) and subtracted (B) left LDDSM images on
day 1 demonstrate subdural contrast injection at the thoracolum-
bar junction that appears as a nondependent thick contrast col-
umn overlying the middle of the osseous spinal canal (solid arrows
in A and B). Given the predominantly intrathecal injection, com-
pare the subdural contrast appearance with the dependently
layering menisci of intrathecal contrast filling the nerve root
sheaths (arrowheads in A and B). On the same-day left lateral
decubitus CTM (C), subdural contrast appears as nondependent
collections (solid arrows in C), more hyperattenuating than the in-
trathecal contrast (dashed arrow in C). The next-day CTM (imme-
diately following the contralateral right LDDSM) shows no residual
subdural contrast at the T12/L1 level (solid arrows in D). The time
interval between images A/B/C and image D is approximately
22.5 hours.
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in accordance with the ethical standards of the Institutional and
National Research Committee and with the 1964 Declaration of
Helsinki and its later amendments or comparable ethical standards.
The institutional review board reviewed and approved this study
(No. 19-002405). Informed consent was waived.

Patients with symptoms of postural headaches and suspected
spontaneous intracranial hypotension were first evaluated for a
potential CSF leak by subspecialty neurologists and referred to our
service for an LDDSM. The LDDSM technique including patient
positioning and needle placement has been recently described.8

Subsequent CTMs were performed with the patient in the same
lateral decubitus position as the LDDSM covering the skull base to
the sacrum. Typically, CTM images were obtained in a single pass
with a dual-energy setting (100 kV and 140kV) and 50-keV mono-
energetic reconstructions to increase the sensitivity for subtle con-
trast leakage.9,10 We reconstructed 0.75- and 3-mm slices from 0.6-
mm slices. Next-day CTA of the chest, abdomen, and pelvis in one
of the further described subdural contrast injection cases was per-
formed according to routine CTA protocol in arterial and delayed
phases from the lung apices to the ischial tuberosities with 1- and
2-mm slices reconstructed from 0.6-mm slices.

We reviewed imaging studies and reports of 63 patients who
underwent LDDSMs at our institution as part of an evaluation for
spontaneous intracranial hypotension, without or with same-day
concurrent CTM from September 4, 2018, to October 1, 2019, for
138 separate contrast injections. Demographic data including
patient sex and age at the time of LDDSM were recorded.
Additionally, the estimated glomerular filtration rate (eGFR) in
patients with mixed, subdural, and intrathecal contrast injections
around the time of LDDSM if available was also recorded.

To be included in the final study group, patients had to com-
plete both days of the LDDSM (left and right side down) performed

on 2 consecutive days, with a CTM im-
mediately following the LDDSM at least
on the second day of the 2-day study.
Additionally, patients who had the
next-day CT covering at least the abdo-
men and pelvis after either-day injec-
tion or after a single-day study were
also included.

Unsubtracted and subtracted
LDDSM and CTM images were
reviewed for the presence of sub-
dural contrast. The relative degree of
intrathecal-versus-subdural contrast
was subjectively estimated on the
basis of visual inspection of the
images and graded as entirely intra-
thecal, predominantly subdural,
or predominantly intrathecal, with
“predominantly” qualitatively refer-
ring to .50% of the total volume of
injected contrast. Subdural contrast
was usually evident on unsubtracted
and subtracted LDDSM images as a
nondependent masslike thick col-
umn of contrast overlying the mid-

dle of the osseous spinal canal, rather than dependently
layering menisci of intrathecal contrast filling the nerve root
sheaths (Figs 1 and 2A and -B). On subsequent lateral decubi-
tus CT myelograms, subdural contrast appeared as a nonde-
pendent collection or a more globular-like area of contrast,
more hyperattenuating and confined than contrast seen intra-
thecally (Fig 2C).

RESULTS
Of 63 patients with 138 injections, 49 patients with 109 injections
met the inclusion criteria and composed the final study group: 31
women and 18 men, with an average age of 56 years (range, 28–
78 years). A flow chart demonstrating the selection of the final
patient study cohort is presented in Fig 3. Of these 49 patients, 5
had a mixed (subdural and intrathecal) injection on the first day
of the study: 3 women and 2 men, with the average age of 59
years (range, 36–78 years). One of these 5 patients with subdural
injection on the first day (injection 2 in the On-line Table) had a
repeat successful intrathecal ipsilateral LDDSM on the second
day but then again had a mixed injection on the third day in the
contralateral decubitus position (injection 3 in the On-line
Table). This patient had a CTA of the chest, abdomen, and pelvis
on the following day (fourth day) for artery of Adamkiewicz
localization. Therefore, in total, there were 5 patients with 6
mixed injections who had next-day CT images available for eval-
uation. Of the 5 patients with subdural injections, 3 had an
eGFRof.60 (injections 1–4 in the On-line Table), 1 patient had
an eGFR of 51 (injection 5), and 1 had no renal function panel
available around the time of the LDDSM (injection 6).

All 5 second-day CTMs and a next-day CTA in injection 3
demonstrated complete resolution of subdural contrast injected
on the previous day (Figs 1 and 2). The shortest time between

FIG 3. Patient selection flow chart.
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the LDDSM subdural injection and the next-day CT was
approximately 20.5 hours. Resolution of the other 5 subdural
injections was confirmed on the next-day CT images after
approximately 22.5, 24, 26, 26, and 28.5 hours after the previ-
ous-day LDDSM injection, respectively, with a mean time inter-
val of 24.6 hours.

Patient position, total contrast amount/type, relative degree of
subdural contrast, needle gauge, postinjection imaging, out-
comes, and time to subdural contrast resolution per next day CT
are summarized in the On-line Table.

Patients with mixed injections 1, 5, and 6 in the On-line
Table did not have a spinal CSF leak on either day of the study
on LDDSM or CTM images. Patient 2 (injection 2 in the On-
line Table) did not have a left CSF leak on the first day of
mixed injection or next-day repeat left LDDSM or CTM
images but had an identifiable right T6/T7 CSF-venous fistula
on the right LDDSM despite another mixed injection (injec-
tion 3 in the On-line Table). Subdural contrast in injection 3
extended from the lowest visualized level on the LDDSM of L1
to the T7 inferior endplate level and from the S1 to T7 superior
endplate on the same-day right-side-down CTM images.

Finally, the patient with a mixed injection 4 in the On-line

Table did not have a left spinal CSF leak on the first-day left

LDDSM or same-day CTM images at the time of the mixed injec-

tion. However, on the next-day right LDDSM and the same-day

right-side-down CTM, there was an identifiable right CSF leak

presumably due to a dural tear at L2/L3. Subdural contrast from

the mixed injection on day 1 on the left LDDSM extended from

the lowest visualized level of L2 to T7 and on the same-day left-

side-down CTM from L3 to T4.

DISCUSSION
Our study suggests that subdural contrast resolves within
approximately 24 hours. While mixed intrathecal and subdural
injections can still be diagnostic, in nondiagnostic cases due to
predominantly subdural injection, our findings suggest that
the examination can be repeated as early as the next day.
Because there are currently limited data and lack of consensus
as to when a myelogram can be reattempted after subdural
injection, leading to many practices waiting days to weeks
before repeat examination, our study results can facilitate an
earlier reattempt at performing the myelogram and avoiding
further delay in diagnosis.

Although these findings are applicable to any type of my-
elography using iodinated contrast, they are particularly help-
ful for proceduralists performing LDDSMs. As noted by Kim
et al,8 subdural injections are more common during these
examinations due to multiple factors, including low CSF pres-
sure, patient positioning, tenting of the dura, and the rate of
injection.

The mechanism of clearance of subdural contrast remains
unclear and is not addressed by the present study. A case report by
Yi et al11 described spontaneous resolution of an idiopathic lumbar
subdural hygroma after approximately 2 weeks, documented by a
CT myelogram and lumbar spine MR imaging. On the basis of 65
radiographic studies in the mid-1900s of iophendylate distribution

being injected in the subdural space, Hugh,12 in 2010, suggested
that contrast could be rapidly reabsorbed by a rich lymphatics
network.

Of 5 patients with subdural injections in our study, 3 had an
eGFRof .60, one had an eGFR of 51, and 1 had no renal func-
tion panel available around the time of the LDDSM. Although we
suspect that renal function is unrelated to subdural contrast clear-
ance, more research with larger study groups and more variable
renal function is needed.

Additionally, given resolution of subdural contrast in all 6
cases of mixed injections on the next-day CT images with or
without a CSF leak, it seems unlikely that close approximation of
the CSF leak site to subdural contrast would impact its time to
resolution.

Our study has several additional limitations, including its
small number of patients with mixed contrast injections who had
next-day CT images available for review. Additionally, the results
of a mixed injection, even predominately subdural, might not
apply to a full subdural injection.

Finally, all patients in our study group had a presumptive
diagnosis of spontaneous intracranial hypotension, and the
results may not be generalizable to other patient populations.
For example, patients with severe spinal canal stenosis or
prior spine surgery may have alteration of subdural contrast
clearance.

Future work could include larger retrospective studies by cen-
ters performing a high volume of 2-day LDDSMs with concur-
rent CTMs confirming next-day resolution of subdural contrast
as well as evaluating the diagnostic yield of mixed injections.
Prospective studies could include obtaining a limited CT within
24 hours in cases of mixed injection for various indications and
different types of myelograms.

CONCLUSIONS
Our study suggests that subdural contrast inadvertently injected
during a myelographic procedure resolves after approximately
24 hours and as early as after 20.5 hours. A myelogram could be
reattempted as early as the next day, without concerns that resid-
ual subdural contrast could interfere with diagnostic quality of
the repeat examination.
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LETTERS

Recanalized Aneurysms: Is Rupture Further Preventable?

Iread with great interest the article by Funakoshi et al,1 “Predictorsof Cerebral Aneurysm Rupture after Coil Embolization: Single-
Center Experience with Recanalized Aneurysms.” They reviewed
their results of coil embolization of unruptured and ruptured saccu-
lar cerebral aneurysms retrospectively and analyzed the rate of re-
canalization and bleeding from treated aneurysms.

It is noteworthy that 44.1% of treated unruptured aneurysms
are paraclinoid aneurysms, which usually account for less than
1% of SAH in Japan.2 Presumably, their institution has a lot of
referrals for difficult paraclinoid cases, but considering the real-
world frequency of the origin of SAH cases, the risk of bleeding
from paraclinoid aneurysms should be small. Hence, while I
reserve a small leap in argument, it makes sense to assume that
filling this low-risk aneurysm with coils will not result in enlarge-
ment or bleeding, though some paraclinoid aneurysms recanal-
ized in their Results section.

The authors calculated the rupture risk after coil embolization
to be 0.20%/year by a person-year method. If the number of low-
risk aneurysms, ie, paraclinoid aneurysms, increases in the
cohort, the observation period without recanalization or rupture
becomes large and results in smaller apparent bleeding and re-
canalization rates. Therefore, aneurysms that cause SAH in actual
clinical practice and these low-risk aneurysms, like paraclinoid
aneurysms, should be better analyzed separately, though they are
usually discussed in a mixed bag.

The authors claim that coiled aneurysms with class IIIb recana-
lization should have an early retreatment from analysis of rupture
after coil embolization, which would be reasonable. As is men-
tioned in the Discussion section, those aneurysms that showed
new blebs were treated, and more than 40% of all recanalized
aneurysms were retreated. The ruptures occurred in the remaining

patients. Five of 8 ruptures after coil embolization seem to have
occurred in patients with mRS . 3 (Table 2), which might have
affected the indication of retreatment, and the rupture may be a
simple result of “natural history” of observation of recanalized
aneurysms.

As they mentioned in the Limitations section, cases of the
ruptured group with severe neurologic deficit were not followed
up, and the information is limited, which is not to be blamed.
However, they should have referred to the grade of SAH and pro-
vided the survival curve with the number at risk because the
mean follow-up duration of the ruptured group is much shorter
than that of the unruptured group, which may be the result of the
percentage of patients with poor grades. If the number of patients
followed up differs substantially, the interpretation of the results
needs to be kept in mind. In addition, the maximum duration of
recanalized aneurysms is longer than that of all aneurysms in
Table 1. I wonder if this was interquartile range or range.

Last, I appreciate the authors for frankly presenting their clini-
cal results. It will contribute to the discussion about treatment
decisions for cerebral aneurysms.
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