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REVIEW ARTICLE

Potentially Reversible and Recognizable Acute
Encephalopathic Syndromes: Disease Categorization and MRI

Appearances
Y. Koksel and A.M. McKinney

ABSTRACT

SUMMARY: “Encephalopathy” is a vague term that encompasses varying definitions, often with a nonspecific clinical presenta-
tion and numerous possible pathophysiologic causes. Hence, MR imaging plays a crucial role in the early diagnosis and treat-
ment by identifying imaging patterns when there is limited clinical history in such patients with acute encephalopathy. The
aim of this review was to aid in remembrance of etiologies of potentially reversible acute encephalopathic syndromes on MR
imaging. The differential includes vascular (reversible cerebral vasoconstriction syndrome, transient global amnesia, dissemi-
nated intravascular coagulation, and thrombotic microangiopathy), infection (meningitis, encephalitis), toxic (posterior reversi-
ble encephalopathy syndrome, acute toxic leukoencephalopathy; carbon monoxide, alcohol-related, medication- and illicit
drug-related toxic encephalopathies), autoimmune, metabolic (osmotic demyelination syndrome, uremic, acute hepatic ence-
phalopathy), idiopathic/inflammatory (stroke-like migraine attacks after radiation therapy syndrome), neoplasm-related ence-
phalopathy, and seizure-related encephalopathy.

ABBREVIATIONS: AHE ¼ acute hepatic encephalopathy; ATL ¼ acute toxic leukoencephalopathy; HIE ¼ hypoxic-ischemic encephalopathy; ODS ¼ osmotic
demyelination syndrome; PRAES ¼ potentially reversible acute encephalopathy syndrome; PRES ¼ posterior reversible encephalopathy syndrome; PVWM ¼
periventricular white matter; RCVS ¼ reversible cerebral vasoconstriction syndrome; REACT ¼ reversible acute cerebellar toxicity; RSL ¼ reversible splenial
lesions; SMART ¼ stroke-like migraine attacks after radiation therapy; TMA ¼ thrombotic microangiopathy; CO ¼ carbon monoxide

The term “encephalopathy” can seem vague with varying defi-
nitions. However, it can be broadly defined as degenerated

function via various acquired disorders: metabolic disease; hema-
tologic, endocrine, or autoimmune disorder; organ failure;
inflammation; toxins; or infection.1 The clinical history varies
and is typically nonspecific, but such presenting symptoms in
patients with acute encephalopathy may include altered menta-
tion, altered neurologic status, confusion, obtunded appearance,
decreased level of consciousness, or coma, to name a few. Such
reasons for examination should raise the concern for a potentially
reversible acute encephalopathy syndrome (PRAES); thus, pre-
liminary data have found that in such patients, nearly 75% have
negative MR imaging findings, with only 25% of findings being
positive for acute brain pathology.2 While the most common
causes of PRAES overall are infarct-related, neurologists typically

remove the term “encephalopathy” on discovering an infarct; also
while hemorrhage, hydrocephalus, or trauma can present as
acutely encephalopathic, their CT appearance is typically
obvious.3 Thus, these entities are not included in this differential
diagnosis of adult PRAES, which usually requires MR imaging
for diagnosis.

This review describes a differential diagnosis for poten-
tially recognizable PRAES on MR imaging in adults, being
based predominately on their pathophysiologic etiology. It
also describes potential mimics or a limited differential diag-
nosis for each of the presented disorders. The disorders listed
in each category are provided in the Table and On-line
Table. Notably, chronic encephalopathies such as from vari-
ous noninfectious, neurodegenerative, or metabolic disorders
are not covered this review.

Vascular
Reversible Cerebral Vasoconstriction Syndrome. Reversible
cerebral vasoconstriction syndrome (RCVS) is a disorder of
incompletely understood pathogenesis (though various underly-
ing conditions or exposures have been described), being charac-
terized clinically by thunderclap headaches with reversible
narrowing of the cerebral arteries.4 The pathophysiology of this
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syndrome is thought to be related to sympathetic overactivity,
irregular vascular tone, and disruption of the BBB.5 While con-
ventional angiography is invasive but ultimately may be necessary
to confirm this disorder, MR imaging with MRA is the preferred
initial tool to depict the characteristic multiple areas of cerebral
arterial vasoconstriction. Meanwhile, brain MR imaging can

demonstrate complications or accompanying conditions, such as
ischemic stroke (39%), subarachnoid hemorrhage (34%), lobar
intracerebral hemorrhage (20%), or posterior reversible encephal-
opathy syndrome (PRES) (38%) (Fig 1).4 The symptoms usually
improve within days to weeks following removal of the offending
exposure.4 Of note, a scoring system (denoted RCVS2) incorpo-
rates the variables of recurrent or single thunderclap headache,
carotid (intracranial) artery involvement, vasoconstrictive trigger,
sex, and subarachnoid hemorrhage, with different points for
each. A score of$5 has a high sensitivity and specificity for diag-
nosing RCVS, whereas a score of #2 excludes RCVS.6 Potential
neuroimaging mimics of RCVS include vasculitis with multifocal
arterial narrowing (though usually having irreversible multifocal
infarcts), microemboli (typically irreversible insults lacking multi-
focal arterial narrowing), and infection-related encephalitis (may
occasionally have arterial narrowing, but usually with avid
enhancement).

Transient Global Amnesia. Transient global amnesia is a reversi-
ble, clinical syndrome in which antero- or retrograde amnesia
occurs and typically ends within 24hours. A variety of events
have been proposed to cause this entity, most of which are vascu-
lar in nature, but its exact etiology is as yet unknown.7,8

Characteristically, punctate reduced diffusion is noted unilaterally
within one of the medial temporal lobes, usually in the hippo-
campus (Fig 2). The limited available literature on this entity
states that the rate of DWI being positive varies from 11% to
84%; this varied detection rate on DWI may relate to several fac-
tors, including b-values, section thickness, and the timing of MR
imaging, in which DWI performed at 24–48hours post-symptom
onset has been found to be more sensitive than an MR imaging per-
formed within the first 24hours.8,9 There are likely very few mimics
of this condition, though in theory, microemboli or infectious insults
of the medial temporal lobes could simulate this appearance.

Disseminated Intravascular Coagulation and Thrombotic Micro-
angiopathic Encephalopathy. Thrombotic microangiopathy
(TMA) and disseminated intravascular coagulation are throm-
botic entities involving diffuse microvascular occlusion. The
pathophysiology of thrombotic thrombocytopenic purpura (a

more common form of TMA) is thought
to be due to an inability of a disintegrin
and metalloproteinase with a thrombo-
spondin type 1 motif, member 13, a
plasma metalloproteinase, to cleave von
Willebrand Factor multimers.10 It may
present with PRES (48%), while pure
TMA can also be seen with diffuse
microhemorrhages on SWI and small
ischemic strokes (30%) (Fig 3). The
imaging abnormalities can be reversible
and may be limited to the time of symp-
tomatology.10 Possible imaging mimics
(with the appearance of diffuse microhe-
morrhages on SWI) include microhe-
morrhages that have developed many
years post-radiation therapy, cerebral

Etiologies of potentially reversible acute encephalopathy
syndromes

Etiologies
Vascular (RCVS, TGA, TMA/DIC)
Infection (encephalitis, meningitis)
Toxic (PRES, ATL, CO, ARE), medication-induced (RSL, REACT,
serotonin)

Autoimmune encephalitis
Metabolic (ODS, uremic encephalopathy, AHE)
Idiopathic/inflammatory (SMART syndrome)
Neoplasm (leptomeningeal carcinomatosis)
Seizure

Note:—TGA indicates transient global amnesia; DIC, disseminated intravascular
coagulation; ARE, alcohol-related encephalopathy.

FIG 1. Reversible cerebral vasoconstriction syndrome in a 21-year-old
woman with a thunderclap headache, who thereafter became ence-
phalopathic. SWI (A) shows a small hemorrhage (arrow). Catheter
DSA via the left ICA (B) demonstrates multifocal areas of narrowing
of the anterior cerebral artery and MCA segments (arrows).

FIG 2. Transient global amnesia in a 60-year-old woman with a sudden onset of amnesia who
had a punctate (2mm) abnormality in the left hippocampus (arrow) on DWI (A), with corre-
sponding hypointensity (arrow) on SWI (B). The symptoms and the punctate focus were
resolved 2 days later, as noted on DWI (C).
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amyloidosis, treated metastatic disease (in which hemorrhagic
lesions no longer enhance postcontrast), fat emboli, and diffuse
axonal injury from remote trauma (usually accompanied by areas
of cerebral atrophy).

Infection
Regarding infectious meningitis, viral, fungal, and bacterial infec-
tions can initially present as encephalopathic with negative MR
imaging findings. The route of invasion is either through the
blood stream to the CNS due to high-grade bacteremia or via
direct invasion through dural defects, or via local infections.11

Leptomeningeal enhancement is noted in up to 50%.12 While
nonspecific hyperintensity may be noted within the cerebral
sulci on FLAIR in meningitis, the diagnosis can be aug-
mented by noting leptomeningeal enhancement on postcon-
trast T1WI or FLAIR; in particular, postcontrast FLAIR may
be even more sensitive in detecting leptomeningeal disease,
whether meningitis or carcinomatous.12–14 In more advanced
cases, DWI appears to be more sensitive than FLAIR in
detecting the uncommon presence of concomitant cytotoxic
edema of the cortices.15 Notably, the viral encephalitides have
a multitude of appearances, in which herpes simplex virus is
perhaps the most common, usually involving the temporal
lobe and limbic structures. Also, various viral encephalitides
have been described with basal ganglia, cortical, or thalamic
abnormalities on T2WI/FLAIR; for example, in Powassan en-
cephalitis, a tick-borne disease that can be found in the
United States, there also may be scattered findings through-
out the cerebellum (Fig 4).16 Regarding the presence of imag-
ing mimics, possible mimics of leptomeningeal disease are
myriad, depending on whether the neuroimaging appearance
is solely nonspecific hyperintensity on noncontrast FLAIR
(mimics such as subarachnoid hemorrhage, extraneous
oxygen, retained gadolinium in the setting of renal

insufficiency), leptomeningeal enhancement (which leptome-
ningeal carcinomatosis can simulate), parenchymal enhance-
ment (mimics include primary brain tumor), or posterior
fossa leptomeningeal enhancement (granulomatosis with pol-
yangiitis, sarcoidosis, tuberculous meningitis).

Toxic
The term “toxic encephalopathy” encompasses a wide spectrum
of encephalopathic syndromes, which may arise from exposures
to substances such as chemotherapy, immunosuppressive ther-
apy, environmental toxins, other medications, or illicit drug
abuse. Such insults can involve multiple sites, including the basal
ganglia, brain stem, cortices, periventricular white matter
(PVWM), or the cerebellum.17,18 Notably, various toxic causes of
basal ganglia injury have previously been described separately,
which include carbon monoxide (CO), cyanide, opiate-induced,
manganese, methanol, hepatic/hyperammonemic encephalop-
athy, and hydrogen sulfide.19

Posterior Reversible Encephalopathy Syndrome. While PRES
may arise from various toxic (such as medication or drug abuse)
or nontoxic (such as hypertension, sepsis, or eclampsia) causes, it
is listed as a toxic insult herein because the presumed

FIG 3. Thrombotic microangiopathy in a 66-year-old woman with
severe thrombocytopenia from chronic lymphocytic leukemia who
presented with altered mentation. The initial MR imaging findings
were negative (not shown). Ten days later, a punctate focus of
reduced diffusion (arrow) was noted in the left posterior occipital
lobe on DWI (A) with innumerable punctate foci on SWI related to
TMA (B); however; there were no abnormalities on FLAIR or postcon-
trast T1WI (not shown). The symptoms resolved 3 days later.

FIG 4. Powassan viral encephalitis in a 43-year-old man with altered
mentation, who had negative blood cultures for bacteremia, but posi-
tive immunoglobulin M for Powassan virus. On FLAIR (A), hemor-
rhages are noted of the thalami, right greater than left, also with right
basal ganglia hyperintensity (arrow). Innumerable tiny foci are noted
on FLAIR (B) within the cerebellar hemispheres and of the cerebellar
vermis (arrow). Five months later, the symptoms and abnormal signal
were almost resolved, as demonstrated on follow-up FLAIR (C and D).
There was only mild residual signal in the posterior limb of right inter-
nal capsule (C, arrow).
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pathophysiology in PRES involves endothelial toxicity or injury.20

PRES most commonly presents with seizures but can present
as purely encephalopathic.20,21 It typically involves the parieto-
occipital and posterior frontal cortices and subcortical WM but
may extend to the PVWM, basal ganglia, brain stem, thalami,
and other lobes less commonly, typically exhibiting vasogenic
edema on FLAIR and DWI (Fig 5).20,21 Reduced diffusion occurs
in about 10%–20%, (implying a cytotoxic component of irreversi-
bility), and .1-cm-sized hemorrhages, in 10%–20%; such atypi-
cal findings may indicate a poorer prognosis.17,20,22 Notably,
contrast enhancement is present in 37%–44% but likely has
no clinical importance; thus, the use of gadolinium-based
contrast is generally not considered necessary to diagnose
this disorder.20,23 As noted within the discussion of RCVS,
PRES may be on a spectrum that also includes RCVS. The
most common mimic or differential diagnosis of PRES is
hypoxic-ischemic injury due to the multifocal cortical
edema on FLAIR; however, in hypoxic injury, typically
the entirety of the cytotoxic edema has reduced diffusion
within the cortices, while in PRES, only a minority of

patients have cytotoxic edema, in
which the areas of vasogenic edema
far outspan focal regions of cyto-
toxic involvement when present.
Also notable is that the presence
of parenchymal or leptomeningeal
enhancement on postcontrast T1WI
may simulate meningitis-encephalitis
or metastatic disease, but the revers-
ibility and a typical posterior-pre-
dominant pattern usually exclude an
infectious etiology.

Acute Toxic Leukoencephalopathy.
Acute toxic leukoencephalopathy
(ATL) predominantly affects the
PVWM and arises from exposures to
various toxic substances such as che-
motherapeutics (Fig 6), immunosup-
pressants, illicit drugs (Fig 7), other
medications (such as antiepileptics
or metronidazole), or environmental
causes (eg, carbon monoxide [CO]).24

The etiology of noninfectious and
nonmetabolic ATL can be easily remem-
bered by the acronym “CHOICES,”
which represents chemotherapeutic
agents; heroin-induced (illicit usage),
opioid medication–related overdose;
immunosuppressant drugs; cocaine
abuse; environmental causes (such as
carbon monoxide or ethanol); and sei-
zure-related splenial lesions (such as
from antiepileptic drugs).25 The syn-
drome of a reversible splenial lesion
(RSL) may be considered a subtype of
ATL and is described later in this

FIG 5. PRES in a 72-year-old woman with esophageal cancer, treated
with cisplatin, 5-fluorourocil, and radiation therapy. The patient pre-
sented with altered mental status. On FLAIR (A), there are cortical/
subcortical posterior occipital abnormalities typical of mild PRES
(arrows). The symptoms and FLAIR MR imaging findings resolved
1.5months later (B).

FIG 6. Acute toxic leukoencephalopathy in a 57-year-old man receiving 5-fluorourocil for esoph-
ageal cancer who presented with altered mental status 5 days before the initial MR imaging. On
that MR imaging, there was symmetric bilateral reduced diffusion of the PVWM on DWI (A) and
an ADC map (B). Nineteen days later, the symptoms and MR imaging findings had nearly resolved,
as demonstrated on an ADC map (C).

FIG 7. Opioid-related acute toxic encephalopathy in a 44-year-old woman with “chasing the
dragon” from opioid inhalation who was found unresponsive. On FLAIR (A), there is a symmetric
PVWM abnormality bilaterally, with corresponding reduced diffusion on an ADC map (B). Ten
days later, the MR imaging demonstrated T2 shine through on the ADC map, with corresponding
slowly improving mentation clinically (C).
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review.17,24 Notably, ATL is a less common cause of encephalop-
athy relative to PRES in patients receiving immunosuppression or
chemotherapy; thus, ATL occasionally occurs simultaneously with
PRES in 2% of patients with PRES, perhaps because both entities
are thought to result from endothelial toxicity.20,26,27 Mimics of
ATL are a subacute phase of hypoxic-ischemic encephalopathy
(HIE) and CO toxicity because they all can present as reduced dif-
fusion within the PVWM.28

Carbon Monoxide. CO poisoning is an environmental cause of
toxicity and results in .20,000 emergency department visits and
450 deaths annually.29 The pathophysiology of CO toxicity has 2
different generally described mechanisms. The first is the forma-
tion of carboxyhemoglobin, which reduces the oxygen-carrying
capacity of the blood, thus inducing an anemic form of tissue
hypoxia. The other pathway is toxic in nature, related to inhibi-
tion of the mitochondrial electron transport enzyme system,
which activates polymorphonuclear leukocytes, thus causing
brain lipid peroxidation.29,30 CO-related encephalopathy is im-
portant to recognize because it can be reversible, with varying
sites of brain injury. On DWI and FLAIR in the acute phase,
the most commonly involved areas are the lentiform nuclei,
caudate nuclei, or PVWM (ie, presenting as a form of ATL);
less commonly, the hippocampi are involved (Fig 8).29

Depending on the involved site, a mimic of CO toxicity can be
opiate toxicity (which may also incur in basal ganglia, PVWM,
or hippocampal injury); notably, other causes of PVWM injury
include ATL (of which CO could be considered a cause) and
the subacute phase of HIE (having PVWM-reduced diffusion
in the later phase).28

Alcohol-Related Acute Encephalopathies. Alcohol-related
acute encephalopathies are diseases that directly or indirectly
occur in the setting of chronic alcohol abuse, including
Marchiafava-Bignami disease, osmotic demyelination syn-
drome (ODS), and sometimes Wernicke encephalopathy.
Wernicke encephalopathy is a neurologic emergency caused
by thiamine deficiency (thiamine is needed for blood-brain
barrier integrity), most commonly from alcohol abuse,
though occasionally from starvation. It characteristically
affects the dorsomedial thalami, mammillary bodies, tectal
plate, periaqueductal gray matter, and surrounding the third
ventricle symmetrically (Fig 9).31 Of note, Marchiafava-
Bignami disease is not further elucidated herein because it
is a relatively irreversible entity.31 ODS and acute hepatic
encephalopathy (AHE) are described in detail in the follow-
ing sections. Mimics can vary depending on site of involve-
ment, which can be postischemic (for example, thalamic/

hypothalamic or brain stem injury
secondary to the artery of Percheron
infarction, thalamogeniculate perfo-
rator infarction, or deep cerebral
vein thrombosis) or infectious insults
(such as related to rhombencephalitis
or meningitis, which can cause abnor-
mal parenchymal signal on FLAIR or
DWI, or leptomeningeal enhancement).

Other Medication-Related and Illicit
Drug–Related Toxic Encephalopathies.
As above, PRES, ATL, and RSL are
medication-related toxic PRAESs that
have been increasingly described dur-
ing the past 2 decades.17 A newly rec-
ognized pattern of medication-related

FIG 8. CO toxicity in a confused 28-year-old man found obtunded above a garage, having ele-
vated serum CO levels. As is typical of CO toxicity, reduced diffusion and hyperintense signal
were noted within the bilateral globi pallidi on DWI (A) and FLAIR (B), respectively. One year
later, atrophy of the globi pallidi was present on FLAIR (C).

FIG 9. Wernicke encephalopathy in a 47-year-old woman with altered mentation, who was not seen for several days, having been found unre-
sponsive in her apartment. Reduced diffusion was noted of the mamillary bodies (arrow) and periaqueductal region (dotted arrow) on DWI (A),
with thalamic abnormalities (arrows) on FLAIR (B). The symptoms and DWI findings resolved 1week later (C).
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encephalopathy is reversible acute cerebellar toxicity (REACT),
which lacks supratentorial involvement. REACT has been
rarely described but has been found to arise from exposure to
several chemotherapeutic or opioid agents; the diffusion reduc-
tion is characterized by being localized to the cerebellar cortices
on DWI and ADC maps (Fig 10).32,33

RSL can be described as a subtype of ATL because their
appearance and etiology can overlap; such etiologies include anti-
epileptic drugs, infections, chemotherapeutics, immunosuppres-
sants, or certain uncommon metabolic conditions. RSL presents
as focally reduced diffusion in the callosal splenium, with or with-
out a corresponding abnormality on FLAIR, which typically
resolves within days (Fig 11).17,34

While selective serotonin reuptake inhibitors are tradition-
ally considered safe medications, a few case reports have been
described of reversible neurotoxicity in overdoses; in such
instances, pallidal, PVWM, or callosal injury are variably seen
(Fig 12).35

Metronidazole-induced encephalopathy is a rare toxic ence-
phalopathy. The cerebellar dentate nuclei are the typical site of
involvement, followed by the midbrain, callosal splenium, pons,
medulla, hemispheric subcortical WM, and the basal ganglia.32

Autoimmune Encephalitis
Autoimmune encephalitis involves immune-mediated inflamma-
tion of the brain, with a number of subgroups based on the site to
which the antibody is reacting, with varying prognoses; these can
be classified as classic paraneoplastic with antibodies to intracel-
lular antigens (eg, anti-Hu with a poor prognosis), autoantibodies
to cell-surface receptors or their associated proteins (eg, anti-N-
methyl-D-aspartate receptor subtype with a better prognosis), in-
termediate types of disorders with autoantibodies to intracellular
synaptic proteins (eg, anti-glutamic acid decarboxylase with vari-
able prognoses), and other types of systemic disorders in which
there is not a uniformly understood antigen and of varying prog-
noses related to the underlying condition (eg, lupus, Graves dis-
ease, Hashimoto disease).36 On MR imaging, these disorders
usually (but not always) involve the limbic system; the cortices or
WM may also be variably involved. A majority of patients have
negative MR imaging findings, but when visible, autoimmune en-
cephalitis usually involves the limbic system, particularly the
mesial temporal lobes.36,37 Cortical edema on FLAIR is noted in
affected areas, often lacking reduced diffusion or contrast
enhancement; less commonly, cerebellar, thalamic, brain stem,
and spinal cord involvement have also been described (Fig
13).36,37 Regarding potential mimics, the basal ganglia involve-
ment in autoimmune encephalitis helps to distinguish it from in-
fectious encephalitis (such as herpes simplex virus), which
typically spares the basal ganglia and usually enhances on post-
contrast T1WI following gadolinium administration; notably,

FIG 10. REACT syndrome in a 53-year-old woman with encephalop-
athy on 5-fluorouracil who had reduced diffusion within the cerebel-
lum on diffusion-weighted MR imaging (A, arrows). This resolved
12 days later on DWI (B).

FIG 11. Reversible splenial lesion in a 35-year-old man on antiepileptic
medications for seizures who presented with mildly altered mental
status, having a lesion on DWI (A, arrow). The symptoms and DWI
findings had completely resolved in 5 days (B).

FIG 12. Sertraline overdose in a 22-year-old man with T2 shine
through in the insula (A, dotted arrows) and bilateral internal capsules
on DWI (A, arrows), with high signal of the subcortical and deep tem-
poro-parietal WM on FLAIR (B, arrows). Five days later, the MR imag-
ing findings had resolved, as noted on DWI (C) and FLAIR (D).
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human herpesvirus 6 can also involve the medial temporal
lobe as a form of limbic encephalitis in immunosuppressed
individuals.

Metabolic
Osmotic Demyelination Syndrome. ODS can be fatal, resulting
from the destruction of myelin sheaths in oligodendrocytes due
to rapid osmotic shifts (usually with rapid corrections in serum
sodium or, less commonly, potassium); predisposing conditions
include end-stage renal disease, hepatic insufficiency, transplanta-
tion, and malignancies.38 ODS is partially reversible with imme-
diate intervention. Two characteristic patterns of involvement
exist but may overlap in imaging appearance: extrapontine myeli-
nolysis and central pontine myelinolysis. The central pontine var-
iant affects the pons (Fig 14), while the extrapontine version
involves the basal ganglia, thalami, hippocampi, and/or the
PVWM; hence, both variants can occur simultaneously. Reduced
diffusion on DWI is the earliest finding, which appears within
24 hours of the clinical symptom onset; contrast enhancement
may be present in involved regions in the subacute phase.38

Neuroimaging mimics of this condition include other entities
with contrast enhancement or reduced diffusion in the pons,
from either postischemic (such as small infarcts in the distribu-
tion of pontine perforating vessels) or postinfectious etiologies
(such as rhombencephalitis, though usually accompanied by pon-
tine swelling).

Uremic Encephalopathy. Uremic encephalopathy is a reversible
metabolic disorder that occurs in incompletely treated end-stage
renal disease.17,39 The pathophysiology of this entity is uncertain,
but many contributing factors have been described, such as hor-
monal disturbances, oxidative stress, accumulation of metabo-
lites, imbalance in excitatory and inhibitory neurotransmitters,
and disturbances of intermediary metabolism.40 The MR imaging
appearance is varied and scantly described and can also overlap
with the appearance of either AHEs in milder cases (insular
edema) and with ATL (PVWM edema) in the more severe form.
It can appear as T2WI/FLAIR hyperintensity in the basal ganglia
or can have cortical/subcortical involvement (predominantly the
parieto-occipital lobes), insular edema, or PVWM involvement
(Fig 15). Preliminary effort focuses on whether the MR imaging
findings correlate with the serum blood urea nitrogen level. On
DWI, reduced diffusion is variably present, but the involved
regions lack contrast enhancement.39 The basal ganglia lentiform
fork sign has been described but may be nonspecific because it
has also been reported in the setting of metabolic acidosis.41

Hence, further work is needed to describe the various appearan-
ces of this disorder. Mimics of this syndrome depend on the sites
involved on MR imaging: Insular or cortical edema can simulate
hepatic/hyperammonemic encephalopathy (usually excluded by
lack of an elevated serum ammonia level), while the basal ganglia
edema in this syndrome can simulate postanoxic injury (particu-
larly if reduced diffusion is present).28,42

Acute Hepatic (or Hyperammonemic) Encephalopathy. AHE is
a potentially reversible entity that usually occurs in the setting
of end-stage liver disease. The pathophysiology is thought to
be related to increased hepatic resistance that forces toxic sub-
stances into the systemic circulation via portosystemic shunts.
Subsequently, ammonia is taken up by the brain and has been
shown to be toxic to both astrocytes and neurons; besides acute

toxicity, such ammonia deposition
ultimately can lead to irreversible
structural changes in astrocytes in the
setting of a chronic exposure.43 In
such chronic hepatic insufficiency,
bilateral pallidal hyperintensity on
T1WI is a typical finding, reflecting
the chronic accumulation of manga-
nese from failed hepatobiliary excre-
tion; such T1 hyperintensity can
variably present with mild PVWM T2
abnormalities that can improve post-
transplantation.42 However, in the
acute phase, the most commonly
involved areas in milder cases of AHE
are the PVWM, internal capsules,

FIG 14. Pontine-type ODS in a 45-year-old man who presented with acute confusion due to a
correction of the serum sodium (Na1) level from 101 mEq/L during 1 day. There was characteris-
tic pontine reduced diffusion on DWI (A, arrow) and FLAIR (B, arrow). Postcontrast T1WI demon-
strated mild enhancement, consistent with the subacute phase of ODS (C, arrow).

FIG 13. Autoimmune encephalitis in a 23-year-old man with a history
of acute lymphoblastic leukemia treated with chemotherapy 2 years
prior. He presented with worsening headache and speech changes.
There was hyperintense signal within the left hippocampus on FLAIR
(A, arrow), which did not have reduced diffusion and did not enhance
on postcontrast T1WI (not shown) because the infectious work-up
findings were also negative. The hippocampal abnormality resolved
1 year later on follow-up FLAIR (B).
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thalami, insula, or the corticospinal tracts, which can overlap in
appearance with both uremic encephalopathy and ATL (Fig
16).42 These are variably present on DWI or FLAIR and may
not be apparent on both sequences. The clinical and imaging
findings of AHE are typically reversible with therapy. In

more severe cases (having extremely
elevated serum ammonia levels),
there may be basal ganglia or diffuse
cortical injury, being associated with
poorer outcomes.42,44

Mimics of AHE on brain MR imag-
ing include uremia (similarly, the
patient may have cortical or insular
edema, but it is excluded by a normal
serum ammonia level) and HIE (the
patient may have cortical edema with
reduced diffusion that is more pro-
found than AHE and irreversible, with
a normal serum ammonia level). Other
less common entities that have diffuse
cortical edema are also considerations,
including PRES, RCVS, mitochondrial
cytopathies, prolonged seizures,
Creutzfeldt-Jakob disease, and hypo-
glycemic encephalopathy.45

Idiopathic/Inflammatory: SMART
Syndrome
Stroke-like migraine attacks after radia-
tion therapy (SMART) syndrome is an
acronym that implies reversible symp-
toms occurring years after radiation
therapy; these episodes typically occur
.5–10 years post-cranial irradiation.46

The characteristic appearance is transient
cortical hyperintensity on T2WI/FLAIR
(without reduced diffusion), focal gyral
edema, and the classic finding of reversi-
ble gyral enhancement of the affected
cortex, usually being unilateral (Fig
17).46,47 To solidify the diagnosis, SWI
can help detect the numerous radiation-
induced cavernous hemangiomas that
are typically present; there is usually re-
versible gyral enhancement on postcon-
trast MR imaging that resolves within
several days.47,48 Neuroimaging mimics
on postcontrast imaging include primary
brain neoplasm and infection (meningi-
tis), both excluded by the resolution of
the abnormal enhancement after several
days of purely supportive therapy.

Neoplasm-Related Encephalopathy
(Leptomeningeal Carcinomatosis)
Leptomeningeal carcinomatosis involves
the pia mater, arachnoid, and subar-

achnoid space. The most common types to metastasize to this
space are breast, lung cancer, and melanoma.49 Because the ini-
tial presentation of such patients with leptomeningeal disease
can be encephalopathic, the radiologist should keep this entity
in mind as a part of the differential diagnosis in a patient with

FIG 15. Two different appearances of uremic encephalopathy. A and B, A 54-year-old man
with chronic kidney disease, altered mental status, and an acute rise in the blood urea nitro-
gen level (range, 45–114 mg/dL during the 10 days prior). Reduced diffusion was present
within the bilateral insular cortices, as shown on FLAIR (A, arrows). By 40 days later, the in-
sular abnormalities had resolved on FLAIR (B). C–E, A different 18-year-old male patient
(previously healthy) with altered mental status from more severe uremic encephalopathy.
The patient was later found to be in end-stage acute renal failure (blood urea nitrogen level
range, 90-114 mg/dL during the 2 days before MR imaging). The initial MR imaging demon-
strated reduced diffusion on DWI (C, arrows) within the posterior PVWM, but without ab-
normality on FLAIR (D). One month later, the symptoms and DWI MR imaging findings (E)
had resolved, without abnormalities on FLAIR (F).

FIG 16. AHE in a 34-year-old woman with acute liver failure from acetaminophen overdose,
having severe serum ammonia level elevation (206mg/dL), with characteristic insular (dot-
ted arrows) and thalamic involvement (arrows) on FLAIR (A) and T2WI (B). By 3 weeks later,
the signal abnormalities and symptoms had resolved, but there was mild resultant insular
atrophy (C).
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acute encephalopathy. The most common MR imaging findings
are contrast enhancement within the sulci (on T1WI or FLAIR)
along the convexities, tentorium, or basal cisterns (Fig 18). Of
note, infection is also in the differential for this appearance, which
is the most common imaging mimic and can be differentiated by
lumbar puncture.49,50 Other mimics include tuberculosis if the

enhancement is along the basal cisterns or posterior fossa (excluded
by diagnostic lumbar puncture or serum testing), and similarly sar-
coidosis and granulomatosis with polyangiitis.

Seizure-Related Encephalopathy
A postictal state or prolonged seizures can cause potentially re-
versible brain MR imaging abnormalities on both DWI and
FLAIR MR imaging. The underlying mechanism of such abnor-
malities is thought to be related to increased neuronal activity
and its associated metabolic and vascular responses.51 While a
well-known location is the hippocampus, other areas of potential
involvement (usually unilateral) include the cortices and subcort-
ical WM, callosal splenium, and, less commonly, the basal gan-
glia, thalami, and cerebellum. Each of these regions is potentially
reversible, depending on the length of the seizure because contin-
ually prolonged seizures (status epilepticus) can result in irrevers-
ible cortical injury (Fig 19).52 Neuroimaging mimics of multifocal
cortical edema include RCVS, mitochondrial (cytopathy/ence-
phalopathy), encephalitis (infectious meningoencephalitis), hypo-
glycemia, AHE (excluded by a normal serum ammonia), HIE (in

FIG 17. SMART syndrome in a 56-year-old man with acute headaches and confusion, who had a history of radiation therapy.40 years ago for
a pineal tumor. Unilateral, gyriform temporo-occipital enhancement was noted on postcontrast T1WI (A), with numerous microhemorrhages on
SWI (B). The symptoms resolved 4 days later, along with resolution of the abnormal enhancement on postcontrast T1WI (C).

FIG 18. Leptomeningeal carcinomatosis in a 60-year-old man with an
acute presentation of altered mental status and seizure. The initial
MR imaging demonstrated leptomeningeal hyperintense signal and
enhancement on pre- (A, arrows) and postcontrast FLAIR (B, arrows),
diagnosed as metastatic melanoma later via direct biopsy. The imag-
ing findings were completely resolved 3months later, as demon-
strated on pre- (C) and postcontrast FLAIR (D).

FIG 19. Status epilepticus in a 58-year-old man with reduced diffu-
sion (not shown) and high signal on FLAIR (A) within the right parietal
(A, black arrow), occipital (A, dotted arrow), and insular cortices (A,
white arrow). By 12 days later, the findings were mostly resolved
except for mild residual hyperintensity within the right parietal cor-
tex, as demonstrated on follow-up FLAIR (B, arrow).
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contrast, it is usually irreversible and typically bilateral),
Creutzfeldt-Jakob disease (usually cognitive decline from
weeks to months and may involve the basal ganglia), uremia
(usually with an elevated blood urea nitrogen level), and PRES
(usually bilateral with multiple posterior-dominant regions of
involvement).45

CONCLUSIONS
This article reviews potentially reversible acute encephalopathic
syndromes that are potentially recognizable on MR imaging, with
their etiologies, differential diagnoses, and neuroimaging mimics.
Prompt recognition of the characteristic MR imaging findings in
these reversible syndromes enables early diagnosis and therapy.
In particular, because the initial or presenting clinical history of
an “encephalopathy” can be noncontributory, the involvement of
particular regions on FLAIR or DWI may aid the radiologist in
promptly narrowing the differential diagnosis, which can affect
the clinical outcome.
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REVIEW ARTICLE

Spontaneous Intracranial Hypotension: Atypical Radiologic
Appearances, Imaging Mimickers, and Clinical Look-Alikes

K.M. Bond, J.C. Benson, J.K. Cutsforth-Gregory, D.K. Kim, F.E. Diehn, and C.M. Carr

ABSTRACT

SUMMARY: Spontaneous intracranial hypotension is a condition characterized by low CSF volume secondary to leakage through a
dural defect with no identifiable cause. Patients classically present with orthostatic headaches, but this symptom is not specific to
spontaneous intracranial hypotension, and initial misdiagnosis is common. The most prominent features of spontaneous intracranial
hypotension on intracranial MR imaging include “brain sag” and diffuse pachymeningeal enhancement, but these characteristics can
be seen in several other conditions. Understanding the clinical and imaging features of spontaneous intracranial hypotension and
its mimickers will lead to more prompt and accurate diagnoses. Here we discuss conditions that mimic the radiologic and clinical
presentation of spontaneous intracranial hypotension as well as other disorders that CSF leaks can imitate.

ABBREVIATIONS: IgG4 ¼ immunoglobulin G4; POTS ¼ postural orthostatic tachycardia syndrome; SIH ¼ spontaneous intracranial hypotension; SS ¼ super-
ficial siderosis

The clinical syndrome of orthostatic headache that resolves
with recumbency or worsens with Valsalva maneuvers raises

suspicion of low CSF pressure, most frequently due to a spinal CSF
leak. These leaks may be from iatrogenic dural defects, such as
lumbar punctures or drains (secondary intracranial hypotension).
In contrast, spontaneous intracranial hypotension (SIH) or CSF
hypovolemia refers to leaks that arise spontaneously. These terms
can be misleading, however, because most patients have normal
opening pressure.1 The term “spontaneous spinal CSF leak” may
be a more accurate description of this condition, though we will
continue to refer to it as SIH throughout this review.

SIH is estimated to affect 5 per 100,000 people per year, with
predominance for women.2 It is thought to arise when mechani-
cal stressors cause or exacerbate underlying weakness in the spi-
nal dura, which may be exacerbated by connective tissue disease.
Spiculated osteophytes, herniated discs, and nerve root divertic-
ula can incite small dural tears that allow CSF to leak out of the
thecal sac into the extradural space.2,3 CSF-venous fistulas can
also allow leakage into the epidural space in the absence of a dural
tear.4,5

The most characteristic features of SIH on intracranial MR
imaging include diffuse pachymeningeal enhancement and
“brain sag,” which, in a retrospective review of 99 cases, were
seen in 83% and 61% of cases, resepectively.6 While some patients
experience spontaneous resolution of symptoms,2 many will
require more definitive treatment, including patching with blood
or fibrin and surgical closure of the defect.7,8

As SIH has gained recognition within the medical community,
particularly after the widespread adoption of MR imaging as a
noninvasive diagnostic tool, patients with classic signs and symp-
toms have benefitted from earlier diagnosis and treatment.2,9

Many patients, however, present with vague neurologic symptoms
such as nonpositional daily headache, cranial nerve palsy, gait dis-
turbance, and cognitive dysfunction. Moreover, the source of the
leak may remain occult despite advanced imaging in an estimated
46%–55% of patients.10 Further complicating matters, several con-
ditions have imaging features that overlap SIH.

Understanding the clinical and imaging features of SIH and its

mimickers will lead to more prompt and accurate diagnoses. Here

we discuss conditions that mimic the radiologic and clinical pre-

sentation of SIH (Table 1), as well as other disorders that CSF leaks

can imitate (Table 2). Nonspecific radiographic findings to be dis-

cussed include bilateral subdural fluid collections or hematomas

and conditions with dural thickening. Conditions with some

shared imaging features include Chiari type I malformations and

diencephalic-mesencephalic junction dysplasia. Nonspecific clini-

cal mimics include orthostatic headaches, cervicogenic headache,

and vestibular migraine. Postural orthostatic tachycardia syndrome

Received March 2, 2020; accepted after revision April 30.

From the Mayo Clinic School of Medicine (K.M.B.), Rochester, Minnesota; and
Departments of Radiology (J.C.B., D.K.K., F.E.D., C.M.C.), and Neurology (J.K.C.-G.),
Mayo Clinic, Rochester, Minnesota.

Please address correspondence to Carrie Carr, MD, Department of Radiology,
Mayo Clinic, 200 First St SW, Rochester MN 55905; e-mail: carr.carrie@mayo.edu

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

http://dx.doi.org/10.3174/ajnr.A6637

AJNR Am J Neuroradiol 41:1339–47 Aug 2020 www.ajnr.org 1339

https://orcid.org/0000-0002-7042-4146
https://orcid.org/0000-0002-4038-5422
https://orcid.org/0000-0002-5689-4424
https://orcid.org/0000-0003-3696-2474
https://orcid.org/0000-0001-9458-8017
https://orcid.org/0000-0002-4585-2958
mailto:carr.carrie@mayo.edu


(POTS) is an alternative diagnosis with shared symptoms. SIH

may present as an alternate clinical entity with the leak ultimately

found as the cause for the condition. These secondary conditions

include cerebral venous sinus thrombosis, frontotemporal demen-

tia, and superficial siderosis. Other entities that are associated with

SIH include pituitary tumors and apoplexy.

Radiologic Findings of SIH and Its Mimickers
If SIH is suspected, brain MR imaging with and without gadolin-
ium contrast enhancement is the initial imaging examination of
choice. Brain sag, or the downward displacement of the cerebellar
tonsils and brain stem, is a classic finding.9 Flattening of the ventral
pons, effacement of the subarachnoid spaces including the prepon-
tine and perichiasmatic cisterns, and descent of the iter (superior
opening of the cerebral aqueduct) below the incisural line are addi-
tional manifestations of brain sag. With or without brain sag, many
patients’ scans will demonstrate diffuse, smooth dural thickening

and enhancement.11 Other possible
imaging features include ventricular
collapse, dural venous sinus engorge-
ment, atraumatic subdural hematomas
or hygromas, and pituitary enlarge-
ment. Due to the effacement of the
perichiasmatic cistern and pituitary
engorgement, the optic chiasm can
appear to be directly draped over the pi-
tuitary gland. Note that there is wide
variability as to how many signs may or
may not be present in a given patient.
Dobrocky et al12 have proposed a scor-

ing method to determine the likelihood of SIH (low, intermediate,
or high) based on the presence of 6 of these MR imaging findings.
Additionally, superficial siderosis may be present in situations in
which there is chronic bleeding into the thecal sac, typically related
to recurrent trauma from a spiculated osteophyte or disk protru-
sion.13 Even when brain MR imaging findings are normal, a few
case reports have described radioisotope cisternography showing
reduced tracer activity over the cerebral convexities 24 hours after
tracer injection, thereby supporting the diagnosis of SIH.14-16

Approaches to spinal imaging in patients with suspected SIH

vary widely among institutions. Either a spinal MR imaging or

CT myelography may be performed to evaluate the presence of

extradural fluid collections. A “fast” leak is suspected if such a

collection is identified, often leading to the use of either a

dynamic CT myelogram or a digital subtraction myelogram to

localize the leak.9,16 Spine MR imaging may also demonstrate sec-

ondary/supportive findings of SIH such as dural thickening and

enhancement or engorgement of the epidural venous plexus.17

Table 1: Distinguishing features of alternative diagnoses that occasionally mimic spontaneous intracranial hypotension

Distinguishing Features SIH
Radiologic mimickers
Chiari type I malformation Cerebellar tonsils inferiorly pointed

Midbrain descent absent
Normal cerebellar tonsil shape
Midbrain descent present

Subdural fluid collections Usually unilateral Usually bilateral
Brain sag and focal dural enhancement

Conditions with dural thickening (IgG4-
related disease, neurosarcoidosis,
tuberculosis, autoimmune diseases,
infectious diseases)

Focal or diffuse
May have leptomeningeal involvement, skull base
prominence, hypertrophic pachymeningitis

Usually systemic symptoms and involvement of
other organs

Diffuse, non-nodular dural thickening
and enhancement

Clinical mimickers
POTS Increased heart rate with minimal change in blood

pressure on standing from a seated or supine
position

Stable heart rate with postural
changes

Orthostatic hypotension Autonomic failure, medication effect,
hypovolemia

Fall in systolic (20mm Hg) and/or diastolic (10mm
Hg) blood pressure on standing from a seated
or supine position

Stable blood pressure with postural
changes

Cervicogenic headache Headache with neck pain that worsens with
cervical motion, relieved with medication

Pain is typically centered in the head
and not worsened by cervical
motion or improved with
medications

Vestibular migraine Vertigo, unilateral headache, nystagmus, presence
of aura, history of migraine

Hearing changes and tinnitus more
than vertigo or nystagmus

Table 2: Conditions that occasionally coexist with spontaneous intracranial hypotension
Coexisting Condition Pathogenesis

Cerebral venous sinus
thrombosis

Compensatory venous engorgement and stasis secondary to
decrease in intracranial CSF volume

Frontotemporal
dementia

Brain sag, obstruction of venous outflow, and swelling of the
diencephalon may precipitate behavior and personality
changes

Pituitary enlargement
or apoplexy

Compensatory enlargement and congestion of hypophyseal veins
may cause pituitary engorgement and predisposition to
apoplexy

POTS Prolonged supine deconditioning secondary to spinal CSF leak
Superficial siderosis Venous traction at the skull base may cause microhemorrhages,

or bleeding may occur at the site of the dural defect
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Nerve root sleeve diverticula are commonly seen, though these

are nonspecific and of unclear significance unless they are very

large and irregular.18

Chiari Type I Malformation. A Chiari type I malformation is an
abnormal morphology at the craniocervical junction, classically
defined as descent of the cerebellar tonsils at least 5mm through
the foramen magnum. The prevalence is estimated to be ,1% in
the general population, and most of these patients are asymptom-
atic.19,20 Tonsillar descent can obstruct CSF outflow and thereby
cause symptoms of cough-induced headache, paresthesia, lower
cranial neuropathies, and cerebellar signs.21 Disruption of normal
flow of the CSF can also result in syringomyelia. Treatment of
symptomatic Chiari is by posterior fossa decompression.

SIH can be mistaken for a Chiari
type I malformation on imaging (Fig
1) due to the superficially similar
radiologic appearance of cerebellar
tonsillar descent.9 Although in some
cases the differentiation can be chal-
lenging, there are several key imaging
differences. In SIH, the tonsils usually
maintain their normal shape rather
than being inferiorly pointed and of-
ten do not descend more than 5mm
below the foramen magnum.22,23 In
addition, the midbrain also descends
in SIH, whereas it will maintain a nor-
mal position in Chiari type I. The
superior aspect of the cerebral aque-
duct (iter) may fall beneath the incisu-
ral line, which extends from the
anterior tuberculum sellae to the infe-
rior point of the venous confluence of
the straight sinus, whereas it does not
change position in Chiari type I.24,25

The presence of a syrinx will generally
indicate a Chiari type I malformation, though there are rare
reports of this developing in SIH.26 The subarachnoid spaces in
the posterior fossa, foramen magnum, and normal ventricular
caliber will be preserved in Chiari I malformations, whereas they
will be effaced in SIH. Flattening of the pons is commonly seen
with pronounced SIH-associated brain sag but will not be present
with Chiari type I malformations, in which the prepontine cistern
will be maintained. Finally, patients with a Chiari malformation
will not exhibit diffuse dural enhancement.

The literature describes multiple reports of “acquired” Chiari
I malformations in the setting of spinal CSF drainage (eg, ventric-
uloperitoneal shunts). Images from these reports do show cere-
bellar descent, but many also show findings of intracranial
hypotension. Overshunting, in which CSF diverted at a rate
greater than production, results in an iatrogenic cause of intracra-
nial hypotension or hypovolemia. The underlying physiology is
similar to that of SIH (though iatrogenic in origin) and shares
similar findings of slit-like ventricles, effacement of the subarach-
noid spaces in the posterior fossa, flattening of the ventral pons,
and descent of the brain stem and tonsils (Fig 2).

Subdural Fluid Collections or Hematomas. Subdural hematoma
is a condition that disproportionately affects elderly patients and
is often associated with minor head trauma. Bridging veins are
predisposed to tear in this population because they cross the
subarachnoid spaces, which expand as a function of age due to
brain parenchymal atrophy. Anticoagulation is a factor in 5%–
20% of patients with chronic subdural hematomas.27,28 Subdural
hygromas occur due to compensatory enlargement of the sub-
dural/subarachnoid space secondary to the loss of the CSF vol-
ume. A subdural hematoma can also occur if there is tearing of
abnormally engorged cortical veins. In a series of 98 patients with
chronic subdural hematomas, 26% were found to be bilateral.29

Bilateral subdural collections have been known to occur in the

FIG 1. Chiari type I malformation versus SIH. A, Sagittal T1WI demonstrates a Chiari type I malfor-
mation with descent of cerebellar tonsils 1.4 cm below the foramen magnum (black arrow). Note
the typical “peglike” morphology. The prepontine cistern is preserved, and the pons maintains a
rounded ventral morphology (white arrow). B, Sagittal T1WI in a patient with severe brain sag due
to SIH shows mild descent of the cerebellar tonsils at the foramen magnum (black arrow), but
with normal morphology. The pons is flattened (white arrow) with effacement of the prepontine
cistern. There is also profound effacement of the subarachnoid spaces in the posterior fossa.

FIG 2. “Acquired” Chiari malformation showing findings of CSF hypo-
tension. A, Sagittal T1WI demonstrates a normal appearance of the
posterior fossa of a 6-year-old patient with a ventriculoperitoneal
shunt. B, Six years later, imaging demonstrates findings of overshunt-
ing resulting in CSF hypotension. This has previously (mistakenly)
been called “acquired Chiari malformation.” In addition to descent of
the tonsils, there is also effacement of the subarachnoid spaces, flat-
tening of the pons, descent of the brain stem, and a decrease in the
volume of the lateral and fourth ventricles, all of which indicate
reduced CSF volume.
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setting of SIH (Fig 3).29-31 These bilateral subdural collections
can occur either with or without the characteristic intracranial
stigmata of SIH (eg, brain sag and focal dural enhancement). The
fluid collections may occur as only a hygroma or a subacute/
chronic hematoma. Unilateral occurrence is rare. It is imperative
that the appropriate etiology be identified because subdural fluid
collections will not resolve until there is successful treatment of
the underlying SIH. If the collections are drained, they will recur
due to the underlying abnormal CSF dynamics.32 Therapy should
be focused on finding and treating the leak rather than drainage
of the collections. With appropriate treatment, the collections
will gradually resolve.33

Conditions with Dural Thickening. A key radiologic finding of
SIH is dural thickening and enhancement, which are usually dif-
fuse and non-nodular. Several rare conditions can have a similar
appearance on MR imaging. Such hypertrophic pachymeningitis
can have a specific etiology or be idiopathic. Immunoglobulin 4
(IgG4)-related disease, a known cause of pachymeningitis, is a
fibroinflammatory condition caused by the infiltration of lym-
phoplasmacytic cells into tissues and subsequent fibrosis.34,35 It
can manifest in nearly every organ system and, therefore, has a
wide variety of presentations. The hypertrophic pachymeningitis
due to IgG4-related disease can affect the dura intracranially or in
the spinal canal.35 On MR imaging, the dura is thickened, enhan-
ces, and has a shortened T2 signal due to fibrotic changes (Fig 4).
Neurosarcoidosis, another idiopathic systemic disease with vari-
able clinical presentation, can cause pachymeningeal and/or lep-
tomeningeal thickening and enhancement, which are generally
most prominent along the skull base.36 In addition, lesions of the
brain parenchyma, cranial and peripheral nerves, and bones are
not unusual.37,38 Dural thickening can also occur secondary
to a variety of noninfectious, non-neoplastic conditions (broadly
including immune-mediated, histiocytic, granulomatous, and idi-
opathic), such as rheumatoid arthritis,39,40 temporal arteritis,41

Rosai-Dorfman disease,42,43 Erdheim-Chester disease,44 and pol-
yangiitis with granulomatosis.45

Tuberculous meningitis is a severe manifestation of extrapul-
monary tuberculosis with high associated mortality.46,47 Focal or
diffuse dural thickening may be present on MR imaging, and the
diagnosis is confirmed with biopsy.47 Tuberculosis can also affect
the leptomeninges, form intracranial tuberculomas, and cause
spinal tuberculous arachnoiditis.48,49 Other infectious causes of
hypertrophic pachymeningitis include syphilis, Cryptococcus, and
Lyme disease.50-52 Each of the conditions discussed here has the
potential to affect multiple organ systems, and patients’ clinical
presentations often reflect involvement beyond the nervous
system.

SIH should not be included in the differential if focal or
nodular dural thickening is present because neoplastic or in-
fectious etiologies would be the primary differential considera-
tion. An operation or lumbar punctures may also show diffuse
smooth dural enhancement similar to what is seen in SIH;
however, correlation with relevant history will distinguish
these entities.

Clinical Mimics of SIH
As the recognized clinical phenotype of spontaneous spinal CSF
leak has broadened, so too has the differential diagnosis of the
many signs and symptoms associated with this entity broadened.
Several atypical presentations of bona fide SIH are discussed in
the next section. Here we will focus on mimics of the most com-
mon symptom of SIH, orthostatic headache. Indeed, we have
encountered patients with orthostatic headache due to a variety
of causes other than spinal CSF leak, most often an autonomic
disorder or an alternative secondary headache disorder.

POTS. POTS is perhaps the most common nonleak cause of head-
ache that is triggered or worsened with upright posture. At least
25% of patients with POTS report headaches, and by definition,
all have orthostatic worsening of symptoms.53 POTS is a diverse
syndrome due to various etiologies, among which may occasion-
ally be spinal CSF leakage.54 Some patients likely develop POTS
secondary to the prolonged supine deconditioning that often
occurs in the setting of a spinal CSF leak. There are also patients
with POTS and orthostatic headaches in the absence of any evi-
dence of CSF leakage.55 Complicating matters further, POTS

FIG 3. Bilateral subdural hematomas as an initial presentation in SIH.
A, Sagittal T1WI shows a subtle decrease in the mamillopontine dis-
tance (white arrow). Otherwise, the typical stigmata of SIH are not
present. B, Coronal postcontrast T1WI demonstrates large bilateral
subdural hematomas with mass effect on the cerebral hemispheres.
A hyperdynamic CT myelogram showed a leak in the thoracic spine,
and a targeted blood patch was performed. The subdural hematomas
subsequently required evacuation due to cerebral compression. All
of the patient’s symptoms resolved, and the hematomas did not
recur.

FIG 4. IgG4-related pachymeningitis. A, Coronal contrast-enhanced
T1WI from a 53-year-old man with IgG4-related disease with
Castleman-like features shows abnormal pachymeningeal enhance-
ment (arrows). B, Follow-up imaging after steroid and rituximab
(Rituxan) treatment demonstrates interval near resolution of the
pachymeningeal enhancement.
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shares risk factors with spinal CSF leak, including joint hypermo-
bility and underlying disorders of the connective tissue matrix
such as Ehlers-Danlos syndrome.53 POTS with or without spinal
CSF leak should be considered when evaluating a patient with

orthostatic headache. Measurement of
the sitting and standing heart rate and
blood pressure is, in our opinion, a
reasonable screen for this diagnosis;
patients with POTS demonstrate a
rapid increase in heart rate and rela-
tively stable blood pressure on
standing.56

Orthostatic Hypotension. Orthostatic
hypotension, which can be caused by
autonomic failure (Fig 5), medication
effect, or serious hypovolemia but
not spinal CSF leakage, is another rea-
sonably common cause of orthostatic
headache. Whereas spinal CSF leak–
associated headache is typically cen-
tered in the head, its focus in the
occipital region and the frequent
accompanying neck and back pain
may be confused with the “coat
hanger” pain in the neck and shoulders
that results from paraspinal muscle is-
chemia in patients with orthostatic hy-
potension.57 Other symptoms that may
occur with either spinal CSF leak or or-
thostatic hypotension include tinnitus,
distorted hearing, fatigue, and worsen-
ing headache with Valsalva maneuvers.
Similar to POTS, measurement of or-
thostatic vital signs should distinguish
patients with orthostatic hypotension
from those with suspected spinal CSF
leak. Patients with orthostatic hypoten-
sion have a fall in systolic and/or dia-
stolic blood pressure of 20mm Hg and
10mm Hg, respectively, during a
lying-to-standing, lying-to-sitting, or
the head-up tilt test.58

Other Headache Disorders. Patients
with cervicogenic headache or vestibu-
lar migraine will typically have worsen-
ing headache when attaining an upright
position, which may raise suspicion of a
spinal CSF leak. Cervicogenic headache
results from a disorder or lesion of the
bony cervical spine or soft tissues of
the neck and is usually accompanied by
neck pain.59 Most commonly, the
offending pathology is osteoarthritis of
the upper cervical spine or the atlanto-

occipital junction.59 The clinical symptoms are typically distinct
from those of SIH: Cervicogenic headaches are usually unilateral
and are accompanied by neck pain that is worsened during neck
movement.59 Most important, they are also relieved by

FIG 5. Autonomic failure presenting as orthostatic headache. Beat-to-beat blood pressure (black)
and heart rate (green) of an 80-year-old woman during a tilt-table test show a sustained drop in
blood pressure during head-up tilt (gray shading). The lack of heart rate acceleration suggests
neurogenic orthostatic hypotension. When her mean blood pressure fell below 85mm Hg, she
developed posterior head and neck tightness (coat hanger pain) and lightheadedness. Thus, pure
autonomic failure was initially misdiagnosed as orthostatic headache.

FIG 6. SIH presenting with venous sinus thrombosis. A 43-year-old man presented with sudden
onset of headaches, dizziness, and nausea clinically suspected to represent migraines. A,
Contrast-enhanced T1-weighted image demonstrates diffuse, smooth, nonspecific thin pachyme-
ningeal enhancement (arrows). The patient presented to the emergency department 3 days later
with a marked increase in his headache and sudden onset of right lower-extremity weakness. D,
Unenhanced coronal head CT demonstrates high attenuation and expansile content within the
superior sagittal sinus and adjacent cortical veins, compatible with acute dural venous sinus and
cortical vein thrombosis (selected clot highlighted by arrows). Sagittal MIP (B) and coronal (E)
images from a contrast-enhanced CT venogram confirm a long-segment acute, expansile throm-
bus as a filling defect within the superior sagittal sinus, as well as multiple bilateral left-greater-
than-right superior cortical veins (arrows). While he was being treated for sinus thrombosis, he
reported that his headaches were orthostatic in nature. His condition continued to deteriorate
with progression of the thrombosis despite treatment and parenchymal hemorrhage. Axial (C)
and sagittal (F) T2WI demonstrates a ventral extradural fluid collection. A hyperdynamic CT my-
elogram was performed, and a leak was found at a spiculated osteophyte at T1-2.
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pharmaceutical blockade (ie, steroid injection) of the inciting cervi-
cal structure.59

Vestibular migraine shares many features with classic mi-
graine (eg, unilateral location, pulsating quality, photophobia,
phonophobia, visual aura) but is distinguished by the presence of
head motion–induced, visually-induced, spontaneous, or posi-
tional vertigo.59 It is this postural worsening that introduces pos-
sible confusion with spinal CSF leak. Often, the migrainous
features of the headache, as well as a history of documented
migraines, may help distinguish vestibular migraine from SIH. In
addition, nystagmus is often present and usually lasts as long as
the precipitating head position is held.60

Finally, we have encountered at least 2 patients with head-
aches that were exclusively or largely orthostatic and developed
after otherwise successful surgical decompression of bona fide
Chiari type I malformation, despite no evidence of a postopera-
tive CSF leak. The mechanism of these headaches was hypothe-
sized to be sensitization of mechanosensitive dural nociceptors
from altered skull-dura apposition.61 POTS, orthostatic hypoten-
sion, cervicogenic headache, vestibular migraine, and prior
Chiari decompression surgery are all causes of orthostatic head-
ache that may mimic spinal CSF leak and must be distinguished
for patients to receive appropriately directed therapy.

CSF Leak Presenting as a Different Disorder
Cerebral Venous Sinus Thrombosis. While cerebral venous sinus
thrombosis affects only about 4 per 1 million people in the general
population, the prevalence is about 2% in patients with SIH.62-65

There are several reasons why cerebral venous sinus thrombosis
may be more prevalent in this population. As the volume of intra-
cranial CSF decreases, compensation by the arterial and venous
compartments must occur. Since veins are much more distensible
than arteries, venous engorgement is common.66,67 Blood flows
more slowly through veins of larger diameter, and this stasis
increases coagulability.68 Furthermore, the characteristic brain sag of
SIH can put tension on venous outflow tracts, thereby worsening ve-
nous expansion.62,67 In combination, these changes can provide an
environment for thrombus formation within the venous sinuses (Fig
6). In patients with SIH, superimposed cerebral venous sinus throm-
bosis should be considered when there is a change in headache qual-
ity (from predictable and positional to severe and unrelenting) or
new neurologic deficits develop.62,67,69-72 Similarly, patients with
unprovoked cerebral venous sinus thrombosis should be assessed
for possible underlying SIH.

Frontotemporal Dementia. Behavioral-variant frontotemporal
dementia is characterized by disproportionate atrophy of the fron-
tal and temporal lobes and classically has an early age of onset
(younger than 60 years of age).73,74 Patients present with insidious
personality changes, poor judgment, disinhibition, and apathy.
Patients with SIH can also have behavioral changes, and there have
been several reports of SIH presenting with frontotemporal de-
mentia-like symptoms.75-78 The etiology of this relationship is not
known but may be related to brain sag, obstruction of the venous
outflow, and associated swelling of the diencephalon.78 In most
cases, cognitive symptoms promptly improve almost immediately
after treating the underlying SIH.75-78

Pituitary Tumor or Apoplexy. As the volume of intracranial CSF
declines in SIH, the compensatory enlargement of the cerebral ve-
nous system includes the hypophyseal veins. Thus, many patients
with SIH have pituitary engorgement and upward bowing of the di-
aphragm sellae.79-81 These findings may lead to misdiagnosis as a
nonfunctioning pituitary adenoma (Fig 7).82,83 Furthermore, due to
the uniquely dense hypophyseal portal system, venous congestion
can predispose patients to apoplexy, a rare-but-emergent hemor-
rhage, or infarction of the pituitary gland. SIH-induced pituitary
engorgement may also suppress dopamine release and thereby raise
prolactin levels. Galactorrhea only occasionally results.

Superficial Siderosis. Superficial siderosis (SS) is a radiologic or
pathologic diagnosis of hemosiderin deposition in the leptome-
ninges and subpial layer of the central nervous system. About half
of the cases are attributed to idiopathic chronic subarachnoid
hemorrhage, and the other half have a known cause such as
trauma, tumor, or arteriovenous malformation.84 Classically, SS
occurs infratentorially, and patients present with ataxia, pyramidal
signs, or sensorineural hearing loss.13,84,85 Supratentorial bleeding
can occur, and this is referred to as cortical superficial siderosis.86

There have been several reports of SIH presenting with or coincid-
ing with the presence of SS (Fig 8).87-89 One review of patients with SS
noted a spinal extradural fluid collection in approximately 50% of
patients.13While SS is not reversible, repair of the inciting dural defect,
often found via a dynamic CTmyelogram,may prevent further bleed-
ing and lead to stability or improvement of symptoms.90,91

FIG 7. SIH presenting as pituitary apoplexy. Sagittal T1WI (A) and cor-
onal postcontrast T1WI (B) images demonstrate a hyperintense lesion
filling the sella and extending into the suprasellar cistern. The patient
was diagnosed with pituitary apoplexy of a macroadenoma or a
Rathke cleft cyst and a Chiari I malformation. However, the MR imag-
ing actually demonstrates the expected intracranial stigmata of an
SIH, including severe brain sag and dural enhancement. Despite exten-
sive evaluation, the source of the leak was not found. The patient
was treated with a nontargeted blood patch. His headaches and
imaging findings (C and D) resolved.
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The etiologic mechanism that ties SS to SIH is uncertain.
Some authors have suggested that the pathogenesis of SS is
related to traction of the cerebellum and/or vermian veins on the
skull base, leading to microhemorrhages and hemosiderin depo-
sition.88 Others, noting the association between extradural spinal
fluid collections and SS, have suggested that bleeding may occur
at the site of the dural defect.92 The latter hypothesis has been
supported by recent case reports of patients with hemorrhage
within either the extradural fluid collection or thecal sac.93

CONCLUSIONS
Spontaneous intracranial hypotension is caused by various types
of defects in the spinal dura and subsequent CSF extravasation.
Patients classically present with orthostatic headache, low or nor-
mal CSF opening pressure on lumbar puncture, and brain sag
with diffuse pachymeningeal enhancement on MR imaging.
Many radiologic and clinical findings may mimic these classic
findings, and conversely, secondary changes from SIH can give

rise to symptoms that imitate other conditions. Because SIH is a
curable condition, it is important for physicians to recognize its
nonclassic presentations and be familiar with the differential
diagnoses of its radiologic and clinical findings.
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PRACTICE PERSPECTIVES

Parental Leave and Neuroradiology Fellowships
F.G. Sherbaf, D.D.M. Lin, and D.M. Yousem

ABSTRACT

BACKGROUND AND PURPOSE: A uniform policy on parental leave in radiology training programs is lacking. Although previous pub-
lications have addressed the status of parental leave policy among radiology residency programs, the state of parental leave in ra-
diology fellowships has not been addressed to date. Our aim was to determine the state of parental leave policies in American
neuroradiology fellowship programs.

MATERIALS AND METHODS: An Internet survey was sent to the directors of neuroradiology fellowship programs listed on the
Accreditation Council for Graduate Medical Education Web site (n¼ 87) in January 2020. The questionnaire assessed the policies of
the fellowship programs and Program Directors’ attitudes toward maternal and paternal leave. Four reminders were sent during the
3 weeks before closing data collection.

RESULTS: The response rate was 76% (66/87). Ninety-four percent (62/66) of program directors claimed to have a maternal leave
policy, of which 51/62 (82%) were written and 53/62 (85%) were paid. Additionally, 77% (51/66) had a policy for paternal leave, of
which 80% (41/51) were written and 76% (39/51) were paid. The average length of paid leave was 6.7 6 3.25weeks for new mothers
and 2.9 6 2weeks for new fathers. Unpaid leave was mostly based on the Family and Medical Leave Act. Fellows were responsible
for making up call duties during the parental leave in 47% of the programs. Radiation exposure was restricted in 89% of the pro-
grams during pregnancy. Policies addressed breast feeding and untraditional parenthood in just 41% of the responding programs.
Most program directors supported the development of a unified national policy on maternal (83%) and paternal (79%) leave.

CONCLUSIONS: Most neuroradiology fellowship programs have explicit maternal and paternal leave policies that grant paid leave
to trainees. Some also offer unpaid leave, mostly through Family and Medical Leave Act guidelines. A uniform policy derived from
the Accreditation Council for Graduate Medical Education and/or American Board of Radiology would be useful and overwhelm-
ingly accepted.

ABBREVIATIONS: ABR ¼ American Board of Radiology; ACGME ¼ Accreditation Council for Graduate Medical Education; FMLA ¼ Family and Medical
Leave Act; GME ¼ Graduate Medical Education; PD ¼ program director

In December 2019, Congress passed the parental leave provision
for federal employees as part of a Defense Department spend-

ing bill.1 This legislation increased the benefits for civilian federal
workers so that they could have paid parental leave (military per-
sonnel were already receiving 12 weeks’ paid leave). Many of the
Presidential candidates for 2020 offered programs that would
expand paid parental leave to all Americans; the minimum
expressed was for 12weeks, while some, such as Bernie Sanders

(6months) and Andrew Yang (9months), advocated for longer
paid leaves.

To date, most employers support the Family and Medical
Leave Act (FMLA), which provides unpaid leave for up to
12weeks for family and medical reasons.2 Of note, the FMLA
currently applies to the following:

1. Private sector employers with 50 or more employees.

Received April 1, 2020; accepted after revision May 10.

From the Division of Neuroradiology, the Russell H. Morgan Department of
Radiology and Radiological Science, Johns Hopkins Medical Institutions, Baltimore,
Maryland.

The authors declare that they had full access to all of the data in this study, and
the authors take complete responsibility for the integrity of the data and the
accuracy of the data analysis.

D.D.M Lin and D.M. Yousem are co-senior authors.

Please address correspondence to David M. Yousem, MD, MBA, Department of
Radiology and Radiological Science, Division of Neuroradiology, Johns Hopkins
Medical Institutions, 600 N Wolfe St, Phipps B100, Baltimore, MD 21287; e-mail:
dyousem1@jhu.edu

Indicates article with supplemental on-line appendix and table.

http://dx.doi.org/10.3174/ajnr.A6648

1348 Sherbaf Aug 2020 www.ajnr.org

https://orcid.org/0000-0001-6173-900X
https://orcid.org/0000-0002-6001-2383
https://orcid.org/0000-0002-1222-6643
mailto:dyousem1@jhu.edu


2. Public agencies, including local, state, or federal government
agencies, regardless of the number of employees.

3. Public or private elementary or secondary schools, regardless
of the number of employees.

To be eligible for the FMLA, the employee must have worked
for a covered employer for at least 12 months, during which time
there must be at least 1250 hours of service during the 12 months
immediately preceding the leave.

The Society for Human Resource Management is one of
many groups to advocate for a uniform paid leave policy as part
of its “21st Century Workplace Flexibility Policy.”3 However, the
need for such a national policy has been debated at least since
1987 with David Berquist’s landmark article on the topic.4 While
government and social welfare groups and the legal profession
have been addressing this issue, the Accreditation Council for
Graduate Medical Education (ACGME) has taken a more passive
role in proposing policies.5 The Family and Medical Leave
Workgroup in medicine was only recently established (in 2017)
to raise awareness of this issue as more and more women enter
medical training programs.6 The 3 main recommendations pro-
posed by this group include the following:

1. A unified policy of 6 weeks’ paid maternity leave for all
women across Graduate Medical Education (GME).

2. The option to voluntarily apply the 12-week FMLA standard
for all trainees regardless of the duration of employment at
their current institution.

3. Institutions should recommend paternity leave and, by exten-
sion, leave for the second parent.

Notably some of the training requirements of the ACGME and
the American Board of Medical Specialties include time domains
that would prohibit a trainee from finishing his or her training on
time (for example in a 4-year radiology residency) if a resident had
2 children with two 12-week blocks of FMLA time off. The
American Board of Radiology (ABR), as of August 2019, provides
this guidance to Program Directors in Radiology:7

“Leaves of absence and vacation may be granted to residents
at the discretion of the program director in accordance with the
institution’s rules. Depending on the length of absence granted
by the program, the required period of Graduate Medical
Education may be extended accordingly. Residency program
directors and their institutional GME offices determine the need
for extension of residency training. Therefore, it is not up to the
ABR to determine graduation dates for individual residents.”

Some have noted that one of the inclusionary provisions of
the FMLA may make 1-year fellowship trainees ineligible. As
stated above, the FMLA stipulates that the employee must be
employed for 12months and have worked at least 1250hours
during the 12months before the start of FMLA leave. This would,
therefore, not necessarily apply to fellowship trainees in their first
year at a new institution.

A uniform policy for dealing with parental leave in fellow-
ship programs has not been clarified by the government
(FMLA), the ACGME, the American Board of Medical
Specialties, or the ABR. Although previous publications have
addressed the status of parental leave policy among radiol-
ogy residency programs,8 the state of parental leave in

radiology fellowships has not been addressed to date. In this
study, we sought to determine how American neuro-radiol-
ogy fellowship program directors (PDs) are handling the pa-
rental leave issue. We hoped to identify a unifying
policy that could be embraced nationally. Among radiology
subspecialty fellowship programs, we chose to survey neuro-
radiology fellowship PDs because of the following: 1) It is in
the National Resident Matching Program, so the PD list is
readily accessible, 2) it has a well-organized subspecialty so-
ciety (American Society of Neuroradiology) for obtaining
contact information, 3) neuroradiology is one of the largest,
historically one of the earliest, and among the best organized
ACGME-approved fellowship programs in the field, and 4)
as a 1-year required program after residency, it can be said to
represent this stage of radiology training, with its inherent
parental leave issues.

MATERIALS AND METHODS
This study qualified as exempt research and was acknowledged
by our institutional review board. This study was in accordance
with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards. A 32-ques-
tion electronic survey was e-mailed to the PDs of neuroradiology
fellowship programs in the United States (On-line Table).
Individual e-mail addresses were retrieved from the most recent
ACGME list of neuroradiology fellowship programs in January
2020.9 The survey was composed and distributed in January 2020
using the Qualtrics Research Suite (Qualtrics) administered in
our institution, followed by 4 reminders, each ,7 days apart.
Data collection was stopped on February 12, 2020, three weeks af-
ter the survey was first distributed.

PDs were requested to provide information about whether
a policy for parental leave, formally written versus unwritten,
existed in their programs; whether the leave was paid; the av-
erage length of allowed paid and unpaid leaves including the
need for taking sick and vacation leave first or adherence to
FMLA for unpaid leave; arrangements for making up rota-
tions and call duties; adjustments for radiation exposures in
the angiography and fluoroscopy rotations during pregnancy;
and whether the policy addressed breastfeeding and untradi-
tional male-female parenthood and adoption. The attitude of
PDs toward pregnancy during years of training and toward
adopting a standardized ACGME/ABR guideline for parental
leave policy was also assessed. Inquiry about the program size
(defined by the number of graduated fellows per year) and
the frequency of making arrangement for parental leave for
fellows was also included in the survey. The length of allowed
leave was designed as an adjustable bar within the on-line
survey. One final open response option allowed PDs to pro-
vide free text comments (On-line Appendix). The remaining
questions were multiple choice. Skip Logic was used to dis-
play only relevant questions, so not all respondents had
access to all of the questions. Participation in this survey was
voluntary, and all questions were optional. Non-normality of
the distribution of the program size was determined by the
Shapiro-Wilk test. The relationship between program size
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and region was investigated using the Kruskal-Wallis test.
The association between program characteristics (including
program size and region) and the responses was tested using
the Kendall rank correlation. Proportions of programs with a
parental leave policy in place were compared between resi-
dency programs (data adopted from Sherbaf et al8) and fel-
lowship programs using the Fisher exact or x 2 test. All

statistical analyses were conducted
by using STATA, Version 15
(StataCorp) with P , .05 considered
significant.

RESULTS
Characteristics of Respondents
Eighty-seven neuroradiology fellow-
ship PDs were invited with a response
rate of 76% (n¼ 66). All respondents
completed the entire survey. Most of
the responses were from PDs in the
Northeast and Midwest (53%; n¼ 35/
66) (Fig 1A). The distribution of col-
lected responses was in concordance
with the distribution of neuroradio-
logy fellowship programs throughout
the United States (Northeast, 31%;
Midwest, 26%; Southeast, 17%; West,
16%; and Southwest, 10%).10 The pro-
gram sizes ranged from 1 to 11 (mean,
4 6 2.5) graduate fellows per year
among 66 responding programs, and
slightly more than half of the programs
had 3 or fewer fellows (Fig 1B). There
was no significant difference in the av-
erage program size among the 5 geo-
graphic regions (P¼ .77, Kruskal-
Wallis test). Most of the PDs reported
that fellows request maternal (44%,
n¼ 29) or paternal (33%, n¼ 22) leave
at a frequency of less than every 5 years.
Of note, paternal leave was provided
every year in 15% of programs versus
in only 3% for maternal leave (Fig 2).
In addition, larger programs were more
likely to have a fellow on paternal leave
(t -B ¼ 0.31, P¼ .001, Kendall rank
correlation), whereas the frequency of
arrangements for maternal leave was
not significantly correlated with the
program size (t -B¼ 0.15, P¼ .11).

Maternal Leave
A policy for maternal leave was known
by the neuroradiology PDs in 94%
(n¼ 62/66) of responding programs
and was confirmed to be explicitly
described in a written document in
82% of those with a policy (n¼ 51/62)

(Fig 3). That policy (whether written or not) provided paid leave
in 53/62 (85%). Among those 53 programs with an offer of paid
leave, new mothers were asked to first exhaust sick and vacation
leave in 13 (25%) programs. Of those programs not requiring use
of sick and vacation leave as part of maternal leave (n¼ 39/53;
74%), the average duration of paid leave was 6.76 3.25 weeks
(range, 2–16weeks; median, 6weeks) (Fig 4). Of the 53 programs

FIG 1. Characteristics of responding neuroradiology fellowship programs. A, Pie chart showing the
distribution of responses by US regions according to the classification by the American Society of
Neuroradiology (percentage of a total of 66 programs). B, Bar graph shows the proportion (per-
centage of total, n¼ 66) of programs stratified by program size (number of graduates per year).

FIG 2. Frequency of arrangements for parental leave in responding neuroradiology fellowship-
versus-diagnostic radiology residency programs. Histogram shows the frequency of arrangements
for maternal (red) and paternal (blue) leave for fellowship (bold color) versus residency (pale color)
programs. The continuous line is the trend line for fellowship programs, while the dotted line rep-
resents the trend in residency programs. Radiology residency program data were adopted with
permission from Sherbaf et al.8

1350 Sherbaf Aug 2020 www.ajnr.org



that offered paid leave, 39 (74%) also offered additional unpaid
leave. This was mostly based on the FMLA provisions (71%;
n¼ 22/31). The length of leave among programs with a formal pol-
icy only allowing unpaid leave (n¼ 6) was also based on the
FMLA in 4 programs and was 6 and 12weeks in the other 2. The
presence of a maternal leave policy, whether written or not, was
not significantly correlated with the size of the program (t -B ¼
0.20, P ¼ .05, Kendall rank correlation). Likewise, an offer of a
paid leave was not correlated with the size of the program (t -B ¼

0.15, P¼ .17). The frequency of a leave
policy in place among fellowship (n¼ 62/
66) and residency (n¼ 65/74) programs8

was similar (P¼ .21, Fisher exact test).
Women on maternal leave were required
to make up on-call responsibility and
missed rotations in 47% (n¼ 31) and 52%
(n¼ 34), respectively.

Paternal Leave
A policy for paternal leave was known by
the neuroradiology PDs in 77% (n¼ 51)
of responding programs and was explic-
itly described in a written document in
80% of those with a policy (n¼ 41/51)
(Fig 3). That policy (whether written or
not) provided a mean of 2.96 2 weeks
(range, 1–8weeks; median, 2weeks) of
paid leave, in addition to sick and vaca-
tion time, to the father among 31
responding programs with a policy (61%,
n¼ 31/51); an additional 6 programs
required fellows to use sick and vacation
leave first before allotting any paid pater-

nal leave (Fig 4). Of the 39 programs that offered paid leave, addi-
tional unpaid leave was offered in 61% (n¼ 24), which was
mostly based on the FMLA (74%, n¼ 14/19 of responding pro-
grams). A variable range of 1, 2, 4, and 6weeks was offered to
new fathers by 4 programs with only unpaid paternal leave avail-
able, while 1 program based unpaid leave on the FMLA. The
presence of a paternal policy, whether written or not, was not
associated with the size of fellowship programs (t -B ¼ 0.11,
P¼ .31, Kendall rank correlation). By contrast, a paid paternal

FIG 3. The current status of parental leave policy among responding neuroradiology fellowship-versus-diagnostic radiology residency programs.
Bar charts representing the status of a written/unwritten policy for parental leave (A) and the offer of paid and additional unpaid paternal leave
among neuroradiology fellowship programs (B) (n¼ 66/87; response rate, 76%) versus diagnostic radiology residency programs (n¼ 74/200;
response rate, 37%) (adopted with permission from Sherbaf et al8) (red, maternal leave; blue, paternal leave). Most programs have a policy in
place: fellowship, 94% with maternal and 77% with paternal policy; residency, 88% with maternal and 80% with paternal policy. Graph B shows
PD responses as to whether the leave time is paid. Eighty-five percent of maternal and 76% of paternal leave is paid among fellowship programs,
while 77% and 75% of maternal and paternal leave, respectively, is paid among residency programs. Please note that the percentage of programs
without a policy in place (graph A) and without an offer of paid leave (graph B) includes nonresponding programs as well. Radiology residency
program data were adopted with permission from Sherbaf et al.8

FIG 4. Allowed length of paid parental leave among responding neuroradiology fellowship
programs with available paid leave policy. Histogram shows the range of paid maternal (red)
and paternal (blue) leave length. The length of paid maternal leave (in addition to sick and vaca-
tion leave) is most frequently in the range of 6–8weeks, with a mean of 6.7weeks and median
of 6weeks. The length of paternal leave (in addition to sick and vacation leave) is shorter, at a
mean of 2.9weeks and median of 2weeks. The asterisk indicates programs that claimed to
have a paid parental leave but require fellows to use sick and vacation leave.
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leave was more likely to be available among larger-sized programs
above the median (3 fellows) (t -B ¼ 0.27, P¼ .03). The fre-
quency of a leave policy in place among fellowship (n¼ 51/66)
and residency (n¼ 65/74) programs was similar (P¼ .8, x2 test).
Fellows on paternal leave were required to make up on-call
responsibility and missed rotations in 47% (n¼ 31/66) and 44%
(n¼ 29/66), respectively.

Additional Regulations
Only 27/66 (41%) programs had formalized their policy on provi-
sions for breast feeding. Forty-one percent (n¼ 27/66) had a pol-
icy that addressed nontraditional family units; 88% (24/27) of
these provided the same benefits as provided to traditional male-
female family units, whereas PDs of the other 3 programs did not
know the details of the benefits. Almost all programs with a pol-
icy for addressing the situation of nontraditional parenthood,
also had a written parental leave policy in place. All PDs stated
that they do not advise against pregnancy during the years of
fellowship training. Angiography/fluoroscopy rotations were
adjusted for pregnant trainees in 88% of the programs (n=59/
66), of which about 52% required fellows to make up missed rota-
tions (n=31/59).

ACGME Role
An overwhelming number of neuroradiology fellowship training
directors supported the development of a unified policy on
maternal (83%, n¼ 55/66) and paternal (79%, n¼ 52/66) leave
by the ACGME/ABR. Of these, most (87% [n¼ 48/55] for mater-
nal and 90% [n¼ 47/52] for paternal leave) stated they would
adhere to that policy if proposed.

DISCUSSION
This study represents the first study of leave policies in a fellow-
ship program within the radiology subspecialties. It is an under-
explored topic most probably related to a much smaller number
of physicians-in-training spanning a shorter period of time (1 to
2 years) compared with the number of residents in the traditional
4-year training program in diagnostic radiology. There are, how-
ever, important issues unique to the physicians in fellowship pro-
grams as they complete the final stage of training before their
professional employment. The results of this survey show that
while many neuroradiology fellowship programs have parental
leave policies, the parameters of such are nonuniform. The weeks
of paid-versus-unpaid leave and the expectations of making up
missed call rotations or mandatory weeks on a service are diver-
gent. The application of the FMLA to fellows, allowing them
12weeks of potentially unpaid leave, is also heterogeneous across
maternal and paternal leave. Only 1 program cited the difference
between fellows who were previously employed as residents
(FMLA-eligible by federal guidelines) versus newly employed
fellows from other programs (FMLA-ineligible). Program direc-
tors also seem less well-versed about policies associated with
breastfeeding or nontraditional family units, including the desig-
nations of who could be considered the primary caregiver. The
recommendations of a governing body (ie, ACGME or ABR) on
the issue of parental leave was strongly welcomed and would be
widely accepted according to our survey results.

In comparison with a previous survey of radiology residency
program directors,8 the frequency of a leave policy in place
among fellowship and residency programs is overall similar:
Eighty-eight percent had a maternal leave policy, and 80%, a pa-
ternal leave policy in the residency programs, compared with
our report of 94% and 77%, respectively, in neuroradiology fel-
lowship (Fig 3). As expected, parental leave was reported to occur
more frequently during residency than fellowship, considering
the longer duration of the residency program. The total number
of neuroradiology fellows compared with diagnostic radiology
residents, as well as sex distribution,11 most likely accounted for a
right-shifted histogram distribution (ie, lower median) of leave
frequency in fellowships and the very infrequent arrangements
for maternal leave relative to paternal leave on a yearly basis (Fig
2). Similar to the results of residency programs, PDs of larger
programs reported having a fellow more frequently on paternal
leave, probably at least in part reflecting the higher frequency of
such demands in larger programs as well as their ability to better
accommodate. Both residency PDs and fellowship PDs identified
gaps in policies for breastfeeding and nontraditional parenthood
(for a detailed comparison between residency and fellowship sur-
vey results, please refer to On-line Table).

The literature on parental leave for fellowships outside radiol-
ogy is scant. A survey in 2016 also highlighted the nonuniform
status of the parental leave among orthopedic surgery residency
and fellowship programs.12 Of 45 responding PDs in that survey,
98% and 91% claimed to have a maternal and paternal leave pol-
icy, respectively, providing about 4–6weeks of leave. However,
the leave was paid in only about half of the programs.12 Other
surveys have mostly assessed the status of paternal leave from the
fellows’ points of view. For example, a survey of the members of
the American Academy of Pediatrics Section on Medical
Students, Residents, and Fellowship Trainees in 2013, with 182
responses from fellows, revealed that 30% of the respondents
were not aware of the parental leave policy in their programs.13 It
also showed that a large number of trainees (80.5% of 411 res-
ponders) took advantage of parental leave for an average of
11.7weeks. Longer maternity leave, which was mostly due to
breastfeeding, had resulted in the extension of the duration of
training.13 A negative stigma of pregnancy was reported by 62%
of 73 cardiovascular fellows at 1 institution in another survey,
who also thought that their program was not flexible in accom-
modating the training schedule for new parents.14 Overall, the
regulations for fellows’ parental leave are not uniform among
GME programs, and most of the programs do not provide suffi-
cient paid leave for new parents. Therefore, there is a substantial
need for a national policy to address the issue.

What would a proposal formulated by the ACGME and/or
endorsed by the American Society of Neuroradiology look like?
We would suggest that a paid leave duration of 8weeks for pri-
mary caregivers and 4weeks for secondary caregivers (no matter
whether a traditional or nontraditional family situation) that is
separate from sick and vacation leave would be in line with cur-
rent practice. Parents would be eligible for additional unpaid
leave of up to 12weeks maximum. Because the FMLA may not
be applicable to most of the fellows, we recommend that addi-
tional unpaid leave not be defined on the basis of on the FMLA.
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To take .8weeks’ leave from a 12-month fellowship seems to
conflict with ACGME and ABR expectations for that training pe-
riod; therefore, a make-up period after the expected fellowship
end date would be advisable, assuming that the fellow still is able
to fulfill all the necessary skills laid out in fellowship training
guidelines. In this survey, we found that larger programs are
more likely to offer paid paternal leave also, with more fre-
quent arrangements for paternal leave. Therefore, national
proposals should consider the challenges that smaller pro-
grams would face when having $1 fellow out on parental
leave, for example by regulating flexible arrangements for
elective rotations.

In the interest of the fetus, excluding the fellow from any
radiation-exposure rotations for at least the first 2 trimesters
would likely not incur too great a burden on the fellowship
program and coworkers. Breastfeeding facilities should be pro-
vided within all radiology departments, and the time allotted
should be determined according to the American College of
Radiology Commission for Women and General Diversity and
the American College of Radiology Commission on Human
Resources.15 In this regard, Robbins et al16 showed that imple-
mentation of a policy to provide a private location and specific
time for lactating residents in a residency department can eas-
ily contribute to balance between milk expression and patient
care, decrease anxiety, and reduce time away from work for
breastfeeding mothers.

We believe that the results of our survey are representative of
American neuroradiology fellowships because the responses
included 66 of 87 (76%) neuroradiology fellowship programs
listed through the ACGME site. Although the response rate to
surveys of physicians varies widely in the literature, the American
Medical Association has suggested in its landmark article entitled
“Response Rates and Nonresponse Errors in Surveys” that those
surveys covering 60% of the available pool are legitimate.17 The
authors, Johnson and Wislar,17 equated a response rate of 60% to
that of a P value of .05, and this has been adopted by the JAMA
review process. Although many techniques have been explored as
to how to increase physician participation in surveys, frequent
reminders by e-mail have been shown to be most effective.18

Providing monetary incentives to increase physician engage-
ment has not led to increased response rates. Internet and e-
mail-based reminders are more effective than postal mail–
based surveys, but alternate modes of reminding such as
mailing in a handwritten envelope might help increase
response rates by as much as 11%.18 Given that our response
rate exceeds PLoS One and American Medical Association
guidelines, we believe the results are valid.

Our study has several limitations, but they do not detract
from the results provided. The survey response rate of 76% could
have been improved but has been legitimized by previous cita-
tions referred to above. The questions were not vetted by a pro-
fessional survey creator (ie, Gallup Poll or Reuters Ipsos).
Phrasing some questions with “do you” rather than “would you”
or “does your policy address” might have contributed to some of
the negative answers. We had an “I do not know” response on
several questions of up to 20%, which also impacts the results. It
is conceivable that the experience of PDs in their current position

may have influenced their answers to some of the questions; this
piece of data was not collected, and the responses were not
adjusted by variable weighting. Some PDs referred to the FMLA
provisions, even though 12-month fellows recruited from another
facility are not eligible for them (see above). Some PDs follow
institutional policies that may supersede any suggested policies
by the ACGME, ABR or American Society of Neuroradiology.

CONCLUSIONS
Although most neuroradiology fellowship programs have mater-
nal (94%) and paternal (77%) leave policies, the paid and unpaid
duration of the leave varies widely. Current practices on making
up call duties, dealing with radiation exposure, nontraditional
family units, and breastfeeding provisions are also nonuniform.
The neuroradiology PDs surveyed appeared open to a standar-
dized policy proposal by organized radiology and would likely
embrace its implementation.
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EDITORIAL

Evolving Neuroimaging Findings
during COVID-19
R. Jain

The coronavirus 2019 (COVID-19) pandemic first appeared
in the United States in late February, and New York City

(NYC) had its first case on March 1, 2020, with the outbreak
reaching its peak in NYC around April 7. NYC hospitals started
to see a surge of patients with COVID-19 during the early pan-
demic epoch, which quickly saturated the health care resources.
During the early pandemic epoch, most patients were treated for
pulmonary symptoms with respiratory supportive measures. A
small percentage of patients presented with neurologic symp-
toms, including acute stroke or encephalopathy, through the
emergency departments (EDs).

Neuroimaging volume for ED/inpatients saw a pronounced
drop, similar to the trends for other imaging subspecialties except
chest imaging.1 In the initial phase of the pandemic (March 1 to
April 13), ED/inpatient CT and MR imaging brain examinations
decreased by 40% and 27%, respectively (NYU Tisch Hospital, R.
Jain's unpublished data, accessed on May 20, 2020), compared with
the prepandemic epoch (February 1–27, 2020). Neuroimaging use
in the early phase centered mostly on acute stroke assessment, and
there was concern for an increased incidence of acute large-vessel
stroke in younger patients during the early phase of the pandemic.2

This was reflected in clinical practice as neuroradiologists in hot
spots saw a larger percentage of cases in the reading rooms being
centered around acute ischemic strokes. This discrepancy became
more pronounced due to a significant reduction in the nonstroke
routine outpatient and ED/inpatient neuroimaging volumes.

Publications during this early phase had a similar trend
because they were mostly case reports of acute stroke.2 However,
recent publications in large cohorts have demonstrated that the
incidence of acute stroke in hospitalized patients with COVID-19
is not .1%–2%.1,3 Although acute stroke is a major neurologic
complication of COVID-19 and a poor prognostic marker, its
incidence during the pandemic is not more than the percentage
share of ED hospital admissions for stroke during the prepan-
demic epoch.1 A recent publication has shown a 39% decrease in
stroke imaging use in the prepandemic epoch versus the early
pandemic epoch in the entire United States,4 indirectly support-
ing the possibility that acute stroke incidence in COVID-19 may
not be as high as initially predicted.1,3

The published COVID-19 literature toward the peak of the
pandemic in early April started to support previous evidence that

these patients are at a very high thrombotic risk.5 At this point,
the use of therapeutic or prophylactic anticoagulation started to
increase for hospitalized patients. For clinical neuroradiologists,
more brain imaging demonstrated hemorrhagic strokes, whether
hemorrhagic conversion of ischemic stroke or parenchymal hem-
orrhages, of which many were in patients receiving therapeutic or
prophylactic anticoagulation.6 Hemorrhagic stroke constituted
about 25% of positive neuroimaging findings during this early
and midphase of the pandemic.1,6

Neuroradiologists have seen their share of various zoonotic vi-
ral outbreaks affecting the central nervous system in the past few
decades.7 Neurologic injury in COVID-19 is hypothesized to be
due to 2 mechanisms: 1) direct virus injury; and 2) indirect
injury–related cytokine storm and increased coagulation. There
is weak evidence that direct CNS injury in COVID-19 could
cause meningoencephalitis or encephalopathy.8 However, the
probability could be difficult to conclusively establish without a
detailed CSF analysis or brain biopsy, which could be a challenge
to obtain in most of these very sick patients. Another major issue
with an accurate estimate of encephalitis has been a restrictive
use of neuroimaging and particularly MR imaging during
the pandemic.1 Most hospitalized patients were under strict con-
tact precautions and isolation and on various kinds of respiratory
support, making their transportation to MR imaging suites a
challenge, especially during the early phase when health care
resources were stretched thin.

Now, during the delayed phase of the pandemic in NYC,
there is an uptick in the use of neuroimaging for hospitalized
patients. More critically ill patients with COVID-19 are
undergoing MR imaging brain studies, especially to evaluate
their continued and prolonged poor mental status. Hence,
the spectrum of brain imaging findings has shifted to more
subacute and early chronic processes such as leukoencephal-
opathy and microhemorrhages.9 These imaging findings
seem to be associated with prolonged respiratory failure and
periods of hypoxemia and are usually seen in patients treated
with prolonged ventilator support, who also have consump-
tion coagulopathy characterized by elevated D-dimer levels
and fibrinogen-degradation products (R. Jain's unpublished
data, accessed on May 20, 2020).

Apart from the common neurologic manifestations and

imaging findings, there is also a growing interest and knowl-

edge base about COVID-19–related inflammatory disease

processes like Guillain-Barré syndrome and Kawasaki-like

disease (especially in pediatric populations). Head and neck

radiologists are also exploring possible associations of cranial

neuropathies and other soft-tissue neck abnormalities with

COVID-19. Moving forward, the focus of neuroimaging find-

ings and research will shift to more delayed and long-term

complications in critically ill patients. It would be a great op-

portunity for neuroradiologists to correlate COVID-19–

related imaging findings with the long-term morbidity and

mortality of these patients, with the focus on chronic brain

injury, atrophy, and dementia.

From the Departments of Radiology and Neurosurgery, NYU Langone Health, New
York, New York.
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PRACTICE PERSPECTIVES

Initial Stroke Thrombectomy Experience in New York City
during the COVID-19 Pandemic

K.A. Yaeger, J.T. Fifi, J. Lara-Reyna, C. Rossitto, T. Ladner, B. Yim, T. Hardigan, G.A. Maragkos,
T. Shigematsu, S. Majidi, and J. Mocco

ABSTRACT

SUMMARY: New York City has become the global epicenter of the coronavirus 2019 (COVID-19) pandemic. Despite a massive shift
in health care resources, cerebrovascular disease continues to be a substantial burden. We review the first 10 patients undergoing
thrombectomy following a series of governmental and institutional policy changes diverting resources to the care of critically ill
patients with COVID-19. Ten patients with emergent large-vessel occlusion underwent thrombectomy between March 23 and April
1, 2020. Five patients tested positive for the COVID-19 virus. Successful reperfusion was achieved in 9 of 10 patients, at a median
time of 37minutes from vascular access. The postprocedural NIHSS score improved by an average of 7.7 points. Of the 5 patients
positive for COVID-19, none have experienced a critical respiratory illness. We report the early incidence of COVID-19 positivity in
patients with emergent large-vessel occlusion and demonstrate that thrombectomy continues to be an efficacious option, as well
as safe for health care providers.

ABBREVIATIONS: COVID-19 ¼ coronavirus 2019; ELVO ¼ emergent large-vessel occlusion; PPE ¼ personal protective equipment; PUI ¼ patients under
investigation for COVID-19

The novel coronavirus 2019 (COVID-19) pandemic reached
global magnitude within 3months, affecting billions of people

worldwide and compromising the most modern health care sys-
tems. Despite recognition by the World Health Organization as a
public health emergency on January 30, 2020,1 the virus spread
internationally, with the first known case of COVID-19 in New
York City occurring on March 1, 2020. Since then, as of this writ-
ing on April 5, 2020, there have been 67,551 cases and 2256 deaths
in New York City, which has rapidly become the global epicenter
of this devastating pandemic.2 Many early reports from China and
Italy have suggested a high incidence of neurologic pathology
among patients with COVID-19.3-6 The virus is associated with a
hyperinflammatory and hypercoagulable state;7,8 thus, the inci-
dence of stroke among patients with the novel coronavirus is
hypothesized to be higher than normal.9 Two retrospective studies
from China observed ischemic strokes complicating .5% of
COVID-19 infections.10,11

The goals of this report are the following: 1) document the
prevalence of COVID-19 in patients presenting with emergent
large-vessel occlusion (ELVO) during the early COVID-19 pe-
riod; 2) determine whether initial outcomes of such patients
undergoing thrombectomy are consistent with prior experience;
3) determine whether performing thrombectomy would result in
COVID-19 infection of involved health care workers; and 4) dis-
cuss changes to the overall stroke workflow in adapting to the
high infectious concerns and the diversion of health care
resources.

MATERIALS AND METHODS
We reviewed the medical records of patients who underwent
stroke thrombectomy for ELVO during a 9-day time span from
March 23 to April 1, 2020, within our multi-institutional health
care system. This analysis was cleared by the institutional review
board, and written patient consent was waived.

Throughout the study period, the triage of patients with con-
cern for ELVO was similar to that in the prepandemic protocol.12

During the new COVID stroke triage process (Fig 1), the consult-
ing stroke team would identify risk factors for COVID-19 infec-
tion, including clinical or social indicators such as fever, cough,
or symptomatic personal contacts. Patients for intervention were
triaged as either patients under investigation for COVID-19
(PUI) or non-PUI. Angiography suites were prepared with full
airborne precautions. All endovascular devices and anesthesia
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supplies not needed for the procedure were removed. The mini-
mum number of health care providers was used, and all active
personnel donned full airborne personal protective equipment
(PPE: N95 mask, face shield, gown, and gloves). PPE was donned
at the beginning of each case before the patient entered the angi-
ography suite. In general, local anesthesia or mild sedation was
preferred for each patient, with conversion to general anesthesia
performed only for patients with an inability to protect the
airway.

All patients regardless of respiratory symptoms have had
surgical masks in place for droplet precautions, and patients
who were aphasic or neurocognitively compromised were
treated as PUI. To minimize aerosolization in the angiography
suite and subsequent exposure to the team and equipment, an-
esthesiology teams requested that patients who may require
general anesthesia be intubated by a rapid response team (for
inpatients) or emergency department staff and brought directly
to the interventional suite either with bag-valve-mask with a
viral filter or a portable ventilator. If intubation was required
during the procedure, it was performed by the attending anes-
thesiologist, with all other members of the team outside the
room for the duration of this aerosolizing procedure. At the
time of skin preparation and draping, the proceduralist and as-
sistant donned sterile gowns and surgical gloves and maintained
full airborne precautions from the neck up. Thrombectomy
procedures were performed in routine fashion using standard

devices, including aspiration catheters and stent retrievers. Any
endovascular devices or anesthesia equipment that was not im-
mediately accessible within the room was acquired by a runner
outside the room and handed off to the procedure team, pre-
venting the need for repeat donning and doffing of PPE.
Following thrombectomy, all patients were transferred to a sin-
gle comprehensive stroke center.

RESULTS
Patient Characteristics
Between March 23 and April 1, 2020, confirmed cases of
COVID-19 in New York City rose by 301%, from 20,875 to
83,712, with reported deaths caused by the disease increasing
from 157 to 1941 (1136%).13 During this time, 10 patients under-
went endovascular thrombectomy in our health care system
(Table). The average NIHSS score on presentation was 14 (range,
10–19). A variety of intracranial large-vessel occlusions were
observed. The average time from last known well to stroke code
was 5.5 hours (range, 30minutes to 20hours). Five patients
received intravenous thrombolysis with tPA.

Preoperatively, only 1 patient tested positive for COVID-19.
Although no patients had fever on admission, 3 patients had clin-
ical symptoms including cough and dyspnea. Only 1 patient had
known contact with persons positive for COVID-19. Based on ei-
ther clinical or radiographic concerns for infection, 9 patients

FIG 1. Our health system workflow triaging patient transfer for thrombectomy. First, COVID-19 status is interrogated concurrently with the ini-
tial work-up. If the patient presents to a primary stroke center, he or she is transferred to the nearest thrombectomy-capable center.
Concurrently, if necessary, the endovascular teammobilizes to the target center. Postprocedurally, all patients are transferred to the centralized
comprehensive stroke center. If confirmed positive for COVID-19 infection, the patient is transferred to the dedicated COVID intensive care
unit for respiratory and neurologic monitoring. If negative, the patient can recover in the standard neurosurgical intensive care unit. PUI whose
test results are pending, immediately after thrombectomy, are placed in negative pressure rooms in the neurosurgical intensive care unit and
transferred to the COVID-19 intensive care unit if the results return positive. ICU indicates intensive care unit; INR, interventional neuroradiol-
ogy; CSC, comprehensive stroke center; TCC, thrombectomy-capable center; PSC, primary stroke center.
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were tested for COVID-19 via nasopharyngeal swab, and 5 ulti-
mately had a positive test (50% of total cohort).

Preprocedural Workflow
Seven patients presented initially to a thrombectomy-capable
center, whereas 3 presented to a primary stroke center requiring
transfer for intervention. Of the 5 patients positive for COVID-
19, 3 presented to hospitals in Queens, 1 in Brooklyn, and 1 in
Manhattan, reflecting an increased COVID-19 prevalence in
Queens (33.4% of cases citywide as of April 3, 2020).14

Two patients (1 confirmed positive for COVID-19, 1 patient
under investigation based on symptoms) were intubated before
thrombectomy; the remaining patients underwent minimal seda-
tion. At this writing, none of the interventional team (including
technologists, nurses, or clinicians) have experienced symptoms of
COVID-19 infection.

Procedural Details
The median time from endovascular consultation to vascular
access was 65minutes (range, 21–363minutes). One patient pre-
sented with an occluded flow-diverting stent placed 7 days prior
for an unruptured aneurysm; the occlusion could not be traversed
with a guidewire or catheter, and reperfusion was not achieved. In
the 9 other patients, successful reperfusion (defined as TICI$ 2b)
was achieved with median time of 37minutes (range, 14–
70minutes) from vascular access. Overall, the average time from
last known well to reperfusion was 7.2 hours (range, 2–19hours)
in the 9 patients with successful reperfusion. On postoperative day
1, the NIHSS score was reduced by an average of 7.7 points (me-
dian, 8.5; range, 0–18 points).

DISCUSSION
The ongoing COVID-19 pandemic is a global black swan event,
unpredicted but highly consequential, with implications beyond
current expectations. As cases surge worldwide, health care insti-
tutions have been overrun with patients, some of whom are crit-
ically ill on presentation. In response, systems of care have been
dramatically altered to accommodate a constant deluge of
patients with acute respiratory failure.9 Nevertheless, the burden
of cerebrovascular disease continues: During a 9-day period, we
performed 10 thrombectomy procedures on patients with emer-
gent large-vessel occlusion, 5 of whom ultimately tested positive
for COVID-19. The procedural results during this time period
are consistent with our pre-COVID institutional experience.
These results have been achieved with careful preparation of the
angiography suite for incoming patients, safeguards with appro-
priate PPE, and reorganization of our institutional network to
provide thrombectomy at satellite centers and subsequently cen-
tralize postoperative care. It is critical to note that no members of
the procedural teams have developed symptoms consistent with
COVID-19; however, given the lack of long-term follow-up in
this report as well as the long incubation time for COVID-19,
providers may eventually develop infectious symptoms. Even de-
spite a lack of symptoms, members of the comprehensive stroke
team may have been asymptomatic carriers; therefore, the impor-
tance of PPE extends to preventing infection among the team.

Rapid changes in citywide health care system processes at the
onset of the New York City pandemic led to necessary adapta-
tions to our acute stroke triage process. Early reports on the
hypercoagulable effects of the COVID-19 syndrome have been
corroborated by our findings of increased incidences of large-ves-
sel occlusion in the early COVID-19 period (data accepted for
publication). We have also observed ELVO as the presenting
symptom of COVID-19 in several young patients.15 As a result of
these demographic shifts, we have had a higher index of suspicion
for ELVO in a wider array of patients presenting with neurologic
symptoms. As the COVID-19 incidence began to exponentially
increase across the city, several institutions began to divert
patients without COVID-19 with acute stroke to our center, a dis-
ruption in the normal referral pattern that has led to a delay in
care for several patients with stroke. Thus, we suggest a regional
consolidation of thrombectomy care to a smaller number of insti-
tutions, thereby preventing time delays for satellite hospitals in
finding an accepting center with capacity.

Post-thrombectomy care has changed substantially since the
study period began. With neurointensive care faculty reassigned
to a COVID-19-focused intensive care unit, an endovascular
team member has assumed the role of neurointensivist. This has
been feasible only by centralizing the post-thrombectomy care to
the comprehensive stroke center, differing from our traditional
system, in which patients who undergo acute stroke interventions
at a thrombectomy-capable hospital are admitted to the local in-
tensive care unit and are cared for by the in-house stroke team.

Our focus throughout has been the continued delivery of
timely stroke care, with great attention to the safety of health care
personnel. We have compensated for the diversion of hospital
resources toward critically ill patients with COVID-19 by trans-
ferring post-thrombectomy patients out of resource-critical

Characteristics of the first patients who underwent endovascu-
lar thrombectomy during the study period of COVID-19

Characteristics
Patients
Male sex 6 (60%)
Age (mean) (range) (yr) 64 (37–90)
Presenting NIHSS score (mean) (range) 14 (10–19)

Presenting hospital borough
Queens 6
Manhattan 3
Brooklyn 1

Occlusion location
Right ICA 1
Left ICA 1
Right M1 3
Left M1 2
Right M2 1
Left M2 1
Basilar artery 1

Intravenous thrombolysis (tPA) 5
COVID-19 features
Symptoms 3
Radiographic 2
Known sick contact 1

COVID-19 PCR test
Positive preprocedure 1
Positive postprocedure 4
Negative 4
Not tested 1

Note:—PCR indicates polymerase chain reaction.
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environments. New York City has become the global epicenter
of the COVID-19 pandemic, preceding other US cities by weeks
to months. While we present our findings at the early stages of
this public health crisis, changes in stroke demographics, inci-
dence, and outcomes may occur as the COVID-19 outbreak
continues in various stages of development. Therefore, more
longitudinal studies should be undertaken as time passes.
However, with this early report, we hope to encourage the con-
tinued care of patients with acute stroke with ELVO because we
have observed thrombectomy being performed in a safe, effec-
tive manner during this crisis. In light of the recently published
guidelines on COVID-19 and acute stroke care from the
American Heart Association/American Stroke Association,16

Society of NeuroInterventional Surgery,17 and Society of
Vascular and Interventional Neurology,18 we report our early
clinical experience to corroborate these recommendations and
advocate for their strict adherence, to continue improving
patient outcomes and health care worker well-being.

Disclosures: Johanna Fifi—UNRELATED: Consultancy: Stryker, Penumbra; Grants/
Grants Pending: Stryker, Penumbra, Microvention.* *Money paid to institution.
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ORIGINAL RESEARCH
ADULT BRAIN

COVID-19 Is an Independent Risk Factor for Acute Ischemic
Stroke

P. Belani, J. Schefflein, S. Kihira, B. Rigney, B.N. Delman, K. Mahmoudi, J. Mocco, S. Majidi, J. Yeckley,
A. Aggarwal, D. Lefton, and A.H. Doshi

ABSTRACT

BACKGROUND AND PURPOSE: Coronavirus disease 2019 (COVID-19) is an active worldwide pandemic with diverse complications.
Stroke as a presentation has not been strongly associated with COVID-19. The authors aimed to retrospectively review a link
between COVID-19 and acute stroke.

MATERIALS AND METHODS: We conducted a retrospective case-control study of 41 cases and 82 control subjects matched by
age, sex, and risk factors. Cases were patients who underwent stroke alert imaging with confirmed acute stroke on imaging
between March 16 and April 5, 2020, at 6 hospitals across New York City. Control subjects were those who underwent stroke aler-
timaging during the same timeframe without imaging evidence of acute infarction. Data pertaining to diagnosis of COVID-19 infec-
tion, patient demographics, and risk factors were collected. A univariate analysis was performed to assess the covariate effect of
risk factors and COVID-19 status on stroke imaging with positive findings.

RESULTS: The mean age for cases and controls was 65.5 6 15.3 years and 68.8 6 13.2 years, respectively. Of patients with acute is-
chemic stroke, 46.3% had COVID-19 infection compared with 18.3% of controls (P¼ .001). After adjusting for age, sex, and risk fac-
tors, COVID-19 infection had a significant independent association with acute ischemic stroke compared with control subjects (OR,
3.9; 95% CI, 1.7–8.9; P¼ .001).

CONCLUSIONS: We demonstrated that COVID-19 infection is significantly associated with imaging confirmation of acute ischemic
stroke, and patients with COVID-19 should undergo more aggressive monitoring for stroke.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2; RT-PCR ¼ reverse transcriptase
polymerase chain reaction

In December 2019, a novel Severe Acute Respiratory Syndrome
coronavirus 2 (SARS-CoV-2) emerged in Wuhan, China.1

Coronavirus disease 2019 (COVID-19), the clinical manifestation
of SARS-CoV-2 infection, has since spread into a worldwide pan-
demic.2 According to the World Health Organization, as of April
22, 2020, at least 2.5 million confirmed cases of COVID-19 have
been detected in 213 countries, with at least 169,000 patients
dying from their disease or complications thereof.3

From the initial outbreak in China, transmission was identified
from respiratory droplets and fomites, with symptoms initially

reported as fever, dyspnea, cough, and severe hypoxia. With greater
clinical experience, a broader spectrum of symptoms has emerged,
such as gastrointestinal disease, headache, altered mental status,
anosmia, and confusion.4-6 An acute hemorrhagic necrotizing ence-
phalopathy has also been noted secondary to COVID-19 infection.7

Even before COVID-19, antecedent respiratory infections
have been known to increase the short-term risk of ischemic
stroke.8-16 Early reports from China indicate that neurologic
symptoms are seen in approximately 36% of patients hospitalized
with COVID-19.16 Poor outcomes with COVID-19 infection
have an association with vascular risk factors such as hyperten-
sion, coronary artery disease, and diabetes mellitus.17 It has been
proposed that the SARS-CoV-2 virus can cause a cytokine storm
through angiotensin-converting enzyme 2 receptor binding, lead-
ing to a hypercoagulable state and an increased incidence of vas-
cular thromboses in patients with COVID-19.18,19

To our knowledge, no peer-reviewed study has been pub-
lished in the literature evaluating the incidence of acute ischemic
stroke associated with COVID-19 when controlling for traditional
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vascular risk factors. With the dramatic rise in patients with
COVID-19 in New York City in March 2020, the authors began to
observe a disproportionately greater incidence of stroke among
patients with COVID-19 compared with the non-COVID-19 pop-
ulation. The authors believe there may be an association between
COVID-19 infection and stroke risk. In this study, our objectives
were the following: 1) to determine whether infection with
COVID-19 is indeed associated with increased incidence of
stroke, and 2) to assess whether COVID-19 is an independent
risk factor for stroke when controlling for conventional vascular
risk factors.

MATERIALS AND METHODS
Patient Selection
The project was conducted as a retrospective case-control study
with data gathered from 6 hospitals spread across the boroughs
of Manhattan, Queens, and Brooklyn in New York City. The 6
hospitals consisted of 1 large academic hospital and 5 smaller
community hospitals. Institutional review board approval was
obtained on an expedited basis. A total of 139 patients had stroke
alert for acute neurologic symptoms between March 16 and April
5, 2020. All patients with stroke alert had a noncontrast head CT
performed followed by vascular imaging (generally a CT angiog-
raphy) unless there was a medical contraindication or clinical
instability. Patients were included for the following reasons: 1)
They had activated stroke alert, 2) CT head and vascular imaging,
and 3) clinical data documenting COVID-19 status. Patients pre-
senting primarily with hemorrhage, tumor, and vasculitis were
excluded (n ¼ 12). Patients with no clinical data were excluded
(n ¼ 1). This step yielded a total of 126 patients. Patients with
acute ischemic stroke (small- or large-vessel occlusions) were
matched with patients without stroke by age, sex, and major vas-
cular risk factors on a 1:2 case-to-control ratio, which resulted in
41 cases and 82 control patients (3 patients were excluded from
the control group to maintain this ratio). Thus, the final cohort
number was 123 patients. The presence or absence of stroke was
confirmed on CT and/or MR imaging by a board-certified radiol-
ogist with fellowship training in neuroradiology. Patients were
deemed to have acute stroke on imaging if they had acute loss of
gray-white differentiation on CT or a diffusion-restricting focus
on MR imaging consistent with infarct. If the initial CT findings
were negative but there was a persistent clinical suspicion for
stroke, it was confirmed or refuted on brain MR imaging unless
there was a contraindication.

Control subjects were defined as inpatients and those in the
emergency department with negative neurologic findings on
imaging (CT or MR imaging) for acute stroke in the setting of a
clinical suspicion for acute stroke. Patients with initial negative
imaging findings were followed up clinically and also on repeat
imaging (if deemed clinically necessary) to verify the absence
of acute stroke. Vascular risk factors, which were obtained from
the medical record, included hypertension, coronary artery dis-
ease, diabetes mellitus type 2, atrial fibrillation, congestive heart
failure, dyslipidemia, current or former smoking status, evidence
of prior stroke, and body mass index corresponding to over-
weight (25–29.9 kg/m2) or obesity ($30 kg/m2). Data pertaining
to a concurrent diagnosis of COVID-19 infection and patient

demographics were also collected from the electronic medical re-
cord. COVID-19 infection was confirmed by in-house in vitro
reverse transcriptase polymerase chain reaction (RT-PCR) of na-
sopharyngeal swabs performed on the cobas 6800/8800 systems
(Roche Diagnostics) under emergency authorization from the US
Food and Drug Administration. Patients were considered nega-
tive for COVID-19 negative if the RT-PCR test findings were
negative.

Statistical Analysis
Patients whose imaging and clinical findings were consistent with
acute ischemic infarct were matched by age, sex, and the number
of major vascular risk factors against controls whose imaging and
clinical findings were inconsistent with acute ischemic infarct.
There were 2 controls for every case.

A Pearson x 2 test was performed for categoric variables, and
a t test was performed for continuous variables for evaluation of
the statistical difference between case and control groups. All tests
were 2-tailed, and a P value of .05 was considered statistically sig-
nificant. All statistical analyses were conducted with the SPSS sta-
tistical package for Windows, Version 25 (IBM).

RESULTS
Clinical Characteristics of the Patient Population
Stroke alerts were most commonly activated for patients with
hemiplegia, hemisensory loss, dysarthria, facial droop, aphasia,
and acute altered mental status. Our patient population consisted
of 123 patients, of whom 41 patients who had an acute ischemic
stroke (anterior or posterior circulation) were matched for age,
sex, and vascular risk factors with 82 patients without stroke. The
mean age for cases and controls was 65.56 15.3 years and 68.86
13.2 years, respectively. Sex composition was identical between
groups, with 56.1% men in each.

Risk Factor Analysis
There was no statistically significant difference in age, sex, or
major vascular risk factors between case and control subject
groups (Table). COVID-19 infection was confirmed in 19 of 41
patients (46.3%) with acute ischemic stroke, compared with 15 of
82 patients (18.3%) in the control group. The COVID-19 infec-
tion rate was significantly higher in patients with acute ischemic
stroke compared with control subjects (P¼ .001).

After we adjusted for age, sex, and major vascular risk factors,
COVID-19 infection was found to be independently and signifi-
cantly associated with patients with acute ischemic stroke com-
pared with control subjects with an OR of 3.9 (95% CI, 1.7–8.9;
P¼ .001).

DISCUSSION
We found that COVID-19 is an independent risk factor for imag-
ing-confirmed acute ischemic stroke during stroke alerts evalua-
tion, after controlling for traditional vascular risk factors. This
finding suggests that COVID-19 infection is associated with
increased morbidity and mortality that transcends the primary
cardiopulmonary sequelae from the infection. It has been
observed that a large number of patients affected with COVID-19
have underlying vascular disease. A meta-analysis of 6 published
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studies from China including 1527 patients with COVID-19
reported common comorbid conditions, including diabetes
(9.7%), cardiovascular disease (16.4%), and hypertension
(17.1%).20 In particular, patients with severe COVID-19 had a 3-
fold higher incidence of cardiovascular disease than those with
mild-to-moderate disease.

Multiple studies have reported that recent respiratory infec-
tions are known to increase the short-term risk of ischemic
stroke.8,9,11,12,14,15 For example, Grau et al11 reported that bacte-
rial and viral infections were risk factors for embolic and throm-
botic infarcts. They found that infection within the preceding
week was a risk factor for cerebral ischemia in age-adjusted mul-
tiple logistic regression analysis (OR, 2.9; 95% CI, 1.31–6.4). Of
221 patients with COVID-19 at a hospital in Wuhan,20 11 (5%)
developed acute ischemic stroke. This patient group was signifi-
cantly older and more likely to have cardiovascular risk factors
and severe COVID-19 infection. They were more likely to have
an increased inflammatory response and a hypercoagulable state
manifested by elevated C-reactive protein and D-dimer levels.21

Our study attempts to evaluate the impact of COVID-19 on
stroke irrespective of other vascular risk factors. Patients with
acute stroke and controls without stroke belonged to the same
medical system and clinical setting. Our study confirms that there
was a significantly greater incidence of acute ischemic stroke in
patients with COVID-19 infection compared with those without
the infection. After we adjusted for major vascular risk factors, a
diagnosis of COVID-19 was associated with significantly more
cases than in control subjects.

Several theories link infectious/inflammatory syndromes with
an increased risk of stroke, probably due to the different mecha-
nisms involving prothrombotic state, changes in lipid metabolism
and platelet aggregation, alterations in endothelial function, and
plaque instability and rupture.22,23 The current favored mecha-
nism involves SARS-CoA-2 binding to the angiotensin-convert-
ing enzyme 2 receptor, potentially leading to a cytokine storm
and ultimately to a hypercoagulable state in patients with
COVID-19.18,19 Additionally, critically ill patients with SARS-
CoV-2 often show elevated D-dimer levels and platelet counts,
which may render patients prone to acute cerebrovascular

disease.24 It has been shown in a mouse influenza
model that after the selective blocking of cytokines,
there was a reduction in infarction volume and
improved survival.25

Limitations of our study are those that apply to all
retrospective case-control studies. We tried to limit
confounding variables like demographics and medical
risk factors for stroke to reduce bias. We reduced refer-
ral bias by incorporating stroke alert cases from multi-
ple hospitals across various communities in New York
City. Another limitation is our sample size of 123
patients; however, these are all patients with stroke
alerts presenting at 6 hospitals, which consisted of 1
large academic hospital and 5 smaller community hos-
pitals, during a short time span of 2.5weeks.
Additionally, it is possible that some patients with clin-
ical and radiologic signs of infection who tested posi-
tive for COVID-19 on RT-PCR could be falsely

positive and with other viral or bacterial respiratory infections
instead.

The sensitivity and specificity of the RT-PCR test used for the
diagnosis of COVID-19 has not been definitively established
because the test is approved under emergency use authorization.
It is also possible that we may have under-represented the num-
ber of patients with COVID-19 (ie, clinically asymptomatic car-
riers who were not tested for COVID-19), but this could affect
both the stroke and nonstroke outcomes. Finally, another impor-
tant consideration is the possibility of unexpected selection bias
with higher thresholds for presentation to the hospital due to
social distancing/fear of a hospital setting during the pandemic.
This coupled with an overall increased prevalence of COVID-19
may confound the true effect of COVID-19 on stroke risk.

CONCLUSIONS
To our knowledge, this is the first study to link SARS-CoV-2 with
an increased risk of imaging-confirmed acute ischemic stroke
when accounting for confounding risk factors. Future endeavors
may assess whether this relationship holds true in a larger popu-
lation and with the pathophysiologic mechanisms (such as the
proinflammatory prothrombotic state and cytokine storm) inher-
ent in COVID-19 that drive this association. Attempts should
also be made to see whether the association holds true for large-
vessel and small-vessel strokes. Patients with COVID-19 should
be evaluated early for acute neurologic changes, and timely work-
up should be performed in patients suspected of having stroke to
reduce morbidity and mortality.
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Neurologic Involvement in COVID-19: Cause or Coincidence?
A Neuroimaging Perspective

A. Pons-Escoda, P. Naval-Baudín, C. Majós, A. Camins, P. Cardona, M. Cos, and N. Calvo

ABSTRACT

SUMMARY: The rapid spread of the coronavirus disease 2019 (COVID-19) pandemic has shaken hospitals worldwide. Some authors
suggest that neurologic involvement could further complicate the disease. This descriptive study is a cross-sectional review of 103
patients diagnosed with COVID-19 who underwent neuroimaging (of a total of 2249 patients with COVID-19 in our center).
Analyzed variables were neurologic symptoms and acute imaging findings. The most frequent symptoms that motivated neuroimag-
ing examinations were mild nonfocal neurologic symptoms, code stroke (refers to patients presenting with signs and symptoms of
stroke whose hyperacute assessment and care is prioritized), focal neurologic symptoms, postsedation encephalopathy, and seiz-
ures. No cases of encephalitis or direct central nervous system involvement were detected. Thirteen patients presented with acute
ischemic events, and 7, with hemorrhagic events; however, most reported multiple vascular risk factors. Despite the large cohort of
patients with COVID-19, we found a large number of symptomatic patients with negative neuroimaging findings, and no conclusions
can be drawn concerning concrete associations between neuroimaging and COVID-19.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; RT-PCR ¼ reverse transcription polymerase chain reaction; SARS-COV ¼ Severe Acute Respiratory
Syndrome coronavirus

The coronavirus disease 2019 (COVID-19) pandemic caused
by the Severe Acute Respiratory Syndrome coronavirus 2

(SARS-CoV-2) started in Wuhan, China, in December 2019 and
spread rapidly. The current focus is in North America and
Europe, including Spain, and particularly Catalonia, where the vi-
rus has overwhelmed the hospitals and made it one of the most
hard-hit regions of Europe.

The clinical hallmark of the disease is viral pneumonia with
fever and dry cough. Patients can suddenly progress to acute re-
spiratory distress syndrome and, in severe cases, to death due to
respiratory or multiorgan failure. Early publications were cen-
tered on these most salient and emergent aspects of the disease,
mainly respiratory, but later articles suggested different sorts of
neurologic complications.1-5

Proposed mechanisms for neurologic implications include the
following:

• Direct central nervous system spread, based on the known
neurotropism of previous SARS-COV strains, which could
access the CNS via olfactory pathways or the bloodstream,
causing meningitis and encephalitis.4,6 The involvement of
the respiratory center in the brain stem may hypothetically
justify the well-documented rapid respiratory deterioration
with marked hypoxia despite a lack of symptomatic
dyspnea.2,7

• Indirect neurologic involvement due to an excessive systemic
proinflammatory response, which may cause widespread dys-
regulation of homeostasis with coagulopathy and may also
increase the risk of acute cerebrovascular diseases.8,9

• Parainfectious autoimmune-based neurologic complications
such as acute disseminated encephalomyelitis and Guillain-
Barré syndromes, which are recognized complications of mi-
crobial infections.10-12

Several studies have described neurologic symptoms in
patients with COVID-19. These symptoms mainly include dizzi-
ness, headache, ataxia, and confusion.5,7,13 One case report sug-
gested viral meningoencephalitis and ventriculitis with reverse
transcription polymerase chain reaction (RT-PCR) positive for
SARS-CoV-2 in the CSF of a young patient with consciousness
disturbance and seizures.6 Anosmia and dysgeusia, which are
highly prevalent in early infection,14 have been proposed in sup-
port of the hypothesis of CNS spread via the olfactory tract.3
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Cerebrovascular events in patients with COVID-19 have also
been documented; Klok et al15 described 3 cases of acute ischemic
stroke in a cohort of 184 patients (1.6%) in the intensive care
unit, while another preprint article described acute cerebrovascu-
lar accidents (ischemic and hemorrhagic) in 13 patients of 221
(5.9%).16 Finally, some cases of parainfectious autoimmune-
based neurologic manifestations concurrent with active COVID-
19 have been described, including hemorrhagic necrotizing ence-
phalopathy12 and Guillain-Barré syndrome.10,11

To the best of our knowledge, neuroimaging of the disease
has not itself been evaluated to date.

Our objective is to present a large series of patients with
COVID-19 with neurologic symptoms requiring neuroimaging.

MATERIALS AND METHODS
Case Series
This article was revised for publication by the research ethics
committee of our tertiary hospital. The data of the patients were
anonymized for this analysis. The confidential information of
patients was protected in accordance with national and European
Union norms. Nonspecific 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.

We performed a retrospective cross-sectional review of
patients admitted to our tertiary care center between March 1
and April 18, 2020, with RT-PCR positive for SARS-CoV-2 in
whom brain neuroimaging was performed.

Eligibility criteria were the following: a positive record of RT-
PCR for SARS-CoV-2; neuroimaging performed, including either
head CT or MR imaging; and 16 years of age or older. Exclusion
criteria were the following: neuroimaging performed .5 days
before diagnosis (based on a median incubation period of
5.1 days17), or low-quality imaging on visual assessment.

Regarding the protocol of our center, the RT-PCR for SARS-
CoV-2 testing was performed if the patient presented with severe
respiratory symptoms (respiratory rate of .30 breaths per mi-
nute, blood oxygen saturation of ,95%, with oxygen adminis-
tered at 35%) or pulmonary infiltrates on x-ray suspicious for
viral pneumonia. Furthermore, PCR testing was also performed
on all inpatients, on patients who fulfilled the criteria for in-hos-
pital admission, on candidates for invasive surgical or interven-
tional procedures, on all hospital personnel with any respiratory
or suspicious symptoms, and finally, on vulnerable populations
such as immunocompromised patients.

The minimum required imaging protocol consisted of head
CT with or without contrast from the cranial base to the apex or
MR imaging, including T1WI, T2WI, T2*WI, DWI, and FLAIR.
Available CTA was also reviewed but not included as an eligibility
criterion.

Variables reviewed included basic demographic and clinical
characteristics, symptoms motivating neuroimaging, and acute
neuroimaging findings.

Reasons for neuroimaging were grouped into 7 categories: 1)
mild nonfocal neurologic symptoms and including symptoms
such as headache, transient mild ataxia, dysarthria, or mild con-
fusion not fulfilling code stroke criteria; 2) activated code stroke/

transient ischemic attack; 3) other focal neurologic symptoms; 4)
traumatic brain injury; 5) postsedation encephalopathy; 6) seiz-
ures; and 7) miscellany.

All imaging studies were independently reviewed by 2 certi-
fied neuroradiologists (P.N.-B. and A.P.-E.). Demographics, clini-
cal characteristics, and neuroimaging indications were extracted
from patients’ clinical histories and neuroimaging. Quality assess-
ment of the images was subjectively performed by both certified
neuroradiologists (P.N.-B. and A.P.-E.). Disagreements were
solved by consensus.

RESULTS
From March 1 to April 1, 2020, a total of 2249 patients with RT-
PCR positive for SARS-CoV-2 were admitted in our center.
During the hospitalization period, 112 of these patients under-
went head neuroimaging (17 head MR imaging, 111 head CT,
and 27 CTA). Of these patients, 9 were excluded (1 with MR
imaging1 CT; 2 with CT1 CTA; 6 with CT), 8 of them because
imaging was performed .5 days before SARS-CoV-2 diagnosis
and 1 because of low-quality imaging (Fig 1). Accordingly, the
final number of participants was 103 (Table 1).

Reasons for neuroimaging matched with neuroimaging find-
ings are summarized in Fig 2 and are presented below by catego-
ries. Specific results in patients with MR imaging only are
presented in Table 2.

Mild Nonfocal Neurologic Symptoms
The most common reason for neuroimaging was a nonspecific
state of headache, mild alteration of consciousness, transitory
dysarthria, or gait abnormality, in 40 patients (4 CT 1 MRI, 2
CT 1 CTA, and 34 CT scans). Neuroimaging showed no acute
findings in 36 patients. Two patients had distal small-vessel acute
infarctions (1 cerebellar, 2 left prefrontal), a single patient had a

FIG 1. Recruitment flow chart.
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left parietal lobar acute hematoma, and another had a basilar tip
aneurysm.

Stroke/TIA
The second most common reason for neuroimaging was an acti-
vated code stroke or transient ischemic attack in 25 patients

(7 CT 1 CTA 1 MRI, 1 CT 1 MRI,
11 CT 1 CTA, and 6 CT scans). We
found 6 acute parenchymal hemato-
mas: 3 deep basal ganglia and 3 lobar.
Large-vessel occlusion was observed
in 8 patients. Included were 3 patients
categorized as having small-vessel
occlusion, 2 acute lacunar infarctions,
and 1 patient with multiple, multi-
territory small distal acute parenchy-
mal infarctions. Finally, 8 patients
had no acute neuroimaging findings.

Focal Neurologic Symptoms
Eleven patients underwent neuro-
imaging for focal neural symptoms
that did not fulfill criteria for code
stroke (2 CT 1 CTA 1 MRI, 1 CT 1

MRI, 1 MRI, 1 CT 1 CTA, and 6 CT
scans). Two patients with known
malignancy had an increase in the
size of previously known brain me-
tastases: One of them presented with
visual field disturbance; the other,
with mild acral paresis. Another
patient with abducens nerve palsy
had a large aneurysm at the origin of
the right posterior-inferior cerebellar
artery. The other 8 patients had no
acute neuroimaging findings: One of
them presented with diplopia, and
the other 7, with mild acral paresis.

Traumatic Brain Injury
Seventeen patients underwent CT for
trauma involving the craniofacial
region. Sixteen had no relevant acute
intracranial findings. One had a focal
left-parietal parenchymal hemorrhagic
concussion.

Postsedation Encephalopathy
Five patients underwent CT (1 of them
also with CTA) because of a Glasgow
Coma Scale score below 7. Four of
them were patients with delayed recov-
ery of consciousness after prolonged
sedation in the intensive care unit. One
was a patient with severe respiratory
failure. None had any acute findings on
CT or CTA.

Seizures
Three patients had CT performed due to seizures. None of them
had acute findings. Two of them were known to have had epilep-
togenic lesions: One had chronic calcified neurocysticercosis
lesions, and the other had extensive areas of encephalomalacia
due to a prior cerebrovascular accident. For the 1 patient with no

Table 1: Demographic and imaging technique characteristicsa

All Patients Inpatients Emergency Department
No. 103 64 39
Sex (No.) (%)
Male 63 (61%) 37 (58%) 26 (67%)
Female 40 (39%) 27 (42%) 13 (33%)

Age (yr) 74 (50.2–90) 71.5 (48–90) 75 (30.3–89)
Imaging technique
CT 102 (99%) 63 (98%) 39 (100%)
CTA 25 (24%) 14 (22%) 11 (28%)
MR imaging 16 (16%) 13 (20%) 3 (8%)

a Categoric variables are (No.) (%); age is (median) (fifth to 95th percentile).

FIG 2. Summary of results, including all patients undergoing neuroimaging (MR imaging/CT).
Reasons for neuroimaging are on the y-axis. Neuroimaging findings are color-coded in the
legend. Note that “Mild nonfocal neurologic symptoms” refer to any mild state of altered con-
sciousness, mild transient dysarthria, mild transient gait abnormality, or headache. Lacunar or
small distal cortical infarctions not susceptible to thrombectomy were considered “small-
vessel.”

Table 2: Patients undergoing MR imaging

Reason for MR Imaging No. Findings of MR Imaging No.
Code stroke 8 Acute ischemic (small-vessel) 3

Acute ischemic (large-vessel) 2
Parenchymal hemorrhage 3

Other focal neurologic symptoms 4 Metastasis 2
Aneurysm 1
Normal 1

Mild nonfocal neurologic symptoms 4 Acute ischemic 1
Parenchymal hemorrhage 1
Normal 2
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history of seizures or epileptogenic lesions, neuroimaging find-
ings were normal, and seizures were considered to be related to
carbapenem neurotoxicity, which was administered due to con-
current extended-spectrum b -lactamase Klebsiella pneumoniae
infection.

Miscellaneous Cases
Two isolated miscellaneous cases included a case of COVID-19
initial presentation with Guillain-Barré syndrome and normal
neuroimaging (CT) findings, and a case of Staphylococcus aureus
endocarditis with mycotic aneurysms on CTA.

The above cases include 20 cases of nontraumatic cerebrovascular
accidents, with 3 not presenting as code stroke. Details of cardio-
vascular risk factors in these patients are provided in Table 3. Most
notably, 75% of all patients with a cerebrovascular accident had at
least 1 vascular risk factor, and 61% had at least 2, without consid-
ering age. However, in the case of the 7 patients with parenchymal
hematomas, 3 had no vascular risk factors and were younger than
70 years of age. Moreover, of the 4 patients with lobar hematomas,
none had imaging characteristics or clinical history of cerebral
amyloid angiopathy or any other predisposing factor.

DISCUSSION
We have analyzed one of the largest series of patients with
COVID-19 published to date and focused on those patients with
neurologic symptoms requiring neuroimaging. The patients
included in our analysis presented with a varied spectrum of neu-
roimaging indications and findings. Nevertheless, a large number
of symptomatic patients appeared to have negative neuroimaging
findings.

A causal relationship with COVID-19 infection may be rea-
sonably ruled out in some patients, such as the ones with neuro-
imaging performed because of traumatic brain injury or the case
of bacterial endocarditis. Cases with vague symptoms such as a
mild transitory altered level of consciousness or mild nonspecific
focal neurologic symptoms had mostly normal neuroimaging
results or alternative diagnoses independent of COVID-19, such

as brain metastases and unruptured aneurysms.
Furthermore, 4 patients with encephalopathy
after prolonged sedation had normal neuroi-
maging findings. A nonspecific delay in con-
scious-level recovery is not uncommon in
patients with deep and prolonged sedation,
which many patients with COVID-19 require.
Neuro-imaging is performed in these patients
to rule out other occult complications, which,
in these cases, were indeed ruled out. The
remaining patients, in our opinion, warranting
consideration as possibly related to COVID-19
included 13 patients with acute ischemic
lesions, 7 patients with acute hemorrhagic
lesions (4 lobar and 3 deep basal ganglia), 3
patients with seizures, and 1 patient with
Guillain-Barré syndrome and normal neuroi-
maging findings.

There was a high prevalence of vascular risk
factors among acute ischemic cerebrovascular events. Neverthe-
less, in the case of acute hemorrhagic lesions, several cases had no
previous risk factors. Moreover, as illustrative data, during the
same period, the number of code stroke protocols activated in
our center dropped 30% from the previous year. Of 97 patients
with activated code stroke in this time period, 18 were positive
for SARS-CoV-2 (19%) versus 79 who tested negative. To date,
no reliable data are available on the prevalence of the infection in
the local population.

The neurologic symptoms in patients with COVID-19
described in several articles are nonspecific, and inconclusive for
any underlying organic neurologic damage. These symptoms in-
cluded dizziness, headache, ataxia, and confusion, which are fre-
quent transient symptoms of diverse scenarios such as infections,
prolonged hospitalization periods, and posttreatment or postpro-
cedural states, among others.5,13 A case report suggested viral
meningoencephalitis and ventriculitis in a patient with RT-PCR
positive determination on CSF and negative on the nasopharyn-
geal swab for SARS-CoV-2. This patient presented with nonspe-
cific neurologic symptoms such as consciousness disturbance and
seizures, and imaging findings were not specific.6 Regarding
anosmia and dysgeusia, a pre-peer review study suggested that
non-neural support cells but not sensory neural cells express the
angiotensin-converting enzyme 2 receptor, which is targeted by
the virus. This finding would support the hypothesis that anos-
mia and dysgeusia are merely a peripheral phenomenon.18 As for
acute cerebrovascular events in COVID-19, some considerations
prevent establishing causality based on published studies.15,16

Prior common patient underlying conditions/risk factors that
may cause cerebrovascular events seem overlooked; and risk-
stratified control datasets are not used to robustly confirm a
higher incidence of cerebrovascular events or the real increase of
risk in patients with COVID-19. Finally, parainfectious processes
are thought to be triggered by an immune response, and about
two-thirds of patients have a recent history of viral or bacterial re-
spiratory or gastrointestinal tract infection,19 so it seems perfectly
plausible that SARS-COV-2 may also trigger these kinds of dis-
eases, as is suggested in the literature.10-12

Table 3: Demographic and vascular risk factors in cerebrovascular accidents and
all patients with code stroke

All Code
Stroke and

CVA Ischemic Hematoma Normal
No. 28 13 7 8
Sex (No.) (%)
Male 16 (57%) 7 (54%) 6 (86%) 3 (38%)
Female 12 (43%) 6 (46%) 1 (14%) 5 (63%)
Age (median) (range) (yr) 71 (45–89) 74 (45–89) 68 (49–78) 73.5 (67–77)
Vascular risk factors (No.) (%)
Hypertension 20 (71%) 9 (69%) 4 (57%) 7 (88%)
Hypercholesterolemia 14 (50%) 7 (54%) 2 (29%) 5 (63%)
Diabetes mellitus 9 (32%) 3 (23%) 2 (29%) 4 (50%)
Smoker 2 (7%) 0 1 (14%) 1 (13%)
Atrial fibrillation 2 (7%) 2 (15%) 0 0
At least 1 CV risk factor 21 (75%) 10 (77%) 4 (57%) 7 (89%)
At least 2 CV risk factors 17 (61%) 7 (54%) 3 (43%) 7 (89%)

Note:—CV indicates cardiovascular; CVA, cerebrovascular accident.
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There are several important limitations to this study, mainly
due to the rapid expansion of the disease and the critical situation
of many patients, which requires a reorganization of hospital
resources centered on providing the best possible assistance.
First, despite the relatively large sample of patients with COVID-
19 (2249), only 103 who underwent neuroimaging could be
included in this study. This could be partially explained by the
following: Severely ill patients may not have neurologic symp-
toms or may not be able to undergo imaging; or the concern for
transporting infected patients and contaminating radiology
equipment may prompt a higher threshold for imaging indica-
tions. Second, not all presumably infected patients were tested, so
the number of patients with COVID-19 may be underestimated.
Third, the availability full clinical and follow-up information was
limited, and a complete neurologic examination was not always
performed by an experienced neurologist, meaning that our
results do not represent all the clinical neurologic syndromes
affecting these patients. Nevertheless, despite these limitations,
we believe this local review is relevant mainly because COVID-19
is a global phenomenon and many other centers probably experi-
ence the same hindrance of robust data analysis.

CONCLUSIONS
We have analyzed one of the largest series of patients with
COVID-19 published to the date and focused on those with
neurologic symptoms requiring neuroimaging. We have not
found specific neuroimaging presentations of the virus, and a
large number of symptomatic patients appear to have nega-
tive neuroimaging findings. The well-demonstrated virus-
associated coagulopathy may logically increase the risk of
cerebrovascular events (in our experience possibly more
hemorrhagic), but further studies with risk-stratified control
cohorts are required to determine the real impact. Finally,
autoimmune parainfectious entities seem plausible, as they
are in the context of other infectious processes.
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Cerebral Venous Thrombosis Associated with COVID-19
D.D. Cavalcanti, E. Raz, M. Shapiro, S. Dehkharghani, S. Yaghi, K. Lillemoe, E. Nossek, J. Torres, R. Jain,

H.A. Riina, A. Radmanesh, and P.K. Nelson

ABSTRACT

SUMMARY: Despite the severity of coronavirus disease 2019 (COVID-19) being more frequently related to acute respiratory distress
syndrome and acute cardiac and renal injuries, thromboembolic events have been increasingly reported. We report a unique series
of young patients with COVID-19 presenting with cerebral venous system thrombosis. Three patients younger than 41 years of age
with confirmed Severe Acute Respiratory Syndrome coronavirus 2 (SARS-Cov-2) infection had neurologic findings related to cere-
bral venous thrombosis. They were admitted during the short period of 10 days between March and April 2020 and were managed
in an academic institution in a large city. One patient had thrombosis in both the superficial and deep systems; another had
involvement of the straight sinus, vein of Galen, and internal cerebral veins; and a third patient had thrombosis of the deep medul-
lary veins. Two patients presented with hemorrhagic venous infarcts. The median time from COVID-19 symptoms to a thrombotic
event was 7 days (range, 2–7 days). One patient was diagnosed with new-onset diabetic ketoacidosis, and another one used oral
contraceptive pills. Two patients were managed with both hydroxychloroquine and azithromycin; one was treated with lopinavir-
ritonavir. All patients had a fatal outcome. Severe and potentially fatal deep cerebral thrombosis may complicate the initial clinical
presentation of COVID-19. We urge awareness of this atypical manifestation.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; CVT ¼ cerebral venous thrombosis; RT-PCR ¼ real-time reverse transcriptase polymerase chain
reaction; SARS-CoV2 ¼ Severe Acute Respiratory Syndrome-coronavirus 2

Anovel Severe Acute Respiratory Syndrome-coronavirus 2
(SARS-CoV2) was identified on January 7, 2020, by the

Chinese Center for Disease Control and Prevention from a na-
sopharyngeal swab in a patient with atypical pneumonia in
Wuhan, Hubei province, China.1 The mortality rate of crit-
ically ill patients with COVID-19 is high. As of May 13, 2020,
more than 1.4 million individuals had tested positive for the
SARS-CoV2 in the United States, leading to .84,000 deaths.
Acute cardiac injury, acute kidney injury, and precipitous
thromboembolic events have been increasingly reported and
may develop irrespective of pulmonary or respiratory symp-
toms at presentation.1-5

Recent studies have reported the potential development of a
hypercoagulable state in COVID-19.2,3,6,7 Viral infections may pro-
mote dysfunction of endothelial cells, leading to excess thrombin

generation and inhibition of fibrinolysis.8-10 Moreover, hypoxemia
is associated with an elevation of blood viscosity and activation of
hypoxia-related genes that mediate coagulation and fibrinolysis,
favoring thrombotic events.11,12 This septic-like coagulopathy
additionally may lead to venous thrombosis, pulmonary embolism,
and ultimately disseminated intravascular coagulation.3,4 Cerebral
venous thrombosis, in particular, can present with a broad variety
of neurologic signs and symptoms.13,14 We report herein 3 inde-
pendent cases of patients with COVID-19 who presented with
stroke due to cerebral venous thrombosis and had uniformly fatal
outcomes.

MATERIALS AND METHODS
We report 3 independent cases of patients presenting to a single
academic hospital system in the initial weeks of the COVID-19
surge during a 10-day period. The 3 patients composing our ini-
tial experience developed profound neurologic injury secondary
to cerebral venous thrombosis (CVT), with SARS-CoV-2 infec-
tion confirmed by real-time reverse transcriptase polymerase
chain reaction (RT-PCR) assay. The mean age was 34 years
(range, 23–41 years; 2 men and 1 woman). All patients presented
during 10 days beginning in March 2020. The study was
approved by the institutional review board. Medical charts were
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reviewed for significant history, physical examination findings,
laboratory findings, and imaging. Due to the retrospective nature
of this report, informed consent was not required. We used the
Case Report Guideline (CARE; https://www.care-statement.org/)
checklist when writing this report.15

RESULTS
Case 1
A 38-year-old man with mild autism spectrum disorder was
admitted to the emergency department with vomiting and diar-
rhea for 10 days, headache for the past 7 days, and altered mental
status for the past 2 days. At presentation, he exhibited signs of
dehydration, blood pressure of 127/62 mm Hg, and temperature
of 102.9°F. He was screened by nasopharyngeal swab with an
RT-PCR for SARS-CoV-2, with positive findings. Chest radio-
graph and CT confirmed patchy multifocal peripheral and peri-
bronchovascular air space opacities (a combination of ground-
glass and consolidation) in all lobes (Fig 1A).

Head CT revealed hyperdensity in
the straight sinus, distal superior sagit-
tal sinus, torcular, and right transverse
sinus, as well as in several cortical
veins adjacent to the superior sagittal
sinus, a pattern consistent with CVT
(Fig 1B). There was associated cerebral
edema. Pertinent laboratory results are
listed in the Table. CT venography
confirmed CVT, including a near-
occlusive thrombus in the right inter-
nal cerebral vein (Fig 1C). Enoxaparin,
70mg, was given subcutaneously twice
a day. Nevertheless, the patient rapidly
decompensated, with extensor postur-
ing of the arms and clonus. Cranial
nerve examination findings were nor-
mal; the NIHSS score was 14. The
patient’s temperature increased to
104.3°F, his respiratory rate increased
to 40 breaths per minute, and he
quickly became hypoxemic, gasping
for air, and was intubated 7 hours after
admission.

The patient was subsequently
taken to the angiography suite for
a percutaneous venous mechanical
thrombectomy. Arterial injections
showed decreased contrast transit
time throughout the brain parenchyma,
indirectly suggesting significantly
increased supra- and infratentorial
pressures (Fig 1D). Marked venous
congestion of the right hemisphere,
with similar-but-lesser involvement
on the left due to partial patency of
the sigmoid sinus and the associated
vein of Labbé, and congestion of the

vein of Galen, internal cerebral system, and posterior fossa were
present.

Thrombectomy was performed using our standard proce-
dures with satisfactory results in the superficial venous system
(Fig 2A–2C) but residual cortical vein thrombi as shown in
Fig 2D. A microcatheter was left in the superior sagittal sinus
with an infusion rate of 2mg/h of tPA. No neurosurgical inter-
vention was advised at that point. The patient was treated with
lopinavir-ritonavir and had an initial improvement on neurologic
examination in the following 6 hours; however, his respiratory
status soon deteriorated, leading to cardiac arrest and death
32 hours after admission.

Case 2
An otherwise healthy 41-year-old woman, recently discharged
from an outside hospital following a short and uneventful admis-
sion for COVID-19, presented to our emergency department
with confusion and a sudden episode of aphasia. She had received
hydroxychloroquine and azithromycin, started during her first

FIG 1. Acute onset of cerebral venous thrombosis in multiple locations in a man with COVID-19
without any significant comorbidities except for mild autism spectrum disorder and Tourette
syndrome. A, Axial view of a CT of the chest shows patchy multifocal peripheral and peribron-
chovascular airspace opacities with a combination of ground-glass and consolidation in different
lobes. B, Axial view, CT of the head without contrast, shows effacement of the cerebral sulci sug-
gestive of significant cerebral edema; hyperdensity is seen in the region of the superior sagittal
sinus posteriorly (arrow), characteristic of dural venous thrombosis. C, CVT with sagittal recon-
struction demonstrates extensive occlusive filling thrombus within the superior sagittal (white
arrow), right transverse, and sigmoid sinuses; thrombosis extends from the torcula into the
straight sinus (black arrow). There is occlusion of several cortical veins adjacent to the superior
sagittal sinus as well. D, Digital subtraction angiography, lateral view, reveals significant venous
congestion involving the entire right cerebral hemisphere with no visualization of the superior
sagittal (white arrow), transverse, and sigmoid sinuses, with clot extension in the straight sinus
(black arrow).
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admission. Home medications included estrogen-containing oral
contraceptives. Her blood pressure was 107/75mm Hg, and she
was afebrile. The patient had global aphasia and left-gaze prefer-
ence with an NIHSS score of 16. Initial head CT findings were

normal. Intravenous tPA was not
given because last her known well
time was .4.5 hours. CT angiogra-
phy did not identify any large-vessel
occlusion. There was right-greater
than-left multifocal consolidation
throughout the lungs on chest imaging.

While waiting for a brain MR
imaging, she developed labored breath-
ing, a further decrease in the level of
consciousness, and worsened neuro-
logic examination findings with exten-
sor posturing to noxious stimulation;
she was then intubated and sedated.
The CSF analysis revealed elevated
protein levels (616mg/dL), 41 white
blood cells/mm3 with polymorpho-
nuclear predominance (84%), and a
normal glucose level. A multiplex
PCR assay was negative for common
pathogens causing meningitis and en-
cephalitis. A repeat head CT showed
interval development of a venous
infarction in the left basal ganglia,
thalamus, and mesial temporal lobe
with hemorrhagic transformation, in-
traventricular hemorrhage, and ob-
structive hydrocephalus (Fig 3A, -B).
A chest CT was characteristic for
COVID-19 (Fig 3C). A CT venogram
confirmed occlusion of the internal
cerebral veins with significantly re-
duced enhancement of the vein of
Galen and distal straight sinus (Fig
3D). Concomitantly, her D-dimer
level increased from 787 to 2032 ng/
mL; it had been 243 ng/mL 7 days
prior. An external ventricular drain
was placed. Heparin infusion was ini-
tiated without a bolus in the treat-
ment of deep CVT. The patient soon
exhibited loss of brain stem reflexes
and died 4 days from presentation.

Case 3
A 23-year-old man with no known
medical history presented with leth-
argy in the setting of 1 week of head-
aches, body aches, fever, and dry
cough. Blood pressure at presenta-
tion was 95/53mm Hg. Multifocal
pneumonia was present on the ini-
tial chest x-ray. RT-PCR was posi-

tive for SARS-CoV-2. A head CT was ordered due to the
decreased level of consciousness and revealed patchy areas of
low density in the bilateral cerebral hemispheres with foci of
subcortical hemorrhage in the left parieto-occipital region. A

Summary of laboratory findings at admission
Laboratory Findings Case 1 Case 2 Case 3

White cell count (per mm3) 16,710 9950 8840
Total neutrophils (per mm3) 14,280 8390 6980
Total lymphocytes (per mm3) 490 940 1360
Total monocytes (per mm3) 1690 360 330
Hemoglobin level (g/dL) 14.3 10.4 12.3
Platelet count (per mm3) 141,000 239,000 86,000
Activated partial thromboplastin time (sec) 30.6 27.7 53.5
Prothrombin time (sec) 22.5 11.8 19.1
INR 1.9 0.99 1.6
D-dimer level (ng/mL) .55,000 787 920
Fibrinogen level (mg/dL) 121 – –

Albumin level (g/dL) 4.4 4.4 4.7
Alanine aminotransferase results (U/L) 27 27 19
Aspartate aminotransferase levels (U/L) 31 26 38

Note:—INR indicates international normalized ratio; –, not available.

FIG 2. Images acquired during the intervention in case 1. A, A 12F Flexor Shuttle Guiding Sheath
(Cook) was brought to the internal jugular vein. An 8F Indigo Aspiration Catheter (Penumbra) is
seen in the right transverse-sigmoid junction after thrombectomy of the right sigmoid sinus. B,
Multiple control angiograms and venograms were obtained during the venous thrombectomy; it
is possible to see a significant amount of thrombus partially occluding the torcula and the distal
two-thirds of the right transverse sinus. Partial recanalization of the posterior third of the supe-
rior sagittal sinus is also seen. C, Venography, cranial view, anterior-posterior projection, shows
complete recanalization of the torcula, and most of the posterior third of the superior sagittal
sinus. D, Venography, cranial view, right anterior oblique projection reveals full recanalization of
the superior sagittal sinus. A microcatheter was left in its anterior third to maintain continuous
tPA infusion.
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CTA of the head had negative findings; however, there remained
concern for CVT. The initial laboratory work-up further estab-
lished a new diagnosis of diabetic ketoacidosis with new-onset dia-
betes mellitus (glucose level ¼ 1384mg/dL and pH ¼ 7.0).
Azithromycin and hydroxychloroquine were both administered.

A subsequent brain MR imaging (Fig 4) revealed confluent,
nonenhancing regions of pathologically reduced diffusion through-
out the subcortical and deep hemispheric white matter bilaterally,
left greater than right. Punctate foci of susceptibility artifacts con-
sistent with petechial hemorrhage were revealed on gradient
recalled-echo images. Differential considerations included potential
complications of diabetic ketoacidosis, which can include arterial
and venous compromise together with secondary injury by
increased intracranial pressure, and posterior reversible encephal-
opathy syndrome–like white matter injury. The imaging pattern
and absence of large-vessel occlusion disfavored the diagnosis of
atheroembolic infarctions or deep MCA borderline ischemia. Acute
necrotizing leukoencephalitis was considered unlikely in the ab-
sence of deep ganglia injury, and toxic-metabolic etiologies were
unsupported by the history. In combination with generalized low
intensity of the white matter on long-echo T2- and T2*-weighted
images, the imaging appearance was thought to be consistent with
manifestations of a generalized vaso-occlusive crisis such as can

occur in disseminated intravascular
coagulation, thrombotic thrombocyto-
penic purpura, and related thrombotic
microangiopathies, including compro-
mise of the deep medullary veins.16,17

Common to the preceding processes is
endothelial dysfunction and impaired
thromboresistance, which have been
reported extensively in COVID-19 and
other SARS-mediated disorders.18

In the ensuing days, the patient
further deteriorated, with D-dimer
levels increasing from earlier values
of 1625 ng/mL to .11,000ng/mL
the day he died and ferritin values
reaching 18,431 ng/mL. The patient
was intubated following worsening
hypotension and fulminant acute re-
spiratory distress syndrome in the
following days before his death.

DISCUSSION
We report an unusual presentation
characterized by catastrophic cerebral
venous thrombosis in young, previ-
ously healthy patients, infected with
SARS CoV 2, previously healthy and
potentially without antecedent car-
diopulmonary symptoms or fever.
Although dehydration was a precipi-
tating factor in cases 1 and 3, and, oral
contraceptives, a risk factor in case 2,
COVID-19 was probably an additive
risk factor in this series.

CVT is a rare cause of stroke, accounting for approximately
0.5% of all stroke cases,19,20 and associated with a reported mortal-
ity of 4%.13 Interestingly the first report of thrombosis involving
the superior sagittal sinus and lateral sinuses from 1825 led to a
long-standing belief of a direct relationship with infections.21,22

Indeed, Krayenbühl23 demonstrated, in 1968, that 40% of a series
of 92 patients with CVT were associated with infection. Central
nervous system infections per se are both: a risk factor for CVT,
and, are associated with a poor prognosis.24 Moreover, in a recent
series, a pro-coagulopathic state could be identified in as many as
48% of patients with CVT.20

The superior sagittal sinus is the more frequently reported
cerebral venous structure involved (63% of patients in a large
MR imaging series); however, more extensive multi-site throm-
bosis is the typical finding. The deep venous system is an inde-
pendent predictor of death in the International Study on
Cerebral Vein and Dural Sinus Thrombosis (odds ratio, 8.5;
95% confidence interval, 2.6–27.8).13,14 Most reports included
children, especially neonates.

Hypercoagulable State in Other Scenarios
Numerous factors are related to CVT, including the use of oral
contraceptives, pregnancy, and puerperium, which produce

FIG 3. Subacute onset of isolated deep cerebral venous thrombosis in a patient with COVID-19.
A, Noncontrast head CT, axial view, reveals an infarct of the left basal ganglia and thalamus, with
hemorrhagic transformation and intraventricular hemorrhage with obstructive hydrocephalus. B,
Noncontrast head CT, sagittal reconstruction, reveals hyperdensity in the topography of the vein
of Galen (short arrow) and left internal cerebral vein (long arrow), corresponding to deep venous
thrombosis. C, CT of the chest, axial view, demonstrates patchy multifocal airspace opacities
combining ground-glass and consolidation in different lobes, suggestive of pneumonia/pneumo-
nitis. D, CT venogram, MPR sagittal reconstruction, shows a filling defect in the vein of Galen
(short arrow), internal cerebral veins (long arrow), and the anterior aspect of the inferior sagittal
sinus, confirming deep venous thrombosis.
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transient prothrombotic states.19,25 CVT accounts for 2% of
pregnancy-associated strokes.26 Diabetes mellitus, systemic
inflammatory disease, cancer, hematologic disorders, head and
neck infections, and CNS infections and hyperhomocysteine-
mia are other significant causes, and the patients were not sys-
tematically worked up for all those conditions.11,12,27,28

Anemia is another known risk factor for CVT, though not
present in our patients.29

Numerous viral infections are associated with coagulopa-

thy.8-10,30-32 Direct or indirect activation of endothelial cells by

viruses may impair coagulation and the fibrinolytic systems.

Moreover, antiphospholipid antibodies can be identified in sev-

eral viral infections, including cytomegalovirus, HIV, and vari-

cella zoster virus,8-10 also in immunocompetent patients.9 A

hypercoagulable state is well-known among patients with human

herpes viruses (DNA viruses) and HIV.8-10,30,32 Chronic HIV

infection has been associated with up to a 10-fold increased risk

of venous thrombosis.8

Finally, microvascular thrombosis was seen in a specific trans-
genic mouse model, used in studying the Middle East respiratory
syndrome coronavirus infection.31

Hypercoagulable State in COVID-19
A recent study comparing a cohort of 94 patients with SARS-
CoV-2 infection in a hospital in Wuhan with 40 healthy volun-
teers found values of D-dimer, fibrin/fibrinogen-degradation
products, and fibrinogen to be significantly higher among
patients with COVID-19.6

In reporting a 21.6% incidence of
deep venous thrombosis in 88 labora-
tory-confirmed cases in Wuhan,33

Wang et al3 observed positive correla-
tions between the degree of D-dimer
elevation and the incidence of deep
venous thrombosis with the severity
of disease, possibly related to over-
whelming endothelial cell activa-
tion.3,34 Indeed, D-dimer levels were
.500 ng/mL in all patients in this
report at diagnosis, being .55,000
ng/mL in case 1.

There is also a growing understand-
ing that antiphospholipid antibodies
(anticardiolipin immunoglobulin A,
and anti–b 2-glycoprotein I immuno-
globulin A and immunoglobulin G)
may play a role in both arterial and
venous infarcts. Zhang et al7 found pos-
itive antiphospholipid antibodies in 3
patients with critical COVID-19 and
multifocal ischemic strokes.

Yang et al34 reported a high preva-
lence of hypertension, diabetes, and
respiratory system disease in a meta-
analysis including 46,248 patients with
severe presentation of COVID-19,

some with well-known risk factors for venous thromboembo-
lism.35 Moreover, increased immobility of vulnerable and at-risk
patients may occur during resource-strained pandemics, with
shortages of health care personnel further contributing to con-
ditions of venous stasis and thromboembolism.12 More studies
are needed to clarify the direct relationship of the SARS-CoV-2
and thromboembolic disease.

Cerebrovascular Disease in Patients with COVID-19
Recently, Li et al2 identified 13 patients (5.9%) with stroke among
221 consecutive patients with confirmed SARS-CoV-2 infection
in Wuhan. Among this cohort, 11 had severe disease while only
one, a 32-year-old man, had CVT involving multiple cortical
veins. Parenthetically, a surge in large-vessel arterial occlusive
strokes was reported in a group of patients younger than 50 years
of age in New York City.36

In general, approximately 80% of patients with CVT expe-
rience acute-to-subacute onset of symptoms.13 The median
time from onset to diagnosis of the thrombotic events was 7
days, the same as reported in the literature. Although head-
ache is the most commonly reported initial symptom; altered
consciousness was the critical symptom in each of the present
cases. When a patient is admitted to the hospital with head-
ache, altered mental status, focal neurologic deficits, and seiz-
ures, the likelihood of an earlier diagnosis is higher.13 Early
identification is critical because prompt anticoagulation and/
or endovascular management may decrease the progression
of cerebral edema, intracranial pressure, and hemorrhage
rates, improving outcomes.

FIG 4. A 28-year-old man presenting with a decreased level of consciousness. Imaging included
CT of the head (A), and MR imaging with DWI (B), ADC maps (C), T2WI (D), T1WI without contrast
(E) and 2D T2* gradient recalled-echo (F). Confluent areas of low density are present in the bilat-
eral cerebral hemispheres in A, corresponding to nonenhancing, pathologically reduced diffusion
on B and C. T2- and T2*-weighted images reveal generalized low intensity of the white matter in
excess of that explained by subtle foci of petechial hemorrhage in F and consistent with slow or
impaired outflow of the deep medullary venous system.
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Limitations
The main limitation is that this is a small case series of only 3
patients collected in a short time. Also, 2 patients were treated
with azithromycin and hydroxychloroquine before their CVTs,
and the effects of these drugs during COVID-19 infection are
under study and inconclusive at this time. Both may affect coagu-
lation and interact with other medications and treatment, and it
is unknown whether they could have been contributors to the
CVTs. Moreover, there were concomitant signs of dehydration in
the first case, and the second patient was on oral contraceptive
pills, both known precipitating or risk factors for CVT. Another
limitation of this work is the lack of a strongly confirmed diagno-
sis on case 3.

CONCLUSIONS
An unusual presentation with catastrophic cerebral venous
thrombosis in previously healthy young patients infected with
SARS-CoV-2 was demonstrated. No conclusions can be drawn
other than that these cases provide hints as to the accumulating
evidence that COVID-19 is a serious contributor to hypercoagu-
lation, increasing the fatality of the disease. Heightened awareness
of this atypical but potentially treatable complication of the
COVID-19 disease spectrum is encouraged.
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Atypical Deep Cerebral Vein Thrombosis with Hemorrhagic
Venous Infarction in a Patient Positive for COVID-19

L. Chougar, B. Mathon, N. Weiss, V. Degos, and N. Shor

ABSTRACT

SUMMARY: There is growing evidence that Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) has a neurotropic and
neuroinvasive potential. In particular, neurologic complications associated with the infection by SARS-CoV-2 include strokes that
may result from a dysregulated inflammatory response to the infection. We report an atypical deep cerebral vein thrombosis com-
plicated with hemorrhagic venous infarction in a patient positive for SARS-CoV-2 with no risk factors for thrombosis.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2; RT-PCR ¼ Reverse Transcriptase-
Polymerase Chain Reaction; CSF ¼ cerebrospinal fluid

S ince the coronavirus disease 2019 (COVID-19) outbreak in
December 2019 in China, an increasing number of patients

infected with the Severe Acute Respiratory Syndrome coronavirus 2
(SARS-CoV-2) have been presenting with neurologic symptoms ei-
ther simultaneously with the flulike syndrome or during the course
of a SARS-CoV-2–associated pneumonia. Neurologic manifesta-
tions range from mild to severe, including impaired consciousness,
acute cerebrovascular disease, and seizures.1 A presumptive case of
COVID-19–associated acute necrotizing hemorrhagic encephalop-
athy has been recently reported.2 Most commonly, an increased risk
of cerebrovascular complications has been associated with the
COVID-19.3-5 Herein, we report an extensive deep cerebral vein
thrombosis with hemorrhagic venous infarction in a patient positive
for SARS-CoV-2 with no known risk factor for thrombosis.

CASE DESCRIPTION
A 72-year-old man with no relevant medical history presented
with sudden left hemiparesis, altered mental status, and refractory

status epilepticus. Retrospectively, the patient’s family reported
mild respiratory symptoms a few days earlier.

The nasopharyngeal swab was positive for SARS-CoV-2
using the reverse transcriptase polymerase chain reaction
(RT-PCR) and negative for influenza A and B viruses and
adenoviruses. Cerebrospinal fluid (CSF) analysis showed an
increased red blood cell count (500/mm3) due to traumatic
lumbar puncture, and apleocytosis (30 white blood cells/
mm3). The results of the RT-PCR including the SARS-CoV-2,
herpes simplex viruses 1 and 2, varicella zoster virus, cyto-
megalovirus, and Epstein-Barr virus as well as the bacterial
culture, were negative in the CSF.

Noncontrast CT revealed a right deep hemispheric hypoden-
sity with some hyperdense areas, involving the thalamus,
basal ganglia, internal capsule and splenium of the corpus
callosum, and the deep white matter. A subtle hypodensity within
the left thalamus could also be seen. These abnormalities caused a
moderate mass effect on the midline structures. Among the scat-
tered areas of parenchymal hemorrhage, spontaneous hyperden-
sity was detected within the internal cerebral veins and the vein
of Galen. A CT venogram showed no opacification of these veins,
confirming the diagnosis of acute deep cerebral vein thrombosis
complicated by hemorrhagic venous infarction (Fig 1).

MR imaging performed ten hours later showed marked pro-

gression of the vasogenic edema, extending to the right cerebral

peduncle and the pons, and increased hemorrhagic changes

involving the lateral ventricles. Contrast-enhanced images evi-

denced a lack of enhancement within the deep brain regions, cor-

responding to necrotic areas associated with the venous infarction.

Associated involvement of the basal veins of Rosenthal and thala-

mostriate veins was suspected on susceptibility-weighting images.
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The medullary veins were dilated, due to venous engorgement.

Curvilinear gadolinium enhancement along the medullary veins

was visible within the FLAIR hyperintensities in the centrum semi-

ovale, corresponding to the opacification of the small-vessel lumen

and/or enhancement of its perivascular spaces (Fig 2).
Tests for thrombophilia were negative. The patient was trans-

ferred to an intensive care unit where an endotracheal intubation
was performed and curative anticoagulation and antiepileptic
therapy were initiated. Four days after the admission, the patient
evolved toward brain death.

DISCUSSION
It is increasingly recognized that COVID-19 is associated with a
prothrombotic state. It has been established that patients with
COVID-19 hospitalized in intensive care units are at higher risk
of venous and arterial thrombotic events despite prophylactic or
curative anticoagulation.3,4 More recently, a higher incidence of
arterial stroke has provided evidence of central nervous system
involvement associated with the COVID-19.3-5

Respiratory viruses including coronaviruses are known for
their neurotropic and neuroinvasive potential, damaging the cen-
tral nervous system through an immune-mediated mechanism in
susceptible subjects and/or direct damage to nerve cells following
viral invasion.6 Studies conducted on lung fibroblasts and umbilical
vein endothelial cells, which are a classic in vitro model for brain en-
dothelial cells, have demonstrated that respiratory viruses are able to

induce epithelial damage as well as platelet
and endothelial cell dysfunction.7 More
specifically, the angiotensin-converting
enzyme 2 is a cellular receptor for the
Severe Acute Respiratory Syndrome coro-
navirus and the new coronavirus (SARS-
CoV-2), expressed by respiratory and car-
diac endothelial cells.8 This receptor can
also be found on the surface of brain en-
dothelial cells and could be induced in
neurons, reinforcing the hypothesis of
potential brain damage caused by the
infection.9 On the other hand, it has been
suggested that the systemic inflammatory
response syndrome seen in critically ill
patients with COVID-19 may participate
in the pathogenesis of vascular thrombo-
sis through a dysregulated cytokine
storm, without direct viral invasion
or immune mediation. That massive
inflammatory cascade may lead to revers-
ible or irreversible end-organ dysfunc-
tion, including endothelial alterations
and microthrombosis.3-5

This case of deep cerebral vein throm-
bosis with hemorrhagic venous infarction
in a patient positive for COVID-19
showed some uncommon imaging fea-
tures, including asymmetric deep brain
involvement, the presence of large necrotic

FIG 1. Axial (A and C) and parasagittal (B and D) CT images without
(upper row) and with contrast injection (lower row) show a right
deep hypodensity involving the gray and white matter (A, arrow-
head), with areas of hemorrhage (A, dashed arrow). The internal cere-
bral veins are shifted to the left and appear spontaneously
hyperdense (A and B, arrows), without noticeable opacification (C
and D, arrows).

FIG 2. Axial FLAIR (A), SWI (B, D, and E), and postcontrast T1-weighted MR images (C and F).
There is an extensive asymmetrical vasogenic edema including the deep gray and white matters
(A, arrows), with hemorrhage (B, arrow) and necrotic areas (C, arrow), corresponding to a hem-
orrhagic venous infarction. The basal veins of Rosenthal also appear involved on SWI (D, arrow-
head). The medullary veins are dilated (E, dashed arrows), with associated curvilinear gadolinium
enhancement (F, dashed arrows).
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areas within the venous infarction, and the extent of the intraventric-
ular hemorrhage. Furthermore, there was striking and atypical curvi-
linear enhancement along the medullary veins in association with
white matter signal abnormalities. This peculiar feature has been
described in vasculopathies such as posterior reversible encephalop-
athy syndrome and Susac syndrome and in disorders with angio-
centric infiltrates, especially neurolupus, neurosarcoidosis,10 and
immune reconstitution inflammatory syndrome in patients infected
with HIV.10,11 These findings raise the hypothesis of a potential vas-
cular and/or perivascular involvement associated with the deep vein
thrombosis.

ACKNOWLEDGMENTS
We wish to thank Stéphane Lehéricy, Samia Belkacem, Mickaël
Luscher, Delphine Leclercq and Nadya Pyatigorskaya for their
valuable contribution.

Disclosures: Nicolas Weiss—UNRELATED: Consultancy: Medday Pharmaceuticals.

REFERENCES
1. Mao L, Jin HWang M, et al. Neurologic manifestations of hospital-

ized patients with coronavirus disease 2019 in Wuhan, China.
JAMA Neurol 2020 Apr 10. [Epub ahead of print] CrossRef Medline

2. Poyiadji N, Shahin G, Noujaim D, et al. COVID-19-associated acute
hemorrhagic necrotizing encephalopathy: CT and MRI features.
Radiology 2020 Mar 31. [Epub ahead of print] CrossRef Medline

3. Helms J, Tacquard C, Severac F, et al; CRICS TRIGGERSEP Group
(Clinical Research in Intensive Care and Sepsis Trial Group for
Global Evaluation and Research in Sepsis). High risk of thrombosis
in patients in severe SARS-CoV-2 infection: a multicenter prospec-
tive cohort study. Intensive Care Med 2020 May 4. [Epub ahead of
print] CrossRef Medline

4. Klok FA, Kruip M, van der Meer NJ, et al. Incidence of thrombotic
complications in critically ill ICU patients with COVID-19.
Thromb Res 2020 Apr 10. [Epub ahead of print] CrossRef Medline

5. Asadi-Pooya AA, Simani L. Central nervous system manifestations
of COVID-19: a systematic review. J Neurol Sci 2020;413:116832
CrossRef Medline

6. Desforges M, Le Coupanec A, Dubeau P, et al.Human coronaviruses
and other respiratory viruses: underestimated opportunistic
pathogens of the central nervous system? Viruses 2019;12:14
CrossRef Medline

7. Visseren FL, Bouwman JJ, Bouter KP, et al. Procoagulant activity of
endothelial cells after infection with respiratory viruses. Thromb
Haemost 2000;84:319–24 CrossRef

8. Yan R, Zhang Y, Li Y, et al. Structural basis for the recognition of
SARS-CoV-2 by full-length human ACE2. Science 2020;367:1444–
48 CrossRef Medline

9. Nath A. Neurologic complications of coronavirus infections.
Neurology 2020;94:809–10 CrossRef Medline

10. Taieb G, Duran-Peña A, de Chamfleur NM, et al. Punctate and cur-
vilinear gadolinium enhancing lesions in the brain: a practical
approach. Neuroradiology 2016;58:221–35 CrossRef Medline

11. Lescure FX, Moulignier A, Savatovsky J, et al. CD8 encephalitis in
HIV-infected patients receiving cART: a treatable entity. Clin
Infect Dis 2013;57:101–08 CrossRef Medline

AJNR Am J Neuroradiol 41:1377–79 Aug 2020 www.ajnr.org 1379

http://dx.doi.org/10.1001/jamaneurol.2020.1127
https://www.ncbi.nlm.nih.gov/pubmed/32275288
http://dx.doi.org/10.1148/radiol.2020201187
https://www.ncbi.nlm.nih.gov/pubmed/32228363
http://dx.doi.org/10.1007/s00134-020-06062-x
https://www.ncbi.nlm.nih.gov/pubmed/32367170
http://dx.doi.org/10.1016/j.thromres.2020.04.013
https://www.ncbi.nlm.nih.gov/pubmed/32291094
http://dx.doi.org/10.1016/j.jns.2020.116832
https://www.ncbi.nlm.nih.gov/pubmed/32299017
http://dx.doi.org/10.3390/v12010014
https://www.ncbi.nlm.nih.gov/pubmed/31861926
http://dx.doi.org/10.1055/s-0037-1614014
http://dx.doi.org/10.1126/science.abb2762
https://www.ncbi.nlm.nih.gov/pubmed/32132184
http://dx.doi.org/10.1212/WNL.0000000000009455
https://www.ncbi.nlm.nih.gov/pubmed/32229625
http://dx.doi.org/10.1007/s00234-015-1629-y
https://www.ncbi.nlm.nih.gov/pubmed/26700824
http://dx.doi.org/10.1093/cid/cit175
https://www.ncbi.nlm.nih.gov/pubmed/23515205


BRIEF/TECHNICAL REPORT
ADULT BRAIN

Neuroimaging Findings in Patients with COVID-19
P. Nicholson, L. Alshafai, and T. Krings

ABSTRACT

SUMMARY: Little is known about the neurologic sequelae of coronavirus disease 2019 (COVID-19). We assessed neuroimaging find-
ings in 4 patients positive for COVID-19. All had abnormal mental status, deranged coagulation parameters, and markedly elevated
D-dimer levels. CT/MR imaging showed a common pattern of multifocal subcortical/cortical petechial-type hemorrhages, while
SWI showed more extensive multifocal abnormalities. The appearances are consistent with a thrombotic microangiopathy and may
be due to the heightened level of thrombosis in patients with COVID-19.

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

Little has been published regarding neurologic outcomes in
patients with coronavirus disease 2019 (COVID-19), and little

is known about its neurologic sequelae. However, there is increas-
ing interest regarding the prothrombotic nature of the disease.1

We wished to highlight our recent experience with 4 patients
with COVID-19 with neurologic symptoms and suggest how
their findings may point to the underlying pathophysiology
involved.

MATERIALS AND METHODS
We reviewed clinical and imaging findings in a series of patients
with COVID-19 who underwent neurologic imaging while
admitted to our center. This imaging was initiated as a result of a
change in clinical neurologic status, and the 4 patients were part
of a larger cohort of patients with COVID-19 admitted.

Patient 1
A 43-year-old man was admitted for extracorporeal membrane
oxygenation (ECMO) following a failed trial of mechanical venti-
lation. On the fourth day, he developed acute pupil asymmetry.

CT of the brain (Fig 1) showed a left frontal intraparenchymal he-
matoma with intraventricular hematoma and hydrocephalus. A
fluid/fluid level was present within the hematoma, suggesting a
possible underlying coagulopathy. There was a small amount of
diffuse subarachnoid hemorrhage, petechial subcortical hemor-
rhage toward the vertex (arrow), and some hyperdense small
cortical veins (arrowheads). No brain stem hemorrhage was pres-
ent, but there was nearly complete effacement of the supratento-
rial CSF spaces. His white blood cell count was elevated at 15.2 �
109/L, as was his D-dimer level (.4400mg/L). His platelet count
was in the normal range (172 � 109/L), but his activated partial
thromboplastin time was elevated (63.7 seconds) as was his pro-
thrombin time (12.9 seconds) and serum ferritin level (2186mg/
L). He deteriorated and died shortly thereafter.

Patient 2
A 57-year-old man also underwent ECMO for respiratory failure.
Following extubation, the patient demonstrated altered mental
status and right-arm weakness. A CT scan (Fig 2) also showed
multiple subcortical and subpial petechial hemorrhages. MR
imaging, limited by motion artifacts (Fig 2B, -C), showed exten-
sive petechial hemorrhages on SWI with some breakthrough
small-volume parenchymal hematomas. There was also extensive
parenchymal SWI abnormality, which appeared to correlate with
a venular distribution and was predominantly in a subcortical
pattern (as opposed, for example, to the deep gray matter SWI
microhemorrhages, which can be seen in patients with hyperten-
sion). This subcortical SWI abnormality was not confined to 1
lobe of the brain but was rather more diffuse. The DWI sequen-
ces showed a few scattered multifocal cortical infarcts, but the
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areas of abnormal subcortical SWI signal showed no DWI abnor-
mality. There was no significant T2/FLAIR edema, and no mass
effect or sulcal effacement in these regions. His white blood cell
count was 16.3� 109/L, and his D-dimer level exceeded 4400mg/
L. His platelet count was also in the normal range (174 � 109/L).
His activated partial thromboplastin time was elevated at 63.7
seconds, as well as his prothrombin time (12.2 seconds) and his
serum ferritin level (4287mg/L).

Patient 3
A 62-year-old man was ventilated for 7
days without ECMO and was slow to
awake. Findings of a CT scan were
unremarkable; MR imaging (Fig 3)
showed trace intraventricular blood
(with dependent “layering” in the
ventricle) on SWI. In addition, mul-
tifocal “blooming” was present in the
subarachnoid and subpial spaces,
tracking along the cortex in a gyri-
form pattern. There was also exten-
sive abnormal SWI signal tracking
along small cortical veins in multiple
territories and mild FLAIR hyperin-
tensity along some cortical regions.
High T2 signal was present in a sub-
cortical distribution, along with cal-
losal involvement. His white blood
cell count was 14.3 � 109/L, his D-
dimer level was .4,400mg/L, and his
platelet count was in the normal
range (211 � 109/L). His activated
partial thromboplastin time was 65.7
seconds, and his prothrombin time
was 15.2 seconds. His C-reactive
protein level was also markedly ele-
vated at 285 mg/L.

Patient 4
A 57-year old woman was placed on
ECMO for 12 days for respiratory fail-
ure secondary to COVID-19. On the
first day following cessation of ECMO,
she developed bilateral mydriasis. Her
white blood cell count was 13.2� 109/
L, D-dimer level was.4400mg/L, and
her platelet count was also in the nor-
mal range (127 � 109/L). Activated
partial thromboplastin time was 48.6
seconds, and prothrombin time, 11.6
seconds. Her C-reactive protein level
was also elevated at 180mg/L. A CT of
the brain was performed (On-line
Figure), which showed a large right-
sided parenchymal temporal hemor-
rhage with midline shift. In addition,
there were multiple other areas of pe-
techial-type cortical and subcortical

hemorrhages throughout both hemispheres. These appeared
to be of mixed ages, and many had significant amounts of sur-
rounding edema.

DISCUSSION
Little is known regarding effects of COVID-19 on the brain.
Could it result in diffuse microvascular occlusion? Critical

FIG 1. Patient 1. CT images show a left frontal intraparenchymal/intraventricular hematoma and
hydrocephalus. A fluid-fluid level can be seen in the hematoma, and there is a small amount of
diffuse subarachnoid hemorrhage, petechial subcortical hemorrhage toward the vertex (arrows),
and some hyperdense small cortical veins (arrowheads).

FIG 2. Patient 2. A, CT scan shows multiple subcortical and subpial petechial hemorrhages. B and C,
MR imaging, limited by motion artifacts. B, Susceptibility-weighted axial image shows extensive SWI
abnormality C, T1 sagittal, noncontrast image shows some breakthrough macroscopic parenchymal
hematomas.

FIG 3. Patient 3. A, T2 FLAIR imaging showing multifocal punctate juxtacortical T2 hyperinten-
sities, compatible with small infarcts (arrows) and subtle more linear cortical T2 hyperintensity
(arrowheads). B and C, SWI shows intraventricular blood. In addition, multifocal blooming is pres-
ent in the subarachnoid and subpial spaces, as well as in multiple small cortical veins.
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illness–associated microbleeds are a recognized phenomenon,2

albeit with an unclear etiology. It is possible that they are related
to a hyperthrombotic/hypercoagulable state. Severe sepsis is
known to be associated with a range of downstream effects of the
inflammatory cascade that result from the body’s attempts to
fight infection,3,4 resulting in alterations in microvascular flow. In
addition, a so-called “cytokine storm” has been implicated in
COVID-19,5,6 and this phenomenon is known to have direct
downstream effects on the vascular endothelium.7 The resultant
thrombotic microangiopathy would then lead to end-organ
dysfunction.

There is some evidence to support this hypothesis. Severe
Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) enters
cells via the angiotensin-converting enzyme 2 receptor, which is
widely expressed in both vascular smooth muscle and endothe-
lin.8 Indeed 1 group has recently documented endothelial
COVID-19 cell infection with endothiliitis and vasculitis in mul-
tiple organs.9 Others have shown a thromboembolism rate of
30% in severely ill patients with COVID-19,10 which is remark-
ably high considering that a multicenter study of .7400 critical
care patients in 2015 showed thromboembolism rates of 7.7%.11

This elevated rate of thromboembolic complications has led
some teams to speculate that it could also be due to an obstructive
pulmonary microvascular thrombosis.12 Another group recently
published skin and lung pathologic samples in patients with
severe COVID-19 and skin rash. Their patients had extensive mi-
crovascular thrombosis, which appeared to be mediated by com-
plement deposition and an associated procoagulopathy.13 Recent
evidence has shown that SARS-CoV-2 can directly infect and
propagate within vascular endothelial cells.14 Finally, risk factors
that are known to be associated with endothelial dysfunction
(such as hypertension, diabetes, and obesity)15 are related to
worse outcomes in patients with COVID-19.16

Our imaging would be compatible with this theory, with mul-
tifocal abnormal SWI signal suggestive of a possible diffuse
thrombotic microangiopathy, potentially with both arterial and
venous components. Indeed, the multifocal cortical infarcts point
toward a potential arterial microvascular thrombosis, while the
hyperdense veins we saw on some studies could be indicative of
sluggish venous flow. Unchecked diffuse thrombosis could then
lead to blood-brain barrier breakdown, multifocal petechial
bleeding, and eventual massive hemorrhage. Some patients could
also then experience venous infarcts, which could explain the pat-
tern seen in patient 1, for example.

This study has some caveats, of course. As stated earlier,
cerebral microbleeds are a recognized phenomenon associated
with critical care/sepsis (though the underlying mechanism
may be similar to what we have stated). Some of the imaging
findings we are seeing could be attributed to ECMO. For
example, 1 series showed that up to 50% of patients having
undergone ECMO experienced neurologic events,17 and other
groups have shown similar imaging patterns.18 However, not
all our patients were on ECMO despite similar imaging find-
ings, so we believe it is more likely related to COVID-19 than
to ECMO alone. Finally, we do not suggest that our limited
single-center data are determinative, but rather hypothesis-
generating.

CONCLUSIONS
We present a series of patients in keeping with the growing body
of evidence regarding the prothrombic nature of patients with
COVID-19. More data are needed regarding neuroimaging find-
ings in these patients, but in the meantime, we strongly encour-
age clinicians to be aware of the possibility of a diffuse
microvascular thrombotic-type picture and to have a low thresh-
old for brain MR imaging in patients with COVID-19 with
altered mental status.
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

COVID-19 Neurologic Complication with CNS
Vasculitis-Like Pattern

R. Hanafi, P.-A. Roger, B. Perin, G. Kuchcinski, N. Deleval, F. Dallery, D. Michel, L. Hacein-Bey, J.-P. Pruvo,
O. Outteryck, and J.-M. Constans

ABSTRACT

SUMMARY: Coronavirus disease 2019 (COVID-19) is a viral infection caused by the Severe Acute Respiratory Syndrome coronavirus
2 (SARS-CoV-2), which spreads rapidly from person to person and manifests in most symptomatic patients as a respiratory illness,
similar to prior SARS viruses. Neurologic manifestations of COVID-19 are uncommon; those so far reported include encephalopathy,
stroke from large-vessel occlusion, and polyneuropathy. We report a unique neurologic complication of COVID-19 in a patient who
had extensive cerebral small-vessel ischemic lesions resembling cerebral vasculitis in a characteristic combined imaging pattern of
ischemia, hemorrhage, and punctuate postcontrast enhancement. Also, a characteristic lower extremity skin rash was present in our
patient. Our observation lends support to the increasingly suspected mechanism of “endotheliitis” associated with this novel
coronavirus.

ABBREVIATIONS: ACE2 ¼ angiotensin converting enzyme 2; COVID-19 ¼ coronavirus disease 2019; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavi-
rus 2

Coronavirus disease 2019 (COVID-19) has now spread to the
whole world following an outbreak in China in late 2019.1

The virus is so highly contagious that the World Health
Organization has declared COVID-19 a pandemic, with close
to 3.5 million confirmed cases and 250,000 fatalities world-
wide at the time of this report (May 1, 2020).1,2 Similar to
other coronaviruses, the Severe Acute Respiratory Syndrome
coronavirus 2 (SARS-CoV-2) virus primarily targets the respi-
ratory system. In symptomatic patients, the most common
symptoms are fever, fatigue, cough, headache, and shortness
of breath. Severely symptomatic patients may present with
pneumonia, acute respiratory distress syndrome, acute car-
diac dysfunction from myocarditis, and multiorgan failure.3-5

Several mild neurologic manifestations of COVID-19 have
now been reported, which include hyposmia or anosmia.6-8

More severe neurologic complications have also been recently

reported, which may possibly be associated with COVID-19,
including acute hemorrhagic necrotizing encephalopathy,9

acute transverse myelitis and Guillain Barré syndrome,10 and
meningitis.11

We report herein a unique neurologic complication of
COVID-19 with extensive ischemic lesions resembling CNS
vasculitis.

Case Report
A 65-year-old man presented to the emergency department
with a 5-day history of fatigue, fever, and cough. Initial blood
work showed an inflammatory syndrome with an elevated C-
reactive protein (60mg/L), bicytopenia (normocytic anemia
and thrombocytopenia), and lymphopenia. The patient was
admitted to the medical ward for further evaluation. Non-
contrast chest CT showed ground-glass opacities characteristic
of COVID-19 infection. The diagnosis was confirmed by
reverse transcription polymerase chain reaction detection of
SARS-CoV-2 from a nasopharyngeal swab.

The following day, the patient had a high fever and chills. A
lower extremity skin rash was noted. Severe hypoxemia (56mm
Hg) and low oxygen saturation (90.6%) prompted oxygen ther-
apy with a high-concentration mask (15L/min) and antibiotic
therapy (spiramycin, amoxicillin, and clavulanic acid). Because
oxygen saturation continued to drop to 88%, with worsening of
skin rash and tachypnea, the patient was admitted to the pulmo-
nary intensive care unit.

Received April 23, 2020; accepted after revision May 5.

From the Department of Neuroradiology (R.H., G.K., J.-P.P., O.O.), University
Hospital of Lille, Hôpital Roger Salengro, Lille, France; Departments of
Interventional Radiology (R.H.), Cardiothoracic, Vascular and Respiratory Intensive
Care (P.-A.R.), Neurology and Neurophysiology (B.P.), and Neuroradiology (N.D.,
F.D., D.M., J.-M.C.), University Hospital of Amiens, Amiens, France; and Departments
of Neuroradiology and Radiology (L.H.-B.), University of California Davis School of
Medicine, Sacramento, California.

Please address correspondence to Hanafi Riyad, MD, University Hospital of Lille,
Department of Neuroradiology, Hôpital Roger Salengro, Avenue du Professeur,
Emile Laine, 59037, Lille, France; e-mail: riyad.hanafi@chru-lille.fr

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

http://dx.doi.org/10.3174/ajnr.A6651

1384 Hanafi Aug 2020 www.ajnr.org

https://orcid.org/0000-0003-2282-5081
https://orcid.org/0000-0002-5231-0241
https://orcid.org/0000-0002-6769-4794
https://orcid.org/0000-0001-8206-198X
https://orcid.org/0000-0003-2048-3719
https://orcid.org/0000-0001-9962-7396
https://orcid.org/0000-0003-1203-098X
https://orcid.org/0000-0003-3255-5492
https://orcid.org/0000-0001-8335-4872
https://orcid.org/0000-0003-3197-373X
https://orcid.org/0000-0002-6751-4378
mailto:riyad.hanafi@chru-lille.fr


Rapid stabilization of pulmonary function was obtained
with oxygen and care in the intensive care unit; however, the
patient remained drowsy and unarousable despite discontin-
uation of sedation. CT and MR imaging of the brain were
performed to look for possible neurologic complications such
as hypoxic-ischemic injuries or encephalitis. CT showed mul-
tiple white matter, basal ganglia, and cerebellar hypodensities
and bilateral globus pallidus hyperdensities (Fig 1), sugges-
tive of hemorrhage confirmed on T2*-weighted MR imaging
(Fig 2).

Brain MR imaging showed extensive ischemic lesions
with restricted diffusion (Fig 3), involving the centrum
semiovale, corpus callosum, basal ganglia, and cerebellum

(Fig 4), with patchy/punctuate enhancement (Fig 5).
Coronal 3D reconstruction MRA of supra-aortic arteries
showed no detectable abnormality of large intra- or extrac-
ranial vessels (Fig 6).

DISCUSSION
Neurologic complications are definitely associated with COVID-
19, though the mechanism of neurologic injury remains specula-
tive. Encephalopathy, ischemic stroke from large-vessel occlu-
sion,7-9,12 Guillain-Barré syndrome,10 and reversible cranial nerve
injuries (Miller Fisher syndrome)13 have all been reported with
no evidence thus far that the SARS-CoV-2 can cross the blood-
brain barrier.12,13

In our patient, hypoxic-ischemic injury was considered an
unlikely mechanism of injury because the patient had
remained responsive throughout the period of low oxygen sat-
uration, and only deteriorated several hours after successful
stabilization of oxygen saturation; in addition, the patient
did not have cardiac arrest. Also, imaging studies showed
sparing of the striatum and cortical structures throughout.

FIG 1. Noncontrast brain CT of presumptive COVID-associated small-vessel injury. Note deep white matter (A), basal ganglia (B), and cerebellar
(C) hypodensities (arrows). Bilateral globus pallidus hemorrhage is also present (B, arrows).

FIG 2. T2*-weighted MR imaging demonstrates bilateral globus pal-
lidus susceptibility, consistent with microhemorrhage (arrows).

FIG 3. Diffuse deep white matter ischemic injuries. DWI shows
numerous focal ischemic lesions within the hemispheric deep white
matter (A, white arrow), the corpus callosum (A, red arrow), the basal
ganglia, the middle cerebellar peduncles, and the cerebellar hemi-
spheres (B, white arrows).
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Similarly, a pro-thrombotic state
was not considered a likely causative
factor because thorough coagulation
panel findings (including the anti-
phospholipid antigen) were normal.

Neuroimaging findings in our
patient suggest the possibility of
injury to the small intracranial vascu-
lature in the distribution of distal per-
forating arteries. The association of
ischemic and hemorrhagic lesions to
the “patchy/punctate” enhancement
pattern is highly suggestive of vasculi-
tis.14 The punctate enhancement pat-
tern has been reported to be char-
acteristic of disease processes that
progress from endoluminal (angio-
centric lymphoma), vessel wall (vas-
culitis), or perivascular (progressive
multifocal leukoencephalopathy) cel-
lular proliferation.15

SARS-CoV-2 infects the host
through its CoV spike glycoprotein,
which binds to the angiotensin con-
verting enzyme 2 (ACE2) receptor,
which is expressed in the lungs, heart,
and kidney (the most frequenty tar-
geted organs in COVID-19), but also
endothelial cells.16 Endothelial cell
involvement with COVID-19 has
recently been demonstrated across
vascular beds.17 The expression of the
ACE2 receptor in neurons and cere-
bral endothelial cells indicates a high
level of invasiveness for the SARS-
CoV-2 in comparison with other coro-
naviruses (SARS and Middle East
Respiratory Syndrome).18 Such an en-
dothelial mechanism of injury (en-
dotheliitis) has been convincingly
demonstrated in severe cases of car-
diac injury in humans.19 Histologic
evidence of COVID-19–induced vas-
culitis has also been reported in several
other organs including the lung, liver,
kidney, or skin.20,21 The concomitance
of a characteristic skin rash with a
“mottled” appearance and such a pat-
tern of CNS lesions in our patient
would lend support to a mechanism of
virus-related endothelial injury.

CONCLUSIONS
COVID-19–related neurologic com-
plications remain poorly understood.
We report a patient whose clinical pre-
sentation and neuroimaging findings

FIG 4. Diffuse ischemic lesions on FLAIR imaging. Axial (A–C) and coronal (D) FLAIR images show
hyperintense ischemic lesions within the periventricular white matter, basal ganglia, cerebellar
peduncles (white arrows), and the corpus callosum (A, red arrow).

FIG 5. Patchy/punctate postcontrast enhancement pattern with consistent small vessel involve-
ment. Postcontrast T1 MR imaging shows intense patchy enhancement of all lesions, in particular
the globus pallidus bilaterally (A, white arrows), with a punctuate pattern in the middle cerebellar
peduncles and cerebellar hemispheres (B, arrow).
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are supportive of a mechanism of SARS-CoV-2–induced vasculi-
tis/endotheliitis.
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ORIGINAL RESEARCH
ADULT BRAIN

Evaluation of Ultrafast Wave-CAIPI MPRAGE for Visual
Grading and Automated Measurement of Brain Tissue

Volume
M.G.F. Longo, J. Conklin, S.F. Cauley, K. Setsompop, Q. Tian, D. Polak, M. Polackal, D. Splitthoff, W. Liu,

R.G. González, P.W. Schaefer, J.E. Kirsch, O. Rapalino, and S.Y. Huang

ABSTRACT

BACKGROUND AND PURPOSE: Volumetric brain MR imaging typically has long acquisition times. We sought to evaluate an ultrafast
MPRAGE sequence based on Wave-CAIPI (Wave-MPRAGE) compared with standard MPRAGE for evaluation of regional brain tissue
volumes.

MATERIALS AND METHODS: We performed scan-rescan experiments in 10 healthy volunteers to evaluate the intraindividual vari-
ability of the brain volumes measured using the standard and Wave-MPRAGE sequences. We then evaluated 43 consecutive
patients undergoing brain MR imaging. Patients underwent 3T brain MR imaging, including a standard MPRAGE sequence (accelera-
tion factor [R] ¼ 2, acquisition time [TA] ¼ 5.2minutes) and an ultrafast Wave-MPRAGE sequence (R ¼ 9, TA ¼ 1.15minutes for the
32-channel coil; R ¼ 6, TA ¼ 1.75minutes for the 20-channel coil). Automated segmentation of regional brain volume was per-
formed. Two radiologists evaluated regional brain atrophy using semiquantitative visual rating scales.

RESULTS: The mean absolute symmetrized percent change in the healthy volunteers participating in the scan-rescan experiments
was not statistically different in any brain region for both the standard and Wave-MPRAGE sequences. In the patients undergoing
evaluation for neurodegenerative disease, the Dice coefficient of similarity between volumetric measurements obtained from
standard and Wave-MPRAGE ranged from 0.86 to 0.95. Similarly, for all regions, the absolute symmetrized percent change for brain
volume and cortical thickness showed ,6% difference between the 2 sequences. In the semiquantitative visual comparison, the
differences between the 2 radiologists’ scores were not clinically or statistically significant.

CONCLUSIONS: Brain volumes estimated using ultrafast Wave-MPRAGE show low intraindividual variability and are comparable
with those estimated using standard MPRAGE in patients undergoing clinical evaluation for suspected neurodegenerative disease.

ABBREVIATIONS: ASPC ¼ absolute symmetrized percent change; VBM ¼ voxel-based morphometry

Volumetric brain MR imaging is widely used in clinical and
research settings for the evaluation of patients with suspected

neurodegenerative disease. Regional patterns of tissue loss aid in
generating a differential diagnosis and assessing prognosis, and
the identification of regional volume loss is increasingly used as
an outcome measure in trials of potentially disease-modifying
therapies.1-4 Of particular value, the T1-weighted MPRAGE
sequence provides excellent spatial resolution and tissue con-
trast5 but has long acquisition times due to the need to encode a
large number of k-space lines and the added TI required to
achieve the prepared T1-weighted contrast. Unfortunately, long
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scan times can contribute to patient anxiety, motion artifacts,
and nondiagnostic examinations, particularly for motion-prone
elderly patients.6-8

The Wave-Controlled Aliasing in Parallel Imaging (CAIPI;
Siemens) acquisition and reconstruction approach enables up to
an order of magnitude reduction in scan time with relatively pre-
served image quality and clinically feasible reconstruction
times.9,10 The adoption of Wave-CAIPI technology for highly
accelerated imaging in clinical and research studies will be facili-
tated by systematic validation of its use in routine clinical imaging
protocols.11 Wave-CAIPI has been optimized for whole-brain
imaging with MPRAGE in healthy volunteers12 and has demon-
strated potential in accelerating whole-brain volumetric evalua-
tion of healthy volunteers13 but has not yet been systematically
evaluated in a clinical setting.

The purpose of this study was to compare a highly acceler-
ated MPRAGE acquisition based on Wave-CAIPI (Wave-
MPRAGE) with standard MPRAGE in a prospective study of
patients undergoing evaluation for suspected neurodegenerative
disease. This evaluation consisted of the following: 1) assess-
ment of scan-rescan reliability of brain volumes extracted using
each sequence in a small cohort of healthy volunteers; 2) com-
parison of the 2 sequences using automated measures of re-
gional brain volume and cortical thickness in a larger cohort of
patients undergoing evaluation for neurodegenerative disease;
and 3) comparison of the 2 sequences using 6 histopathologi-
cally validated visual rating scales of regional brain atrophy. We
hypothesized that Wave-MPRAGE would be the equivalent to
standard MPRAGE for these quantitative and semiquantitative
evaluations of regional brain volume, despite a 3- to 4-fold
decrease in acquisition time.

MATERIALS AND METHODS
Subjects and Study Design
All components of this study were Health Insurance Portability
and Accountability Act–compliant and underwent approval
by the institutional review board (Massachusetts General
Hospital). We split our study into 2 parts. We first performed
scan-rescan experiments using the standard and Wave-
MPRAGE sequences in a small cohort of healthy volunteers.
We then compared the standard and Wave-MPRAGE images in

a larger cohort of patients under-
going evaluation for neurodegenera-
tive disease.

Scan-Rescan Experiments in Healthy
Volunteers. Ten healthy volunteers
were recruited for scan-rescan experi-
ments to assess the scan-rescan reliabil-
ity of brain volumes extracted using
each sequence. Written informed con-
sent was obtained from all subjects
before MR imaging scanning. All
images were acquired in the same 3T
MR imaging scanner (Magnetom
Skyra; Siemens). Twenty- or 32-chan-

nel multiarray receiver coils were used, with 5 subjects randomly
chosen to be scanned using each head coil. The scan sessions were
divided into 2 parts. Wave and standard MPRAGE sequences
(sequence parameters provided in Table 1) were acquired in a
randomized order during each part of the scan session. The sub-
jects were removed from the scanner and repositioned between
the first and second half of their scan sessions.

Wave-versus-Standard MPRAGE Evaluation in Neurodegenera-
tive Disease. A prospective comparative study of Wave versus
standard MPRAGE was performed at a single institution
from July 2018 to February 2019. Patients undergoing brain
MR imaging as part of the clinical work-up for memory loss
or suspected neurodegenerative disease (n¼ 31) or as part of
a concurrent research study (n¼ 12) were prospectively en-
rolled. From the patients participating in the research studies,
8 (66.7%) were part of a study investigating chronic white
matter disease, 3 (25.0%) were part of a study investigating is-
chemic stroke, and 1 (8.3%) was part of an epilepsy study.
There were no exclusion criteria beyond those for routine
clinical MR imaging. For the 31 subjects undergoing MR
imaging as part of their clinical evaluation, verbal consent
was obtained at the time of MR imaging and written consent
was waived by the institutional review board. For the 12
subjects undergoing MR imaging solely for research pur-
poses, written informed consent was obtained before MR
imaging.

Wave-MPRAGE Sequence
Wave-MPRAGE was implemented using a prototype inver-
sion-recovery prepared 3D gradient-echo pulse sequence12

(Wave-CAIPI; Siemens Healthineers, Erlangen, Germany).
On-line reconstruction was performed using an auto-cali-
brated procedure for simultaneous estimation of the parallel
imaging reconstruction and true k-space trajectory,10 with an
on-line reconstruction time of approximately 60 seconds.
Pulse sequence parameters could not be exactly matched
between the Wave-MPRAGE and standard MPRAGE sequen-
ces due to vendor constraints on the available parameter
options (eg, automated minimization of the TE and echo spac-
ing, absence of a phase oversampling option for the Wave-
MPRAGE sequence) but were optimized to achieve similar

Table 1: Acquisition parameters for standard and wave MPRAGE sequences
Parameters Standard MPRAGE Wave MPRAGE

FOV read (mm) 240 � 240 256 � 256
FOV phase (%) 100 100
Matrix size 256 � 256 256 � 256
Section thickness (mm) 0.89 1.0
TR/TE/TI (ms) 2300/2.32/900 2500/3.48/1100
Flip angle 8° 7°
Acceleration factor
20-Channel GRAPPA, R¼ 2 Wave-CAIPI, R¼ 3� 2
32-Channel GRAPPA, R¼ 2 Wave-CAIPI, R¼ 3� 3
Bandwidth (Hx/px) 200 200
Scan time (sec)
20-Channel 5 min 19 sec 1 min 46 sec
32-Channel 5 min 18 sec 1 min 11 sec

Note::—GRAPPA indicates generalized autocalibrating partially parallel acquisition.
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tissue contrast at the time when the center of k-space was
acquired.

MR Imaging Protocol
For the comparative study of patients undergoing evaluation
for neurodegenerative disease, MR imaging was performed on
1 of 2 clinical 3T MR scanners (Magnetom Prisma or Skyra;
Siemens), using 20- or 32-channel multiarray receiver coils,
depending on the fit and comfort of the patient. All clinical
scans were performed using the “memory loss” protocol of our
institution, which we use for the evaluation of memory loss or
suspected neurodegenerative disease. In addition to the stand-
ard imaging protocol, each scan included a standard MPRAGE
sequence and an ultrafast Wave-MPRAGE sequence. A sum-
mary of the MPRAGE sequence parameters is provided in
Table 1.

Image Evaluation: Quantitative Comparison
The longitudinal processing stream in FreeSurfer (http://surfer.
nmr.mgh.harvard.edu) was used to facilitate automated cortical
segmentation and parcellation of the standard and Wave-
MPRAGE images, with reduced bias for either sequence, follow-
ing the approach outlined in Reuter et al.14,15 The resulting seg-
mentations were inspected for accuracy, but no manual edits
were performed to avoid any observer bias. Regional brain vol-
ume and cortical thickness measurements were then extracted
from the output of the FreeSurfer stream for the standard and
Wave-MPRAGE data (Fig 1). Three cases had gross structural
abnormalities or extensive motion artifacts causing failure of the
FreeSurfer segmentation and were thus excluded from the quan-
titative analysis.

To compare the regional spatial overlap between the sequen-
ces, we coregistered the standard and Wave MPRAGE volumes
using the FMRIB Linear Image Registration Tool (FLIRT; http://
www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT),16,17 and regional spatial
overlap was compared for 11 different brain regions: frontal,
temporal, parietal, and occipital lobes; brain stem; cerebellum;

cingulate gyrus; hippocampus; insula; cerebral white matter;
and basal ganglia. We also compared the cortical thickness
throughout the 33 gyri included in the FreeSurfer pipeline.
Quantitative comparison was performed using 3 metrics: 1)
estimation of the Pearson correlation coefficient18 comparing
the volume of all brain regions derived from the standard and
Wave-MPRAGE images across the study population; 2) calcu-
lation of the absolute symmetrized percent change (ASPC) of
the volume and cortical thickness measurements derived from
the standard and Wave-MPRAGE images; and 3) estimation of
the Dice similarity coefficient for images obtained using the 2
sequences in each brain region.

The volume (or cortical thickness) ASPC was defined as

ASPC ¼ 100 � jðStandardVolumeÞ � ðWaveVolumeÞj
ð0:5 ½ðStandardVolumeÞ þ ðWaveVolumeÞ� ;

where “Volume” is the mean volume of the brain region of each
subject.14 The same formula was applied for the cortical thick-
ness comparison. The ASPC is a normalized rate for the average
of the volume (or cortical thickness). The ASPC does not con-
sider the signal of the difference, the distribution of the results,
or the order of processing, making it a more robust measure-
ment than a simple percentage. The same formula was used to
compare the volumes in the scan-rescan experiments, though
the same sequence (standard or Wave) was used in the denomi-
nator and numerator. The results are presented with the mean
and SD of the ASPC for the whole population.

The Dice coefficient of similarity compares the regional spa-
tial overlap between the 2 sequences and is calculated as the
following:14,19,20

Dice ðStandard; WaveÞ¼ 2� jStandard \Wavej
ðjStandardj þ jWavejÞ ;

The Dice coefficient is used in the literature to estimate the re-
gional spatial overlap, rather than just the agreement in volumet-
ric values. It gives information on the size and structure of the
analyzed region; consequently, it is a more robust way to evaluate
the similarity between 2 images. The Dice coefficient ranges from
0 to 1, with a value of 1 indicating perfect spatial overlap. The
Dice coefficient can be interpreted similar to the Cohen k coeffi-
cient, as suggested by Zijdenbos et al:21 0.00–0.20, slight agree-
ment; 0.21–0.40, fair agreement; 0.41–0.60, moderate agreement;
0.61–0.80, substantial agreement; and .0.80, almost perfect
agreement.

To investigate voxelwise differences in gray and white matter
signal intensity between the standard and Wave-MPRAGE
images, we performed voxel-based morphometry (VBM) analy-
sis of the Wave and standard MPRAGE images acquired in the
10 healthy volunteers who participated in the scan-rescan
experiments. The standard and Wave-MPRAGE images were
analyzed with FSLVBM22 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FSLVBM), an optimized VBM protocol23 performed with FSL
tools.24 Brain extraction and gray matter segmentation were
first performed on the structural images before registration to
the Montreal Neurological Institute 152 standard space using
nonlinear registration.25 The resulting images were averaged

FIG 1. Subject-specific template image with superimposed pial and
gray-white surface outlines (A) and subcortical gray matter (B) gener-
ated by the FreeSurfer longitudinal processing stream. The template
images were generated using the standard and Wave images regis-
tered to one another. The lines representing the pial and gray-white
matter surface FreeSurfer outputs on A and the colors on B are the
results of subcortical gray matter segmentation. The red is the stand-
ard MPRAGE output, and yellow is the Wave-MPRAGE output. The
figures demonstrate the high similarity of the segmentation gener-
ated from both sequences.
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and flipped along the x-axis to create a left-right symmetric,
study-specific gray matter template. All native gray matter
images were then nonlinearly registered to this study-specific
template and “modulated” to correct for local expansion/con-
traction due to the nonlinear spatial transformation. The modu-
lated gray matter images were then smoothed using an isotropic
Gaussian kernel with a signal of 3mm. Finally, a voxelwise gen-
eral linear model was applied using permutation-based non-
parametric testing, correcting for multiple comparisons across
space.

Image Evaluation: Visual Rating of Cerebral Atrophy
Following the approach described by Harper et al,26 we per-
formed visual evaluation of regional brain atrophy according
to 6 histopathologically validated rating scales in the cohort
of patients: 1) the 5-point anterior temporal scale of Davies
et al27 and Kipps et al;28 2) the 5-point medial temporal lobe
atrophy scale of Scheltens et al;29 3) the 4-point posterior at-
rophy scale of Koedam et al;30 and 4) the 4-point orbitofron-
tal, 5) anterior-cingulate, and 6) frontoinsular scales adapted
by Davies et al31 (On-line Fig 1).

Two neuroradiologists (J.C. and M.G.F.L., with 9 and 7 years
of experience, respectively) were trained before performing the
image analyses. To improve the interrater reliability, we selected
standard anatomic landmarks for each scale, and reference
images illustrating examples of each possible score on the scale
were available during the evaluation, as described by Harper et
al.26 The images were anonymized for the pulse sequence infor-
mation and parameters and presented in random order to the
readers. Only the MPRAGE sequences from the patients’ imag-
ing examinations were evaluated.

Statistical Analysis
For the demographic and FreeSurfer data, means and SDs were
calculated for the continuous variables, and percentages were cal-
culated for the categoric variables. Paired t tests were used to
compare the ASPCs and volumes of each cortical region.
ANOVA was used to test the interaction of the head coil used (20
or 32 channels) and results of the segmentation.

For the VBM-style analyses, to test for significant differences in
gray matter signal intensities between the standard and Wave-
MPRAGE images, we performed voxelwise cross-subject statistical
analysis using permutation-based nonparametric inference with
5000 random permutations. The results were considered significant
at P, .05 using cluster-based threshold-free cluster enhancement,32

corrected for multiple comparisons using the family-wise error rate.
For the visual rating of cerebral atrophy scales, we calculated

the absolute difference between the scores obtained from visual
evaluation of the standard MPRAGE and Wave-MPRAGE
images for each brain region. The mean and maximum values of
the difference between sequences was calculated. We calculated
the difference in scores between the sequences (|Standard –

Wave|), and between the readers (|Reader 1 – Reader 2|). We
tested for equivalence of the sequences using a paired two 1-sided
t test, with lower (–D) and higher (D) bounds of �0.5 and 0.5,
respectively, and a 2-sided 95% confidence interval, assuming a
2-sided significance level of 5%.33 The bounds were based on a
previous study that demonstrated clinical relevance of a mean
difference greater than 0.5 comparing healthy controls with
patients with dementia.31 The two 1-sided t test tests whether the
difference between the 2 groups is equivalent to zero and not dif-
ferent from two 1-sided t test zero. We tested whether the mean
difference between the groups is statistically rejected for both the

FIG 2. Barplot summarizing the results of the scan-rescan experiments in 10 healthy volunteers. The graph compares the mean and SD of the
ASPC of the same sequence (ie, Wave compared with Wave, and standard compared with standard). Each sequence was acquired in different
parts of the same scan session (see Materials and Methods for more details). The comparison of the Wave and Standard ASPC was not statisti-
cally different for the brain regions studied using a paired t test.
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1-sided tests, concluding that –D , |Standard – Wave| , D. In
other words, we tested whether the observed effect falls within the
equivalence bounds and it is small enough to consider that the
groups are practically equivalent. All statistical calculations were
performed using R statistical and computing software, Version
3.4.3 (http://www.r-project.org/).

RESULTS
Scan-Rescan Reliability of Standard and Wave-MPRAGE
in Healthy Volunteers
Ten healthy volunteers (28.9 6 7.1 years of age, 9 women) par-
ticipated in the scan-rescan experiments. The scan-rescan reli-
ability of brain volumes extracted using each sequence was
assessed using the ASPC. The mean ASPCs derived from the
Wave and standard MPRAGE images across subjects were not
statistically different in any brain region (Fig 2 and On-line

Table 1). The highest mean ASPCs were in the cerebellum,
where the mean ASPCs for standard MPRAGE were 2.07 6

1.73 and 2.49 6 1.33 for Wave-MPRAGE (P¼ .56). The lowest
ASPCs were in the cingulate cortex, where the mean ASPCs
for standard MPRAGE were 0.52 6 0.54 and 0.81 6 0.88 for
Wave-MPRAGE (P¼ .40). The highest mean difference
between the ASPCs was in the cerebellum, 1.836 1.16, and the
lowest was in the frontal lobes, 0.636 0.40. We did not find an
interaction of the segmentation results with the use of either
the 20- or 32- channel coils (P. .05).

Comparative Evaluation of Standard and Wave-MPRAGE
in Neurodegenerative Disease
Forty-three consecutive adults participated in the clinical com-
parative evaluation of the standard and Wave-MPRAGE
sequences. Demographic information, including age, sex, and

clinical indication for undergoing
MR imaging, are described in Table
2. Of the 43 subjects, 3 (7.0%) were
excluded due to the presence of struc-
tural abnormalities or severe motion
degradation resulting in failure of the
FreeSurfer segmentation. Quanti-
tative evaluation of brain tissue vol-
umes showed excellent agreement
between the 2 sequences, with Dice
coefficients corresponding to almost
perfect agreement for all of the brain
regions evaluated (k ranged from
0.86 to 0.95) (On-line Tables 2 and 3
and Fig 3). The regions with the low-
est mean Dice coefficients were the

Table 2: Clinical characteristics of the patients
Characteristics Total (n= 43) Included in Quantitative Analysis (n= 40)a

Male (%) 27 (62.8%) 25 (62.5%)
Age (median) (range) (yr) 72 (18–86) 70 (18–86)
20-Channel coil (%) 19 (46.3%) 17 (37.8%)
Research study (%) 12 (27.9%) 11 (24.4%)
Study indication
Cognitive impairment 18 (41.9%) 18 (45.0%)
Chronic white matter disease 8 (18.6%) 7 (17.5%)
Parkinsonism 5 (11.6%) 5 (12.5%)
Stroke 5 (11.6%) 4 (10.0%)
Traumatic brain injury 3 (7.0%) 2 (5.0%)
Ataxia 2 (4.7%) 2 (5.0%)
Epilepsy 1 (2.3%) 1 (2.5%)
Mitochondrial disease 1 (2.3%) 1 (2.5%)

a Three subjects were excluded from the FreeSurfer quantitative analysis due to large structural changes and/or
severe motion artifact resulting in failure of the automated FreeSurfer longitudinal processing stream.

FIG 3. Barplot demonstrating the mean and SD of the Dice coefficients over the brain regions evaluated, testing the spatial overlap between
the standard and Wave MPRAGE sequences. All the coefficients demonstrated almost perfect (k . 0.85) overlap.
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cerebellum (0.86 6 0.04), insula (0.89 6 0.02), and occipital
lobes (0.896 0.03).

The Pearson correlation coefficient demonstrated a high
degree of correlation when comparing brain volumes between
the standard and Wave-MPRAGE sequences, ranging from 0.90
to 0.99 (P, .001) (On-line Tables 2 and 3 and On-line Fig 2).
The mean ASPC ranged from 1.4%6 1.5% to 5.8%6 5.1% (On-
line Table 2). The areas with the highest ASPC were the same

areas with the lowest Dice coefficients: left and right cerebellar
hemispheres (with mean ASPCs of 5.4% 6 4.5% and 5.1% 6

3.3%, respectively; and a mean Dice coefficient of 0.86 6 0.04)
and left and right occipital lobes (with mean ASPCs of 5.7% 6

4.1% and 5.8% 6 5.1%, respectively; and a mean Dice coefficient
of 0.896 0.03) (On-line Table 2 and Fig 4). The area with highest
mean Dice coefficient was the brain stem (0.95 6 0.03) with a
mean ASPC of 2.7% 6 4.0%. Similar results were observed for

FIG 4. Barplot demonstrating the mean and SD of the ASPC for the volumes of the studied brain regions. The largest differences were in the
occipital lobes and cerebellar white matter.

FIG 5. Barplot demonstrating the absolute values of the differences in the visual rating scores (mean6 SD) for the Wave MPRAGE and standard
MPRAGE sequences (red bars). Differences between the 2 raters for the standard MPRAGE images (green bars) and Wave MPRAGE images (blue
bars) are also provided. MTA indicates medial temporal lobe.
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the mean ASPC for cortical thickness, ranging from 1.4%6 1.1%
in the left superior parietal gyrus to 4.8%6 4.4% in the right peri-
calcarine gyrus (On-line Figs 3 and 4).The average of total brain
volume was 1095.7 6123.4 mL for the standard MPRAGE and
1077.9 6119.9 mL for the Wave-MPRAGE, which corresponds
to a mean ASPC of 1.666 1.0% (Fig 4).

A VBM-style comparison of the standard and Wave-
MPRAGE images in the healthy volunteers participating in the
scan-rescan experiments revealed significant differences in signal
intensities in the bilateral occipital lobes, cingulate gyri, cerebellar
hemispheres, and hippocampi (On-line Fig 5). These regions cor-
responded to the areas showing the most significant differences
in the ASPC in the brain volume quantitative evaluation (On-line
Table 2).

In the visual rating of cerebral atrophy, the maximum differ-
ence between the atrophy scores for the standard MPRAGE and
Wave-MPRAGE images on any of the rating scales was 1 point.
The average differences between the scores for the standard
MPRAGE and Wave-MPRAGE images are provided in Fig 5.
The highest mean difference was in the frontoinsular scale
(0.40 6 0.5 and 0.44 6 0.5 for the standard and Wave
MPRAGE sequences, respectively). The mean difference in
scores |Standard – Wave| was equivalent to zero for all the
scales (two 1-sided t test P, .05) (On-line Fig 4).

DISCUSSION
This study compared a highly accelerated Wave-MPRAGE
sequence with the standard MPRAGE acquisition for brain vol-
ume assessment. We included an assessment of scan-rescan reli-
ability of the standard and Wave-MPRAGE sequences in healthy
volunteers and a subsequent comparative evaluation of the stand-
ard andWave-MPRAGE sequences in a cohort of patients under-
going investigation of neurodegenerative disease, which included
consecutive MR imaging examinations from both clinical and
research settings. We used different quantitative metrics to com-
pare the sequences: the Pearson correlation coefficient, ASPC,
and Dice similarity coefficient. Each measure provides different
information. The Pearson correlation coefficient demonstrates
the data variation. However, it does not consider the magnitude
of the difference between the 2 datasets, which was evaluated
using the ASPC. The Dice coefficient compares the within- and
between-subject variability, as well as the regional spatial overlap
for different brain regions. In addition to these computed met-
rics, we also included evaluation of the images using a visual rat-
ing scale to determine whether any difference in image quality
using Wave-MPRAGE would impact a radiologist’s visual evalua-
tion of brain volume, which is often an important part of the
patient’s clinical evaluation.

On visual inspection, Wave-MPRAGE images showed greater
image noise than standard MPRAGE, particularly in the central
brain (On-line Fig 1). This is an expected finding as there is less
SNR in the center of the coil in comparison to the periphery, and
the SNR scales with the square root of the acceleration factor, R.12

Several strategies were implemented in a previous technical de-
velopment study34 to minimize both noise amplification and
Wave-specific blurring artifacts. In this prior study, it was noted
that by means of the optimized Wave-MPRAGE sequence, it is

possible to decrease the g-factor by up to 1.10 times with an
acceleration factor of R= 3 � 3. Moreover, a subjective evalua-
tion by multiple raters comparing both sequences, standard and
Wave-MPRAGE, demonstrated comparable image quality
between them.34 In our study, all of the metrics evaluated also
showed high similarity between the 2 sequences, suggesting that
a mild increase in image noise with Wave-MPRAGE had a neg-
ligible impact on quantitative brain tissue segmentation and
qualitative brain volume evaluation. Nevertheless, we acknowl-
edge that the greater noise in the Wave-MPRAGE images may
affect the clinical assessment made by radiologists, which is an
important consideration that should be addressed and further
refined in the translation of Wave-MPRAGE to the clinic. Effort
is currently underway to incorporate postprocessing techniques
such as denoising and image regularization into the pipeline,
which can be tuned to improve the noise in the Wave-
MPRAGE images without incurring excessive spatial blurring.

In our scan-rescan experiments, we did not find a statistically
significant difference in mean ASPCs between the 2 sequences
for any brain region. Furthermore, the mean ASPCs for each
sequence in the scan-rescan experiments were consistently
smaller than the corresponding mean ASPCs between Wave and
standard MPRAGE in the patients undergoing evaluation for
neurodegenerative disorders, attesting to the relatively low intra-
individual variability of brain volumes estimated from the Wave
and standard MPRAGE acquisitions. We subsequently evaluated
Wave-MPRAGE in a clinical population including patients
undergoing evaluation for suspected neurodegenerative disease,
which included a range of both normal and abnormal brain tissue
volumes more representative of what would be encountered in
clinical practice. The correlation coefficients and ASPC for the
brain volume and cortical thickness between the standard and
Wave-MPRAGE sequences in our study were comparable with
those obtained in other studies that performed test and retest
analysis in more homogeneous cohorts composed of healthy vol-
unteers.14,18,35,36 In addition, we demonstrated almost perfect
correlation in our data for the voxel-by-voxel spatial overlap
comparison for all brain regions.14

The test and retest comparison of the FreeSurfer longitudinal
stream was evaluated by Reuter et al14 when the algorithm was
launched, comparing the brain volumes of healthy volunteers
acquired in the same scan session, using the same sequence. The
cortical thickness and volume ASPC results in the article by
Reuter et al were approximately 2%–3% for most brain regions,
similar to our cortical thickness ASPC results. In the brain vol-
ume analysis, we found that most of the regions also had an
ASPC of approximately 2%–3%, except for the occipital lobes
(approximately 5%–6%). Most interesting, the cuneus was the
region with the worst performance in the test and retest analysis
using the cross and longitudinal streams in the original article as
well.14 Given that the visual cortex is one of the thinnest cortical
regions with a high degree of myelination, the lower gray-white
matter contrast in this region could explain the poorer perform-
ance of the FreeSurfer segmentation in this area. Alternatively,
small differences between the Wave-MPRAGE and standard
MPRAGE acquisitions could contribute to the small differences
in brain tissue volumes observed in this study (with ASPC
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ranging from 1.4% to 5.8%, depending on brain region). These
differences are similar to those observed in other studies evaluat-
ing the effect of small changes in the MPRAGE parameters,37

scanner model,38 FreeSurfer version, and operating system,39

underscoring the importance of standardizing the acquisition
and data processing procedures for longitudinal studies.

In our scan-rescan experiments, the mean ASPCs for brain
volumes derived from the standard and Wave-MPRAGE images
were not statistically different. The comparisons performed in the
scan-rescan experiments were different from the comparisons in
the cohort of patients. In this experiment, we compared the
Wave sequence with the Wave sequence and the standard
sequence with the standard sequence, demonstrating high inter-
scan reliability. Moreover, the scan-rescan experiments were per-
formed in healthy volunteers in a more controlled environment,
resulting in fewer artifacts including fewer motion artifacts. The
scan-rescan experiment reinforces the notion that when fewer
variables are present, the differences will tend to be closer to zero.

In the Dice coefficient of similarity comparison of the regional
overlap for different brain regions, the cerebellum had the lowest
score (0.86), though it is still interpreted as almost perfect agree-
ment. We believe that the main reason for the differences found
in the spatial overlap is that FreeSurfer fails to remove the cere-
bellar peduncle and venous sinuses accurately. In On-line Fig 6,
there is an example from one of our cases showing the FreeSurfer
segmentation. The software extends the segmentation to the con-
fluence of the transverse sinuses in this case, leading to inaccurate
segmentation. Additionally, the signal intensities of the cerebellar
white matter and the peduncles are very similar, making the seg-
mentation more difficult. These limitations lead to more errors
and subsequent differences in the Dice coefficient, as noted in
our Results.40

In the visual rating analysis, the mean score differences
between the standard and Wave-MPRAGE sequences were small.
The scales used here have a well-known intrinsic and subjective
variability, with interrater agreement ranging from moderate
agreement to almost perfect agreement in a larger cohort study.26

Therefore, the score differences are more likely related to the
intrinsic variability of the scales than to the sequence used.
Moreover, in the study of Harper et al,26 the differences between
the mean scores of healthy controls compared with patients with
dementia were mostly greater than 0.5. Consequently, differences
inferior to this value (as observed in our study) are unlikely to be
clinically significant. These results suggest that Wave-MPRAGE
could potentially replace standard MPRAGE in clinical brain
imaging protocols, resulting in more efficient use of MR imaging
resources, noting that more validation studies are needed to dem-
onstrate the utility and comparability of Wave-MPRAGE with
standard MPRAGE in aiding the clinical diagnosis of neurodege-
nerative disorders.

This study has several limitations. To prevent selection bias,
we included consecutive brain volumes acquired in the study pe-
riod for volume-loss evaluation. However, a few cases (n¼ 3) had
gross structural abnormalities resulting in failure of the
FreeSurfer segmentation and therefore had to be excluded from
the quantitative volumetric analysis. We have a relatively small
sample size, though our number is still larger than that in many

studies making similar test and retest comparisons.14,36,37 Most of
these studies included healthy subjects, while our cohort included
patients undergoing clinical evaluation for neurodegenerative
disease, increasing the complexity of acquiring the images (eg,
due to greater patient motion). Moreover, we also used strategies
to decrease the error (bias) in the volume evaluations, specifically
the FreeSurfer longitudinal stream. Although the radiologist
observers were blinded to the pulse sequence used, some features
in the images could help in the identification of the sequence.
The image quality of the Wave-MPRAGE and other Wave
sequences has been evaluated in a recently published work34 and
was not formally evaluated here, because the goal of our study
was to evaluate the impact of sequence selection on quantitative
and semiquantitative brain volume estimation.

CONCLUSIONS
Wave-MPRAGE provided reliability similar to that of standard
MPRAGE for regional evaluation of brain atrophy using auto-
mated segmentation of brain tissue volumes, cortical thickness
measurements, and semiquantitative visual rating scales, despite
a 3- to 4-fold decrease in acquisition time. Adoption of Wave-
MPRAGE for volumetric imaging of patients with suspected neu-
rodegenerative disease could provide more efficient use of MR
imaging resources in both clinical and research settings.
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ORIGINAL RESEARCH
ADULT BRAIN

Cerebral Microbleeds Are Associated with Loss of White
Matter Integrity

J.-Y. Liu, Y.-J. Zhou, F.-F. Zhai, F. Han, L.-X. Zhou, J. Ni, M. Yao, S. Zhang, Z. Jin, L. Cui, and Y.-C. Zhu

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have shown that diffusion tensor imaging suggests a diffuse loss of white matter
integrity in people with white matter hyperintensities or lacunes. The purpose of this study was to investigate whether the pres-
ence of cerebral microbleeds and their distribution are related to the integrity of white matter microstructures.

MATERIALS AND METHODS: The study comprised 982 participants who underwent brain MR imaging to determine microbleed
status. The cross-sectional relation between microbleeds and the microstructural integrity of the white matter was assessed by 2
statistical methods: a multilinear regression model based on the average DTI parameters of normal-appearing white matter and
Tract-Based Spatial Statistics analysis, a tract-based voxelwise analysis. Fiber tractography was used to spatially describe the micro-
structural abnormalities along WM tracts containing a cerebral microbleed.

RESULTS: The presence of cerebral microbleeds was associated with lower mean fractional anisotropy and higher mean diffusivity,
axial diffusivity, and radial diffusivity, and the association remained when cardiovascular risk factors and cerebral small-vessel disease
markers were further adjusted. Tract-Based Spatial Statistics analysis indicated strictly lobar cerebral microbleeds associated with
lower fractional anisotropy, higher mean diffusivity, and higher radial diffusivity in the internal capsule and corpus callosum after
adjusting other cerebral small-vessel disease markers, while only a few voxels remained associated with deep cerebral microbleeds.
Diffusion abnormalities gradients along WM tracts containing a cerebral microbleed were not found in fiber tractography analysis.

CONCLUSIONS: Cerebral microbleeds are associated with widely distributed changes in white matter, despite their focal appear-
ance on SWI.

ABBREVIATIONS: CMB ¼ cerebral microbleed; CSVD ¼ cerebral small vessel disease; MD ¼ mean diffusivity; FA ¼ fractional anisotropy; NAWM ¼ normal-
appearing white matter; WMH ¼ white matter hyperintensity; TBSS ¼ Tract-Based Spatial Statistics

According to recent evidence, cerebral small vessel disease
(CSVD) was found to have focal brain parenchymal lesions

not only visible on brain MR imaging but also related to a wider
range of white matter microstructural injury.1-3 These studies
mainly focused on ischemic lesions related to CSVD, such as
lacunes or white matter hyperintensities.

Cerebral microbleeds (CMBs), characterized as focal hemo-
siderin deposits without remarkable brain tissue loss in

pathologic studies, are the only hemorrhagic marker of CSVD
and apparently different from white matter hyperintensities
(WMHs) and lacunes. Theoretically, CMBs might also be associ-
ated with remote or extensive lesions of the brain because CMBs
appear as markers of hypertension and cerebral amyloid antipa-
thy, which can lead to the dysfunction of the blood-brain barrier,
erythrocyte extravasation, and diffuse influence on brain tissue.4-6

Akoudad et al7 found, in the Rotterdam Scan Study, that the pres-
ence of CMBs was associated with lower mean fractional
anisotropy (FA) and higher mean diffusivity (MD) in DTI,
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supporting the above-mentioned hypothesis. However, answers to
serious questions remained unclear. First, few studies further
investigated the dimensional distribution of microstructural
integrity changes that related to different distribution pat-
terns of CMBs, which imply different pathologic types of
CSVD. Moreover, a previous study demonstrated that diffu-
sion abnormalities gradients surround lacunes, suggesting a
perilesional effect.8 Whether CMBs can also lead to a similar
perilesional effect remained unclear.

To answer the questions mentioned above, we investigated by
DTI whether the presence and distribution of CMBs were associ-
ated with the destruction of white matter integrity on the basis of
a community-based sample, and we further used fiber tractogra-
phy to spatially describe the microstructural abnormalities along
white matter tracts containing a CMB.

MATERIALS AND METHODS
Participants
This study is embedded in the Shunyi study, an ongoing prospec-
tive population-based cohort study that aims to investigate the
risk factors and consequences of brain changes in community-
dwelling adults in a Chinese population. All inhabitants 35 years
of age or older who independently lived in 5 villages of Shunyi, a
suburb of Beijing, were invited to participate in this study. A total
of 1586 participants agreed to join between June 2013 and April
2017. Standard clinical examinations were performed for each
participant at baseline, including structured questionnaires, phys-
ical examinations, and blood tests. All participants were advised
to complete a brain MR imaging examination, except those who
refused or had contradictions for MR imaging, a total of 263.
Thus, 1323 participants underwent brain MR imaging. The study
was approved by the ethics committee at Peking Union Medical
College Hospital (reference No. B-160). Written informed con-
sent was obtained from all participants.

Among the 1323 participants who underwent brain MR imag-
ing, those with poor-quality images and no diffusion imaging
(n¼ 109) and those with missing data of vascular risk factors and

other baseline characteristics (n ¼
232) were excluded, leaving 982
subjects used for data analysis (Fig
1). The baseline characteristics of
the participants included and not
included in the current study were
balanced.

Vascular Risk Factors
Cardiovascular risk factors were
collected using structured question-
naires, physical examinations, and
blood tests. Definitions of cardiovas-
cular risk factors are described in the
On-line Appendix.

MR Imaging
A 3T Magnetom Skyra scanner
(Siemens) was used for the brain MR
imaging examination. 3D-T1-weighted,

T2-weighted, FLAIR, and SWI were performed as described in
detail previously.9

All imaging markers were rated and defined on the basis of
the Standards for Reporting Vascular Changes on Neuro-
imaging.10 Lacunes were defined as areas with a diameter .3
mm and ,15 mm with low signal intensity on T1 and FLAIR
and high signal intensity on T2, located at the basal ganglia or
white matter. CMBs were defined as small, round, or ovoid hypo-
intense lesions found on the SWI sequence and categorized into 2
groups according to their location: strictly lobar CMBs and deep
CMBs. Strictly lobar CMBs were defined as CMBs located at the
cortical gray and subcortical or periventricular white matter.
Deep CMBs were defined as CMBs located at other places (deep
gray matter including the basal ganglia and thalamus; white mat-
ter of the corpus callosum, internal, external, and extreme capsu-
les; brain stem and cerebellum), with or without lobar CMBs.
White matter hyperintensities were segmented by the lesion-
growth algorithm11 as implemented in the LST toolbox (https://
www.applied-statistics.de/lst.html) for Statistical Parametric
Mapping 12 (http://www.fil.ion.ucl.ac.uk/spm/). The gray matter,
white matter, and CSF were segmented using Statistical
Parametric Mapping 12. Total brain volume was computed as
the sum of gray matter and white matter volumes.

Lacunes and CMBs were rated by 2 well-trained neurolo-
gists who were blinded to clinical data, independently (F.H. for
lacunes and Q.W. for CMBs). Intrarater agreement was
assessed in a random sample of 50 individuals with an interval
of .1 month between the first and second readings. k values
for the intrarater agreements were 0.95 for lacunes and 0.90
for CMBs.

Diffusion Imaging Analysis
Details on the diffusion imaging processing are listed in the
On-line Appendix. Diffusion tensor images were processed
using PANDA, a pipeline toolbox for diffusion MR imaging
analysis (https://www.nitrc.org/projects/panda/).12 FA, MD,
axial diffusivity, and radial diffusivity maps in native space

FIG 1. Flow diagram of the study population.
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and standard Montreal Neurological Institute space were gen-
erated for each individual. Furthermore, diffusion parameters
in normal-appearing white matter (NAWM) were also calcu-
lated using NAWM masks created by excluding the individual
WMH segmentation mask from a mean white matter mask.

Then, we performed Tract-Based Spatial Statistics (TBSS;
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) to assess the associa-
tion between CMBs and white matter integrity.13 TBSS analysis
was performed for 2 groups according to the location of cere-
bral microbleeds (none versus strictly lobar CMBs; none versus
deep CMBs). TBSS was performed using a permutation-based
statistical interference tool for nonparametric analyses as part
of the FMRIB Software Library toolbox (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/Randomise). The number of permutation tests
was set at 5000, and significant thresholds were determined
using a threshold-free cluster enhancement with P value, .05
to correct for multiple testing.

Along-tract statistics (https://github.com/johncolby/along-tract-
stats) were used to spatially describe the microstructural abnormal-
ities along WM tracts containing a CMB. Those who had.1 CMB
and had CMBs near lacunes or WMHs were excluded, leaving 20
participants with only 1 CMB in the supratentorial white matter.
Whole-brain deterministic tractography was performed according
to the FACT algorithm,14 as implemented in Diffusion Toolkit v0.6
(http://www.trackvis.org/dtk). Tracking constraints included a min-
imum FA threshold of 0.2 and a maximum fiber-turning angle of
45°. For each microbleed, the fiber containing the microbleed and
the corresponding fiber at the contralateral hemisphere were
extracted manually. Fiber tract diffusion properties (FA and MD)
were investigated along the tract at 5-mm intervals.15 Comparisons
were made between the affected and control tracts for each segment
using paired t tests (On-line Figure).

Statistical Analyses
The baseline characteristics were presented as mean (6SD),
median (interquartile range), or frequency (percentage).
Baseline characteristics were compared among groups using
ANOVA, a nonparametric test, or a x2 test. Cerebral micro-
bleed status was investigated dichotomously (none versus $1
CMB), and by location (none versus strictly lobar CMBs; none
versus deep CMBs). Multiple linear regression was used to
evaluate the association between microbleed status and the in-
tegrity of brain white matter in 4 models. WMH volume was
natural log-transformed because of its skewed distribution.
Subject-specific mean FA, mean MD, and axial and radial dif-
fusivities were standardized into z scores. In model 1, we
adjusted for age and sex. In model 2, we additionally adjusted
for cardiovascular risk factors (hypertension, diabetes mellitus,
hyperlipidemia, smoking). In model 3, we adjusted for age,
sex, and other imaging markers of CSVD, including WMH
volume and the presence of lacunes. In model 4, we adjusted
for both cardiovascular risk factors and other imaging markers
of CSVD. All analyses were performed using the statistical
software package SPSS 23.0 (IBM) and an a value of .05.

RESULTS
Table 1 provides the characteristics of the study population. In
871 participants without CMBs, the mean age was 55.3 years, and
296 participants were men. Fifty-one participants had strictly lo-
bar microbleeds, and 60 had deep microbleeds. The portion of
men was relatively higher (60%) in participants with deep micro-
bleeds. Compared with the strictly lobar microbleeds group, the
proportion of patients with deep microbleeds with hypertension
and lacunes was higher.

Table 1: Characteristics of the study populationa

Variables Normal Deep CMBs Lobar CMBs Pb Pc

Demographics
Age (yr) 55.3 (9.1) 62.6 (7.5) 60.8 (9.0) ,.001 .314
Men 296 (34%) 36 (60%) 20 (39%) ,.001 .048

Cardiovascular risk factors
Hypertension 427 (49%) 48 (80%) 27 (53%) ,.001 .002b

Diabetes mellites 148 (17%) 14 (23%) 12 (24%) .212 .981
Hyperlipidemia 427 (49%) 29 (48%) 27 (53%) .869 .628
Smoking 231 (26.5%) 25 (41.7%) 15 (29.4%) .038 .180

Neuroimaging characteristics
Presence of lacunes 122 (14%) 35 (58%) 15 (29%) ,.001 .002d

WMH volume (mL) 0.82 (0.25–2.62) 5.82 (2.09–12.81) 3.56 (0.99–7.11) ,.001 .086
Total brain volume (mL) 1402.7 (123.2) 1421.0 (132.6) 1424.2 (136.3) .285 .893

CMB numbers – .003d

1 – 29 (48.3%) 36 (70.5%)
2�3 – 17 (28.3%) 13 (25.5%)
.4 – 14 (23.3%) 2 (4.0%)

DTI parameters
Mean global FA, NAWM 0.37 (0.02) 0.35 (0.03) 0.35 (0.02) ,.001 .143
Mean global MD, �10–3mm2/s, NAWM 0.84 (0.04) 0.89 (0.06) 0.87 (0.05) ,.001 .031
Axial diffusivity, �10�3 mm2/s, NAWM 1.18 (0.04) 1.22 (0.05) 1.20 (0.05) ,.001 .023
Radial diffusivity, �10�3 mm2/s, NAWM 0.67 (0.05) 0.73 (0.07) 0.71 (0.06) ,.001 .042

Note:—–indicates no CMBs.
a Data represent mean (SD), median (interquartile range), or frequency (percentage).
b Significance test among 3 groups, using the ANOVA, x 2 test, or the Kruskal-Wallis test.
c Post hoc analysis between the deep CMB and lobar CMB groups.
d The difference was significant between deep CMBs and lobar CMBs groups (Bonferroni-corrected, P, .017).
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Association between CMBs and White Matter Integrity
The association between the presence of CMBs and DTI meas-
urements is shown in Table 2. When adjusted for age and sex,
participants with CMBs had reduced FA and higher MD, axial
diffusivity, and radial diffusivity (all P, .001, model 1) The asso-
ciation remained when cardiovascular risk factors and CSVD
markers were further adjusted (models 2, 3, and 4).

Table 3 reveals the association between DTI measurements
and different CMB locations. Significantly lower mean FA and
higher mean MD, axial diffusivity, and radial diffusivity were
observed in models 1 and 2 in participants with deep CMBs and
those with strictly lobar CMBs. With additional adjustment for
CSVD markers, the association remained in participants with
deep CMBs (model 4). In participants with lobar CMBs, such
associations remained after adjustment for markers of CSVD,
except that no significant association was identified between
lobar CMBs and axial diffusivity (model 4: b ¼ 0.134; 95% CI,
�0.062�0.330; P¼ .180).

Tract-Based Spatial Statistics Analysis
As shown in Fig 2A, the DTI measurements at almost all voxels
on the skeleton were significantly different between participants
with deep CMBs and healthy participants. Similar differences of
the DTI measurements between participants with strictly lobar
CMBs and healthy participants were also found, as shown in
Fig 3A, except that in only a few voxels was the higher axial diffu-
sivity associated with lobar CMBs. With additional control of
CSVD imaging markers, the relations of deep CMBs and DTI

parameters disappeared, except that participants with deep CMBs
had a higher MD and higher radial diffusivity in some voxels
located at the anterior limb of the internal capsule and genu of
the corpus callosum (Fig 2B). In the strictly lobar CMB group,
lower FA, higher MD, and higher radial diffusivity were found at
the genu of the corpus callosum and the anterior limb of the in-
ternal capsule compared with those in healthy groups, but no sig-
nificant differences of axial diffusivity were identified between
them
(Fig 3B).

Along-Tract Statistics Analysis
Detailed information of the selected subjects is given in the On-
line Table. As shown in Fig 4, there was no detectable change in
FA (CMB/control ¼ 0.987, P ¼ .429) and MD (CMB/control ¼
1.021, P ¼ .225) at the CMB location. No detectable change was
found as the distance increased from the CMB location.

DISCUSSION
In this prospective population-based cohort study, we found that
the presence of CMBs, whether deep or lobar, was associated
with lower mean FA and higher mean MD. The voxelwise TBSS
analysis showed that after adjusting for other CSVD MR imaging
markers, multiple regions of the white matter skeleton (mainly in
the anterior limb of the internal capsule and the genu of the cor-
pus callosum) were associated with strictly lobar cerebral micro-
bleeds, while only a few voxels remained to be associated with

Table 3: Microbleeds by location and white matter microstructure integritya

FA MD Axial Diffusivity Radial Diffusivity

b P b P b P b P
None vs

lobar
Model 1 �0.396 (�0.622 to �0.169) .001 0.339 (0.135�0.543) .001 0.270 (0.055�0.484) .014 0.363 (0.159�0.566) ,.001
Model 2 �0.396 (�0.619 to �0.173) .001 0.340 (0.138�0.541) .001 0.270 (0.058�0.485) .013 0.362 (0.162�0.563) ,.001
Model 3 �0.258 (�0.467 to �0.048) .016 0.191 (0.010�0.372) .038 0.131 (�0.065�0.327) .191 0.215 (0.034�0.395) .020
Model 4 �0.264 (�0.472 to �0.056) .013 0.195 (0.014�0.376) .034 0.134 (�0.062�0.330) .180 0.218 (0.039�0.398) .017

None vs
deep

Model 1 �0.509 (�0.726 to �0.293) ,.001 0.530 (0.335�0.725) ,.001 0.486 (0.283�0.689) ,.001 0.534 (0.339�0.729) ,.001
Model 2 �0.481 (�0.697 to �0.266) .001 0.512 (0.317�0.706) ,.001 0.472 (0.268�0.675) ,.001 0.514 (0.319�0.708) ,.001
Model 3 �0.244 (�0.450 to �0.038) .020 0.243 (0.065�0.421) .008 0.218 (0.028�0.408) .025 0.246 (0.068�0.424) .007
Model 4 �0.242 (�0.448 to �0.036) .021 0.245 (0.071�0.424) .007 0.220 (0.029�0.411) .024 0.248 (0.069�0.426) .007

Note:—b indicates regression coefficient.
a Values represent differences in z scores of mean FA, MD, axial diffusivity and radial diffusivity of NAWM for the presence of any microbleeds by their location com-
pared with no microbleeds. Model 1: adjusted for age and sex; model 2: same as model 1, additionally adjusted for hypertension, hyperlipidemia, smoking, diabetes; model
3: adjusted for age, sex, lacunes, white matter hyperintensity volume (log-transformed); model 4: adjusted for sex, cardiovascular risk factors as in model 2, and CSVD
imaging markers as in model 3.

Table 2: Microbleeds (yes versus no) and white matter microstructure integritya

FA MD Axial Diffusivity Radial Diffusivity

b P b P b P b P
Model 1 �0.450 (�0.616 to �0.285) ,.001 0.433 (0.282�0.584) ,.001 0.378 (0.221�0.535) ,.001 0.446 (0.295�0.597) ,.001
Model 2 �0.433 (�0.597 to �0.269) ,.001 0.420 (0.271�0.570) ,.001 0.368 (0.212�0.524) ,.001 0.432 (0.282�0.581) ,.001
Model 3 �0.238 (�0.394 to �0.083) .003 0.204 (0.068�0.340) .003 0.165 (0.019�0.310) .026 0.217 (0.081�0.352) .002
Model 4 �0.241 (�0.396 to �0.086) .002 0.206 (0.070�0.342) .003 0.167 (0.021�0.312) .025 0.218 (0.083�0.354) .002

Note:—b indicates regression coefficient.
a Values represent differences in z scores of mean FA, MD, axial diffusivity, and radial diffusivity of NAWM for the presence of any microbleeds compared with no micro-
bleeds. Model 1: adjusted for age and sex; model 2: same as model 1, additionally adjusted for hypertension, hyperlipidemia, smoking, diabetes; model 3: adjusted for age,
sex, lacunes, and white matter hyperintensity volume (log-transformed); model 4: adjusted for sex, cardiovascular risk factors as in model 2, and CSVD imaging markers as
in model 3.
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deep CMBs. Diffusion abnormalities gradients along WM tracts
containing a CMB were not found in fiber tractography analysis.

We found that the presence of CMBs was associated with
lower mean FA and higher mean MD after adjusting for crucial
vascular risk factors and other CSVD MR imaging markers. This
result was consistent with a previous study by Akoudad et al,7 in
2013, indicating that the presence of CMBs was associated with
the loss of white matter structural integrity. We found that both
radial diffusivity and axial diffusivity were higher in the CMB
group, a finding also consistent with those of Akoudad et al. At
present, it is thought that the increase in radial diffusivity may
reflect the increase of extra-axonal fluid caused by demyelination
or destruction of myelin integrity, while the decrease of axial dif-
fusivity may mean the loss of axons and the destruction of fiber
consistency.3,16 Does this mean that CMBs are mainly associated
with myelin sheath loss in the white matter? Because the relation
between the pattern of changes in DTI metrics and pathologic
changes is mostly observed in animal models, the exact patho-
logic processes leading to changes in the diffusion tensors in the
human brain still need to be further explored.

The TBSS result in our study that white matter microstructure
destruction was found to be associated with strictly lobar

microbleeds after adjusting CSVDmarkers, while only few voxels
remained to be associated with deep microbleeds after adjusting
CSVD markers, suggested that deep CMBs and lobar CMBs are
related to the damage of white matter microstructures through
different mechanisms. It is believed that deep microbleeds are
related to hypertension arteriopathy, while lobar microbleeds
result primarily from cerebral amyloid angiopathy.5 The previous
study by Akoudad et al7 claimed that allele Apolipoprotein E4 car-
riers with strictly lobar microbleeds had poorer white matter in-
tegrity than noncarriers with strictly lobar CMBs, and effect
modification by Apolipoprotein E4 carriership was not present for
deep microbleeds, suggesting that amyloid angiography itself
might play an important role in the relationship between strictly
lobar CMBs and diffuse white matter damage. In addition, a
recent study that investigated the histopathology of diffusion
imaging abnormalities in 9 patients with cerebral amyloid angi-
opathy found that axonal and myelin loss are major components
underlying cerebral amyloid angiopathy–related alterations in
DTI properties observed in living patients.17 The discrepancy in
the relation between the deep CMBs and DTI parameters dis-
played by a multilinear regression model based on the average
DTI parameters and the tract-based voxelwise TBSS analysis may

FIG 2. DTI parameters related to deep CMBs. Tract-Based Spatial Statistics analysis of FA and the CMB location (deep CMBs with or without lo-
bar CMBs). Deep CMBs were associated with decreased FA and increased MD, axial diffusivity, and radial diffusivity, adjusted for age, sex, hyper-
tension, hyperlipidemia, smoking, and diabetes (A), or age, sex, hypertension, hyperlipidemia, smoking, diabetes, white matter hyperintensity
volume, and lacunes (B), thresholded at P, .05, and corrected for multiple comparisons. The red colormap indicates a positive relationship, and
the blue colormap indicates a negative relationship. The statistical maps are superimposed onto the spatially normalized (Montreal Neurological
Institute stereotactic space) and averaged (n = 931) FA map. Threshold-free cluster enhancement corrected P, .05.
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also be due to the influence of the extreme value on the average
DTI parameters used for multiple linear regression.

Several theories can be proposed to explain the relation
between lobar CMBs and changes of DTI parameters in the inter-
nal capsule and corpus callosum: White matter fibers in these
regions are relatively dense, which may lead to cumulative effects
of white matter damage in these parts. Alternatively, because the
fibers in the genu of the corpus callosum and the anterior limb of
the internal capsule are mainly connected with the frontal lobe,
lobar microbleeds may be related to the damage of white matter
fibers originating from the frontal lobe. Follow-up studies can
provide a more detailed anatomic division of CMBs and assess
the integrity of major white matter fiber tracts using diffusion
tensor tractography to analyze the relationship between CMB to-
pography and white matter damage.18

There are several hypotheses about the mechanism underlying
the correlation between CMBs and white matter integrity loss.
First, it is believed that microbleeds are mainly caused by
impaired BBB, which can also lead to other diffuse pathologic
changes, including white matter rarefication.19 Second, vascular
risk factors lead to pathologic vascular changes. CMBs and white

matter integrity damage may occur together as downstream
products.9,20-22 There was also the hypothesis that CMBs might
directly damage the adjacent white matter. However, we did not
find a gradient of diffusion abnormalities surrounding the CMBs,
indicating that perilesional damage might not be the cause of
CMB-related white matter integrity loss. This possibility suggests
that the white matter damage associated with CMBs is not con-
fined to the site of microbleeds, but is diffuse.

Our results support the hypothesis that microbleeds reflect a
more extensive impact despite their focal appearance on SWI.
Therefore, the presence of microbleeds may be an important
marker of CSVD risk stratification in clinical practice. The associ-
ation between CMBs and diffuse white matter damage remained
after adjusting for WMHs and lacunes, which may reflect differ-
ent underlying pathologic mechanisms between CMBs and other
CSVD markers. The differential description of their pathologic
mechanisms associated with the loss of white matter integrity
may have an impact on the treatment strategy.

A large sample size and population-based settings make this
study more generalizable, the main advantage of our research. In
addition, a comprehensive, unified protocol and high-quality

FIG 3. DTI parameters related to strictly lobar CMB. Tract-Based Spatial Statistics analysis of FA and CMB location (strictly lobar). Lobar CMBs
were associated with decreased FA and increased MD, axial diffusivity, and radial diffusivity, adjusted for age, sex, hypertension, hyperlipidemia,
smoking, and diabetes (A), or age, sex, hypertension, hyperlipidemia, smoking, diabetes, white matter hyperintensity volume and lacunes (B),
thresholded at P, .05 and corrected for multiple comparisons. The red colormap indicates a positive relationship, and the blue colormap indi-
cates negative relationship. The statistical maps are superimposed onto the spatially normalized (Montreal Neurological Institute stereotactic
space) and averaged (n = 922) FA map. Threshold-free cluster enhancement corrected P, .05.
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clinical MR imaging data have increased the reliability of this
study. To avoid the influence of WMH on the results, we calcu-
lated the average DTI parameters of NAWM; this calculation was
not performed in most previous studies. However, some limita-
tions of our study need to be mentioned. First, our results are
based on cross-sectional data, which prevent us from making a
causal inference. Because our study is based on a cohort study,
long-term follow-up can be conducted to observe the effects of
CMB progression on white matter changes. Second, this article
aims to reveal the relationship between cerebral microbleed loca-
tion and white matter microstructure. However, the severity of
cerebral microbleeds may also influence the integrity of white
matter. Because the sample size of the participants with .4
CMBs was limited, further research is needed to investigate the
association between the severity of CMBs and white matter
microstructure.

CONCLUSIONS
Our results support the hypothesis that CMBs are associated with
widely distributed changes in white matter despite their focal
appearance on SWI. This finding further enriches our

understanding that the lesions of CSVD are more diffuse than
what can be seen on conventional MR imaging.
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ORIGINAL RESEARCH
ADULT BRAIN

Black Dipole or White Dipole: Using Susceptibility Phase
Imaging to Differentiate Cerebral Microbleeds from

Intracranial Calcifications
C.-L. Weng, Y. Jeng, Y.-T. Li, C.-J. Chen, and D.Y.-T. Chen

ABSTRACT

BACKGROUND AND PURPOSE: Phase imaging helps determine a lesion’s susceptibility. However, various inhomogenous phase pat-
terns could be observed in the serial phase images of a lesion and render image interpretation challenging. We evaluated the diag-
nostic accuracy of differentiating cerebral microbleeds and calcifications from phase patterns in axial locations.

MATERIALS ANDMETHODS: This study retrospectively enrolled 31 consecutive patients undergoing both CT and MR imaging for acute
infarction exhibiting dark spots in gradient-echo magnitude images. Six patients had additional quantitative susceptibility mapping
images. To determine their susceptibility, 2 radiologists separately investigated the phase patterns in the border and central sections
and quantitative susceptibility mapping of dark spots. Sensitivity and specificity were compared using the McNemar test. Interobserver
reliability and correlation analysis were determined using the k coefficient and Pearson correlation coefficient, respectively.

RESULTS: Among 190 gradient-echo dark spots, 62 calcifications and 128 cerebral microbleeds were detected from CT. Interobserver
reliability was higher for the border phase patterns (k ¼ 1) than for the central phase patterns (k ¼ 0.77, P , .05). The sensitivity and
specificity of the border phase patterns in identifying calcifications were higher than those of the central phase patterns (98.4% and
100% versus 79% and 83.6%), particularly for lesions .2.5 mm in diameter (100% and 100% versus 66.7% and 61.1%). The same values
were obtained using quantitative susceptibility mapping for identification (100% and 100%). A high correlation between the size and sus-
ceptibility of cerebral microbleeds and calcifications suggested that greater phase changes may be caused by larger lesions.

CONCLUSIONS: The border phase patterns were more accurate than the central phase patterns in differentiating calcifications and
cerebral microbleeds and was as accurate as quantitative susceptibility mapping.

ABBREVIATIONS: CMB ¼ cerebral microbleed; GRE ¼ gradient recalled-echo; QSM ¼ quantitative susceptibility mapping

Cerebral microbleed (CMB) is common in patients with cere-
brovascular diseases, traumatic brain injury, and Alzheimer

disease and in the healthy elderly population.1 Identifying CMBs
is helpful for etiologic diagnosis, treatment optimization, and
prognosis prediction.2,3 For example, CMBs in the deep nuclei
are more often related to hypertensive arteriopathy than to cere-
bral amyloid angiopathy, and the number of baseline and recur-
rent CMBs is associated with future intracerebral hemorrhage and

ischemic stroke in patients with small-vessel disease or the possi-
bility of hemorrhagic transformation for patients with stroke
before thrombolytic treatment.4-6 CMBs can be accurately detected
through T2*-weighted gradient recalled-echo (GRE) imaging, CT,
and conventional T2-weighted imaging.7 However, CMBs can
appear nearly identical to calcifications in GRE magnitude images
with their dark and rounded appearance, which may cause diag-
nostic confusion during image interpretation. Furthermore, calcifi-
cations typically have nonspecific signals in other conventional
MR images, such as T1 and T2 spin-echo imaging. Additional CT
may be necessary for a definitive diagnosis of calcification despite
the risk of exposing patients to additional ionizing radiation.

CMBs and calcifications can be distinguished using GRE phase
imaging because it reflects the regional magnetic field perturbations
caused by lesions with different susceptibilities.7-11 Paramagnetic
CMBs appear dark, whereas diamagnetic calcifications appear
bright on phase images in the right-handed system, which is used
by vendors such as GE Healthcare and Philips Healthcare.8-11 By
contrast, CMBs appear bright and calcifications appear dark on
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phase images in the left-handed system, which is used by vendors
such as Siemens and Canon. Nevertheless, in daily practice, observ-
ing inhomogeneous patterns in 1 phase image or different patterns
in serial phase images for a single lesion renders image interpreta-
tion challenging (Fig 1). Characterizing the susceptibility of a lesion
using 1 section of a phase image is difficult.8 This challenge can be
overcome by calculating the local susceptibility change caused by a
lesion through quantitative susceptibility mapping (QSM),8,12

which was reported to outperform GRE phase imaging for differen-
tiating intracranial calcifications and hemorrhages.8 However, QSM
involves a complicated unwrapping and deconvolution process that
is time-consuming. In addition, QSM remains unstandardized for
routine clinical use.13-17 By contrast, GRE phase images can be
readily generated during routine image acquisition on clinical MR
scanners.

In this study, we determined the diagnostic accuracy and sus-
ceptibility properties of dark spots in GRE magnitude images
using GRE phase images at the border and central slices of the
lesion. We studied the relationship between the size and suscepti-
bility of a GRE dark spot and explain serial changes in the axial
phase patterns of lesions.

MATERIALS AND METHODS
Patient Selection
This retrospective study was approved by our institutional review
board Taipei Medical University-Joint Institutional Review
Board. FromMarch 2015 to January 2017, we enrolled 36 consec-
utive patients undergoing both brain CT and MR imaging within

3 days of experiencing acute infarction and exhibiting multiple
dark spots in GRE magnitude images. Among these patients, 6
had additional QSM images. We excluded 5 patients because of
poor GRE image quality. Thus, a total of 31 CT and 31 MR
images were retrospectively reviewed. The mean age of the 31
patients (male patients, n ¼ 13) was 69 6 10.4 years (range,
47–89 years). The mean interval between CT and MR imaging
was 38.96 15.4 hours (range, 8–71 hours).

Image Acquisition and Postprocessing
MR imaging was performed on a 3T scanner (Discovery MR750;
GE Healthcare) with an 8-channel head coil. GRE images were
acquired using susceptibility-weighted angiography and a 3D
flow-compensated multiecho GRE sequence with the following
parameters: TR, 37.8ms; TE, 25ms, with 6 echoes; FOV,
230mm2; 512� 512 matrix; flip angle, 15°; and section thickness,
2.5mm. CT was performed on a 16-detector CT scanner
(BrightSpeed VCT; GE Healthcare) with the following parame-
ters: 310 mAs, 120 kV, 5-mm section thickness, and 512� 512
matrix. All images were acquired in the axial plane parallel to the
orbitomeatal line. GRE phase images were automatically gener-
ated using high-pass filtering to remove background phase varia-
tion from the source images in the MR imaging scanner.18

Coronal reformation of the GRE phase images was performed on
a standard workstation (AW Workstation; GE Healthcare). QSM
was generated from the same GRE images using the iterative
least-squares regression method with STI-Suite (Version 2.1)
(https://people.eecs.berkeley.edu/~chunlei.liu/software.html) on a
personal computer.13

FIG 1. Microbleed or calcification? A, GRE magnitude image shows a dark spot in the left frontal white matter. B, GRE phase images of the corre-
sponding lesion reveal various phase patterns from the cranial-to-caudal direction. These appear totally dark at the upper and lower border sec-
tions; however, a mixed dark and bright pattern is visible in the center section. The heterogeneous phase pattern hinders interpretation of
whether the lesion is a microbleed or calcification.
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Reference Standards
A radiologist (with 3 years of experience) reviewed all the GRE
magnitude images to detect targeted lesions with the following
characteristics: 1) dark, 2) round or oval in the brain, and 3)
,10mm in diameter. GRE dark spots in the globus pallidus were
excluded to prevent a susceptibility contribution from iron depo-
sition.8,9 The size and anatomic location of each lesion were
documented. CT was used as the criterion standard for identify-
ing the presence or absence of calcifications. Calcifications are
lesions with a density of at least 100 HU in CT images, and CMBs
are invisible on CT images. In patients with QSM images, the sus-
ceptibility value of each GRE dark spot was recorded.

Phase Pattern and Interpretation
Subsequently, 2 other radiologists (reader 1 with 6 years of ex-
perience and reader 2 with 8 years of experience) who were
unaware of each other’s interpretation of the nature of the
lesion independently categorized the phase pattern of each
lesion at the central and upper/lower border slices, as illus-
trated in Fig 2. The central and border phase patterns indicated
the signal intensity of the axial section at the center and edge of
each dark spot on phase images, respectively. From our obser-
vations, the upper and lower border slices always appeared in
the same pattern; therefore, we only recorded the upper border
pattern. Lesions categorized into phase patterns 1 (total black),
3 (black circle with white core), or 5 (heterogeneous black)
were interpreted as paramagnetic CMBs because the dominant
signal was dark (.50%). Lesions categorized into phase pattern
2 (total white), 4 (white circle with black core), or 6 (heteroge-
neous white) were interpreted as diamagnetic calcifications
according to the opposite dominant signal. For lesions on
QSM, the 2 readers independently identified the susceptibility
property of each lesion. Paramagnetic lesions were bright,
whereas diamagnetic lesions were dark. The 2 readers reached

a consensus reading of the central
phase pattern, border phase pattern,
and QSM of each lesion.

Statistical Analyses
We assessed interobserver reliability
using the k statistic to evaluate the con-
sistency of the 2 radiologists’ readings
of border and central phase patterns.
The Z-test was used to evaluate the dif-
ference in k statistics between the 2
phase patterns. The sensitivity and
specificity of border and central phase
patterns for identifying calcifications
were computed. For lesions on QSM,
we also calculated the sensitivity and
specificity of QSM in identifying calcifi-
cations, which were then compared
with those of the phase images. The
McNemar test was used to evaluate dif-
ferences in sensitivity and specificity to
identify calcifications among the bor-
der phase pattern, central phase pat-

tern, and QSM. Furthermore, we evaluated the relationship
between the size and susceptibility of a lesion using the Pearson
correlation coefficient. Statistical analyses were performed using
SPSS for Windows (Version 16.0; IBM). A value of P , .05 indi-
cated a statistically significant difference.

RESULTS
A total of 190 dark spots were detected in GRE magnitude
images, which comprised 62 calcifications and 128 CMBs from
the CT. All CMBs were detected in the brain parenchyma and
had a mean diameter of 2.6 6 1.0 mm (range, 1.5–5.8 mm). The
numbers of calcifications observed were as follows: 10 in the
brain parenchyma, 38 in the pineal gland, 7 in the choroid plexus,
6 in the cerebral falx, and 1 on the arterial wall. The mean size
was 3.26 1.4 mm (range, 1.5–6.9 mm).

Table 1 summarizes the central and border phase patterns of
CMBs and calcifications. A consensus was reached that in the 128
CMBs, all border phase images revealed paramagnetic phase pat-
tern 1. Of the central phase images, 107 (83.6%) had paramag-
netic phase patterns, and 21 (16.4%) had diamagnetic phase
patterns. For the 62 calcifications, 61 (98.4%) of the border phase
images had diamagnetic phase pattern 2, and only 1 (1.6%) had
paramagnetic phase pattern 1. Of the central phase images, 49
(79.1%) had diamagnetic phase patterns, and 13 (20.9%) had par-
amagnetic phase patterns. Overall, the border phase images had
only homogeneous phase patterns (ie, patterns 1 and 2), whereas
central phase images were more variable and exhibited more
heterogeneous phase patterns (ie, patterns 3–6). Accordingly,
interobserver variability in interpreting the phase pattern was
higher for border phase patterns (k ¼ 1) than for central phase
patterns (k ¼ 0.77; P, .05). Furthermore, the heterogeneity and
variability of the central phase patterns depended on the size of
the lesion. In lesions ,2.5mm in diameter, 99 (99%) of the 100
lesions exhibited homogeneous phase patterns, and only 1 had

FIG 2. Axial phase patterns of GRE dark spots. The 6 axial phase patterns include the following:
pattern 1, totally black; pattern 2, totally white; pattern 3, black circle with white core; pattern 4,
white circle with black core; pattern 5, heterogeneously black; and pattern 6, heterogeneously
white. Lesions with phase patterns 1, 3, and 5 were interpreted as paramagnetic microbleeds in
which .50% of the area is dark. Lesions with phase patterns 2, 4, and 6 were interpreted as dia-
magnetic calcifications in which.50% of the area appeared bright.
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heterogeneous phase patterns in the central phase images.
However, in lesions at least 2.5 mm in diameter, 80 (88.9%) of 90
lesions had heterogeneous phase patterns, and 10 (11.1%) had
homogeneous phase patterns. Figure 3 illustrates examples of a
CMB and calcification ,2.5 mm, and Fig 4 presents examples of
lesions of.2.5 mm.

Table 2 summarizes the sensitivity and specificity of the
border and central phase patterns used to identify calcifica-
tions. The border phase pattern had a sensitivity of 98.4% and
a specificity of 100%, which were higher than those of the

central phase patterns (sensitivity ¼ 79%, P ¼ .002; specificity
¼ 83.6%, P ¼ ,.001). Diagnostic accuracy depended on the
size of the lesion. For lesions at least 2.5mm in diameter, the
sensitivity and specificity of the central phase pattern
decreased to 66.7% and 61.1%, respectively, which were lower
than those of the border phase pattern (sensitivity ¼ 100%,
P ¼ .002; specificity ¼ 100%, P ¼,.001). However, for lesions
,2.5 mm in diameter, both sensitivity and specificity were
very high for the central phase pattern (96.2% and 100%,
respectively) and the border phase pattern (96.2% and 100%,

FIG 3. Phase patterns of calcifications and microbleeds ,2.5mm in diameter. A, A small dark spot (arrow) attached to the left distal vertebral
artery is shown in the GRE magnitude image. It is totally white at the central with border slices in the axial phase image, which suggest a diamag-
netic lesion. CT confirms this as arterial wall calcification. B, A small dark spot (arrow) located at the left frontal subcortical white matter in the
GRE magnitude image. It is totally dark at the central with border slices of the axial phase image, which suggest a paramagnetic lesion. Coronal
phase imaging reveals a black dipole with a pair of faint bright side wings. The bright side wings are the faint, peripheral, bright rim around the
dark lesion in the axial central phase image. CT reveals no corresponding lesion and confirms it to be a microbleed.

Table 1: Phase patterns of cerebral microbleeds and intracranial calcifications at the border and central slices

Phase Pattern
Microbleeds (n = 128) Calcifications (n = 62)

All sizes <2.5mm ‡2.5mm All sizes <2.5mm ‡2.5 mm
Border phase pattern
1) Totally black 128 74 54 1 1 0
2) Totally white 0 0 0 61 25 36
3) Black circle with white core 0 0 0 0 0 0
4) White circle with black core 0 0 0 0 0 0
5) Heterogeneously black 0 0 0 0 0 0
6) Heterogeneously white 0 0 0 0 0 0
Central phase pattern
1) Totally black 80 73 7 2 1 1
2) Totally white 0 0 0 27 25 2
3) Black circle with white core 10 0 10 0 0 0
4) White circle with black core 3 0 3 9 0 9
5) Heterogeneously black 17 1 16 11 0 11
6) Heterogeneously white 18 0 18 13 0 13
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respectively). For 46 lesions appearing through QSM, the sen-
sitivity and specificity of the border phase pattern (100% and
100%, respectively) were the same as those appearing in QSM
(100% and 100%, respectively).

In quantitative analysis, the mean susceptibility of CMBs
and calcifications was 0.23 6 0.17 ppm (range, 0.01–0.61 ppm)
and �0.246 0.1 ppm (range, �0.10�0.41 ppm), respectively. A
high positive correlation was observed between the diameter
and susceptibility values of lesions in CMBs (r ¼ 0.721; P ,

.001; Fig 5A), and a strong negative correlation was observed
between the diameter and susceptibility values of lesions in cal-
cifications (r ¼ �0.824; P ¼ .003; Fig 5B). These results sug-
gested that larger CMBs and calcifications have higher
susceptibility, which may cause more local phase shifts than
smaller CMBs and calcifications.

DISCUSSION
Our study indicated that the border phase patterns had higher
interobserver reliability than the central phase patterns. The bor-
der phase patterns were homogeneous, whereas the central phase
patterns were relatively heterogeneous and variable. The border
phase patterns had higher diagnostic accuracy in differentiating
calcifications and CMBs than the central phase patterns, particu-
larly for lesions of .2.5mm in diameter. Moreover, the border
phase patterns had the same diagnostic accuracy as QSM in dif-
ferentiating calcifications and CMBs.

The phase pattern of a GRE dark spot is determined by its sus-
ceptibility. The local magnetic field change (DB), caused by a
spheric paramagnetic/diamagnetic lesion at an arbitrary point (r)
from the center of the lesion, is described in Equation 1 for within
the lesion and Equation 2 for outside the lesion:19

FIG 4. Phase patterns of calcifications and microbleeds of.2.5mm in diameter. A, A dark nodule (arrow) in the pineal region is displayed in the
GRE magnitude image. It is heterogeneously black in the axial central phase image, whereas it is totally white in the axial border phase image.
The inconsistent finding of the axial phase pattern hinders differentiation between a calcification and microbleed. Coronal phase imaging dis-
plays a white dipole more clearly, with a black core and side wings (arrow). QSM indicates a dark spot (arrow) at the corresponding site, which
indicates a diamagnetic lesion. CT confirms it to be a pineal calcification. B, A dark nodule (arrow) at the right temporal subcortical white matter
is presented in the GRE magnitude image. It is heterogeneously white in the axial central phase image, whereas it is totally black in the axial bor-
der phase images. The inconsistent finding hinders differentiation between a calcification and microbleed. Coronal phase imaging reveals a black
dipole with a white core and side wings (arrow), and QSM indicates a bright spot (arrow) at the corresponding site, which suggests a paramag-
netic lesion. CT confirms this to be a microbleed.

Table 2: Diagnostic accuracy of the border and central phase patterns and QSM for identifying calcification

Lesion Diameter

All Lesions (n = 190) Lesions with QSM (n = 46)

Border Phase Central Phase P Value Border Phase QSM P Value
SEN
(%)

SPE
(%)

SEN
(%)

SPE
(%) SEN SPE

SEN
(%)

SPE
(%)

SEN
(%)

SPE
(%) SEN SPE

All sizes (n ¼ 190) 98.4 100 79.0 83.6 .002 ,.001 100 100 100 100 1 1
,2.5mm (n ¼ 100) 96.2 100 96.2 100 1 1 100 100 100 100 1 1
$2.5mm (n ¼ 90) 100 100 66.7 61.1 .002 ,.001 100 100 100 100 1 1

Note:—SEN indicates sensitivity; SPE, specificity; QSM, quantitative susceptibility mapping.
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1)
DBðrÞ ¼ Dx � B0

3
� 2; for r � D

2
;

2)

DBðrÞ ¼ Dx � B0

3
� D

2r

� �
� ð3 cos 2u � 1Þ; for r.D=2;

where Dx is the relative susceptibility of the lesion compared
with water, D is the diameter of the lesion, B0 is the main mag-
netic field, and u is the angle between r and B0. Furthermore, the

local phase shift caused by a lesion in GRE phase images is pro-
portional to the local magnetic field change multiplied by the
gyromagnetic ratio then multiplied by the TE.8 In the 2D phase
imaging simulation, a paramagnetic lesion induced an increased
local phase shift parallel to the main magnetic field on the supe-
rior and inferior sides and antiparallel on the lateral side (Fig 6A),
whereas a diamagnetic lesion caused the opposite change (Fig
6B).8 Because the direction of the main magnetic field in clinical
MR imaging examinations is parallel to the body axis, the coronal
phase image more favorably represented the susceptibility effect
of a lesion than the axial phase image. A paramagnetic CMB

FIG 5. Correlation between the diameter and susceptibility of lesions. A, A strong positive correlation is observed between the diameter and
susceptibility of lesions in CMBs (r ¼ 0.72, P, .001). B, A strong negative correlation is observed between the diameter and susceptibility of
lesions in calcifications (r¼�0.824, P¼ .003).

FIG 6. 2D simulation of the local phase shift around lesions smaller and larger than 2.5mm in diameter. The simulation was based on Equations 1
and 2. The phase shift is represented in the radians, and phase aliasing occurs when the phase shift exceeds 1p or –p radians. The parameters
are the same as those in our clinical setting: B0, 3T; TE, 25ms; and gyromagnetic ratio, 42.58� 106 Hz/T. The relative susceptibility (Dx ) and diam-
eter (D) of the lesion are the mean values of the lesions in each group in our study. In lesions ,2.5mm in diameter, the simulated phase image
reveals a black dipole with white side wings in the paramagnetic lesion (A) and a white dipole with black side wings in the diamagnetic lesion (B).
In lesions.2.5mm in diameter, the relative susceptibility is higher and the diameter is larger, which causes a larger phase shift that exceeds the
aliasing threshold within the lesion. This results in a black dipole with a white core from phase aliasing, the white side wings in the paramagnetic
lesion (C), and a white dipole with a black core and black side wings in the diamagnetic lesion (D).
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appeared as a black dipole with a pair of bright wings, whereas a
diamagnetic calcification appeared as a white dipole with black
wings.

The strong correlation between the size and susceptibility
of CMBs and calcifications suggested that large lesions cause
high phase shifts. If the positive phase shift caused by a large
paramagnetic lesion exceeds p radians, it aliases to �p radi-
ans and appears to be bright rather than dark in the phase
image.20 Phase aliasing is most likely to occur in the center of a
lesion because the local phase shift is most severe inside lesions
and decreases with the cube of the distance from the center of
the lesion to outside the lesion (Equations 1 and 2). Therefore,
a small white core caused by phase aliasing could be observed
in the center of the black dipole in the 2D phase simulation of
a large paramagnetic lesion with high susceptibility (Fig 6C).
Notably, we observed the same pattern in the coronal reforma-
tion of the phase images in paramagnetic CMBs of.2.5mm in

diameter (Fig 7B). A small black core caused by phase aliasing
was observed in the center of a white dipole in the 2D phase
simulation of a large diamagnetic lesion with high susceptibil-
ity (Fig 6D) and in our clinical coronal phase images when the
calcifications were .2.5mm (Fig 7A). Furthermore, when a
lesion had even higher susceptibility, the local phase shift
could be large enough to alias twice, which resulted in an alter-
nating white and black core and led to a more heterogeneous
phase pattern in the central section (Fig 7C). Other factors
may have also led to heterogeneity in the phase pattern,
including the noise of T2*-weighted GRE imaging, high-pass
filtering (particularly for large lesions), and the heterogeneous
density of calcification and hemosiderin deposition in
CMBs.8,10,11,21 Therefore, in this study, central phase patterns
were more heterogeneous and variable, particularly for lesions
of .2.5mm in diameter, and were unreliable in determining
the susceptibility of the lesions.

FIG 7. Serial changes in the axial phase pattern in paramagnetic and diamagnetic dipoles. A, A diamagnetic dipole, which represents a pineal cal-
cification, is displayed in the coronal phase image (left) and magnified image (middle). The white dipole with a black core and side wings in the
coronal phase image explains serial changes in the axial phase patterns (right upper images) in the corresponding 5 levels: 1, totally white; 2, white
circle with black core; 3, heterogeneously black (epicenter); 4, white circle with black core; and 5, totally white (lower border). The phase shift
diagram (right lower images) crossing the center of the lesion reveals that when the positive phase shift is large enough to exceed p radians, it
aliases toward�p radians and appears to be partially dark in the phase images near the central slices (2, 3, and 4 of the right lower images). B, A
paramagnetic black dipole, which represents a microbleed in the white matter of the right cerebral hemisphere, presents the opposite pattern
in the coronal and axial phase images and phase shift diagrams. C, A paramagnetic black dipole larger than that in B shows an alternating “black
in white” core in the coronal phase (middle) and axial phase images (2, 3, and 4 of the right upper images). The phase shift diagram indicates that
when the negative phase shift is large enough to exceed �p radians, it aliases toward1p radians (2 and 4 of the right lower images), and if the
phase shift exceeds1p radians after the first aliasing, it aliases backward by�p radians (3 of the right lower images), which causes the alternat-
ing black in white core pattern in the center of the black dipole.
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The border phase patterns achieved the same sensitivity and
specificity for identifying calcifications as QSM. The border sec-
tion was far from the center of the lesion and, by definition, pre-
sented the smallest perceptible phase shift. Therefore, the border
phase patterns were not affected by aliasing and were always ho-
mogeneous and accurate in reflecting the susceptibility of the
lesions. Chen et al8 reported that QSM has higher sensitivity and
specificity than GRE phase imaging for differentiating calcifica-
tions and hemorrhages; however, in their study, the location and
orientation of GRE phase images were not precisely defined.
Examples of heterogeneous GRE phase images leading to the mis-
interpretation of the susceptibility of lesions in their study were
correctly interpreted using our method. In addition to the border
phase pattern, we could identify the susceptibility of lesions from
the phase shift in the peripheral rim of the lesion in the axial cen-
tral phase image, which revealed the opposite phase change to the
susceptibility of the lesion.12 However, in our clinical experience,
phase changes in the peripheral rim are weaker and less easy to
interpret than the dipole itself, particularly in large lesions that
have phase aliasing in the axial central phase images. They could
also be affected by the local susceptibility change of the surround-
ing tissue, such as nearby veins.

The only lesion that was misinterpreted as a CMB based on its
border phase pattern was a choroid plexus calcification at the fo-
ramen of Luschka. Calcifications could reveal paramagnetic sus-
ceptibility with extra depositions of paramagnetic substances,
such as hemosiderin and ferrous or other metal components.
This is a common finding in calcifications within the deep nu-
cleus, particularly in the globus pallidum; however, this is rarely
reported in calcifications outside the deep nucleus.8,9

Our study has several limitations. First, our method focused on
only the phase patterns of GRE dark spots that are small (,10mm
in diameter) and round or oval. The phase patterns may become
heterogeneous in large lesions because of increased phase aliasing
from high susceptibility effects and high-pass filtering. In addition,
the dipole pattern caused by the susceptibility effect can differ in
linear, tubular, and irregular lesions. However, the phase shift in
the border section is less affected by the size and shape of the
lesion. We observed that border phase patterns could be used to
correctly identify the susceptibility of large and irregular lesions;
however, additional studies should be conducted to confirm this
finding. Second, the susceptibility of lesions with mixed hemor-
rhagic and calcified components cannot be precisely evaluated
from the phase pattern because the phase image can only reveal
the susceptibility of the dominant component, and this problem
cannot be completely overcome through QSM. Third, if a calcifica-
tion is accompanied by the deposition of paramagnetic substances,
such as those in the deep nucleus or our false-negative case, this
feature may be interpreted as a CMB from the phase pattern.
However, this is also a limitation of QSM. In this situation, CT is
still needed for the final diagnosis. Finally, it is important to know
MR imaging vendors’ phase presenting system (right-handed or
left-handed system) to avoid making a wrong interpretation.

CONCLUSIONS
Our study revealed that border phase patterns in axial phase
images can be a quick and robust reference for differentiating

calcifications and CMBs in clinical MR imaging, and this tech-
nique had the same accuracy as QSM. Coronal reformation of the
phase image can provide a favorable representation of the physi-
cal properties of magnetic dipoles caused by the susceptibility
effect of target lesions.
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ORIGINAL RESEARCH
ADULT BRAIN

Lower Lactate Levels and Lower Intracellular pH in Patients
with IDH-Mutant versus Wild-Type Gliomas

K.J. Wenger, J.P. Steinbach, O. Bähr, U. Pilatus, and E. Hattingen

ABSTRACT

BACKGROUND AND PURPOSE: Preclinical evidence points toward a metabolic reprogramming in isocitrate dehydrogenase (IDH) mutated
tumor cells with down-regulation of the expression of genes that encode for glycolytic metabolism. We noninvasively investigated lactate
and Cr concentrations, as well as intracellular pH using 1H/phosphorus 31 (31P) MR spectroscopy in a cohort of patients with gliomas.

MATERIALS AND METHODS: Thirty prospectively enrolled, mostly untreated patients with gliomas met the spectral quality criteria
(World Health Organization II [n¼ 7], III [n¼ 16], IV [n¼ 7]; IDH-mutant [n¼ 23]; IDH wild-type [n¼ 7]; 1p/19q codeletion [n¼ 9]).
MR imaging protocol included 3D 31P chemical shift imaging and 1H single-voxel spectroscopy (point-resolved spectroscopy sequence at
TE ¼ 30ms and TE ¼ 97ms with optimized echo spacing for detection of 2-hydroxyglutarate) from the tumor area. Values for absolute
metabolite concentrations were calculated (phantom replacement method). Intracellular pH was determined from 31P chemical shift imaging.

RESULTS: At TE ¼ 97ms, lactate peaks can be fitted with little impact of lipid/macromolecule contamination. We found a signifi-
cant difference in lactate concentrations, lactate/Cr ratios, and intracellular pH when comparing tumor voxels of patients with
IDH-mutant with those of patients with IDH wild-type gliomas, with reduced lactate levels and near-normal intracellular pH in
patients with IDH-mutant gliomas. We additionally found evidence for codependent effects of 1p/19q codeletion and IDH muta-
tions with regard to lactate concentrations for World Health Organization tumor grades II and III, with lower lactate levels in
patients exhibiting the codeletion. There was no statistical significance when comparing lactate concentrations between IDH-mu-
tant World Health Organization II and III gliomas.

CONCLUSIONS: We found indirect evidence for metabolic reprogramming in IDH-mutant tumors with significantly lower lactate
concentrations compared with IDH wild-type tumors and a near-normal intracellular pH.

ABBREVIATIONS: ATP ¼ adenosine triphosphate; CRLB ¼ Cramer-Rao Lower Bound; 2-HG ¼ 2-hydroxyglutarate; IDHmut ¼ isocitrate dehydrogenase mu-
tant; IDHwt ¼ isocitrate dehydrogenase wild-type; MM ¼ macromolecules; NHE1 ¼ sodium-hydrogen antiporter 1; pHi ¼ intracellular pH; PRESS ¼ point-
resolved spectroscopy sequence; SVS ¼ single-voxel spectroscopy; WHO ¼ World Health Organization

As first described by Otto Warburg in the 1930s, many tumor
cells show increased glycolysis even in the presence of oxygen,

likely through the activation of the key signaling phosphatidylino-
sitol-3 kinase/protein kinase B-pathway and hypoxia-inducible

factor a activation.1,2 In addition, some tumor cells show mito-

chondrial defects and are dependent on glycolytic adenosine

triphosphate (ATP) production.3-8 Glycolytic cancer cells use over-

expressed and/or overactivated H1-ATPases,9-12 sodium-hydrogen

antiporter 1 (NHE1) of the SLC9A family,13-17 carbonic anhydrases

IX and XII,18,19 and monocarboxylate-H1 efflux cotransporters of

the SLC16A family20-23 to export protons and Lac produced by lac-

tate dehydrogenases as glycolytic end products.24 As a result, the

proton gradient between the intracellular and extracellular space is

reversed, causing an acidification of the extracellular space. The

death of surrounding normal brain cells in an acidic environment

increases the infiltrative potential of cancer cells.11,25

Mutations in the isocitrate dehydrogenase (IDH) 1 or IDH 2
genes define a subgroup of gliomas with prolonged overall sur-
vival and slower growth in comparison with IDH wild-type
(IDHwt) tumors of the same grade.26 A profound alteration in

Received October 17, 2019; accepted after revision May 3, 2020.

From the Departments of Neuroradiology (K.J.W., U.P., E.H.), and Neurooncology
(J.P.S., O.B.), University Hospital Frankfurt, Frankfurt am Main, Germany; German
Cancer Consortium Partner Site (K.J.W., J.P.S., O.B., U.P., E.H.), Frankfurt am Main/
Mainz, Germany; and German Cancer Research Center (K.J.W., J.P.S., O.B., U.P., E.H.),
Heidelberg, Germany.

This work was supported by Stiftung Tumorforschung Kopf-Hals (Wiesbaden,
Germany) and Frankfurter Forschungsförderung (Frankfurt, Germany).

Please address correspondence to Katharina J. Wenger, MD, Department of
Neuroradiology, University Hospital Frankfurt, Schleusenweg 2-16, 60528, Frankfurt,
Germany, e-mail: katharina.wenger@kgu.de

Indicates article with supplemental on-line table.

http://dx.doi.org/10.3174/ajnr.A6633

1414 Wenger Aug 2020 www.ajnr.org

https://orcid.org/0000-0002-8640-6858
https://orcid.org/0000-0002-4695-2483
https://orcid.org/0000-0003-2073-037X
https://orcid.org/0000-0002-3207-7796
https://orcid.org/0000-0002-8392-9004
mailto:katharina.wenger@kgu.de


the epigenetic profile of these tumors (G-CIMP phenotype) is
considered the basis of their specific behavior. There is increasing
evidence that these tumors are less glycolytic than IDHwt tumor
cells.

Chesnelong et al27 were able to show an IDH mutation–de-
pendent silencing of lactate dehydrogenase A in vitro in conjunc-
tion with down-regulation of hypoxia-inducible factor a through
2-hydroxyglutarate (2-HG) dependent promotion of hypoxia-in-
ducible factor a degradation, examining human glioma tissues
and brain tumor stem cells with pyrosequencing-based DNA
methylation analysis. Using carbon 13 (13C) MR spectroscopy,
the same group found that, unlike in glioblastoma cells, hyperpo-
larized (1-13C) Lac produced from (1-13C) pyruvate was not ele-
vated in IDH1-mutant (IDH1mut) glioma cells. This finding was
associated with lactate dehydrogenase A and monocarboxylate
transporter 1 and 4 silencing.28 Izquierdo-Garcia et al29 investi-
gated Lac levels in vitro in genetically engineered cell models
transducted with a lentiviral vector coding for the wild-type
IDH1 gene and for the R132H IDH1-mutant gene using 1H-MR
spectroscopy. They found that intracellular Lac levels dropped
significantly in the IDHmut cells compared with IDHwt (extrac-
ellular not investigated).

In accordance with these results, Khurshed et al30 observed in
vitro in HCT116 IDH1wt/R132H knock-in cells that IDHmut
cancer cells show a higher basal respiration compared with
IDHwt cancer cells. Consequently, inhibition of the IDH muta-
tion shifted the metabolism by decreasing oxygen consumption
and increasing glycolysis. IDHwt glioma cells seem to have a typi-
cal Warburg phenotype, whereas in IDHmut glioma cells, the tri-
carboxylic acid cycle is the predominant metabolic pathway.

Chromosomal losses of 1p and 19q, which are observed in oli-
godendroglial tumors, seem to be frequently associated with IDH
gene mutations.31 Codependent effects of 1p deletion and
IDHmut-dependent NHE1 gene promotor methylation lead to
silencing of the NHE1 gene. As a result, these tumors are more
sensitive to the acid load resulting from active glycolysis. Genes
of other key enzymes in glycolysis such as the glucose transporter
solute carrier family 2 member 1 (SLC2A1) and the Lac trans-
porter solute carrier family 16 member 1 (SLC16A1) are also
located on 1p and affected by the 1p/19q codeletion.27

All of these results suggest a metabolic reprogramming in
IDHmut tumor cells with a down-regulation of the expression of
genes that encode for glycolytic metabolism.30 The aim of this
study was to investigate resulting metabolic profiles in patients in
vivo, by noninvasively analyzing Lac concentrations and intracel-
lular pH (pHi) in a cohort of patients with gliomas with known
molecular status.

MATERIALS AND METHODS
Study Design
We prospectively enrolled 38 patients with mostly untreated World
Health Organization (WHO) II–IV gliomas. All subjects provided
written informed consent, and the study was approved by our insti-
tutional review board (Ethics Committee, University Hospital
Frankfurt, Germany, project No: SIN-04–2014). IDHmutation sta-
tus was determined by immunostaining (IDH1 Anti-IDH1 R132

antibody), Infinium Human Methylation 450 BeadChip analysis,32

or DNA sequencing.

MR Imaging
MR imaging experiments were performed on a clinical 3T MR
imaging scanner with a double-tuned 1H/31P volume head coil.

MR imaging protocols included the following sequences:

• T2-weighted TSE in 3 orthogonal planes.
• 3D T1-weighted gradient echo.
• 1H decoupled 31P MR spectroscopic imaging with 3D chemi-
cal shift imaging.

• 2D 1H-MR spectroscopic imaging.
• Two 1H single-voxel spectroscopy (SVS) point-resolved spec-
troscopy sequence (PRESS) measurements at TE = 30 ms and
TE = 97 ms with optimized echo spacing for detection of 2-
HG from the tumor area as defined on T2WI TSE.

The 2 SVS sequences were acquired from identical target posi-
tions, typically with volumes of 8mL (20 � 20 � 20mm), with
minimal inclusion of healthy-appearing tissue and avoiding ne-
crosis. Voxels were positioned on T2-weighted images with prior
knowledge of previously acquired standard MR imaging, which
included T1-weighted images after use of gadolinium-based con-
trast agent. Voxel placement was adjusted in 3 orthogonal planes.
Details on the acquisition protocol of the sequences evaluated in
this report are listed in Table 1.

Data Analysis
Spectra were reviewed independently by 2 experienced MR imag-
ing specialists (E.H., U.P., both with .10 years of experience in
MR spectroscopy) for quality, and spectra of insufficient quality
(large line width, insufficient signal-to-noise, large artifacts at vis-
ual inspection) were not included in the analysis. For all remain-
ing cases, the full width at half maximum of the Cr or Cho signal
was below 0.1 ppm. Mean signal-to-noise ratio, defined here as
the ratio of the maximum in the spectrum-minus-baseline over
the analysis window to twice the root-mean square deviation
(residuals), was 11 6 3.8 for TE ¼ 30 spectra and 9.8 6 3.4 for
TE ¼ 97 spectra. Cramer-Rao Lower Bounds (CRLBs) of Cr and
Cho as given by LCModel (Version 6.3-1C; http://www.lcmodel.
com/) were below 15% (Cr: 97% of cases,10%; Cho: 93% of
cases,10%).

1H data were analyzed in the frequency domain with
LCModel.33 For single-voxel sequences at TE ¼ 30ms and TE ¼
97ms, a 3D volume-localized basis set was simulated using
NMRScopeB which is implemented in jMRUI (Version 5.2;
www.mrui.uab.es/mrui/mrui_download/).34 The basis data set
included 2-HG, NAA, glutamate, Cr, glutamine, Cho, mIns, and
Lac in addition to the dataset for simulation of the macromole-
cules (MM) and lipids as provided by LCModel. We deliberately
chose only 8 main metabolites in addition to MM and lipids to be
included in the basis set. According to the principle of parsimony,
a model with more parameters is less likely to reproducibly pre-
dict in vivo datasets with highly varying metabolites.35

Simulation was based on the assumption of a 20 � 20 �
20mm volume, homogeneously filled with the respective metab-
olites. The basis set was validated with phantom data. Individual
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metabolite concentrations (Lac, total Cr) were calculated using
the phantom replacement technique described by Tofts36 based
on signal amplitudes at TE ¼ 97 (Lac) and TE ¼ 30 (total Cr).
The correction factors cT1 and cT2 at 3T were determined from
previously published data.37,38 Because the Tofts formula only pro-
vides a global correction for coil loading for transmit/receive coils
and does not take local B1 variations into account, which are usu-
ally observed at 3T, the presented method can only be regarded as
an estimate of the absolute concentrations. Consequently, the val-
ues must be considered as laboratory units resembling absolute
concentrations in micromoles. PRESS at TE¼ 97ms was primarily
aimed at 2-HG detection39 but showed little-to-no lipids and MM
in the Lac spectral region and the Lac peak as an inverted pseudo-
singlet. It was, therefore, used for Lac quantitation. For Cr quanti-
tation, the short TE was chosen as an optimal detection time to
avoid signal loss by increased T2-weighting.

pHi in predefined tumor voxels was determined from the
chemical shift difference between inorganic phosphate and phos-
phocreatine, following the approach by Petroff et al40 as described
in our previous publications.24,41

Statistics
Statistical analysis was performed with Statistica (Version 7.1;
StatSoft). Lac/Cr signal ratio, absolute Lac and Cr concentrations,
as well as pHi were compared using a 2-tailed unpaired t test
(IDHmut versus IDHwt; IDHmut WHO II versus IDHmut
WHO III [Lac only]; IDH mut and chromosomal losses 1p/19q
versus IDHmut without chromosomal losses 1p/19q [Lac only]).
Results were considered significant at P, .05.

RESULTS
Patient Characteristics
Overall, 30 patients completed the full MR imaging examination,
and MR spectroscopy data met the quality criteria (WHO II
[n¼ 7], III [n¼ 16], IV [n¼ 7]). Twenty-three tumors were
IDHmut, and 7 tumors were IDHwt as determined by immuno-
staining (IDH1 R132H antibody) and/or Infinium Human

Methylation 450/850K BeadChip analysis and/or gene sequenc-
ing. While there was 1 anaplastic astrocytoma, IDH wild-type
(WHO III), all other IDH wild-type tumors corresponded to
WHO IV. Tumors from 9 patients showed chromosomal losses
of 1p and 19q as determined by fluorescence in situ hybridiza-
tion and/or Infinium Human Methylation 450/850K BeadChip
analysis. One patient with an IDHmut diffuse astrocytoma was
excluded from SVS data analysis due to artifacts from extracra-
nial lipid signals, while 1 patient with an IDHwt glioblastoma
was excluded from Lac analysis due to considerable interference
between Lac and lipids leading to CRLBs above 30% for Lac.
Three patients had undergone partial resection before study
inclusion, one had been treated with chemotherapy (temozolo-
mide), and one, with radiation therapy (one of the patients with
partial resection). All of the pretreated patients were those with
IDHmut gliomas. Partial resection was performed 4, 14, and
44months before study inclusion. Details on patient character-
istics are listed in Table 2.

Representative Data
Voxel positioning on T2WI, representative in vivo single voxel
MR spectroscopy spectra at TE 97ms and TE 30ms for tumor tis-
sue with and without IDH mutations and with or without chro-
mosomal losses of 1p and 19q is shown in Fig 1. MR
spectroscopy data include the original spectrum, LCModel spec-
tral fit, estimated baseline, and the individual components Lac,
Cr, Lip13b, and MM12. Representative 31P MR spectroscopy
spectra for tumor tissue with and without IDH mutation are
shown in Fig 2. Details on voxel size for 1H SVS, tumor size, and
tumor location are listed in the On-line Table.

Lactate Levels in Glioma
There was a significant difference in Lac concentration compar-
ing tumor voxels of patients with IDHmut gliomas with those
with IDHwt (mean IDHmut¼ 5.46 4.1mmol/L; mean
IDHwt ¼ 11.76 4.3mmol/L; P, .003, t test; Fig 3). Because
there was no significant difference in comparing the total Cr

Table 1: Acquisition protocol of sequences evaluated in this report

Sequence
Section Thickness/

Voxel Size TR, Flip Angle TE
Matrix;

Resolution Pulse Details
T2WI TSE in 3
orthogonal planes

5mm 3300ms 102ms

3D T1WI gradient
echo

1.5mm 8.2ms 3.62ms

3D FID 31P CSI 30 � 30 � 25mm 2000ms; 60° 2.3ms 8 � 8 � 8 at 240
� 240 � 200
mm3, FOV
extrapolated to
16 � 16 � 16

2D 1H-MRSI 12.5mm 1500ms; 90° 30ms 16 � 16
1H single-voxel
PRESS

20 � 20 � 20mm
PRESS localized
volume

3000ms; 90° 30ms

1H single-voxel
PRESS

20 � 20 � 20mm
PRESS-localized
volume

3000ms; 90° 97ms Sinc-shaped excitation pulse (duration
2.6ms, Slice selection gradient
amplitude 33.95mT/m, BWTP 8.75),
Mao refocusing pulse (duration,
2.6ms, section-refocusing gradient
amplitude, 2.7171 mT/m; BWTP 6)

Note:—MRSI indicates MR spectroscopic imaging; BWTP, bandwidth-time product; FID, free induction decay; CSI, chemical shift imaging.
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concentration in tumor voxels of patients with IDHmut with
those with IDHwt (mean IDHmut ¼ 11.06 3.3mmol/L; mean
IDHwt ¼ 10.76 4.3mmol/L; P ¼ .85, t test), we calculated ratios
of Lac/Cr. As expected these ratios showed a significant differ-
ence between patients with IDHmut and IDHwt gliomas (mean
IDHmut ¼ 0.6 6 0.6; mean IDH wt ¼ 1.4 6 0.9; P, .014, t
test). Statistical significance for Lac concentration and Lac/Cr

ratios bet-ween patients with IDHmut
and IDHwt gliomas was maintained,
excluding the 2 patients pretreated with
radiation therapy or chemotherapy
from the cohort (P¼ .003 and P, .03).

To investigate codependent effects
of 1p deletion and IDHmut-depend-
ent NHE1 promotor methylation on
tumor cell metabolism, we looked
at all patients with IDH gene muta-
tions and compared those with chro-
mosomal losses of 1p and 19q with
those with no chromosomal losses.
We found a significant difference
between patients with IDHmut glioma
with chromosomal losses of 1p/19q and
those with IDHmut without chromo-
somal losses with regard to Lac concen-
tration (mean IDHmut codeleted 1p/19q
¼ 3.06 2.9mmol/L; mean IDHmut no
codeleted 1p/19q ¼ 6.76 4.2mmol/L;
P, .038, t test; Fig 4).

Exploring the effects of tumor
grade on metabolism, we looked at
all patients with IDH gene mutations
and compared patients with WHO II
with those with WHO III tumor grade.
There was no significant difference
between IDHmut WHO II and WHO
III tumor grades with respect to Lac
concentrations (mean IDHmut WHO
II ¼ 5.96 5.4 mmol/L; mean IDHmut
WHO III ¼ 5.26 3.7 m mol/L; P, .74,
t test; Fig 3). Because there was only 1
secondary glioblastoma (IDHmut) in
our cohort, we were not able to statisti-

cally compare the effects between IDHmut WHO III und WHO
IV gliomas.

Changes in Tumor pHi

We found a significant difference in pHi comparing tumor
voxels of patients with IDHmut glioma with respective voxels
in patients with IDHwt (mean IDHmut ¼ 7.04 6 0.02; mean

FIG 1. Voxel positioning on T2WI and representative in vivo single-voxel MR spectroscopy spec-
tra at TE ¼ 97ms and TE ¼ 30ms for tumor tissue. MR spectroscopic data include original spec-
trum, LCModel spectral fit, estimated baseline, residual and individual components, Lac, Cr, 2-HG,
Lip13b, and MM12 when applicable. Patient A shows evidence of possible codependent effects of
1p deletion and IDH mutations on cell metabolism, with a particularly small lactate signal. With
only 1 secondary (IDHmut) glioblastoma in our cohort (patient B), we were unable to statistically
compare the effects between IDHmut and IDHwt glioblastoma as well as IDHmut WHO III and
WHO IV gliomas. The relatively high Lac signal of patient B suggests additional effects of highly
malignant features such as a selective advantage of tumors cells with higher rates of glycolysis in
neovascularized, hypoxic regions and tumor cell necrosis.

Table 2: Details on patient characteristics meeting MR spectroscopy quality criteria
Characteristics All Patients (n= 30)

General
Age (median) (range) (yr) 41.1 (27.3–78)
Female sex (No.) 63% (19)
Histology according to 2016 WHO Classification of Tumors of the Central Nervous System
Glioblastoma, IDH wild-type, WHO IV (No.) 17% (5)
Gliosarcoma, IDH wild-type, WHO IV (No.) 3% (1)
Glioblastoma IDH-mutant, WHO IV (No.) 3% (1)
Anaplastic astrocytoma, IDH wild-type, WHO III (No.) 3% (1)
Anaplastic astrocytoma, IDH-mutant, WHO III (No.) 33% (10)
Diffuse astrocytoma, IDH wild-type, WHO II (No.) 0% (0)
Diffuse astrocytoma, IDH-mutant, WHO II (No.) 10% (3)
Anaplastic oligodendroglioma, IDH-mutant and 1p/19q co-deleted, WHO III (No.) 17% (5)
Oligodendroglioma, IDH-mutant and 1p/19q codeleted, WHO II (No.) 13% (4)

AJNR Am J Neuroradiol 41:1414–22 Aug 2020 www.ajnr.org 1417



IDHwt ¼ 7.07 6 0.03; P ¼ .001, t test; Fig 5). Statistical
significance in pHi between patients with IDHmut and IDHwt
gliomas was maintained, excluding the 2 patients pretreated

with radiation therapy or chemotherapy from the cohort
(P, .001). Further results regarding metabolite ratios
obtained from 3D 31P chemical shift imaging have been pub-

lished previously.39,41

DISCUSSION
Preclinical evidence points toward a
metabolic reprogramming in IDHmut
tumor cells with down-regulation of the
expression of genes that encode for gly-
colytic metabolism. Results of these met-
abolic changes could be observed in our
noninvasive in vivo study. Most of the
investigated IDHwt tumor cells, on the
other hand, seemed to behave like typi-
cal Warburg tumor cells with a highly
glycolytic metabolism. This translated
into a significant difference in intratu-
moral Lac concentrations when com-
paring patients with IDHmut with those
with IDHwt gliomas. The lower Lac pro-
duction (and possibly excretion) led to a
near-normal pHi in IDHmut tumors.
Therefore, the reversal of the proton
gradient between intracellular and
extracellular space with acidification of
the extracellular space seems to be a
characteristic feature of IDHwt tumors.
Our findings are well in line with previ-
ous in vitro findings.27-30 Only Elkhaled
et al42 quantified Lac from 1H-High
Resolution Magic-Angle Spinning ex
vivo spectra of biopsy samples of 104 tis-
sue samples from 52 patients with
WHO II–IV gliomas and found that Lac
concentrations increased with 2-HG
concentrations. However, in a later

FIG 3. Bar chart showing median, minimum, and maximum of Lac and Cr concentrations for all tumor grades separately, independent of IDHmuta-
tion status (A) and all tumor grades pooled comparing patients with IDHmut with those with IDHwt gliomas (B). There was a significant difference
in Lac concentration when comparing tumor voxels of patients with IDHmut gliomas with those with IDHwt (P, .003, t test).

FIG 2. Representative 31P MR spectra (MR spectroscopy) for tumor tissue with and without IDH
mutation at 3T. In the upper row (A and B), green (control) and red (tumor) boxes indicate voxel
positioning on T2WI, while H&E staining and immunostaining of a patient specimen with an anti-
body for mutant IDH1 (R132H) are shown to the right of the MR images. C, MR spectroscopy data
depict the original spectrum as a black line and the spectral fit as red dotted line.40 PCr indicates
phosphocreatinine; GPE, glycerophosphoethanolamine; GPC, glycerophosphocholine; PC, phos-
phocholine; PE, phosphoethanolamine; Pi, inorganic phosphate. Reproduced with permission.
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report examining ex vivo spectra of biopsy samples of new or
recurrent WHO II–IV gliomas with the same method, they stated
that the relatively high peaks corresponding to Lac cannot reli-
ably reflect in vivo levels. Death-to-freezing intervals with ische-
mia of biopsy samples seem to allow anaerobic metabolization of

brain glycogen to Lac, contributing to
falsely elevated Lac concentrations.43

While evidence clearly points toward
an IDH genotype dependence of intratu-
moral lactate levels, it remains uncertain
how highly malignant features such as a
selective advantage of tumor cells with
higher rates of glycolysis in neovascular-
ized, hypoxic regions and tumor cell ne-
crosis enter the equation.44,45 It would,
therefore, be of interest to compare lac-
tate levels of secondary (IDHmut) glio-
blastomas with those of primary
(IDHwt) glioblastomas and IDHmut
WHO III with those of higher malignant
IDHmut WHO IV gliomas. Secondary
glioblastoma accounted for only approx-
imately 10% of glioblastomas,46 while
primary glioblastoma constituted most
WHO IV tumors. This was reflected by
our cohort with only 1 secondary glio-
blastoma, impeding statistical compari-
son between IDHmut and IDHwt
glioblastoma as well as IDHmut WHO
III and WHO IV gliomas. The relatively
high Lac signal of the 1 secondary glio-
blastoma and the long-known pH de-
pendence of the invasive capacity of
brain tumors11,24 suggest additional
effects of highly malignant features on
Lac levels and pHi (Fig 1).

There was no statistical significance
when comparing Lac concentrations
between IDHmut WHO II and III glio-
mas. This is in line with the notion that
the biologic behavior and the prognosis
of WHO II versus III tumors show
much fewer differences in IDHmut than
in IDHwt tumors.47 We additionally
found evidence for codependent effects
of 1p/19q codeletion and IDH muta-
tions with regard to Lac concentrations
for WHO tumor grades II and III. This
finding points toward IDH gene muta-
tions and 1p/19q codeletion as 2 con-
tributing factors to changes in cell
metabolism independent of WHO
grade.

Prior preclinical and clinical studies
have discussed possible changes in the
phospholipid mechanism related to
mutations in IDH genes but were not

entirely consistent.29,41,42,48,49 Phospholipids are synthesized
from phosphatidic acid and 1,2-diacylglycerol intermediates in
the synthesis of triacylglycerols. The link to lactate production
is pyruvate. Because enzyme activities of both pathways are
affected by many factors such as expression, posttranslational

FIG 4. Bar chart showing median, minimum, and maximum Lac concentrations in all patients
with IDH gene mutations and WHO II and III gliomas (no WHO IV), comparing those with chro-
mosomal losses of 1p and 19q with those with no chromosomal losses. We found a significant
difference in Lac concentrations (P, .038, t test). However, if one compared WHO II with WHO
III tumors with IDH gene mutations, there was no significant difference. This finding points to-
ward IDH gene mutations and chromosomal losses as 2 contributing factors to changes in cell
metabolism independent of WHO grade. LOH indicates loss of heterozygosity.

FIG 5. Bar chart showing median, minimum, and maximum pHi. We found a significant difference
in pHi when comparing tumor voxels of patients with IDHmut gliomas with respective voxels of
patients with IDHwt gliomas (P¼ .001, t test).
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modifications, and cofactor levels and may differ between in vivo
studies and genetically engineered cell models, current results are
not contradicted by previous findings.

The PRESS at TE = 97ms was based on the vendor’s standard
SVS, using a sinc-shaped excitation pulse and a Mao refocusing
pulse with T2 time spacing aimed at 2-HG detection.50 In general,
the Lac peak at 1.33 ppm is split into a doublet because of J-cou-
pling interaction with the solitary methine proton (�CH). The
coupling constant (J) for lactate in vivo is approximately 6.9Hz.
Recording the Lac peak inverted facilitates its detection and dis-
crimination from other resonances such as lipids.51 In our study
at TE = 97ms (odd multiple of 1/J), we were able to record the
Lac peak as an inverted pseudosinglet (Fig 6). According to
the CRLBs obtained from the LCModel analysis in our cohort,
the negative Lac signal can be well-discriminated from the posi-
tive signals of MM. While most spectra at TE = 97ms could be
fitted without lipids and MM in the Lac spectral region, we found
3 patients with spectra exhibiting Lip13b and 8 patients with
MM20 at CRLBof ,20%. In all except one of these spectra,
CRLBs for Lac were also below 20%. Only 1 patient’s spectrum
showed CRLBs for Lac and Lip13 of .30%, indicating that dis-
crimination between Lac and Lip13 was not possible. This patient
was excluded from the analysis. At a 3T clinical scanner, the
inverted Lac signal might be distorted and significantly reduced
in intensity due to an incomplete 180° pulse at the rim of the
PRESS-selected box.51,52 While reduced Lac signal intensities in
PRESS do not affect our findings comparing patient groups
examined with the same MR spectroscopy protocol, absolute Lac
concentrations can be affected. The considerable difference in
Lac resonance intensity between IDHmut and IDHwt gliomas
and between high-grade and low-grade gliomas and a lack of dif-
ference in Cr intensity leave the ratio Lac/Cr relatively insensitive
to partial volume effects due to necrotic areas or CSF. It can,
therefore, be used as a robust ratio in clinical routine without the
need for metabolite quantitation.

Limitations
With a defined timeframe of the clinical study and a fixed proto-
col at 1 research scanner in combination with statistical odds of
.70% of WHO II–III tumors bearing IDH mutations,53 we were
unable to obtain a more balanced population. We acknowledge
that our study is limited by this imbalance.

Pretreated patients may pose limitations on metabolic analy-
sis. In our study cohort, 3 patients had undergone partial resec-
tion before the study inclusion, one had been treated with
chemotherapy (temozolomide), and one, with radiation therapy.
All of the pretreated subjects were patients with IDHmut gliomas.
Partial resection was performed 4, 14, and 44months prior,
which we assumed to be a sufficient period to rule out postopera-
tive effects of perioperative ischemia on lactate levels and pHi.
Zheng and Wang54 found that lactate levels in a neonatal piglet
model were normalized 48–72 hours after hypoxic-ischemic
brain injury in the basal ganglia. Statistical significance for
Lac concentration, Lac/Cr ratios, and pHi between patients
with IDHmut and IDHwt gliomas was maintained, exclud-
ing the 2 patients pretreated with radiation therapy or
chemotherapy from the cohort.

With regard to pHi values, the general limitations of 31P MR
spectroscopy have to be taken into account. With coarse
8� 8� 8 k-space sampling, which is typical for many 31P MR
spectroscopic imaging studies,55 results suffer from spreading of
signal into adjacent voxels caused by the point spread function.
The inherent partial volume effect tends to level focal changes in
the position of the signal of inorganic phosphate, which is used to
calculate pHi values. Because we used only 1 signal to fit inor-
ganic phosphate, the estimated pHi rather indicates a deviation to
higher values compared with the regular value than providing a
number for the real pHi in the target region.24 pHi ranges deter-
mined by 31P MR spectroscopy are in line with previous publica-
tions by other groups.56,57

CONCLUSIONS
By means of PRESS at TE = 97ms, with optimized echo spacing
for detection of 2-HG, Lac peaks can be fitted with little impact
of lipid/MM contamination. We found indirect evidence for met-
abolic reprogramming in IDHmut tumor cells with a significant
difference in Lac concentrations and Lac/Cr ratios compared
with IDHwt cells and a near-normal pHi. Our findings suggest
that the prediction of IDH mutation status can be supported by
the use of Lac/Cr ratios as well as pHi as additional MR spectro-
scopic markers.
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Effect of Piezo1 Overexpression on Peritumoral Brain Edema
in Glioblastomas

S. Qu, T. Hu, O. Qiu, Y. Su, J. Gu, and Z. Xia

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have suggested that increased mortality and disability in patients with brain tumor
are associated with peritumoral brain edema. However, the mechanism of peritumoral brain edema in brain tumors is unknown.
This study aimed to investigate the effect of Piezo1 overexpression on peritumoral brain edema in glioblastomas.

MATERIALS AND METHODS: The Piezo1 expression in cell lines and paired samples was detected by quantitative reverse transcrip-
tion polymerase chain reaction, Western blot, and immunohistochemistry. Sixty-four patients with glioblastomas were analyzed ret-
rospectively. The Piezo1 expression of tumor tissue was detected by immunohistochemistry. The diameters of tumor and edema
were measured by preoperative MR imaging, and the edema index value was calculated.

RESULTS: Western blot and quantitative reverse transcription polymerase chain reaction showed that Piezo1 expression was higher
in 6 glioma cell lines than in the normal astrocyte cell line. Compared with peritumoral tissues, Piezo1 was up-regulated in tumor
tissues. Sixty-four patients with glioblastomas were enrolled in further study. Piezo1 was higher in the moderate edema group than
in the mild edema group (P , .001), higher in the severe edema group than in the moderate edema group (P , .001), and corre-
lated with the edema index (r ¼ 0.73; P , .001). Receiver operating characteristic curve analysis showed that the edema index
yielded an area under the curve of 0.867 (95% CI, 0.76–0.97; P , .001), with a sensitivity of 100% and a specificity of 70%.

CONCLUSIONS: Piezo1 overexpression is positively correlated with the degree of peritumoral brain edema in glioblastomas.
Predicting high Piezo1 expression in tumor tissues based on the edema extent shows good sensitivity and specificity.

ABBREVIATIONS: EI ¼ edema index; GBM ¼ glioblastoma; IHC ¼ immunohistochemistry; IRS ¼ immunoreactivity score; PTBE ¼ peritumoral brain edema;
qRT-PCR ¼ quantitative reverse transcription polymerase chain reaction; ROC ¼ receiver operating characteristic; WHO ¼ World Health Organization

Human glioma is the deadliest primary tumor of CNS cancers.
The incidence of CNS tumors in America from 2011 to 2015

shows that gliomas account for 26% of all intracranial tumors
and 81% of intracranial malignant tumors.1 Gliomas are usually
classified into 4 grades (World Health Organization [WHO]
grades I–IV).2 Among them, glioblastoma (GBM) is a very inva-
sive tumor3 and common cause of death. Even after standardized

treatment, the survival rate of patients with GBMs is still very
low. The median overall survival is approximately 15 months,
and the 5-year survival rate is only 5.6%.1,4 The poor prognosis of
patients is related not only to age, pathologic features, the extent
of resection, radiation therapy, chemotherapy, and targeted ther-
apy but also to the extent of peritumoral brain edema (PTBE).5,6

PTBE can result in many potential hazards, such as epilepsy,
additional neurologic dysfunction, and an increase in intracranial
pressure, which may cause cerebral herniation.7,8 In addition, it
can affect the exposure of tumors during an operation and
increase the difficulty of surgical resection.9 However, the mecha-
nism of PTBE has not been fully clarified.

Piezo1 is a calcium ion (Ca21) permeable transmembrane ion
channel protein that is activated by mechanical force and consists
of 3 pore-forming units.10 Friedrich et al11 observed that deletion
of Piezo1 in the lung tissue of mice could significantly decrease
fluid exudation of lung tissue for the first time. More interesting,
Chen et al3 reported that compared with normal tissues, Piezo1
expression was up-regulated in gliomas on the basis of an analysis
of The Cancer Genome Atlas data. Despite these discoveries,
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however, to date, the clinical relevance between Piezo1 overex-
pression and PTBE has not been documented.

Thus, we hypothesized that the extent of PTBE in patients
with GBMs is correlated with Piezo1 overexpression in tumor tis-
sues. Furthermore, we studied other relevant factors of PTBE.

MATERIALS AND METHODS
Cell Lines and Tumor Samples
A normal astrocyte line (HA1800) and human glioma cell lines
(HS683, SW1783, U251, LN319, SNB19, and U373) were
obtained. All human glioma cell lines and normal astrocyte lines
were cultured in the same manner as reported previously.12 All
clinical samples were obtained from tumor tissue after surgical
resection in our neurosurgery center.

Quantitative Reverse Transcription Polymerase Chain
Reaction and Western Blot Analysis
We used quantitative reverse transcription polymerase chain
reaction (qRT-PCR) and Western blot methods to evaluate the
Piezo1 expression in clinical samples and cell lines. The detailed
protocols of qRT-PCR and Western blot are specified in the On-
line Appendix.

Inclusion and Exclusion Criteria of Patients
We initially collected patients with gliomas who underwent
surgical resection in the first affiliated hospital of Sun Yat-sen
University between January 2013 and December 2019. All
included patients met the following inclusion criteria: pathologi-
cally confirmed to be primarily diagnosed with GBM; the tumor
located above the tentorium of the cerebellum, not in the ventri-
cle; and preoperative MR imaging and an enhancement examina-
tion performed. The exclusion criteria were as follows: tumors
located under the tentorium of the cerebellum or in the ventricle;
multiple tumors; no MR imaging or an enhanced examination;
patients with recurrent gliomas; patients with gliomas with tumor
hemorrhage; and patients with gliomas undergoing radiation
therapy, chemotherapy, and other drug treatments for edema
before an operation. This study received approval from the
Medical Ethics Committee of our hospital. Each patient gave their
written consent.

MR Imaging Examination and Edema Index Measurement
All patients underwent a preoperative brain 3T MR imaging scan
and an enhancement examination. All MR imaging data were
measured with a computer workstation. Tumor volume was
measured with a preoperative MR imaging T1-enhanced TSE
sequence. Briefly, the first step was to measure the GBM axial
maximum diameter (A), the coronal maximum diameter (B),
and the sagittal maximum diameter (C) in the MR imaging T1-
enhanced TSE sequence (TR ¼ 2000 ms; TE ¼ 9 ms; section
thickness ¼ 6 mm; FOV ¼ 230 � 187 mm; voxel size ¼ 0.7 �
0.7 � 6.0 mm) of each patient. To reduce artificial bias, 1 senior
neurosurgeon and 1 senior radiologist independently measured
the scans of each patient. Additionally, the scans of the same
patient was re-examined after an interval of 2 weeks by the same
2 physicians, and the average value was recorded.

The second step was to calculate the tumor volume. The for-
mula used to calculate tumor volume was V ¼ 4/3p � A/2 �
B/2 � C/2.13 PTBE volume was measured with the T2-weighted
and FLAIR TSE sequences (TR ¼ 9000 ms; TE ¼ 81 ms; section
thickness ¼ 6 mm; FOV ¼ 230 � 200 mm; voxel size ¼ 0.7 �
0.7 � 6.0 mm). Similarly, we measured the maximum diameter
of tumor edema in the axial, coronal, and sagittal scanning
images and calculated the edema volume. The edema index (EI)
was used to evaluate the degree of PTBE. Next, we calculated
the EI of each patient as follows: EI ¼ (V tumor1edema)/(Vtumor).
PTBE is usually classified by the EI value, which can be classi-
fied as follows: no edema (EI ¼ 1), mild edema (1 , EI # 1.5),
moderate edema (1.5, EI# 3), and severe edema (EI. 3).14

Immunohistochemistry
All tumor tissues were examined by histopathology and immuno-
histochemistry (IHC) after surgical resection. The detailed IHC
protocols of Piezo1, Ki-67, isocitrate dehydrogenase (IDH1), and
p53 are specified in the On-line Appendix. The immunoreactivity
score (IRS) is equal to the product of the staining intensity score
and the positive staining tumor cell score. According to the IRS
value, Piezo1 expression was divided into low (IRS, 4) and high
(IRS $ 4) expression.12 The IDH1 status was based on IDH1
R132H staining, which was divided into positive reactions and
negative reactions.15 The p53 status was based on the nuclear
staining cell rate. Specimens with nuclear staining cell rates of at
least 10% were considered positive for p53, and those with,10%
were considered negative for p53.16

Statistical Analysis
Statistical analysis was performed using statistical software (SPSS,
Version 23; IBM). Because continuous data were not normally
distributed, the Mann-Whitney U test was used for comparisons.
For variables that did not conform to a normal distribution or for
ordered classification variables, Spearman correlation analysis was
performed. The correlation between binary variables was tested
with the x 2 test. The sensitivity, specificity, and accuracy of the EI
for high Piezo1 expression was determined by receiver operating
characteristic (ROC) analysis. The difference was statistically sig-
nificant (P , .05 for a 2-tailed test). The Bonferroni correction
was used to control the type I error rate for multiple testing.

RESULTS
Screening and Clinical Characteristics of Patients
We initially searched 325 patients with gliomas. After the exclu-
sion of 205 patients with WHO grades I-III, the remaining 120
patients were further reviewed. Among them, 15 gliomas were
located below the tentorium of the cerebellum, 9 gliomas
involved the ventricle, 1 patient did not undergo a preoperative
MR imaging examination, 27 patients had recurrent GBMs, and
4 patients with tumor hemorrhage were excluded. Finally, 64
patients with a primary diagnosis of GBM were enrolled. The
Table shows characteristics of the included patients.

High Piezo1 Expression in Human Gliomas
To evaluate Piezo1 expression, we performed both qRT-PCR and
Western blot in 7 cell lines. Both the messenger RNA and protein

1424 Qu Aug 2020 www.ajnr.org



levels of Piezo1 were increased in 6 glioma lines compared
with the HA1800 line (Fig 1A). Next, 8 paired tumor samples
were used for qRT-PCR, and 4 paired WHO grade I–IV tumor
samples were used for the Western blot. Consistent with these
findings, the results showed that the messenger RNA and pro-
tein levels of Piezo1 were also up-regulated in tumor tissues
compared with peritumoral tissues (Fig 1B). Furthermore,
IHC staining of the above 4 paired samples was separately per-
formed on normal brain tissue (n ¼ 1) and tumor tissue (n ¼
4, WHO grades I–IV). Compared with normal tissue, the cell
staining intensity and Piezo1-positive cell rate of tumor tissues
were higher and increased with the increase of the WHO grade
(Fig 1C).

Piezo1 Expression in 64 Patients with GBMs
To identify the Piezo1 expression in GBMs, qRT-PCR and
Western blot were conducted in the 14 paired GBM samples.
qRT-PCR and Western blot results indicated that Piezo1 was
highly expressed in tumor tissues compared with normal tissues
(Fig 2). IHC was also performed on these 64 patients’ paraffin-
embedded slides. According to the IRS value, 64 patients were di-
vided into a low Piezo1 group (20 patients) and a high Piezo1
group (44 patients). The Table shows the correlation between
Piezo1 and clinicopathologic parameters. Piezo1 overexpression
is only significantly related to PTBE.

PTBE Grading in 64 Patients with GBMs
According to the EI, we performed PTBE grading in 64 patients
with GBMs.17 The median EI was 4.09 (range, 1.06–12.02): 0 with
no edema, 9 (14.1%) with mild edema, 16 (25.0%) with moderate
edema, and 39 (60.9%) with severe edema.

Correlation between Piezo1
Overexpression and PTBE in 64
Patients with GBMs
Figure 3A–I shows the preoperative
MR imaging of patients with different
grades of edema and the corresponding
Piezo1 immunohistochemical staining
results. The higher the extent of edema,
the higher was the expression of
Piezo1. Furthermore, we analyzed
the Piezo1 levels in different edema
groups. The Piezo1 expression level
in the moderate edema group was
higher than that in the mild edema
group (P , .001), and the expression
level in the severe edema group was
higher than that in moderate edema
group (P, .001) (Fig 3J).

To explore whether there was a pos-
itive correlation between the Piezo1 lev-
els and the EI, we performed a x 2 test
and a Spearman correlation analysis.
First, we compared the number of
patients with mild, moderate, and
severe edema between the low and the
high Piezo1 expression groups. A x 2

test revealed that Piezo1 overexpression was significantly related to
the grade of PTBE (P , .001). Second, compared with the low
Piezo1 group, the EI of the high Piezo1 group was significantly
higher (P, .001) (Fig 3K).

Next, by calculating the correlation coefficients, we observed a
significant positive correlation between Piezo1 expression levels and
the EI (r ¼ 0.73; P , .001). Linear regression analysis was further
performed. The correlation between Piezo1 expression levels and
the EI was linear (R2¼ 0.47, P, .001) in the 64 patients (Fig 3L).

Correlation Analysis of Other Indexes
Furthermore, we also investigated other correlative factors related
to the EI and Piezo1 expression by Spearman correlation analysis.
We observed a positive correlation between the EI and Ki-67 (r¼
0.46, P , .001). The EI was significantly different between
patients with low (,40%) and high ($40%) Ki-67 (P ¼ .002).
The correlation between Ki-67 expression and the EI was linear
(R2 ¼ 0.23, P, .001).

Next, we further observed whether the Piezo1 overexpression
was still positively correlated with PTBE in the Ki-67 subgroup.
As shown in Fig 4, the results have not changed. However, Piezo1
was not significantly related to Ki-67 (r ¼ 0.22, P ¼ .08). Also,
the EI and Piezo1 were not significantly related to age (r ¼ 0.24,
P ¼ .054; r ¼ 0.20, P ¼ .12, respectively), sex (r ¼ 0.12, P ¼ .33;
r ¼ 0.05, P ¼ .69, respectively), the IDH1 status (r ¼ 0.06,
P ¼ .64; r ¼ 0.03, P ¼ .83, respectively), or the p53 status (r ¼
–0.06, P¼ .65; r¼ 0.13, P¼ .31, respectively).

ROC Analysis of the EI for High Piezo1 Expression
We assessed the predictive ability of PTBE for high Piezo1
expression on preoperative MR imaging using ROC analysis. The

The correlation between Piezo1 expression and clinicopathologic characteristics in 64
patients with glioblastomas

Characteristics Cases (No.)
Expression of Piezo1

P ValueLowa (No.) Highb (No.)
Cases (No.) 20 44 –

Age (yr)
60 or older 12 4 8 .86
Younger than 60 52 16 36

Sex
Male 36 12 24 .68
Female 28 8 20

Peritumoral brain edema
No edema 0 0 0 .00
Mild edema 9 9 0
Moderate edema 16 5 11
Severe edema 39 6 33

Ki-67 index
$40% 42 10 32 .08
,40% 22 10 12

IDH1 mutation
No 50 16 34 .54
Yes 14 4 10

p53 status
Negative 27 7 20 .43
Positive 37 13 24

Note:—–indicates not applicable.
a “Low” means low Piezo1 expression.
b “High” means high Piezo1 expression.
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FIG 1. Piezo1 overexpression in glioma cell lines and human gliomas. A, Piezo1 expression was detected by qRT-PCR and Western blot in 1 normal
astrocyte line (HA1800) and 6 glioma cell lines (HS683, SW1783, U373, U251, LN319, and SNB19). B, qRT-PCR analysis of Piezo1 in 8 paired tumor
samples and Western blot analysis of Piezo1 in 4 paired tumor samples (WHO grades I–IV). P indicates peritumoral tissues; T, tumor tissues;
mRNA, messenger RNA. C, Piezo1 was analyzed in normal brain tissue and glioma tissue (WHO grades I–IV) by IHC.

FIG 2. A, Relative Piezo1 levels in clinical samples of GBM and paired adjacent normal tissues in a cohort of 64 patients with GBMs with WHO
grade IV. B, Piezo1 expression was detected in several representative paired GBM samples. N indicates adjacent normal tissues; T, tumor tissues.
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FIG 3. A–I, MR imaging (T2-weighted scan and T1-enhanced scan) and Piezo1 immunohistochemical staining of tumors with different grades of brain
edema (mild edema, moderate edema, and severe edema). J, Piezo1 expression levels in the mild edema group (n¼ 9), moderate edema group (n ¼
16), and severe edema group (n¼ 39) were assessed by IHC. K, The EI was compared between the high Piezo1 expression group (n¼ 44) and the low
Piezo1 expression group (n¼ 20). L, Scatterplot of Piezo1 expression and its corresponding EI based on linear regression analysis (R2 ¼ 0.47, P, .001).
The asterisk indicates P, .05, 4 asterisks, P, .001 using a 2-tailed Student t test.

AJNR Am J Neuroradiol 41:1423–29 Aug 2020 www.ajnr.org 1427



EI yielded an area under the curve of 0.867 (95% CI, 0.76–0.97;
P, .001) (Fig 5). At the optimal cutoff value, an EI of$2.04 pre-
dicted high Piezo1 expression, with a sensitivity of 100% and a
specificity of 70%.

DISCUSSION
Our results indicate that Piezo1 expression is up-regulated in
gliomas, especially high-grade gliomas. In patients with GBMs,
the amount of PTBE is positively correlated with the expression
of Piezo1 and Ki-67, but not with age, sex, IDH1 status, or p53
status. The relationship between PTBE and Piezo1 overexpres-
sion may be linear. When we defined the value of EI (EI ¼ 2.04),
the EI had great clinical value for predicting high Piezo1 expres-
sion with good sensitivity and specificity.

So far, it has been accepted that both vasogenic edema and cy-
totoxic edema are involved in the formation of PTBE.18,19 The
relationship between vasogenic edema and cytotoxic edema is
not only mutual influence but also mutual independence.
However, the exact mechanism has not been fully elucidated.
Vasogenic edema is usually due to the degradation of tight junc-
tions (eg, E-cadherin, N-cadherin, and b -catenin) between endo-
thelial cells, which increases vascular permeability.20 Then,
intravascular fluid exudates into the tissue space and further
causes tissue edema. Most interesting, we are the first to find the
correlation between PTBE and Piezo1 overexpression in GBMs.
Of note, Friedrich et al11 first confirmed that Piezo1 protein as a
calcium channel promotes the influx of calcium ions into vascular
endothelial cells and then activates calcium-dependent calpain.
Calpain could further promote the degradation of tight junctions
between vascular endothelial cells and increase vascular perme-
ability.11 High vascular permeability increases the extravasation
of protein-rich fluid, resulting in brain edema. Therefore, the

Piezo1 protein may mediate vasogenic edema by the degradation
of tight junctions in GBMs. On the other hand, whether Piezo1
protein is related to cytotoxic edema remains to be further
studied.

PTBE is a common GBM-associated phenomenon, which
aggravates the patient’s symptoms. Some studies have shown that
it is an important factor affecting the prognosis and recurrence in
patients.6 It is not yet known whether Piezo1 will become a new
drug target for the molecular therapy or prevention of brain
edema. If Piezo1 can be used as a new drug target, its high expres-
sion might be predicted by the EI, which can be calculated on
preoperative MR imaging.

Moreover, our findings suggest that the EI is positively related
to the Ki-67 index. Indeed, Yu et al21 observed a similar result,
that Ki-67 expression increased with increasing PTBE in 74
patients with gliomas. Ki-67 is a marker that is commonly used
to determine the degree of malignancy of tumors and is closely
related to tumor cell proliferation and invasion, which could con-
tribute to PTBE.22

Our findings suggest that PTBE is not significantly correlated
with age, sex, IDH1 status, or p53 status. These results agreed
with those of previously reported studies.23,24

Due to the absence or partial presence of MR imaging T1
enhancement in the patients with WHO grade I–III gliomas, it is
very difficult to distinguish PTBE from the tumor; therefore, our
study subjects were limited to patients with primary GBM. Thus,
it is not known whether our results are applicable to patients with
other pathologic types of gliomas (WHO grades I–III) or other
types of brain tumors. Additionally, the study was limited by its
sample size. The results must be confirmed in a larger study. At
present, there is no unified method that can be used to measure
the true volume of PTBE or tumor. In this study, the volume was
reflected by the maximum diameter of tumor or PTBE. The

FIG 4. A and B, Scatterplot of Piezo1 expression and its correspond-
ing EI based on linear regression analysis in the high- and low-expres-
sion subgroups of Ki-67 (R2 ¼ 0.33, P , .001; R2 ¼ 0.75, P , .001;
respectively). C and D, In the subgroup analysis of Ki-67, the EI was
compared between the high-Piezo1 and low-Piezo1 expression
groups. The asterisk indicates P , .05; 4 asterisks, P , .001 using a 2-
tailed Student t test.

FIG 5. ROC curves of the extent of PTBE (red line) for the prediction
of high Piezo1 expression in patients with GBMs.
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formula used to calculate volume was V ¼ 4/3p � A/2 � B/2 �
C/2. Other researchers also recognized this method as a valid way
to calculate the volume.17,25

CONCLUSIONS
Piezo1 overexpression is positively correlated with the degree of
PTBE in GBMs. In addition, the PTBE is also correlated with Ki-
67 expression but not with age, sex, IDH1 status, or p53 status.
Predicting high Piezo1 expression in tumor tissues according to
the amount of edema has good sensitivity and specificity.
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CLINICAL REPORT
ADULT BRAIN

Focal Leptomeningeal Disease with Perivascular Invasion in
EGFR-Mutant Non-Small-Cell Lung Cancer

A. Dasgupta, F.Y. Moraes, S. Rawal, P. Diamandis, and D.B. Shultz

ABSTRACT

SUMMARY: We report a previously undescribed pattern of brain metastases in patients with epidermal growth factor receptor–
mutated non-small-cell lung cancer treated with tyrosine kinase inhibitors and radiation therapy. These highly distinct lesions
appear to spread focally within the leptomeninges, with invasion along the perivascular spaces (FLIP). The survival of patients with
FLIP was significantly better compared with patients with classic leptomeningeal disease (median survival, 21 versus 3months;
P¼ .003). It is unclear whether this pattern of growth is unique to epidermal growth factor receptor–mutated non-small-cell lung
cancer.

ABBREVIATIONS: EGFRm ¼ epidermal growth factor receptor–mutated; cLMD ¼ classic leptomeningeal disease; FLIP ¼ focal leptomeningeal involvement
with invasion of the perivascular space; NSCLC ¼ non-small-cell lung cancer; TKI ¼ tyrosine kinase inhibitors; WBRT ¼ whole-brain radiation

We report a previously undescribed pattern of brain metasta-
ses in epidermal growth factor receptor–mutated (EGFRm)

non-small-cell lung cancer (NSCLC) that appears to spread focally
within the leptomeninges, with invasion along the perivascular
spaces (FLIP). FLIP is radiologically and clinically distinct from
classic leptomeningeal disease (cLMD). We present 5 cases.

Case Series
Patient 1. A 67-year-old woman with locally advanced EGFRm
NSCLC (exon 19 mutation) was treated with lobectomy, media-
stinal node dissection, and 4 cycles of adjuvant cisplatin and
vinorelbine. Eighteen months later she relapsed in the mediasti-
num. A restaging brain MR imaging showed a ring-enhancing
lesion associated with leptomeningeal changes in the right parie-
tal lobe (Fig 1). She declined brain radiation therapy or surgery
and began treatment with afatinib. Three months later her brain
lesion progressed radiographically, though she remained asymp-
tomatic, and a decision was made to proceed with surgical resec-
tion. Pathologic analysis revealed brain tissue invaded by a
metastatic adenocarcinoma growing in sheets and papillary struc-
tures. The tumor cells exhibited nuclear atypia and readily

identifiable mitoses and had an immunohistochemical pattern
(CK71, CK20-, TTF11) supportive of lung origin. There were
many examples in which the tumor showed growth and spread
along the perivascular and leptomeningeal spaces. Given this
finding of focal leptomeningeal involvement with invasion of the
perivascular space, we henceforth refer to this pattern as FLIP
(Fig 2). She was treated with whole-brain radiation (WBRT) and
continued afatinib. Thereafter, she remained clinically and radio-
graphically stable for 12months, at which time she developed
widespread leptomeningeal disease. She died 6months later.

Patient 2. A 62-year-old man with early-stage EGFRm NSCLC
(exon 19 deletion) was initially treated with a left lower lobec-
tomy. Thirty-four months later, he developed pulmonary metas-
tases and began treatment with gefitinib. Twelve months after
that, he developed headaches, and a brain MR imaging revealed a
lesion with an appearance consistent with FLIP in the right cere-
bellum (Fig 3) and several additional small lesions in the brain
parenchyma. He was treated with WBRT and continued gefitinib.
An MR imaging 3months later revealed a complete response in
his other brain lesions and a partial response in the FLIP.
Unfortunately, MR imaging 4months later showed isolated pro-
gression of the FLIP, with extension along the cerebellar folia and
minimal infiltration into the brain parenchyma. He remained
asymptomatic. The FLIP lesion was targeted with focal radiation
therapy, and 3months later, MR imaging showed stable disease.
Unfortunately, MR imaging performed 4months later demon-
strated radiologic progression of the FLIP, which continued for
12months until he died due to neurologic causes. Throughout
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this, no additional brain lesions were noted, and his extracranial
disease remained stable.

Patient 3. A 49-year-old man with early-stage EGFRm NSCLC
(exon 20 mutation) was treated with lobectomy. Eighteen months
later he developed right-sided hemiparesis, and a brain MR

imaging revealed 3 parenchymal metastases, including one in the
left parietal lobe. He was treated with WBRT followed by carbo-
platin and pemetrexed, and his hemiparesis resolved. Fourteen
months later, a lesion in the left parietal lobe progressed consist-
ent with FLIP (Fig 4). The lesion was treated with salvage stereo-
tactic radiosurgery; however, an MR imaging 3months later
showed progression. During that same period, he progressed
extracranially and began treatment with pembrolizumab.
Unfortunately, follow-up MR imaging 6months later showed
continued progression of the FLIP, though the rest of his brain
remained stable. He was given the option of surgery, which he
declined, and he died 2months later.

Patient 4. A 77-year-old woman presented with multiple lung
nodules, bone metastases, and 2 small brain metastases, one in the
cerebellum and the other in the right frontal lobe. A lung biopsy
revealed EGFRm NSCLC (L858R mutation), and she was treated
with radiation for her primary lung mass and gefitinib. While ini-
tially MR imaging revealed a partial response in her brain to gefiti-
nib, 18months later the lesion in the right frontal lobe progressed
with an appearance consistent with FLIP (Fig 5). The patient was
asymptomatic and was treated with WBRT. Following that, brain
MRIs performed up to 7months later revealed marked improve-

ment of the FLIP and stable disease
elsewhere, and she remained symp-
tom-free. Ultimately, her systemic dis-
ease progressed, and she died 8months
followingWBRT.

Patient 5. A 46-year-old woman was
diagnosed with locally advanced
EGFRm NSCLC (exon19 mutation)
and underwent lobectomy and lymph
node dissection followed by adjuvant
chemotherapy and thoracic radiation
therapy. Brain MR imaging at that time
revealed no evidence of intracranial
disease. One year later, she developed
lung metastases and began gefitinib.
Again, an MR imaging of the brain was
performed and was unremarkable.
After 4 years of gefitinib, she developed
headaches and was found to have 3
brain metastases treated with salvage
stereotactic radiosurgery, including one
in the right cerebellum. All lesions ini-
tially responded. One year later, the
patient developed mild headaches, and
MR imaging revealed progression of
the right cerebellar lesion consistent
with FLIP (Fig 6). She underwent
resection, revealing adenocarcinoma
growing in a papillary pattern with
large areas of necrosis and focal lepto-
meningeal involvement. Unfortunately,
although there were areas suspicious
for perivascular space invasion, the

FIG 1. Brain MR imaging for patient 1, a 67-year-old woman with
locally advanced EGFRm NSCLC. Sagital (A) and axial (B) projections
show enhancement along the parenchyma, with ring-enhancing
lesions extending into the right parietal sulci in continuity. The scan
was performed for restaging purposes, before any brain-directed
treatment.

FIG 2. Histopathology. A, Hematoxylin-eosin image shows cohesive epithelioid neoplastic cells
closely associated with parenchymal blood vessels (black arrows). Immunohistochemical staining
(brown coloration) for CK7 (B) and TTF1 (C) supports a lung origin and highlights the involvement
of the perivascular spaces. D, Growth of tumor within the Virchow-Robins spaces (marked brown
again with CK7 immunostaining) creates an impression of scattered tumor foci within the
unstained brain tissue rather than the typical solitary metastatic mass. E and F, Evidence of lepto-
meningeal involvement with adenocarcinoma closely associated with and encircling larger thick
meningeal-type vessels (black arrows). F, A high-power view of the red box seen in E highlights
that most of the increased cellularity is tumor cells.
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specimen was too necrotic for definitive characterization of that.
Six months after that, the lesion progressed again and was treated
with fractionated radiation. Unfortunately, the tumor recurred
6months later, requiring a second resection. Three months follow-
ing that, her brain MR imaging showed stable disease; however,
symptomatically, she was severely fatigued, without an obvious
cause, and 6months later she died in the setting of palliative care.
Throughout this time, since her initial radiation therapy, the re-
mainder of the patient’s brain showed no evidence of additional
tumors. At no point did she have focal neurologic findings or
symptomatology suggestive of widespread leptomeningeal disease.
Her extracranial disease remained well-controlled throughout the
course of her illness.

Comparison with cLMD. In a previously described clinical data
base of 198 patients with central nervous system involvement from
EGFRm NSCLC,1 we identified 12 patients with cLMD and com-
pared their survival with that of patients with FLIP using a Kaplan-
Meier analysis. Overall survival was estimated from the first radio-
logic evidence of leptomeningeal disease or FLIP until death. We
used the log-rank test to compare the 2 groups. In this analysis, sur-
vival following FLIP was significantly improved compared with
cLMD (median, 21 versus 3months; P¼ .003) (Fig 7). The survival
of our cLMD group was similar to that of a cohort of 212 patients

with NSCLC with cLMD (including 75 EGFRm), in which the me-
dian survival was 4.5months.2

DISCUSSION
Herein we describe a unique pattern of intracranial metastasis
termed FLIP. Prior reports have described lesions consistent
with limited leptomeningeal involvement that while focal, oth-
erwise bore a strong radiographic resemblance to classic lepto-
meningeal disease.3 FLIP is distinct from that entity
radiographically. It is also highly distinct from widespread or
focal pachymeningeal failures that sometimes arise follow-
ing postoperative salvage stereotactic radiosurgery.4

FIG 3. Brain MR imaging for patient 2, a 62-year-old man with EGFRm
NSCLC. Sagital (A) and axial (B) projections demonstrate an enhancing
lesion spreading along the cerebellar folia after several months of
treatment with gefitinib.

FIG 4. Brain MR imaging for patient 3, a 49-year-old man with EGFRm
NSCLC with an enhancing lesion in the left parietal lobe 14months
following WBRT.

FIG 5. Brain MR imaging for patient 4, a 77-year-old woman with
EGFRm NSCLC. Axial projection demonstrates a right frontal lobe
lesion following 18months of gefitinib treatment.

FIG 6. Brain MR imaging for patient 5, a 46-year-old woman with
EGFRm NSCLC. Sagital (A) and axial (B) projections demonstrate an
enhancing right cerebellar lesion with spread along the cerebellar
folia, 1 year following stereotactic radiosurgery and several years of
gefitinib treatment.
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Previous studies have described features associated with
cLMD from EGFRm NSCLC.5,6 In a series of 144 patients with
EGFRm NSCLC (15 had cLMD), Lin et al5 observed that some
tyrosine kinase inhibitors (TKIs) exerted improved CNS control
compared with others, including in patients with cLMD.
Likewise, in a case series of 5 patients with EGFRm NSCLC
undergoing treatment with a TKI, Sener et al6 noted that clinical
signs and symptoms of cLMD preceded radiographic findings by
several months, suggesting that TKIs may mask occult leptome-
ningeal involvement. Both studies highlight the interplay between
TKI activity and disease progression within the leptomeninges in
EGFRm NSCLC and how that may affect clinical and radio-
graphic presentation. In a recently published Phase I study of 41
patients with cLMD, Yang et al7 reported a median overall sur-
vival of 11months with the use of a third-generation TKI (osi-
mertinib). With newer generations of TKI with better CNS
penetration, the survival of patients with cLMD is expected to
improve. From our own limited study, it is unclear whether FLIP
reflects unique biologic features of EGFRm NSCLC brain metas-
tases or a response to EGFR-targeting agents.

Perivascular invasion from metastatic carcinoma has been
previously reported.8,9 Kleinschmidt-DeMasters and Damek8

reported 2 such cases, both in patients with NSCLC (molecular
status not available) who had previous bevacizumab treatment.
Both patients presented with severe neurologic symptoms,
including dizziness and cognitive decline, and similar findings on
MR imaging (deep white matter hyperintensities and dissemi-
nated leptomeningeal disease). At postmortem examination of 1
patient, pathology revealed perivascular involvement. Takei et al9

reported extensive intravascular carcinomatosis in the central
nervous system of a patient who succumbed to inflammatory
metastatic breast cancer. Clinically and radiologically, however,
these examples were dissimilar to FLIP, which appears to be a
focal process, at least radiographically, and is associated with
mild symptomatology. Our analysis also indicates that survival
following a diagnosis of FLIP may be superior to that in cLMD,
notwithstanding the inherent potential for bias when comparing
2 retrospectively identified cohorts.

The natural history of some of the cases of FLIP presented
herein suggests growth from a parenchymal lesion to the lepto-
meninges, rather than seeding through the CSF, with spread
along perivascular spaces with perivascular channels acting as a
bridge between the brain parenchyma and the leptomeningeal
surface,10 similar to processes referred to as vascular co-option or
angiotropism.11,12 Three patients in our series had associated
dural thickening and enhancement, which may represent a com-
bination of tumor involvement and venous congestion. Of note,
none of the patients in our series underwent cytologic analysis of
CSF. Also, contrast-enhanced MR imaging of the spine was not
available for any of the patients following the development of
FLIP. To further investigate this entity, we plan to characterize
this pattern of failure in a larger cohort.

Disclosures: Phedias Diamandis—UNRELATED: Employment: University Health
Network.
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ORIGINAL RESEARCH
INTERVENTIONAL

Dural Venous Channels: Hidden in Plain Sight–Reassessment
of an Under-Recognized Entity

M. Shapiro, K. Srivatanakul, E. Raz, M. Litao, E. Nossek, and P.K. Nelson

ABSTRACT

BACKGROUND AND PURPOSE: Tentorial sinus venous channels within the tentorium cerebelli connecting various cerebellar and su-
pratentorial veins, as well as the basal vein, to adjacent venous sinuses are a well-recognized entity. Also well-known are “dural
lakes” at the vertex. However, the presence of similar channels in the supratentorial dura, serving as recipients of the Labbe, super-
ficial temporal, and lateral and medial parieto-occipital veins, among others, appears to be underappreciated. Also under-recog-
nized is the possible role of these channels in the angioarchitecture of certain high-grade dural fistulas.

MATERIALS AND METHODS: A retrospective review of 100 consecutive angiographic studies was performed following identification
of index cases to gather data on the angiographic and cross-sectional appearance, location, length, and other features. A review of
100 consecutive dural fistulas was also performed to identify those not directly involving a venous sinus.

RESULTS: Supratentorial dural venous channels were found in 26% of angiograms. They have the same appearance as those in the
tentorium cerebelli, a flattened, ovalized morphology owing to their course between 2 layers of the dura, in contradistinction to a
rounded cross-section of cortical and bridging veins. They are best appreciated on angiography and volumetric postcontrast T1-
weighted images. Ten dural fistulas not directly involving a venous sinus were identified, 6 tentorium cerebelli and 4 supratentorial.

CONCLUSIONS: Supratentorial dural venous channels are an under-recognized entity. They may play a role in the angioarchitecture
of dural arteriovenous fistulas that appear to drain directly into a cortical vein. We propose “dural venous channel” as a unifying
name for these structures.

Variation is the rule in all things venous. Cortical veins
may be balanced or not (dominant Trolard, Labbe, su-

perficial Sylvian arrangements), interconnected or not (Fig
1). Dural venous sinuses, likewise, are of variable size depend-
ing on how much blood they carry. The best-known example
is the variation in dominance of left or right transverse/
sigmoid outflow. However, similar variations take place
throughout the venous system. Multiple solutions exist for ve-
nous blood to exit the skull.1 Smaller jugular veins are fre-
quently associated with correspondingly larger mastoid or
condylar veins (Fig 2) or a larger cavernous sinus. Emissary
and diploic veins can carry substantial volume, especially

when jugular and cavernous outflow routes are developmen-
tally hypoplastic (Fig 2).2

From an embryologic perspective, dural sinuses form primar-
ily during the second month of gestation from the “meninx prim-
itiva” and continue to develop/mature throughout gestation and
after birth. Discussion of these events is well-covered in multiple
prior publications.2-5 One consequence of dural development is
the potential for the entire dural cover to serve as a pathway for
venous flow. The preference for main channels such as the supe-
rior sagittal, transverse, sigmoid, and straight sinuses is to form
along the edges where the 2 apposed dural layers are separated,
probably for hemodynamic reasons. However, the proximal supe-
rior sagittal sinus can run to the side of the falx, be duplicated,
fenestrated, and so forth. In pathologic states, particularly arterio-
venous shunts, the dura can participate extensively in drainage of
arteriovenous fistulas, usually in a beneficial manner, because it
provides additional routes for venous egress.

In terms of connection between cortical and dural systems, all
brain surface veins must, at some point, cross the subdural space
(named “bridging veins” in this location) to reach the dura.2

These bridging veins have been the subject of studies, especially
concerning traumatic subdural hematomas and nonaccidental
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pediatric injuries.6,7 Most empty directly into venous sinuses.
However, there are some important variations, such as well-
known dural “venous lakes,” which present typically at the

frontoparietal junction adjacent to the superior sagittal sinus.
These lakes play an important angioarchitectural role in the rare-
but-complex superior sagittal sinus dural fistulas and are a

FIG 1. Illustrative variations of superficial venous drainage. A, Balanced pattern. B, Dominant Labbe. C, Dominant superficial Sylvian veins. D,
Dominant Rolandic. E, Dominant basal vein with variant drainage. F, Dominant anterior frontal vein, a treacherous variation in cases of surgical
sacrifice of a distal superior sagittal sinus.

FIG 2. Variations of venous drainage. A–D, Hypoplastic superior sagittal sinus (white arrows) is associated with prominent diploic veins (black arrows).
E–H, C1 lateral mass region stenoses of the jugular system (open arrows) are associated with compensatory prominence of condylar/suboccipital veins
(white arrows), draining in large part into the vertebral venous plexus (dashed arrows). This configuration is further modified in nonrecumbent positions.
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recognized surgical obstacle, for example during resection of
parasagittal meningiomas.8

Also, very well-described are frequently seen venous channels
in the tentorium cerebelli, collectively known as “tentorial
sinuses.”9,10 These channels receive both supratentorial and infra-
tentorial bridging veins as well as the basal vein, coursing with
the tentorium toward a named venous sinus. Excellent descrip-
tions (including morphologic subclassifications) of these channels
can be found in multiple publications, emphasizing their surgical
importance, because inadvertent injury during cutting of the ten-
torium may lead to venous infarction.9,10 Baltsavias et al,2 in
addition to providing perhaps the most widely known illustration
of these tentorial sinuses, emphasized their role in some dural fis-
tulas,11-13 where arteriovenous communication appears to form
within or immediately adjacent to such tentorial sinuses. Because
the sinus acts as an immediate recipient of a cortical vein, these
fistulas are strategically positioned to effect early and extensive
cortical venous reflux, thus placing them into a higher risk cate-
gory.2,14-16

Existence of dural channels outside the tentorium cerebelli,
principally associated with the Labbe venous group, was first
angiographically shown, to our knowledge, by Huang et al., in
1984,17 who described the dural channel as an “unusual superior
extension of the dural sinus from the lateral sinus.” It was subse-
quently shown by Srivatanakul et al, in 2013,18 termed “accessory
epidural sinus” according to nomenclature by Lasjaunias et al,1

highlighting its surgical implications and possible association
with a supratentorial dural fistula. Baltsavias et al2 and Koperna
et al19 emphasized their association with the Labbe venous group.
However, the importance of these findings seems to be underap-
preciated, and their recognition on cross-sectional imaging may
be challenging. We have come across multiple examples of dural
venous channels located in the supratentorial compartment,
rather than in the tentorium cerebelli (Fig 3). While these do not
appear to be nearly as common as those of tentorium cerebelli or
the venous lakes, the same surgical and pathologic implications
likely apply.

MATERIALS AND METHODS
Following the identification of several cases, we performed an
NYU institutional review board–approved retrospective review of
100 consecutive angiograms to identify cases of supratentorial
dural venous channels. The structure was defined as a flattened,
biconvex dural venous channel, with a diameter that is larger in
the plane of the dura and smaller in the plane perpendicular to it,
connecting a cross-sectionally round cortical/bridging vein to a
named sinus such as the superior sagittal, transverse, or sigmoid
sinus. The main uncertainty is in defining the length of the chan-
nel because this impacts estimates of prevalence and clinical im-
portance. Because we could identify no clinically relevant cutoff
length, we arbitrarily defined it as clearly extending beyond the
recipient venous sinus. Incomplete angiograms or cases obtained
for evaluation of venous diseases were excluded. Channels in
the tentorium cerebelli and venous lakes of the parasagittal
dura or subjacent falx were excluded as well-known structures
(though we believe these to be part of dural venous channel spec-
trum). We reviewed cross-sectional MR imaging and CT of

angiographically identified cases, when available, for the corre-
sponding appearance of dural venous channels.

A retrospective review of 100 consecutive dural fistula angio-
grams was performed to identify fistulas not primarily draining
into a venous sinus segment, instead decompressing directly into
cortical veins.

RESULTS
Of 100 consecutive adult angiograms (mean age, 58 years; 63
women), 26 cases contained 29 total dural channels. Details are
listed in the Table, and examples are shown in Figs 4–7 and On-
line Figure. We recognized a few common elements:

FIG 3. The variety of dural venous channels. Any part of the dura can
be a venous channel, supra- or infratentorial. There is nothing particu-
larly unique about a tentorial sinus except for the increased fre-
quency of dural venous channels there. 1) Dural venous channel
(tentorial sinus group) receiving the basal vein; 2) Dural venous chan-
nel (tentorial sinus group) receiving the inferior cerebellar vein; 3)
Dural venous channel receiving the vein of Labbe; 4) Dural venous
channel (falcine sinus group) receiving a parieto-occipital vein; 5) Dural
venous channel (parietal) receiving either a medial or lateral parietal
vein such as the vein of Trolard; 6) Dural venous channel (venous lake)
receiving the Rolandic/Trolard group of veins; 7) Dural venous channel
receiving the superficial Sylvian group of veins. Together with the
Labbe dural channel (3 above), these drain into the sigmoid sinus.

Supratentorial dural venous channel characteristics, based on
review of 100 consecutive angiograms

No. %
Patients with supratentorial dural venous channels 26 26
No. of supratentorial dural venous channels 29 29
Average dural venous channel length (mm) 20
No. of dural venous channels on right side 19 66
Dural venous channel, female patients 20 77
Overall No. of females in angiographic sample 63 63
Location of supratentorial dural venous channela

Posterior temporal 19 66
Parietal 4 14
Occipital 6 21

a Excludes “dural venous lakes” and vertex falx cerebri channels.
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1. The characteristic appearance, by morphologic definition, is a
change from rounded morphology of a cortical/bridging vein
to the flattened morphology of the dural venous channel. Not
infrequently, this transition is associated with angulation or
inflection as the bridging vein enters the dura (Figs 4–7 and
On-line Figure).

2. Multiple cortical/bridging veins can drain into the same dural
venous channel, sometimes visualized from separate carotid
and vertebral injections (Figs 5–7 and On-line Figure).

3. Most channels seem to be located dorsally, draining posterior
temporal, parietal, and occipital areas. The Trolard/Rolandic
group frequently drains first into a falx cerebri or parasagittal
convexity dural channel, which then empties into the superior
sagittal sinus. These venous lakes are another example of a
tentorial venous channel spectrum and seem to be particu-
larly well-seen on vessel wall imaging (Fig 7).

4. Most channels are associated with large-caliber cortical/
bridging veins. We postulate that greater flow may lead to
persistence of dural venous channels because the dura is
formed from the meninx primitiva.

FIG 4. Typical dural venous channel (white arrows) draining a large
vein of Labbe (white arrowheads). A and B, Angiographic images. C and
D, Postcontrast T1 axial volumetric source images. E and F, Volume-ren-
dered reconstructions of the above axial T1 post-contrast dataset.

FIG 5. Mirror image of dural venous channels. Right ICA (A and B),
left ICA (C and D), and vertebral (E and F) injections. On the right, the
posterior temporal (white arrowhead) vein drains into a dural venous
channel (white arrow). The inferior temporal veins drain into a sepa-
rate dural venous channel (dashed arrow). The 2 channels form a
common dural channel (open arrow) draining into the proximal trans-
verse sinus. A mirror image appearance is seen on the left. C and D,
Corresponding black arrows. E and F, Vertebral injection opacifies
the same dural venous channels (white and black arrows), collecting
posterior temporal and occipital veins. Also seen are several dural ve-
nous channels in the tentorium cerebelli, also known as tentorial
sinuses (curved arrows, ballpoint arrow). G and H, Left anterior
oblique views of the left ICA injection profile dural venous channels
seen in C and D. Notice the flattened appearance and location of
channels lateral to parenchymal veins and corresponding indentations
on the inner surface of skull due to flow-related remodeling.
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5. An oblique angiographic view parallel to the dural venous
segment is best for depicting the flattened nature of the chan-
nel, sometimes scalloping the adjacent inner table (Fig 5).

6. Among noninvasive options, volumetric postcontrast T1-
weighted images are best for appreciating the dural nature
of these channels and for generating optimal reconstruc-
tions. Nonvolumetric sequences seem to either lack resolu-
tion except in obvious cases or be degraded by various flow
artifacts. Postcontrast MR venograms can be diagnostic as
well; however, because one of MR imaging’s advantages
over angiography is the ability to optimally show the rela-
tionship between dural channels and adjacent brain and
skull structures, subtracted images may, in fact, be detri-
mental in these cases. Vessel wall imaging appears to be
very promising. Standard noncontrast techniques seem
decidedly inferior.

Our retrospective review of the last consecutive 100 dural fis-
tula angiograms performed at NYU identified 10 dural fistulas
(average age, 58 years; 5 women; all Cognard type IV/Borden

type III) draining primarily into a cortical vein, presumably via a
dural venous channel segment, instead of involving the wall of a
venous sinus (Figs 8 and 9). Six were fistulas of the tentorium cer-
ebelli, 4 fistulas were supratentorial, and 3 presented with hemor-
rhage: 1 infratentorial, 2 supratentorial.

DISCUSSION
It stands to reason, including embryologic considerations, that
dural venous channels can and should exist in dural covers other
than tentorium cerebelli.5 Their presence in association with the
vein of Labbe has been described.2,19 What is underappreciated is
the high frequency with which these supratentorial channels are
encountered, and their role in draining veins other than the
Labbe group, particularly the parieto-occipital region draining
into the proximal superior sagittal or transverse sinuses.
Srivatanakul et al18 estimated a prevalence at 10%. The number
here (26% of patients) is substantially higher; differences might
be related to interobserver variability, angiographic methodology,
and equipment and suggest the need for additional investigations.
A higher percentage incidence in women may be analyzed in a
larger sample. Predilection for occurrence on the right side may
be related to the well-known overall tendency for right jugular
dominance, indirectly supporting the embryologic notion that
more flow favors dural channel formation.

A number of articles on tentorial sinus venous channels
focused on their relatively frequent presence (.80% of the
time9,10) and surgical importance; inadvertent injury of these
during cutting of the tentorium risks venous infarction.9,10 To
the extent that operations on the Labbe or parieto-occipital
region are relatively uncommon, the incidence of inadvertent
injury to regional dural venous channels may be low; however,
recognition of venous injury as a cause of postoperative venous
infarction might be difficult if the existence of these dural chan-
nels is not appreciated a priori.

Also underappreciated is the possible role of these channels
in dural fistulas that do not primarily involve a major sinus.
While most fistulas do primarily involve a sinus,15,16 a substan-
tial minority appear to be located either on the tentorium

FIG 6. Dural venous channel with an associated arachnoid granula-
tion (arrows)—another characteristic of a dural structure.

FIG 7. Vessel wall imaging of dural venous channels in the falx cerebri
(white arrowheads), collecting the Trolard group, and lateral tento-
rium (white arrows), collecting the Labbe group (black arrows).

FIG 8. A, Classic dural fistula with an arteriovenous connection
directly involving a dural (sigmoid in this case) sinus. B, Dural fistula
with an arteriovenous connection involving a dural venous channel
segment of the Labbe (1) and posterior cerebellar (2) veins.
Thrombosis or restriction of antegrade outflow (black circles) into a
draining sinus results in retrograde congestion of the cortical ve-
nous system. These seemingly “direct” fistulas draining exclusively
into a cortical vein are proposed to primarily involve a dural venous
channel, explaining the seemingly random dural location of these
fistulas.
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cerebelli11-13 or near a sinus but not primarily draining into it;
instead, drainage proceeds directly into a cortical vein. By defi-
nition, these latter ones are of high Borden/Cognard types.14-16

Baltsavias et al2 refer to these as shunts of the bridging veins.14

It is difficult to imagine how a fistula not directly related to a
sinus would gain access to a bridging or cortical vein unless that

vein was a priori associated with a dural segment before subse-
quent fistula formation at that segment. A fistula adjacent to or
draining into a dural venous channel is the most likely explana-
tion (Fig 8). This was postulated and shown by Srivatanakul et
al18 and suggested by Baltsavias et al.14 In our retrospective
review of 100 consecutive dural arteriovenous fistulas, we

FIG 9. Dural fistulas draining directly into a cortical vein instead of a sinus, which may illustrate the concept of a dural venous channel fistula
shown in Fig 8. A, Venous congestion hemorrhage due to a fistula (arrow) between the middle meningeal artery and the vein of Labbe. B and C,
Fistulas just above the transverse sinus, with typical arterial supply and drainage into the parietal veins. D–F, Tentorial cerebelli fistulas congesting
various cerebellar veins. These can be found anywhere on the tentorium, including the midline/vermian region (E). G, A small parasagittal fistula
between the artery of the superior sagittal sinus supplied by both middle meningeal arteries and the vein of Trolard. Despite the small fistula
size, the resulting Trolard congestion precipitated a large venous infarct. H, Complex vertex/frontoparietal dural fistula. Despite the presence of
extensive Onyx (Covidien) and n-BCA embolic material in the sinus and adjacent venous lakes, there remains a parasagittal fistula between the
middle meningeal artery and the Rolandic vein (white arrow). The fistula is clearly lateral to the sinus, illustrating the shunt location within the
parasagittal venous lake. Multiple similar fistulas in this case have already been closed at this stage.
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identified 10 dural venous channel fistulas, 6 of the tentorium
cerebelli and 4 supratentorial (Fig 9 and Table). Despite their
high grade, most tend to be of relatively uncomplicated
angioarchitecture, with a limited number of arteries converging
on a single-hole fistula draining into a cortical vein. If transarte-
rial access is not possible, a transvenous approach or surgical
disconnection of the bridging vein from the dura is a feasible
alternative.18

Limitations
The main limitation is the retrospective, observational nature of
this study. Not all angiographic cases had corresponding MR
imaging or CT studies to investigate relative sensitivities, specific-
ities, and so forth. A prospective analysis of multiple imaging
modalities would be useful for many reasons, including educa-
tional ones for the cross-sectional imaging community. Another
limitation is lack of correlation between the imaging appearance
and direct visual inspection, either during an operation or post-
mortem examination. Also limiting is a lack of illustrative cases
of venous infarction resulting from surgical injury to dural ve-
nous sinuses in our cohort.

CONCLUSIONS
Supratentorial dural venous sinus channels seem to be an under-
recognized entity. They may play a role in some high-grade dural
fistulas.
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ORIGINAL RESEARCH
INTERVENTIONAL

Reliability of the Modified TICI Score among
Endovascular Neurosurgeons

D.M. Heiferman, N.C. Pecoraro, A.W. Wozniak, K.C. Ebersole, L.M. Jimenez,
M.R. Reynolds, A.J. Ringer, and J.C. Serrone

ABSTRACT

BACKGROUND AND PURPOSE: The modified TICI score is the benchmark for quantifying reperfusion after mechanical thrombec-
tomy. There has been limited investigation into the reliability of this score. We aim to identify intra-rater and inter-rater reliability
of the mTICI score among endovascular neurosurgeons.

MATERIALS AND METHODS: Four independent endovascular neurosurgeons (raters) reviewed angiograms of 67 patients at 2 time
points. k statistics assessed inter- and intrarater reliability and compared raters’-versus-proceduralists’ scores. Reliability was also
assessed for occlusion location and by dichotomizing modified TICI scores (0–2a versus 2b–3).

RESULTS: Interrater reliability was moderate-to-substantial, weighted k ¼ 0.417–0.703, overall k ¼ 0.374 (P, .001). The dichotom-
ized modified TICI score had moderate-to-substantial interrater agreement, k statistics ¼ 0.468–0.715, overall k ¼ 0.582 (P, .001).
Intrarater reliability was moderate-to-almost perfect, weighted k ¼ 0.594–0.81. The dichotomized modified TICI score had substan-
tial-to-almost perfect reliability, k ¼ 0.632–0.82. Proceduralists had fair-to-moderate agreement with raters, weighted k ¼ 0.348–
0.574, and the dichotomized modified TICI score had fair-to-moderate agreement, k ¼ 0.365–0.544. When proceduralists and raters
disagreed, proceduralists’ scores were higher in 79.6% of cases. M1 followed by ICA occlusions had the highest agreement.

CONCLUSIONS: The modified TICI score is a practical metric for assessing reperfusion after mechanical thrombectomy, though not
without limitations. Agreement improved when scores were dichotomized around the clinically relevant threshold of successful re-
vascularization. Interrater reliability improved with time, suggesting that formal training of interventionalists may improve reporting
reliability. Agreement of the modified TICI scale is best with M1 and ICA occlusion and becomes less reliable with more distal or
posterior circulation occlusions. These findings should be considered when developing research trials.

ABBREVIATIONS: mTICI ¼ modified TICI; TIMI ¼ Thrombolysis in Myocardial Infarction

Following the paradigm-shifting studies that demonstrated the ef-
ficacy of endovascular mechanical thrombectomy for acute,

large-vessel occlusion in 2015, timely and thorough revascularization
in cases of large-vessel occlusions has become a tenet of acute ische-
mic stroke care. The modified TICI (mTICI) score has been the pre-
ferred grading system for completeness of reperfusion across major
studies.1-9 However, despite the clinical importance that reperfusion

has shown for patients’ likelihood of an independent functional out-
come, there has been limited investigation into the reliability of the
mTICI score.10 We sought to investigate the reliability of the mTICI
score among experienced neuroendovascular surgeons.

MATERIALS AND METHODS
Case Selection
Following institutional review board approval (IRB LU No.
210370), a retrospective review was conducted of all patients who
underwent an endovascular mechanical thrombectomy for acute
ischemic stroke at Loyola University Medical Center between
January 2015 and March 2016. Patients were excluded for not
having complete pre- and postprocedural anterior-posterior and
lateral-projection DSAs of the entire intracranial cavity available
for review. Data were gathered on the thrombus location and
categorized as the following: ICA, first-segment middle cerebral
artery (M1), second-segment middle cerebral artery (M2), or
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“other” site of vessel occlusions. We also recorded the procedur-
alists’ mTICI assessments when the procedures were performed,
which we will refer to as the proceduralists’ score.

Simulated Core Laboratory Survey
DSAs were de-identified and uploaded onto a secure Web site
supplied by the university in compliance with all research and
legal regulations. Anterior-posterior and lateral views of the ini-
tial control DSA and the final recanalization DSA were viewable
on a separate page for each patient. Each case was given a score
by each rater according to the mTICI score, which was provided
to the raters on an introductory slide defined as

0¼no reperfusion
1¼ antegrade reperfusion past the initial occlusion, but lim-

ited distal branch filling with little-or-slow distal reperfusion
2a ¼ antegrade reperfusion of less than half of the previously

occluded target artery ischemic territory
2b ¼ antegrade reperfusion of more than half of the previ-

ously occluded target artery ischemic territory
3¼ complete antegrade reperfusion of the previously occluded

target artery ischemic territory, with absence of visualized occlu-
sion in all distal branches.

Four fellowship-trained endovascu-
lar neurosurgeons with 2–18 years of
experience from 3 different institutions
who perform mechanical thrombecto-
mies in their current practice partici-
pated in the simulated core laboratory
case review. Raters, as we will refer to
them, had access to only the DSAs and
were blinded to demographics, presen-
tation, and outcomes. No rater had per-
formed any of the procedures included
in the study. The images were placed in
random order for the first review.
Unknown to the raters, they were asked
again 1 month later to review the same
DSAs in a different random order for
intrarater reliability assessment. Raters
were unable to access survey answers
after submission.

Statistical Methods
This study was powered to detect k

¼ 0.80 agreement between pair-wise
raters with the null hypothesis of
chance agreement of .50. A sample size
of 67 resulted in 92.6% power when a

was set to .05. Overall agreement was
defined as the binary proportion of
pair-wise scores that matched. Pair-
wise inter- and intrarater reliability was
assessed with percentage agreement,
and weighted and unweighted Cohen
k statistics. In addition, trends of the
raters’ scores compared with the proce-
duralists’ TICI scores were assessed

with pair-wise agreement and k statistics. Overall interrater reli-
ability was assessed using the overall Fleiss k statistic.11 All inter-
rater reliability statistics were assessed at the second time point.
Agreement ranged from 0 (no agreement) to 1 (perfect agree-
ment). k statistics ranged from, 0 to 1. Landis and Koch12 guide-
lines were used to categorize levels of agreement for k

statistics:, 0, no agreement;. 0–0.2, slight agreement;. 0.2–0.4,
fair agreement;. 0.4–0.6, moderate agreement;. 0.6–0.8, sub-
stantial agreement; and. 0.8–1, almost perfect agreement.
Additional analyses compared reliability measures by occlusion
location and by dichotomizing the TICI scores into poor recanali-
zation (0, 1, 2a) and good recanalization (2b, 3). The Fisher exact
test was used to compare percentage agreement measures among
locations of occlusions. All analyses were conducted in SAS 9.4
(SAS Institute).

RESULTS
Of the 67 patients included in the study, 20 had ICA, 33 had M1,
seven had M2, and 7 had other occlusions (3 of the vertebral/basi-
lar artery, 1 posterior cerebral artery, 1 anterior cerebral artery, and
2 of the third-segment MCA). Pair-wise agreement between the
raters ranged from 44.8% to 67.2%, the unweighted k statistics

FIGURE. TICI scores for each of the 67 patients from each of the raters and both time points.
Each row represents 1 patient. Column 1 refers to rater 1, column 2 refers to rater 2, and so forth.
The color legend shows how each rater classified the patient during his or her respective review.
For example, patient 1 was classified as a 3 by all raters, illustrating 100% agreement among all
raters. Patient 20 was classified as a 3 twice during time point 1 and as a 2b twice during time point
1, illustrating only 50% agreement among raters overall at time point 1. Patient 56 had different
classifications by all raters showing only 25% agreement.
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ranged from 0.268 to 0.538, and the weighted k statistics ranged
from 0.417 to 0.703, indicating moderate-to-substantial interrater
reliability. Higher weighted k ’s compared with unweighted k ’s
indicated that many of the differences in agreement were small on
the ordinal TICI scale. However, the overall k for the 4 raters was
0.374 (H0: k ¼ 0, P , .001), suggesting that there was only fair
overall agreement (On-line Table).

The Figure illustrates each of the raters’ scores for each indi-
vidual patient at time 1. The patients are stacked vertically from
most profusion (on average) to least profusion (on average). As
shown by the weighted k statistic, many of the disagreements
were within 1 step of each other. However, there were only 17
patients (25%) for whom all raters were in complete agreement.
Agreement and k statistics were highest in the M1 and ICA
occlusions and lowest in the M2 and other groups. Those with
M1 occlusion had a significantly higher proportion of complete
agreement (39%) followed by ICA occlusions (20%). There were
no cases of complete agreement for those who had M2 or other
occlusions (Table 1, P= .010).

Pair-wise interrater agreement for the dichotomous mTICI
score ranged from 80.6% to 88.1%, and k statistics ranged from
0.468 to 0.715, showing moderate-to-substantial agreement. The
overall k for our 4 raters for the dichotomized mTICI score was
0.582 (H0: k ¼ 0, P , .001) (On-line Table). The interrater reli-
ability improved on the second survey for both the ordinal and
dichotomized analyses (0.37–0.43 and 0.58–0.65, respectively).

Intrarater reliability was higher than interrater reliability. Pair-
wise intrarater agreement ranged from 62.7% to 79.1%. Unweighted
k statistics ranged from 0.446 to 0.707 (Table 2), showing moder-
ate-to-substantial agreement, while weighted k ’s ranged from 0.594
to 0.81, showing moderate-to-almost perfect agreement. When the
outcome was dichotomized, agreement ranged from 86.6% to
92.5%, with k statistics from 0.632 to 0.824 showing substantial-to-
almost perfect intrarater reliability.

When we compared the simulated core lab raters’ scores with
the proceduralists’ mTICI scores, pair-wise agreement ranged from

52.2% to 58.2%. Unweighted k ’s ranged from 0.163 to 0.388, and
weighted k ’s ranged from 0.348 to 0.574, showing fair-to-moderate
agreement. For dichotomized mTICI scores, k ’s ranged from 0.365
to 0.544, showing fair-to-moderate agreement. Of the 268 compari-
sons (4 raters’ scores each compared with 67 proceduralists’ score),
138 (51.5%) were in agreement and 130 (48.5%) were not in agree-
ment. Of the 130 not in agreement, 100 (76.9%) proceduralists’
scores were higher than the raters’ scores, with only 30 (23.1%) with
the proceduralists’ scores lower than the raters’ scores.

DISCUSSION
In the era of endovascular mechanical thrombectomy for acute is-
chemic stroke, a number of revascularization scores have been
developed and some further modified. These scores aim to quan-
tify the success of revascularization or reperfusion and have been
important reporting and prognostic metrics.

In 1992, Mori et al13 were the first to re-purpose the
Thrombolysis in Myocardial Infarction (TIMI) scale from the
cardiac literature for cerebral revascularization. These investiga-
tors broke down the partial filling grade 2 of TIMI into grades 2
(, 50% filling) and 3 (. 50% filling).13 Subsequently, the TICI
scale was proposed by Higashida et al,14 in 2003, which focused
on the revascularization assessment of territory reperfusion com-
pared with arterial recanalization and changed the partial reper-
fusion grades 2 and 3 into grades 2a (less than two-thirds
territory filling) and 2b (slowed-but-complete territory filling),
respectively. Higashida et al reserved grade 3 for complete reper-
fusion.15 The Interventional Management of Stroke (IMS) II
investigators established the mTICI scale, which continued to
focus on reperfusion, but simplified the scale to define 2a
as, 50% territory filling and 2b as. 50% filling.10 The mTICI
scale has been widely used in the most recent major mechanical
thrombectomy trials.1-9

A further gradation of the partial perfusion grade was sug-
gested by Noser et al,16 with 2c representing near-complete
territory filling with delayed contrast runoff, which is used at

Table 1: Agreement by site of occlusion

ICA (n = 20) M1 (n = 33) M2 (n = 7) Other (n = 7)
No raters in agreement (No.) (%) 0 (0) 0 (0) 0 (0) 1 (14.3)
2 Raters in agreement (No.) (%) 2 (10) 10 (30.3) 2 (28.6) 2 (28.6)
3 Raters in agreement (No.) (%) 14 (70) 10 (30.3) 5 (71.4) 4 (57.1)
All raters in agreement (No.) (%) 4 (20) 13 (39.4) 0 (0) 0 (0)
Overall k (range) 0.315 (0.128–0.502) 0.440 (0.272–0.608) 0.094 (�0.067– 0.256) 0.050 (�0.14–0.241)

Fisher exact test, P = .01.

Table 2: Intrarater reliability for TICI scoresa

Overall
Agreement Weighted j Overall j

Dichotomous
Agreement Dichotomous j

Rater 1 intrarater
agreement

71.6 (59.3–82) 0.751 (0.64–0.863) 0.596 (0.443–0.748) 92.5 (83.4–97.5) 0.819 (0.667–0.971)

Rater 2 intrarater
agreement

79.1 (67.4–88.1) 0.81 (0.706–0.914) 0.707 (0.567–0.846) 92.5 (83.4–97.5) 0.824 (0.677–0.972)

Rater 3 intrarater
agreement

62.7 (50–74.2) 0.603 (0.464–0.741) 0.446 (0.284–0.607) 91 (81.5–96.6) 0.731 (0.53–0.931)

Rater 4 intrarater
agreement

70.1 (57.7–80.7) 0.594 (0.435–0.752) 0.529 (0.361–0.697) 86.6 (76–93.7) 0.632 (0.423–0.84)

a Data are calculated from data from the first and second survey.
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many centers but has not been universally adopted. Other re-
vascularization scales have been proposed but have not found
widespread use, including the Thrombolysis in Brain Ischemia
(TIBI) scale that is based on transcranial duplex measure-
ments, the Arterial Occlusion Lesion (AOL) scale that assesses
recanalization, and the Qureshi scale that factors in the site of
occlusion.14,15,17,18

Our study found that raters had fair overall interrater agree-
ment when analyzing the entire mTICI scale, which improved to
moderate agreement when the responses were dichotomized to
either #2a or $2b. Five previous studies have researched inter-
rater reliability of the cerebral conventional angiography revascu-
larization score. Bar et al,19 in 2012, published the reliability of
the TIMI scale applied to cerebral revascularization across 2
reviewers assessing 43 cases. They found a weighted k ¼ 0.4,
which is nearly equivalent to our findings (k ¼ 0.374). Gaha et
al,20 in 2014, published their reliability assessment of the original
TICI scale, finding an overall k ¼ 0.45 across 9 observers, and
when dichotomized, agreement increased, with k ¼ 0.62.

In 2013, Suh et al21 looked specifically at the effect of changing
from a two-thirds territory to one-half territory threshold
between 2a and 2b grades of the TICI and mTICI scales, respec-
tively. Interobserver variability was assessed as good for the TICI
and mTICI scales (intraclass correlation coefficient = 0.73 and
0.67, respectively). The TICI 2a–2b threshold variability led to
different grading in �20% of cases, and the mTICI score (using
the one-half territory threshold) was better at predicting clinical
outcome. Volny et al,22 in 2017, assessed reliability using the
addition of the 2c “near-complete reperfusion” to the mTICI
scale. Sixty-one patients were assessed by 3 reviewers of different
specialties and levels of training, who also compared different
combinations of consensus grading with those of different spe-
cialties and levels of training. When compared against a criterion
standard of a consensus grading between a neurointerventional
fellow and attending, they found fair reliability for a stroke physi-
cian (k ¼ 0.36), moderate reliability for a neuroradiologist (k ¼
0.48), and moderate reliability for a neurointerventional fellow (k
¼ 0.56). They also found that different combinations of reviewer
consensus grading increased to almost perfect agreement and
concluded that mTICI 2c is a feasible adjunct.22

The most recent mTICI reliability study by Fahed et al,23 in
2018, assessed 305 patients in the Contact Aspiration vs Stent
Retriever for Successful Revascularization (ASTER) trial by 2
blinded neurointerventional radiologists, and these scores were
also compared with those of the proceduralist who performed the
procedure. Scores were analyzed both on an ordinal scale as well
as dichotomized to #2a or $2b. They found moderate agree-
ment for the nondichotomized mTICI score and substantial
agreement with the dichotomized mTICI score.23 These findings
largely mirror our findings.

We also found a trend of proceduralists’ scores being higher
than independent raters’ scores, which was also found by multiple
prior studies.23-26 For cases not in agreement, the proceduralists’
score was higher than the raters’ scores in 77% of cases. This
speaks to a consistent bias that interventionalists must be aware
of and attempt to overcome by rigorous objective assessment or
internal blinded review.

Finally, we found that cases of M1 occlusions had the highest
agreement, followed by ICA occlusions, while M2 and other ves-
sel occlusions had poor agreement. These findings may be
explained by an effort to score only the final cerebral reperfusion
result, disregarding the initial perfusion findings. In fact, a poste-
rior cerebral artery occlusion was the 1 case to be scored differ-
ently by all 4 raters. Although the scales explicitly use the initial
area of the brain not receiving antegrade perfusion as the denom-
inator to calculate the reperfusion result, it is a simpler process to
always use an M1 occlusion area as the denominator by removing
a step of interpretation (the determination of the initial nonper-
fusing brain area). Because M1 occlusions are the most common
occlusion location requiring mechanical thrombectomy, many
interventionalists may gravitate toward this standard consciously
or subconsciously. Another explanation is that many descriptions
of the mTICI scale use anM1 occlusion as an example, describing
a 2b reperfusion result “eg, when greater than 50% of the MCA
territory is filling.” Also, the best predictor of good outcome is a
lower final infarct volume (regardless of how much brain was
potentially at risk at the beginning of the case). Other explana-
tions of this finding include branching variability of the MCA for
M2 occlusion assessment, general variability of the posterior cir-
culation, and difficulty in incorporating the anterior cerebral
arteries into the scoring for ICA occlusion assessment (ie, an ICA
terminus occlusion may still perfuse the ipsilateral anterior cerebral
artery through the anterior communicating artery). Any of these
may affect both intra- and interrater agreement. Nonocclusive
thrombus may also be a challenge and account for some disagree-
ment. Additionally, the evolution of grading scales and nomencla-
ture may have had an effect on reliability because raters may have
developed inherent biases based on timing and the institution of
training. We chose to study the standard mTICI, given its wide-
spread use throughout the large mechanical thrombectomy trials.

Our study is the first in the literature, to our knowledge, to
assess intrarater reliability of the mTICI score. When raters were
compared against themselves across the 2 time points, they had
substantial agreement, higher than when raters were compared
against each other, demonstrating a personal consistency in
assessment. When answers were dichotomized to either #2a or
$2b, intrarater reliability rose to substantial-to-almost perfect
agreement. The interrater reliability also improved on the second
survey for both the ordinal and dichotomized analyses. This out-
come may be due to a learning curve for the survey platform or
may be evidence of a further familiarity with the mTICI system.
This possibility could suggest that standardized training for
mTICI, similar to what is done for clinical stroke assessment, will
improve reporting consistency. However, the importance of
angiogram interpretation standardization is less than that of clini-
cal stroke assessment because an angiogram is a static record that
can always be adjudicated at a later date and a patient’s clinical
state is fluid with the only record being that of the clinician’s
assessment on the day of examination (assuming these are not
video-recorded).

Limitations from our study include heterogenous occlusion
locations with unequal representation of certain occlusion loca-
tions. Although the locations are heterogeneous and unequal, this
situation occurs in practice. More education for raters by way of
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case examples, explanation of rating scales from the literature
and trials, and tutorials on how to deal with nuances before their
formal scoring on the Web-based platform would have set the
stage for more standard results. However, a simple 1-page defini-
tion of scores does allow a better real-world assessment of inter-
ventionalists’ ratings, whereas heavy training would bias results
away from the current state of practice and would be more of an
assessment of how our training package standardizes results. We
did not want to influence the scoring with our hypothesized
biases.

Of the 67 individuals reviewed, reperfusion in 70.15%–83% of
them was rated as 2b or 3, depending on the rater. The lack of
heterogeneity in categories produces a high estimate of chance
agreement, which produces a lower k score. This is concordant
with the HERMES collaboration reporting of the 5 thrombec-
tomy trials published in 2015, which reported mTICI scores of 2b
or 3 in 71% of cases. k statistics could be artificially low, given
that there was not enough representation of 0, 1, or 2a mTICI
cases. Last, we compared the proceduralists’ mTICI assessment
with that of our raters, but we have no knowledge of what the
original proceduralists’ cutoffs for TICI grading were due to the
retrospective nature of our study.

CONCLUSIONS
The mTICI score is a practical metric for assessing reperfusion af-
ter mechanical thrombectomy, though not without limitations.
Agreement improved when scores were dichotomized around the
clinically relevant threshold of successful revascularization.
Interrater reliability improved with time; this feature suggests
that formal training of interventionalists, similar to the design of
our study, may improve reporting reliability. Agreement of the
mTICI scale is highest with M1 and ICA occlusion and becomes
less reliable with more distal or posterior circulation occlusions.
These findings should be accounted for when developing
research trials or with future modifications to stroke revasculari-
zation scores.
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Incidence and Risk Factors of In-Stent Restenosis for
Symptomatic Intracranial Atherosclerotic Stenosis: A

Systematic Review and Meta-Analysis
G. Peng, Y. Zhang, and Z. Miao

ABSTRACT

BACKGROUND: In-stent restenosis affects long-term outcome in patients with intracranial atherosclerotic stenosis.

PURPOSE: The aim of this meta-analysis was to evaluate the incidence and risk factors of in-stent restenosis.

DATA SOURCES: All literature that reported in-stent restenosis was searched on PubMed, Ovid EMBASE and Ovid MEDLINE data
bases.

STUDY SELECTION:Original articles about stents for symptomatic intracranial atherosclerotic stenosis were selected.

DATA ANALYSIS: Meta-analysis was conducted to derive the pooled in-stent restenosis using a random-effects model. Meta-
regression was performed to explore the risk factors predisposing to in-stent restenosis.

DATA SYNTHESIS: In total, 51 studies with 5043 patients were included. The pooled incidence rate of in-stent restenosis was 14.8%
(95% CI, 11.9%–17.9%). Among the lesions with in-stent restenosis, 28.8% of them led to (95% CI, 22.0%–36.0%) related neurologic
symptoms. The series in the United States had a higher in-stent restenosis rate (27.0%; 95% CI, 20.6%–33.9%) compared with those
from Asia (13.6%; 95% CI, 10.3%–17.2%) and other regions as a whole (7.6%; 95% CI, 1.1%–18.1%) (P, .01). Multiregression analysis
revealed that younger patient age was related to high in-stent restenosis rates (P¼ .019), and vertebrobasilar junction location
(P¼ .010) and low residual stenosis (P¼ .018) were 2 independent risk factors for symptomatic in-stent restenosis rate.

LIMITATIONS: The heterogeneity of most outcomes was high.

CONCLUSIONS: Our study showed promising results of in-stent restenosis for symptomatic atherosclerotic stenosis. Studies are
needed to further expatiate on the mechanisms by which younger patient age, vertebrobasilar junction location, and low residual
stenosis could increase in-stent restenosis and symptomatic in-stent restenosis, respectively.

ABBREVIATIONS: ISR ¼ in-stent restenosis; MINORS ¼ Methodological Index for Non-Randomized Studies; PRISMA ¼ Preferred Reporting Items for
Systematic Reviews and Meta-Analyses; SAMMPRIS ¼ Stenting vs. Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis; SES
¼ self-expandable stent

Intracranial atherosclerotic stenosis leads to a remarkable
decrease of cerebral perfusion and is responsible for approxi-

mately 8%–10% of all ischemic strokes.1,2 According to the results
of several randomized clinical trials, including the Warfarin-

Aspirin Symptomatic Intracranial Disease Study (WASID),

Stenting vs. Aggressive Medical Management for Preventing

Recurrent Stroke in Intracranial Stenosis (SAMMPRIS), and

VISSIT Intracranial Stent Study for Ischemic Therapy (VISSIT),

the annual rate of recurrent strokes of patients with intracranial

atherosclerotic stenosis could be as high as 12.2%–20.4% despite

aggressive medical treatment.3-5 Stent placement as a major tech-

nique of endovascular treatment can reduce the stroke recurrence

in patients who were refractory to aggressive medical treatment.

The Wingspan Stent System Post Market Surveillance Study

(WEAVE) has shown that the incidence of perioperative compli-

cations can be reduced to 2.6%.6 In-stent restenosis (ISR) is

another important risk factor for long-term stroke recurrence in

the patients with stents. Patients with ISR had an approximately
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10% higher risk of an ischemic event, which occurred earlier simul-

taneously than those without ISR after stent implantation.7,8 The

incidence of ISR differs among the available studies, varying from

5% to 30%, and reliable analyses of risk factors of ISR are still lack-

ing until now.8-11 In this meta-analysis, we aimed to evaluate the

incidence of ISR and identify the relative risk factors.

MATERIALS AND METHODS
Literature Search
We searched the literature (last search August 30, 2019) via the
databases PubMed, Ovid EMBASE, and Ovid MEDLINE and fol-
lowing the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.12 The inclusion criteria were
stents for symptomatic intracranial atherosclerotic stenosis. The fol-
lowing key words were used and limited to the title and abstract:
(“stent” or “stents” or “angioplasty”) and (“stenosis” or “atheroscle-
rosis” or “atherosclerotic” or “occlusion”) and (“cerebral” or “intra-
cranial”). The studies included had data of ISR as one of the
outcomes. Exclusion criteria were the following: 1) articles written
in languages other than English; 2) reviews, comments, protocols,
editorials, letters, case reports, or animal trials; 3) studies with mul-
tiple treatments like primary balloon angioplasty or with extracra-
nial artery stenosis in which data could not be separated; 4) studies
on the treatment of complex cerebral artery stenosis; 5) studies on
imaging evaluation or treatment of ISR; and 6) series with sample
sizes of,20.

Data Extraction and Quality Scoring
We extracted the following data: 1) patient characteristics, includ-
ing age, sex, hypertension, diabetes, hyperlipemia, smoking, coro-
nary heart disease, ischemic stroke or TIA as a qualifying event,
and duration from symptom to treatment; 2) lesion characteris-
tics, including lesion location (internal carotid artery, middle cer-
ebral artery, anterior cerebral artery, vertebral artery, basilar
artery, vertebrobasilar artery, and posterior cerebral artery),
degree of preprocedural stenosis, length and Mori type of lesion;
3) procedure-related characteristics, including stent type, proce-
dural success, degree of residual stenosis, and periprocedural
complications; and 4) image follow-up characteristics, including
image follow-up rate, mean image follow-up time, ISR rate, and
symptomatic ISR rate. ISR was defined as an angiographically
verified .50% stenosis within or at the edge of the stent. All the
included cohort studies were assessed by the Newcastle-Ottawa
Scale and single-arm studies assessed by the Methodological
Index for Non-Randomized Studies (MINORS) (On-line Tables
1 and 2).13,14 Studies with a Newcastle Ottawa Scale score of .5
and a MINORS score of .10 were considered high-quality
studies.

Statistical Analysis
Statistical heterogeneity of the data was measured by the Higgins
index (I2), and the DerSimonian and Laird random-effects model
was used. I2 , 60% was considered as little-to-moderate hetero-
geneity, while I2 . 60% was considered substantial heterogeneity.
The pooled ISR was represented on a forest plot with 95% CI.
The publication bias was assessed by the Egger test and was illus-
trated on a funnel plot (On-line Figs 1 and 2). All P values were

2-sided, and a statistically significant difference was P, .05. All
analyses were performed with the “meta” and “metafor” packages
in R statistical and computing software, Version 3.4.3 (http://
www.r-project.org/).

RESULTS
Description of Studies
There were 646 studies found in the first search. After screening
the article and assessing the full text, a total of 51 studies met the
inclusion and exclusion criteria, and 5043 patients with 5168
lesions were included in our analysis.4,7-11,15-59 Among these, 4
studies were prospective multicentric, 7 were single-center pro-
spective, 8 were retrospective multicentric, and 32 were retro-
spective single-center series. The PRISMA flow diagram of our
analysis is shown in On-line Fig 3.

Patient Population and Characteristics
The mean age of patients was 60.1 years (range, 48.1–70.5 years),
and the proportion of male patients was 73.6% (3712/5043; 95%
CI, 71.1%–76.1%; I2 ¼ 71%). The most common risk factors were
hypertension (3772/5043¼ 74.8%; 95% CI, 70.9%–78.7%; I2 ¼
87%), hyperlipidemia (2416/5043 ¼ 47.9%; 95% CI, 42.1%–
54.6%; I2 ¼ 95%), smoking (2073/5043 ¼ 41.1%; 95% CI,
34.9%–47.3%; I2 ¼ 93%), diabetes (1725/5043 ¼ 34.2%; 95% CI,
30.0%–38.4%; I2 ¼ 88%), and coronary artery disease (908/
5043¼ 18.0%; 95% CI, 15.0%–20.9%; I2 ¼ 69%). As the qualify-
ing agent, 57.2% of patients (2885/5043; 95% CI, 50.8%–63.6%;
I2 ¼ 94%) had ischemic stroke, while 41.2% patients (2078/5043;
95% CI, 34.2%–48.3; I2 ¼ 94%) had transient ischemic attack as
the qualifying event.

On the whole, 57.1% of lesions (95% CI, 44.9%–68.8%; I2 ¼
98.5%) had anterior circulation artery stenosis, while 43.8% (95%
CI, 31.9%–56.0%; I2 ¼ 98.5%) were posterior circulation lesions.
According to Mori type, Mori A was 24.1% (95% CI, 17.6%–31.1%;
I2¼ 86.6%), Mori B was 55.1% (95% CI, 48.1%-62.0%; I2¼ 74.7%),
and Mori C was 21.5% (95% CI, 14.7%–29.2%; I2 ¼ 84.1%).
Among these patients, balloon-mounted stents were used in 31.7%
(95% CI, 16.3%–49.3%; I2¼ 99.3%) of patients, and self-expandable
stents were used in 68.3% (95% CI, 50.7%–83.7%; I2¼ 99.3%).

ISR and Its Risk Factors
A total of 3652 lesions (70.7%) had imaging follow-up. The mean
image follow-up time was 17.8 months (range, 5.9–180.0months).
For lesions with at least 1 imaging follow-up, the rate of ISR
amounted to 14.8% (95% CI, 11.9%–17.9%; I2 ¼ 82%) (On-line
Fig 4).

The ISR rate was lower in older patients (P¼ .009) (On-line
Fig 5). Prospective studies had higher ISR rates than retrospective
studies (20.9%; 95% CI, 16.0%–26.3%; I2 ¼ 69% versus 13.2%;
95% CI, 10.0%–16.7%; I2 ¼ 82%; P¼ .02) (On-line Fig 6). Series
in United States had higher ISR rates (27.0%; 95% CI, 20.6%–
33.9%; I2 ¼ 30%) compared with those from Asia (13.6%; 95%
CI, 10.3%–17.2%; I2 ¼ 83%) and other regions as a whole (7.6%;
95% CI, 1.1%–18.1%; I2 ¼ 80%; P, .01) (On-line Fig 7).
Meanwhile, the ISR rate was significantly higher in studies with
imaging follow-up rates below 60% than in the studies with image
follow-up rates above 60% (21.6%; 95% CI, 16.1%–27.6%; I2 ¼
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73% versus 12.2%; 95% CI, 9.1%–15.7%; I2 ¼ 83%; P, .01) (On-
line Fig 8). Overall, the ISR rate was not statistically related to
hypertension, diabetes, lesion location, length of stenosis, proce-
dural success rate, degree of residual stenosis, and other variables
(Table). Results of multiregression analysis showed that younger
age was the only independent risk factor that predicted high ISR
rates (P¼ .019).

Risk Factors for Symptomatic ISR
Among the lesions with ISR at follow-up, 28.8% (95% CI, 22.0%–
36.0%; I2¼ 44%) were symptomatic. Meanwhile, the symptomatic
ISR rate was 4.3% (95% CI, 3.0%–5.7%; I2¼ 53%) in the total
study population.

First, symptomatic ISR was correlated to the sample size of
the series. Symptomatic ISR increased as the sample enlarged
(P¼ .001) (On-line Fig 9). Second, according to the results of
subgroup analysis, the studies in the United States had higher
symptomatic ISR rates (8.7%; 95% CI, 5.0%–13.2%; I2 ¼ 0%)
than those in Asia (4.3%; 95% CI, 3.1%–5.6%; I2 ¼ 30%) and
other regions (0.0%; 95% CI, 0.0%–2.3%; I2 ¼ 0%) (P, .01).
Third, older individuals also had lower symptomatic ISR rates
(P¼ .046) (On-line Fig 10). Fourth, the symptomatic ISR rate

was also lower in studies with an
imaging follow-up rate of .60% than
in the studies with an image follow-up
rate of ,60% (3.4%; 95% CI, 2.1%–
5.1%; I2 ¼ 58% versus 6%; 95% CI,
4%–9%; I2 ¼ 28%, P¼ .02). In multi-
variate regression analysis, vertebro-
basilar junction location (P¼ .010)
and low residual stenosis (P¼ .018)
were independent risk factors for the
symptomatic ISR rate (On-line Figs 11
and 12).

Heterogeneity
Moderate heterogeneity between effect
estimates was observed for Mori B and
Mori C lesions. Substantial heteroge-
neity between effect estimates was
observed in the following variables:
age, male sex, hypertension, diabetes,
hyperlipemia, smoking, ischemic
stroke or TIA as the qualifying event,
duration from symptom to treatment,
lesion location, peristenosis, length of
stenosis, Mori A lesion, procedural
success rate, stent type, and image fol-
low-up rate (Table).

DISCUSSION
Our meta-analysis showed that 14.8%
of symptomatic patients with intracra-
nial atherosclerotic stenosis after stent
implantations may experience ISR.
Among these patients with ISR, 28.8%
would have symptoms. The sympto-

matic ISR rate was 4.3% in the whole patient population, which
was much lower than that in the SAMMPRIS trial.60

The SAMMPRIS trial is a prospective randomized controlled
trial whose subgroup analysis of symptomatic ISR included 183
patients, and the image follow-up rate was ,60%. The result of
our meta-analysis showed that prospective studies had higher ISR
rates than retrospective studies due to younger age (58.8 6 5.2
versus 60.4 6 4.8 years, P¼ .37) in prospective studies, which
was the risk factor for ISR. The symptomatic ISR rate was higher
in the studies with relatively low image follow-up rates as well.
Meanwhile, the subgroup analysis of SAMMPRIS of symptomatic
ISR enrolled 4 patients with primary balloon angioplasty; there-
fore, this meta-analysis excluded it.

In our study, we found that the reported ISR rate decreased as
the image follow-up rate increased because the low image follow-
up rate reflected the overall patient compliance with physicians’
suggestions. The patients would not consider an invasive DSA
follow-up until there were new-onset postprocedural symptoms.
Therefore, in the series with a lower image follow-up rate, most
of the patients came back only when they were symptomatic due
to ISR. On the contrary, a higher image follow-up rate can reduce
follow-up bias, and the ISR rate would be much closer to the real

Analysis of meta-regression with in-stent restenosis according to patient population and
characteristics

No. of Studies P Value Heterogeneity I2 (%)
Patient characteristics
Mean age 46 .009 78.4
Male % 47 .752 82.8
Hypertension 34 .710 84.2
Diabetes 34 .267 83.5
Hyperlipemia 32 .054 78.1
Smoking 34 .946 83.7

IS as the qualifying event 36 .513 84.2
TIA as the qualifying event 33 .621 81.0
Duration from symptom to treatment 20 .489 82.3
Lesion characteristics
Anterior circulation 47 .995 82.2
ICA 44 .956 81.4
MCA 44 .924 81.4
ACA 44 .161 80.4
Posterior circulation 47 .998 82.2
VA 42 .122 80.8
BA 42 .208 80.4
VBJ 42 .232 81.0
PCA 43 .951 81.1
Preprocedural stenosis degree 42 .368 81.4
Length of stenosis 17 .731 79.0
Mori type
Mori A 13 .955 72.1
Mori B 12 .705 52.3
Mori C 12 .987 53.3

Procedure-related characteristics
Procedural success rate 42 .052 80.1
Stent type (BMS or SES) 47 .817 83.6
Mean degree of residual stenosis 38 .778 80.9
Periprocedural complication rate 43 .699 82.5
Image follow-up characteristics
Image follow-up time (mo) 46 .404 83.1
Image follow-up rate.60% 51 .004 81.2

Note:—IS indicates ischemic stroke; ACA, anterior cerebral artery; VA, vertebral artery; BA, basilar artery; VBJ, ver-
tebrobasilar junction; PCA, posterior cerebral artery; BMS, balloon-mounted stent.
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situation. Our study showed that when the rate of image follow-
up was higher than 60%, the incidence of ISR and symptomatic
ISR was significantly lower. The total image follow-up rate of this
meta-analysis was 77.3%; among these studies, 35 studies (68.6%)
had image follow-up rates above 60%, with ISR rates of 12.2%
and symptomatic ISR rates of 3.4%. This finding might have cer-
tain guiding significance for further study designs.

Lesion location as one of risk factors of ISR has been described
previously. In the series of Turk et al,58 the supraclinoid segment
of the ICA tended to have higher ISR. In our study, the incidence
of ISR and symptomatic ISR showed no notable difference
between the anterior and posterior circulation, but a higher rate
of symptomatic ISR was noticed in the lesions at the vertebrobasi-
lar junction. Parent vessel tortuosity is more commonly seen in
this location, thus hampering the apposition of the stent to the
vessel wall and predisposing this location to higher risk of ISR.

Moreover, we also identified a disparity of reported ISR rates
among different regions. Higher incidences of ISR and sympto-
matic ISR were observed in patients in the United States com-
pared with patients in Asia and other areas like Germany, Italy,
Turkey, and Argentina. There was no significant difference in
procedural success rates and residual stenosis rates among differ-
ent regions. The mean image follow-up rate of studies in the
United States was 65.2%, lower than that of studies in other
regions (79.7%) (P¼ .08). The studies in the United States also
had lower residual stenosis rates (14.8% 6 5.2% versus 16.7% 6

8.2%, P ¼ .654) and a higher proportion of vertebrobasilar junc-
tion locations (2.8% 6 4.3% versus 2.0% 6 7.7%, P ¼ .038) than
in other regions. Although without a statistical difference, these
might have caused higher rates of ISR and symptomatic ISR in
the studies in the United States.

Several studies have demonstrated that larger residual stenosis
may be a predictor of restenosis after stent placement, especially
when residual stenosis is .30%.45,51,52 This finding is in accord-
ance with our instincts, because larger residual stenosis might
reflect lesions not being adequately treated. What if the lesions
are adequately treated? Should we more aggressively minimize
the residual stenosis to the best result possible? In our analysis,
most of the included studies (36/38, 94.7%) had a residual steno-
sis of under 30%, indicating that most of the lesions were prop-
erly handled. However, the multivariate regression analysis
suggested that lower residual stenosis was related to higher symp-
tomatic ISR rates. This result is surprising, but it might hint that
treating the lesions more aggressively added no more benefit.
When residual stenosis is ,30%, lower residual stenosis may
indicate more vascular endothelial damage during the procedure;
that could lead to a higher risk of symptomatic ISR.

We also identified another counterintuitive factor, namely
younger age, that led to higher ISR rates post-stent implantation.
Turk et al58 also reported that ISR is more common in younger
patients after treatment with the Wingspan system. One reason
the authors hypothesized was that lesions in younger patients
represented more of inflammatory arteriopathy than primary
atherosclerosis. Previous research has shown that inflammatory
connective tissue disease is associated with cardiovascular risk
and there was a negative interaction between connective tissue
disease and age.61 We suspect that the inflammatory response

may be more active in younger patients with atherosclerotic dis-
ease facing a greater risk of ISR, but more proof and evidence are
needed.

Our study showed no association between the ISR rate and
different stent types, including balloon-mounted stents and
self-expandable stents (SESs). Previous studies and a system-
atic review suggested that lesions with SESs were more prone
to ISR than those with balloon-mounted stents due to the
higher residual stenosis degree, higher flexibility, and the lower
radial force of SESs.36,62,63 Our study presented higher degrees
of residual stenosis after SES implantation as well (P¼ .033).
The negative correlation between residual stenosis and the ISR
rate found in this study may conceal positive correlations of
SES. Further studies are needed to identify whether the lesions
with SES have higher restenosis rates and the physiopathologic
mechanism.

Several limitations of our meta-analysis need to be discussed.
First, most studies were retrospective, and the sample size in 72%
of series was ,100 patients. The target population of studies var-
ied within the inclusion criteria, resulting in limited generaliza-
tion of population characteristics such as distribution of lesion
location, proportion of stent types used, and preprocedural steno-
sis degree. Second, the variables extracted from studies were lim-
ited because of the meta-analysis design. Age and residual
stenosis are important risk factors for ISR. However, we could
only analyze the relationship between mean age and mean resid-
ual stenosis of each study and ISR. The platelet inhibition ratio,
indicators of inflammatory response, serum lipid levels, and
blood glucose levels during the follow-up period that may lead to
ISR were rarely mentioned in the studies. Third, the patients’
enrollment in these studies spanned 2 decades (1996–2018), dur-
ing which time the technique of intracranial stent implantation
and the standardization and compliance of medications have
improved. These factors may also have an effect on ISR. In addi-
tion, there was considerable heterogeneity in the effect estimates
of some risk factors we studied.

Our study has some implications for clinical practice. The risk
factors discussed in the meta-analysis could help neurointerven-
tionists develop more cautious operation and image follow-up
plans when patients have a high risk for ISR.

CONCLUSIONS
Our study showed promising results of in-stent restenosis for
symptomatic atherosclerotic stenosis. Studies are needed to fur-
ther expatiate on the mechanisms by which younger patient age,
vertebrobasilar junction location, and low residual stenosis could
increase ISR and symptomatic ISR, respectively.
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The Risk of Stroke and TIA in Nonstenotic Carotid Plaques:
A Systematic Review and Meta-Analysis

N. Singh, M. Marko, J.M. Ospel, M. Goyal, and M. Almekhlafi

ABSTRACT

BACKGROUND: Severe carotid stenosis carries a high risk of stroke. However, the risk of stroke with nonstenotic carotid plaques
(,50%) is increasingly recognized.

PURPOSE:We aimed to summarize the risk of TIA or stroke in patients with nonstenotic carotid plaques.

DATA SOURCES: We performed a comprehensive systematic review and meta-analysis in patients with acute ischemic stroke in
whom carotid imaging was performed using MEDLINE and the Cochrane Database, including studies published up to December 2019.

STUDY SELECTION: Included studies had .10 patients with ,50% carotid plaques on any imaging technique and reported the incidence
or recurrence of ischemic stroke/TIA. High-risk plaque features and the risk of progression to stenosis .50% were extracted if reported.

DATA SYNTHESIS: We identified 31 studies reporting on the risk of ipsilateral stroke/TIA in patients with nonstenotic carotid pla-
ques. Twenty-five studies (n ¼ 13,428 participants) reported on first-ever stroke/TIA and 6 studies (n ¼ 122 participants) reported
on the recurrence of stroke/TIA.

DATA ANALYSIS: The incidence of first-ever ipsilateral stroke/TIA was 0.5/100 person-years. The risk of recurrent stroke/TIA was
2.6/100 person-years and increased to 4.9/100 person-years if intraplaque hemorrhage was present. The risk of progression to
severe stenosis (.50%) was 2.9/100 person-years (8 studies, n ¼ 448 participants).

LIMITATIONS: Included studies showed heterogeneity in reporting stroke etiology, the extent of stroke work-up, imaging modal-
ities, and classification systems used for characterizing carotid stenosis.

CONCLUSIONS: The risk of recurrent stroke/TIA in nonstenotic carotid plaques is not negligible, especially in the presence of high-
risk plaque features. Further research is needed to better define the significance of nonstenotic carotid plaques for stroke etiology.

ABBREVIATIONS: ASyNC ¼ asymptomatic nonstenotic carotid plaques; ESUS ¼ embolic stroke of undetermined source; PICOS ¼ Population,
Intervention; Control or comparator; Outcomes; SyNC ¼ symptomatic nonstenotic carotid plaques; ECST ¼ European Carotid Surgery Trial

The etiology of acute ischemic stroke is crucial to guide further
management and for the prevention of recurrent events.

Carotid stenosis as the underlying etiology is found in up to 20%

of cerebrovascular ischemic events.1,2 Current American Heart
Association/American Stroke Association guidelines recommend
carotid revascularization only in patients with symptomatic ca-
rotid stenosis of .50%.3 This recommendation is supported by
data from the European Carotid Surgery Trial (ECST) and North
America Symptomatic Carotid Endarterectomy Trial (NASCET),
which showed a significant reduction of future strokes after re-
vascularization of symptomatic severe carotid stenoses but mod-
est benefit in moderate stenoses.4,5 Thus, the management of
symptomatic patients with ,50% stenosis is undetermined. In
addition, the risk of stroke and TIA with carotid plaques of
,50% is not well-defined, though recent evidence suggests their
potential role in stroke,6-9 especially in those classified as crypto-
genic. Moreover, certain morphologic features of carotid plaques
are independent risk factors of stroke/TIA, irrespective of the
degree of stenosis.6,10,11 In a recent meta-analysis, mild carotid
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stenosis with “high-risk plaque features” was significantly more
common in patients with an embolic stroke of undetermined
source (ESUS) ipsilateral to the side of stroke compared with the
contralateral side.12 Moreover, there are studies proposing carotid
revascularization as a treatment option in patients with nonste-
notic carotid plaques with recurrent ipsilateral strokes despite
adequate medical treatment.13,14

We conducted a meta-analysis to estimate the risk of inci-
dent ischemic stroke/TIA in asymptomatic nonstenotic carotid
plaques (ASyNC) as well as the risk of recurrent stroke/TIA in
patients with symptomatic nonstenotic carotid plaques (SyNC).

MATERIALS AND METHODS
Our strategy to address the primary question above was
informed by the Population, Intervention; Control or compar-
ator; Outcomes (PICOS) framework recommended by the
Cochrane Collaboration Handbook for Systematic Reviews of
Interventions.15 Details are provided in the On-line Appendix.

Briefly, we included studies of individuals with asymptomatic
or symptomatic nonstenotic carotid plaques (,50%) measured
with any imaging technique (sonography/CT angiography/MR
angiography/DSA). The primary outcome was the future risk of
stroke/TIA in the ASyNC group and the risk of recurrent stroke/
TIA in those with symptomatic nonstenotic carotid plaques.
Retinal ischemic events (such as amaurosis fugax) were infre-
quently mentioned in the included studies and, if mentioned,
were included in the subgroup of TIAs.

Search Strategy
We performed and reported this review according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement.16 We registered our protocol a
priori in the PROSPERO international prospective register of sys-
tematic reviews (https://www.crd.york.ac.uk/PROSPERO; No.
162497). Data were collected from published studies; hence,
ethics approval and consent were not required.

Our primary question was to describe the natural history of
ASyNC and the risk of recurrent stroke/TIA in patients with
symptomatic nonstenotic carotid plaques (SyNC). Natural his-
tory incorporates both the risk of ischemic stroke/TIA on follow-
up and the risk of progression to severe stenosis in patients with
asymptomatic, nonstenotic carotid plaques. We defined nonste-
notic carotid plaques as carotid plaques with ,50% stenosis.
SyNC was defined as a carotid plaque with ,50% luminal steno-
sis and an ipsilateral stroke/TIA. In studies that grouped patients
into ,30%, 30%–70%, and .70% stenosis, only the group of
patients with,30% stenosis was included in the analysis to avoid
overestimation of the predefined outcome by including a sub-
group of patients with 50%–70% carotid stenosis.

Secondary questions included the effects of plaque features on
the risk of stroke/TIA. Plaque features include intraplaque hem-
orrhage, lipid-rich necrotic core, ulceration, fibrous cap, calcifica-
tion, and thrombus. Additionally, we aimed to assess whether
treatment affects the risk of future or recurrent ischemic stroke/
TIA. Treatments included medical (antiplatelets, statins) and
interventional (endarterectomy or stent placement) management.
Details of the framework, search strategy, study selection with

inclusion and exclusion criteria, and bias assessment, including
publication bias, are mentioned in the On-line Appendix (On-
line Figs 1–7).

Statistical Analysis
Analyses were performed using STATA/IC, Version 14.0
(StataCorp). The meta-analyses were performed using a random-
effects model of variance. Heterogeneity was calculated using the
Higgins I2 statistic (with associated P values). We also evaluated
the primary outcomes through subgroup analyses using a strati-
fied random-effects meta-analysis. Publication bias was assessed
using the Egger test.

RESULTS
Summary findings of key data-extraction elements are presented
in On-line Tables 1 and 2.

Risk of First-Ever Stroke/TIA in Asymptomatic
Nonstenotic Carotid Plaques
Of the total 25 studies involving 24,847 participants (18 prospec-
tive, 2 randomized trials, 6 retrospective), the mean age was
67.5 years (range, 58.1–78.7 years), and men represented 50.4%.
The classification of stroke etiology using the Trial of Org 10172 in
Acute Stroke Treatment criteria was mentioned in only 3 stud-
ies.17-19 Grading of the degree of stenosis was predominantly based
on the NASCET criteria5 and other United States–based classifica-
tion systems. The average follow-up, reported in 20 studies, was
4.8 years.

Of 24,847 participants, 13,428 (54%) had ASyNC at baseline;
the remaining 11,419 (45.9%) were not included in the analysis
because they either had no stenosis or were classified into a 30%–
70% stenosis group in the study. During a mean follow-up of
4.4 years, 730 subjects (5.4%) with ASyNC developed ischemic
stroke/TIA. The incidence rate of stroke/TIA in ASyNC was 0.5/
100 person-years (Fig 1).

Risk of Recurrent Stroke/TIA in Symptomatic
Nonstenotic Carotid Plaques
Of a total of 680 participants with SyNC in 14 studies, the mean
age was 70.2 years, and most were men (n ¼ 454, 66.7%).
Classification per the Trial of Org 10172 in Acute Stroke
Treatment criteria was mentioned in 8 studies.6,20-26 Most studies
(n¼ 9) used the NASCET criteria5 to define the degree of stenosis.

Six studies8,13,14,20,27,28 (n¼ 122) reported recurrence of ische-
mic stroke/TIA (n¼ 20, 16.4%) during a mean follow-up of
3.1 years. The incidence rate of recurrent stroke in this population
was 2.6/100 person-years (Fig 2).

All except 4 studies13,14,20,27 reported plaque features that were
associated with a higher risk of recurrent stroke/TIA. These were
intraplaque hemorrhage,29 ulceration,25,29 echolucent plaques,10

hyperintense plaque,19 irregular plaque,30 and fibrous cap with a
lipid-rich core.31 Three studies13,14,27 found intraplaque hemor-
rhage associated with a high rate of recurrent ischemic events: 4.9/
100 person-years (95% CI, 1.6–8.1 person-years; Fig 3). For the
remaining plaque features, the data were insufficient for a meta-
analysis.
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Ten studies reported treatment strategies for patients
with SyNC. Of those, 5 used medical treatment (antiplate-
lets, statins) alone,6,21,23,26,27 3 reported a combination of
medical treatment and carotid revascularization,8,20,28 1
study reported both surgical and endovascular manage-
ment,14 and 1 study reported only surgical outcomes.13 The
low numbers in these arms were insufficient to perform a
meta-analysis.

Risk of Progression to.50% Stenosis in ASyNC
Eight studies (n¼ 2223 participants) assessed stenosis progres-
sion from ,50% to .50%. Overall, 448 of 2223 (20.2%) patients
with ASyNC had stenosis progression. The pooled risk of pro-
gression was 11% (95% CI, 10%–12%; I2 ¼ 0, P, .01) during a
mean follow-up of 6.0 years (Fig 4).

Sensitivity Analyses
Detailed analyses as per study design and imaging technique for
both ASyNC and SyNC are provided in the On-line Appendix
(On-line Figs 8–11).

DISCUSSION
Carotid stenosis with .50% luminal narrowing accounts for
10%–20% of all strokes.32,33 The long-term risk of ipsilateral
stroke in patients with .70% stenosis was 28.3% at 3 years in
NASCET5 and 19% at 5 years in the ECST.4 These risks were
significantly reduced after carotid revascularization. The
long-term risk of ipsilateral stroke in carotid stenosis of
,50% during 5 years was 18.7% in the NASCET and 8.2% in
the ECST.4,5 Recently, multiple studies have shown an associ-
ation between nonstenotic (,50%) carotid plaques and ische-
mic stroke,7,13,19 suggesting that certain carotid plaques
might be an important source of stroke irrespective of the
degree of stenosis. Our reported incidence of recurrent ipsi-
lateral stroke/TIA in symptomatic, nonstenotic (,50%) ca-
rotid plaques, which substantially increases in the presence of
high-risk plaque features, is comparable with the risk of
recurrent strokes in stenotic (.50%) carotid plaques per
NASCET and the ECST (around 9% and 4% per year, respec-
tively).4,5 In contrast, the incidence of first-ever TIA or stroke
in asymptomatic nonstenotic carotid plaques is lower com-
pared with a 3%–4% annual incidence of stroke with severe

FIG 1. Incidence rate (per 100 person-years) of stroke in patients with ASyNC. ES indicates effect size.
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(.70%) carotid stenosis per the Asymptomatic Carotid
Atherosclerosis Study in the United States and the Asymptomatic
Carotid Surgery Trial in Europe.34,35

In this meta-analysis, the relatively high rate of recurrent
strokes in SyNC can be explained by the high-risk patients

who already had at least 1 stroke with associated risk factors.
In addition, because most studies included strokes of differ-
ent etiologies, nonstenotic plaques might be an incidental
finding in many cases, and these recurrent strokes are due to
other unidentified etiologies (eg, cardioembolic). Also, the

FIG 2. Incidence rate (per 100 person-years) of recurrent stroke in patients with SyNC. ES indicates effect size.

FIG 3. Incidence rate (per 100 person-years) of recurrent stroke in patients with SyNC, with intraplaque hemorrhage (IPH). ES indicates effect size.
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stroke etiology work-up was not uniform, and none of the
studies that reported stroke recurrence outlined the investi-
gations performed to rule out a cardioembolic source. On the
other hand, with the increasing use of CTA to investigate
stroke etiology, symptomatic nonstenotic carotid lesions are
now recognized more frequently, and the risk of recurrent
events might indeed be high. However, given the small sam-
ple size, selection bias and biases in reporting results cannot
be ruled out.

Eight of the 14 studies with SyNC reported stroke etiology,
and in all of these, ESUS was the predominant etiology. As of
today, data supporting nonstenotic carotid lesions as a possi-
ble etiology of stroke are not robust, and most of these
patients are currently classified as having ESUS if other sour-
ces of stroke are ruled out.9,28 The incidence of recurrent
strokes was 2.6/100 person-years in patients with nonstenotic
carotid lesions and otherwise unknown etiology, which may
suggest that SyNC is potentially the etiology of these crypto-
genic strokes.

Apart from the measurement of the degree of stenosis,
growing literature uses high-definition vessel wall imaging of
high-risk plaque features to identify patients at increased risk
of recurrent stroke, despite low-grade stenosis.11,36 In this
metanalysis, studies in both populations (especially SyNC)
reported specific plaque features that predict a high recur-
rence rate, the most common being intraplaque hemorrhage.
We found that the incidence rate of recurrent strokes is the
same as that in symptomatic severe carotid stenosis, which
should raise awareness of this high-risk subgroup. However,
these studies are relatively small (total n¼ 31) and few in

number (n¼ 3). Also, our search strategy did not include
specific terms like “intraplaque hemorrhage” and so forth
because this was not our primary outcome, which may have
led to under-reporting of these specific features. Even though
the representation of the subgroup of patients with SyNC and
high-risk plaque features in the currently existing literature is
limited, these findings are thought-provoking and support
the need for larger studies and further validation.

Another important aspect is the treatment of patients with symp-
tomatic nonstenotic carotid plaques. Current guidelines rely on the
measurement of the degree of stenosis to recommend carotid revas-
cularization.3 However, there is increasing evidence to suggest that
unstable, inflamed, carotid plaques could rupture, causing stroke
irrespective of the degree of stenosis.37 Furthermore, studies have
also demonstrated that certain subgroups of patients with nonste-
notic carotid stenosis tend to have recurrent strokes despite the best
medical management.28,37,38 These observations suggest a limited ef-
ficacy of medical therapy in a subgroup of patients with SyNC with
high-risk plaque features. Recent studies using high-resolution imag-
ing to detect high-risk patients with SyNC have shown a benefit of
carotid revascularization with almost no recurrence on follow-
up.8,13 These studies indicate that the degree of stenosis alone may
not be sufficient to determine treatment strategies, and plaque fea-
tures and vulnerability may become important considerations in the
treatment decision-making.

Limitations
This meta-analysis has several limitations: First, many of the
included studies for assessing the risk of first-ever stroke/
TIA in nonstenotic carotid plaques were relatively old: Ten

FIG 4. Risk of progression of,50% stenosis to.50% stenosis in ASyNC. ES indicates effect size.
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of 25 were published before 2000, and the oldest study was
published in 1984. Also, many of these studies traditionally
classified the degree of stenosis as ,30%, 30%–70%, and
.70% before the NASCET definition. Because this classifi-
cation system incorporates 50%–70% stenosis along with
nonstenotic plaques, we excluded them to avoid the overes-
timation of results. Furthermore, there is heterogeneity both
in the imaging technique and the underlying classification
system used for characterizing carotid stenosis in the
included studies. We addressed this issue using sensitivity
analyses, stratifying by imaging technique. Last, only a few
publications reported stroke etiology, and overall, the num-
ber of patients with ESUS and nonstenotic carotid plaques
was provided infrequently. Even though our results are overall
comparable with numbers reported in prior studies7 of patients
with ESUS and nonstenotic carotid plaques, overestimation of
recurrent events might have occurred because other etiologies of
stroke (eg, cardioembolic) could not be excluded.

CONCLUSIONS
The risk of first-ever stroke/TIA with ASyNC in our meta-
analysis was low, but once the patient was symptomatic, the
risk of recurrent stroke/TIA in SyNC increased substantially,
particularly when high-risk features such as intraplaque hem-
orrhage were present. Given the emerging evidence for an
association between nonstenotic carotid plaques and stroke,
one must consider it an etiology and investigate further to
assess high-risk features. Presently, there is insufficient evi-
dence to support a treatment strategy for this high-risk sub-
group of patients with SyNC. Further research is needed to
better investigate the natural history, progression from ,50%
to .50% stenosis, and potential treatment options such as
more aggressive medical management or carotid revasculari-
zation of patients with nonstenotic carotid plaques.
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Perivascular Fat Density and Contrast Plaque Enhancement:
Does a Correlation Exist?

L. Saba, S. Zucca, A. Gupta, G. Micheletti, J.S. Suri, A. Balestrieri, M. Porcu, P. Crivelli, G. Lanzino, Y. Qi,
V. Nardi, G. Faa, and R. Montisci

ABSTRACT

BACKGROUND AND PURPOSE: Inflammatory changes in the fat tissue surrounding the coronary arteries have been associated with
coronary artery disease and high-risk vulnerable plaques. Our aim was to investigate possible correlations between the presence
and degree of perivascular fat density and a marker of vulnerable carotid plaque, namely contrast plaque enhancement on CTA.

MATERIALS AND METHODS: One-hundred patients (76 men, 24 women; mean age, 69 years) who underwent CT angiography for
investigation of carotid artery stenosis were retrospectively analyzed. Contrast plaque enhancement and perivascular fat density
were measured in 100 carotid arteries, and values were stratified according to symptomatic (ipsilateral-to-cerebrovascular symp-
toms)/asymptomatic status (carotid artery with the most severe degree of stenosis). Correlation coefficients (Pearson r product
moment) were calculated between the contrast plaque enhancement and perivascular fat density. The differences among the cor-
relation r values were calculated using the Fisher r-to-z transformation. Mann-Whitney analysis was also calculated to test differ-
ences between the groups.

RESULTS: There was a statistically significant positive correlation between contrast plaque enhancement and perivascular fat density
(r value¼ 0.6582, P value¼ .001). The correlation was stronger for symptomatic rather than asymptomatic patients (r value ¼
0.7052, P value¼ .001 versus r value¼ 0.4092, P value¼ .001).

CONCLUSIONS: There was a positive association between perivascular fat density and contrast plaque enhancement on CTA. This
correlation was stronger for symptomatic rather than asymptomatic patients. Our results suggest that perivascular fat density could
be used as an indirect marker of plaque instability.

ABBREVIATIONS: CPE ¼ contrast plaque enhancement; PFD ¼ perivascular fat density

About one third proportion of ischemic strokes are caused
by emboli from large-artery atherosclerosis usually

involving the carotid artery.1-3 Traditionally, the degree of ca-
rotid stenosis is the main factor affecting therapeutic deci-
sions. However, in recent years, similar to work in the
coronary field, it has become clear that plaque composition

plays a very important role in the occurrence of cerebrovascu-
lar events.3-6

The different parameters associated with increased vulnerabil-
ity include a lipid-rich necrotic core,7 intraplaque hemorrhage,8,9

and contrast plaque enhancement (CPE).10 In particular, CPE is
a surrogate marker of microvessel density within the carotid pla-
que, and it is associated with plaque inflammation.11,12

Inflammatory changes in the fat tissue surrounding the coro-
nary arteries have been associated with coronary artery disease
and high-risk,13 vulnerable plaques, and in the past few years,
some studies have investigated the perivascular fat density (PFD),
measured as the density of pericoronary adipose tissue, as a pa-
rameter for coronary plaque evaluation.14,15 These articles
showed that PFD was increased around culprit lesions compared
with nonculprit lesions of patients with acute coronary syn-
drome. An increased PFD was recently described also in high-
risk vulnerable carotid atherosclerotic plaque.16

In this study, we investigated the hypothesis that there is a
correlation between the presence and degree of PFD and CPE.
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MATERIALS AND METHODS
Study Design and Patient Population
Institutional review board (University of Cagliari) approval was
obtained, and informed consent was waived because of the retro-
spective nature of the study. To identify the minimum cohort size as
having statistically significant data, we performed a power calcula-
tion (type I error, a ¼ .10; type II error, b ¼ 0.15; difference
between correlation values¼ 0.2) in which we estimated that a sam-
ple size of at least 93 carotid arteries would be sufficient to investi-
gate the potential correlation between CPE and PFD. We further
increased the number of carotid arteries, and we studied a total
number of 100 arteries from 100 patients (76 men, 24 women;
mean age, 70 years; age range, 46–87 years).

Included were consecutive adult subjects who underwent
CTA for suspected atherosclerotic disease of the carotid arteries
from March 2016 to June 2017. Exclusion criteria included sub-
jects younger than 18 years of age; CTAs performed for reasons
other than suspected atherosclerotic disease (ie, dissection); and
other etiologies for ischemic stroke such as evidence of a cardiac
embolic source, evidence of an embolism from the thoracic aorta,
and evidence of vertebrobasilar artery disease.

According to a standardized protocol, CTA of the carotid ar-
tery was performed for the following reasons: 1) Carotid sonogra-
phy showed a significant stenosis (.50% measured according to
NASCET criteria)17 or features of plaque vulnerability (ulcera-
tions, irregular surface), and 2) carotid sonography could not
adequately assess the degree of stenosis and plaque characteristics
because of anatomic conditions. Moreover, all subjects presenting
with acute cerebrovascular events underwent CTA of the carotid
arteries at the time of their acute CT of the head.

Part of the population (n¼ 56) of this study was included in
previously published study on carotid plaque composition.18

Classification of Cerebrovascular Symptoms
In this study, both symptomatic and asymptomatic patients were
considered, and only 1 carotid artery for each patient was
included in the analysis. For asymptomatic patients, the carotid
artery with the most severe degree of stenosis was included,
whereas in symptomatic subjects, the carotid artery ipsilateral to
the neurologic symptoms (eg, left hemispheric stroke, left carotid
artery) was considered.

Patients were classified into symptomatic or asymptomatic
as documented by the treating neurologist using the Trial of
ORG 10172 in Acute Stroke Treatment (TOAST) criteria.19 We
considered as symptomatic a patient with a TIA or ischemic
stroke in either cerebral hemisphere. TIA was regarded as a
brief (,24 hours) episode of neurologic dysfunction, such as
hemiparesis, hemiparesthesia, dysarthria, dysphasia, or mon-
ocular blindness. If the episode of neurologic dysfunction
exceeded 24 hours, it was classified as a stroke. We considered a
lacunar stroke to have occurred when the patient showed one of
the traditional clinical lacunar syndromes and did not have evi-
dence of cerebral cortical dysfunction. Such patients also had
normal CT/MR imaging findings or a relevant brain stem or
subcortical hemispheric lesion with a diameter of ,0.5 cm. The
time window for inclusion in the symptomatic group was
6months. We considered as asymptomatic a patient with no

symptoms referable to the carotid artery or who had a remote
(.6months) history of symptoms at the time of examination.

CTA Technique
CTA of the carotid arteries was performed with multiple scanner
technologies (16–, 40–, and 128–detector row CT systems) accord-
ing to a standardized protocol. None of the patients who underwent
CTA of the carotid arteries had a medical history of cardiac output
failure or contraindications to iodinated contrast media. Patients
were placed in the supine position with the head tilted back to pre-
vent dental artifacts. The coverage was from the aortic arch to the
carotid siphon with a caudocranial direction, and examinations
were performed before and after administration of contrast material.
An angiographic phase was obtained with the administration of 50–
70mL of prewarmed contrast medium (Ultravist 370, iopromide;
Bayer HealthCare) injected with a flow rate of 4mL/s. A bolus-
tracking technique was used to calculate the correct timing of the
scan. Dynamic monitoring scanning began 6 seconds after the be-
ginning of the intravenous injection of contrast material. The trigger
threshold inside the ROI was set at180 HU above the baseline. The
delay between acquisitions of each monitoring scan was 1 second.
When the threshold was reached, the patient was instructed to hold
his or her breath, and after an interval of 4 seconds, scanning started
in the caudocranial direction. CT technical parameters were the
following: section thickness ¼ 0.6mm, interval ¼ 0.3mm, matrix
size ¼ 512 � 512 pixels, FOV ¼ 14–19 cm, and application for
reconstruction.

Contrast Plaque Enhancement Analysis
Hounsfield unit measurements were performed by 2 radiologists
in consensus. Interactive window/level settings were usually set at
W ¼ 850 HU:L ¼ 300 HU, progressing to very wide settings in
the case of dense calcifications.20 First, the contrast material data-
sets were assessed in a circular or elliptic ROI ($ 1 mm2; Fig 1)
in the predominant area of the plaque to measure the Hounsfield
unit values according to the method described by Saba et al.21

Areas showing contamination by contrast material or calcifica-
tions and regions of beam-hardening were excluded. In cases in
which 50% of the plaque contained calcium components, we con-
sidered the plaque to be calcified, and this category of plaque was
excluded.11

To obtain a correct registration between basal and postcon-
trast phases, radiologists visually assessed the corresponding sli-
ces when it was necessary to select another section along the
z-axis, the so-called matching process.

The section used was recorded to calculate the difference
between the basal and contrast phase along the z-axis.
Following this matching phase, an ROI of the same area as that
used in the contrast phase was put in the same position on the
plaque to measure the basal Hounsfield unit value. The CPE is
the difference in Hounsfield unit values obtained between the
postcontrast and basal ROIs.

Perivascular Fat Density Analysis
The assessment of the PFD was performed by 2 radiologists in
consensus 1 month later than the CPE quantification according
to the approach described by Baradaran et al.16 The pixels
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corresponding to adipose tissue were identified, and 2 ROIs (each
2.5 mm2) were placed in the perivascular fat present on the same
axial section showing the maximal NASCET-defined ICA steno-
sis,22 and the averaged values were considered.

The site of ROI placement was not exactly the same for each
subject and was determined at the maximum stenosis site, loca-
tion of the carotid plaque, and location of the perivascular fat
pads. ROIs were drawn carefully to include only detectable fat
density (visually dark and confirmed by negative Hounsfield
units). Care was taken to exclude the carotid artery wall or sur-
rounding soft-tissue structures, with ROIs placed at least 1mm
from the outer margin of the carotid artery wall. The process was
re-checked before final acceptance.

Statistical Analysis
The normality of each continuous variable group was tested using
the Kolmogorov-Smirnov Z-test. Continuous data were described
as mean 6 SD, and binary variables were summarized as count
(percentage). Correlation coefficients (Pearson r product moment)
were calculated between the CPE and PFD. The differences among
the correlation r values were calculated using the Fisher r-to-z
transformation. Mann-Whitney analysis was also calculated to test
the differences between the groups. A P value, .05 indicated statis-
tical significance, and all correlation values were calculated using a
2-tailed significance level. R statistical and computing software
(www.r-project.org) was used for statistical analyses.

RESULTS
Baseline Characteristics
Sixty-three patients had bilateral pla-
ques, and 27 had unilateral plaques.
Thirty-one patients were symptomatic
for cerebrovascular symptoms, and 69,
asymptomatic. Clinical and demo-
graphic characteristics are summar-
ized in Table 1. The average length of
the plaque was 22 6 12mm, and the
average maximum wall thickness was

5.1 6 1.8mm. The average degree of stenosis was 61% (mini-
mum, 3%; maximum, 94%). Thirty-nine carotid arteries had a
NASCET stenosis of .50% (mean degree of stenosis, 64%; mini-
mum, 50%; maximum, 94%). The summary values of the CPE
and PFD are in the On-line Table.

Carotid Plaque Enhancement and Perivascular Fat
Density Correlation Analysis
We found a positive correlation between CPE and PFD (Fig 2) (r
value¼ 0.6582, P value¼ .001). In the separate analysis of sympto-
matic and asymptomatic patients, symptomatic patients showed a
stronger correlation compared with asymptomatic patients (r
value¼ 0.7052, P value¼ .001 versus r value¼ 0.4092, P value¼
.001).

In a second model of analysis, carotid plaques without
CPE were excluded (n¼ 34), and a significant positive correla-
tion between CPE and PFD was observed (r value¼ 0.7043, P
value¼ .001) (Fig 2). Similar to the first analysis, there was a
stronger correlation in symptomatic than in asymptomatic
patients (r value¼ 0.6381, P value¼ .001 versus r value¼
.5663, P value¼ .001).

There was a significant difference in the r values (CPE and
PFD) between symptomatic and asymptomatic patients by con-
sidering the entire cohort of 100 patients (zeta statistic ¼
�1.9904; P value¼ .0465). However, after excluding the 34 cases
in which CPE was not detected, there was no significance in the
r values (zeta statistic¼ �0.4312; P value¼ .664).

Table 1: Demographics (n= 100 patients)
Complete Cohort

(n= 100)
Symptomatic

(n= 31)
Asymptomatic

(n= 69)
P

Value
Age (yr) 69 y (46–87) 69.2 64.2 .037
Sex (male) 76 (76%) 42 (75%) 34 (77.2%) .792
Degree of stenosis 61% 67% 53% .001
Hypertension 45 (45%) 26 (46%) 19 (44%) .746
Coronary artery disease 49 (49%) 30 (53.6%) 19 (43.4%) .302
Smoking status 35 (35%) 23 (41.1%) 12 (27%) .151
Diabetes 23 (23%) 15 (26.8%) 8 (18.2%) .312
Lipids 59 (59%) 35 (62.5%) 24 (54.6%) .422

FIG 1. A 75-year-old man with right TIA. The basal scan (A) shows plaque (white arrow) of 32.93 HU, whereas the postcontrast scan (B) shows a
plaque density (white arrow) value of 43.76 HU with a CPE of 10.83 HU. The PFD (white open arrow, C) was –77.545 HU.
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Table 2 confirms a statistically significant difference in CPE
and PFD according to the symptomatic or asymptomatic status
of the patient.

DISCUSSION
In a cohort of 100 patients who underwent CTA for investigation
of atherosclerotic carotid disease, we found a positive association
between PFD and CPE on CTA. The correlation was stronger for
symptomatic rather than asymptomatic patients.

In recent years, there has been growing interest in identifying
features related to carotid plaque “instability,” and several
markers have been identified.3 Histopathologic studies have dem-
onstrated that a common feature in vulnerable plaques is
increased neovascularity and concomitant presence of inflamma-
tory cells. These observations strongly suggest that one of the
main pathways linked to plaque rupture is inflammation.23,24

Disruption of the plaque because of inflammatory and hemo-
dynamic factors leads to ulceration and fissuring, which, in
turn, result in loss of normal endothelium and luminal expo-
sure of the necrotic lipid core.25 There is limited work on

identification of objective markers of inflammation and insta-
bility in the carotid artery. Henrichot et al,13 in 2005, in a his-
topathologic study, showed that inflammatory changes in the
fat tissue surrounding coronary arteries are associated with
coronary artery disease and high-risk plaques. Recently, such
changes have been shown to be detectable on CT imaging in
coronary26 and carotid arteries.16

Inflammation and plaque neovascularization are 2 closely
interrelated phenomena.27,28 CT is reliable in the detection and
grading of intraplaque neovascularization through CPE analy-
sis.10,11,29 In our study, we investigated a correlation between the
presence and degree of PFD and CPE. Indeed, we found a posi-
tive correlation between CPE and PFD, which, though present in
both symptomatic and asymptomatic patients, was much stron-
ger in symptomatic plaques (r value¼ 0.7052, P value¼ .001).

This finding confirms that pericarotid adipose tissue, which
encases the carotid arteries without an intervening fascial barrier,
is a metabolically and immunologically active fat deposit impli-
cated in atherogenesis. The impact of the CT density was studied,
in particular, for the association of cardiovascular events, and
while a lower CT density of visceral and subcutaneous abdominal

FIG 2. A, Scatterplot analysis with a regression line and 95% confidence intervals between the CPE and PFD with the asymptomatic (blue dots)
and symptomatic patients (red dots) for the entire cohort of 100 patients. B, Scatterplot analysis with a regression line and 95% confidence inter-
vals between the CPE and PFD with the asymptomatic (blue dots) and symptomatic patients (red dots) for the cohort of 66 patients who
showed CPE. C, Boxplot plot analysis with 95% confidence intervals of CPE and PFD with the asymptomatic (blue lines) and symptomatic
patients (red lines) for the entire cohort of 100 patients. D, Boxplot plot analysis with 95% confidence intervals of CPE and PFD with the asymp-
tomatic (blue lines) and symptomatic patients (red lines) for the cohort of 66 patients who showed CPE.

Table 2: Mann-Whitney analysis for symptomatic-versus-asymptomatic patients

Cohort of 100 Patients 66 Patients with CPE

PFD CPE PFD CPE
Average rank of first group 38,971 40,7246 22,5263 25,6711
Average rank of second group 76,1613 72,2581 48,3929 44,125
Mann-Whitney U 274 395 115 234.5
Test statistic Z (corrected for ties) 5936 5122 5418 3865
Two-tailed probability P, .001 P, .001 P, .001 P¼ .001
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fat has been linked to a greater extent of cardiovascular
events,30,31 in the Framingham Heart Study,31 the relationship
between epicardial and paracardial fat density and high-risk pla-
que features is not well-understood.

Not all the carotid artery plaques show CPE, because intrapla-
que neovascularization can be absent depending on plaque type
and characteristics. When we considered only carotid arteries
showing CPE (n¼ 66), a statistically significant positive correla-
tion between the CPE and PFD was maintained (Fig 2). After
excluding plaques without CPE, an even stronger correlation
between CPE and PFD was found in symptomatic than in
asymptomatic patients. (r value¼ 0.6381, P value¼ .001 ver-
sus r value ¼ 0.5663, P value¼ .001).

The differences among the correlation r values showed that
the correlation between the CPE and PFD is not statistically
stronger in symptomatic-versus-asymptomatic patients. This
could be explained by the following:1) The low number (38 ver-
sus 28 patients) does not allow reaching the statistically signifi-
cant threshold, or 2) those plaques without CPE represent a
confounding factor because of the 34 plaques that did not show
CPE, only 3 cases were symptomatic.

We also found a statistically significant difference in CPE and
PFD according to the symptomatic or asymptomatic status of the
patient. These data are concordant with previous observations by
Baradaran et al,16 who found that symptomatic patients had
a higher mean PFD compared with asymptomatic patients
(�66.2 6 19.2 versus �77.1 6 20.4 HU, P value¼ .009), and
by Saba et al,11 who found a statistically significant difference
between symptomatic and asymptomatic patients for the pres-
ence of CPE (P value¼ .001; OR¼ 7.5).

Our results are significant because they provide early valida-
tion of the use of PFD and/or CPE as noninvasive tools to
assess inflammatory activity in carotid atherosclerotic disease.
Further work is needed to understand the value of these bio-
markers in predicting future cerebrovascular events or in iden-
tifying culprit plaques in patients with embolic strokes of
undetermined sources. Furthermore, because PFD can be
obtained on all CTA examinations while CPE requires both
pre- and postcontrast imaging, future studies should aim to
understand the incremental value of CPE above PFD alone,
because in many centers, CTA is performed with a postcontrast
acquisition alone. With further validation, these markers may
be useful inclusion criteria for randomized trials incorporating
anti-inflammatory stroke-prevention therapies in patients with
carotid disease.

Our findings are concordant with ongoing research in the
field of molecular imaging for the assessment of inflammation in
atherosclerotic plaques, mainly performed with PET/CT32,33

because of the potential to detect inflammation in plaques due to a
high concentration of macrophages in such structures.34 Recent
studies have shown that PET with [18F] NaF appears may be supe-
rior to [18F] FDG in detecting the types of microcalcification that
are markers of inflammation and high-risk plaques.35 Thus, PET
techniques may serve as a valuable complement to more routinely
and easily acquired CT to help clinicians detect vulnerable carotid
plaques or so-called culprit plaques that have already given rise to
an embolic event. Recent advances in translational research using

PET/CT have also enabled the visualization of perivascular inflam-
mation in vulnerable atherosclerotic plaques.36,37

Our study has limitations. It is a retrospective study, and our
data need confirmation in a larger cohort and should be consid-
ered as preliminary results. Although suggesting that PFD can be
a surrogate of plaque instability, we cannot distinguish whether
there is a causative relationship between the 2 or whether PFD is
a mere epiphenomenon of the adjacent atherosclerotic process.
Nevertheless, our data indicate, for the first time in the carotid ar-
tery, that an objective measure such as PFD can be of value as an
indirect marker of plaque instability.

CONCLUSIONS
In patients with carotid artery stenosis investigated by CTA, there
is a correlation between perivascular fat density and contrast pla-
que enhancement. This correlation is stronger for symptomatic
rather than asymptomatic patients. Our results indicate that PFD
could be used as an objective indirect marker of plaque instability
in the carotid arteries.
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Non-EPI-DWI for Detection, Disease Monitoring, and Clinical
Decision-Making in Thyroid Eye Disease

C. Feeney, R.K. Lingam, V. Lee, F. Rahman, and S. Nagendran

ABSTRACT

BACKGROUND AND PURPOSE: The Clinical Activity Score is widely used to grade activity of thyroid eye disease and guide treat-
ment decisions, but as a subjective measurement and being confined to the anterior orbit, it has limitations. Non-EPI-DWI of the
extraocular muscles may offer advantages as a functional imaging technique with reduced skull base artifacts, but the correlation
with the Clinical Activity Score and patient outcome is unknown. Our aim was to establish the correlation between the Clinical
Activity Score and non-EPI-DWI and to describe the additional value provided by adjunctive non-EPI-DWI in making clinical
decisions.

MATERIALS AND METHODS: This was a retrospective longitudinal study of 31 patients seen in a multidisciplinary thyroid eye dis-
ease clinic during 5 years who had at least 1 ophthalmic and endocrine assessment including the Clinical Activity Score and a non-
EPI-DWI ADC calculation. The Spearman rank correlation coefficient was used to determine the relationship between the Clinical
Activity Score and non-EPI-DWI. A patient flow chart was constructed to evaluate clinical decision-making, and receiver operating
characteristics were generated.

RESULTS: From 60 non-EPI-DWI scans, 368 extraocular muscles were selected for analysis. There was a significant positive correla-
tion between the Clinical Activity Score and ADC (rs ¼ 0.403; 95% CI, 0.312–0.489; P, .001). ADC values were significantly higher in
the Clinical Activity Score $ 3 group compared with the Clinical Activity Score , 3 group (P, .001). Our patient flow chart identi-
fied a third intermediate-severity cohort in which the non-EPI-DWI was particularly useful in guiding clinical decisions.

CONCLUSIONS: The non-EPI-DWI correlated well with the Clinical Activity Score in our patients and was a useful adjunct to the
Clinical Activity Score in making clinical decisions, especially in patients with intermediate activity and severity of thyroid eye disease.

ABBREVIATIONS: CAS ¼ Clinical Activity Score; DON ¼ dysthyroid optic neuropathy; EOM ¼ extraocular muscle; ROC ¼ receiver operating characteristic;
TED ¼ thyroid eye disease

Thyroid eye disease (TED) is one of the most common inflam-
matory diseases of the orbit affecting approximately 25% of

individuals presenting with systemic Graves disease.1,2 TED can be
a sight-threatening disease with profound physical and psychologi-
cal consequences.3 The time course of the disease typically follows
an initial active phase, potentially amenable to immunosuppressive

treatment, and a later inactive phase in which residual structural or-
bital disease is usually surgically managed.4

Disease activity is often guided by the Clinical Activity Score
(CAS) based on scoring of mainly subjective markers of disease,
with a score of$3 often denoting cases in which systemic immuno-
suppression should be considered.5,6 Despite its wide use, the CAS
has limitations. The CAS can underestimate activity in the posterior
orbit, and most important, sight-threatening dysthyroid optic neu-
ropathy (DON) may occur in the presence of a low CAS score.7

Advances and availability in MR imaging have resulted in a

trend toward the application of MR imaging to TED to inform

disease activity alongside CAS.8,9 Various MR imaging modalities
have been applied in this setting and include T2-weighted extra-

ocular muscle (EOM) signal intensities, dynamic contrast-
enhanced MR imaging, and fat-suppression techniques such as

the STIR sequence.10-13 Results from these reports have been
variable, and some techniques have additional limitations that
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include the adverse events associated with contrast administra-

tion and necessary standardization corrections to allow reliable

comparison between scans (eg, normalization of signal intensities

with those of the nearby temporalis muscle).14,15

DWI is an MR imaging technique that measures movement
of water molecules within tissues to calculate an ADC, in which
higher ADC values indicate greater facilitated diffusion reflective
of an underlying active inflammatory process.14 Echo-planar
DWI has shown promise in the evaluation of active TED, and
studies have demonstrated higher ADC values in the EOMs of
patients with TED compared with healthy controls.14,16,17 In
studies comparing active with inactive TED, the ADC is reported
to be higher in active disease and is elevated at an early stage in
the disease before activity is detected on routine MR imaging,
suggesting the potential utility of ADC evaluation at an early time
point in the disease trajectory.16,17

Non-EPI-DWI, however, has the potential of higher resolution
images and a reduction in air-bone interface artifact distortion.18

These advantages potentially allow greater clarity of orbital images
and more reliable measurement of ADC values, and non-EPI-
DWI has replaced its EPI counterpart in assessing other skull base
pathologies such as middle ear cholesteatoma.19,20 In TED, we
have demonstrated in a case series that non-EPI-DWI was a useful
adjunct in our management of selected cases of moderate-to-severe
and active TED.21 Acknowledging that conventional MR imaging
STIR signal intensity ratios are a commonly used MR imaging
technique in TED, we previously conducted a preliminary study to
establish that signal intensity ratios and ADC are positively corre-
lated and that there was good interobserver correlation within each
measurement in our center.21,22

The objectives of this study were to build on our previous
work to do the following: 1) investigate the correlation of non-
EPI-DWI with CAS; 2) describe the clinical decisions made on
the basis of non-EPI-DWI data in a tertiary referral multidiscipli-
nary setting; and 3) explore the diagnostic potential of non-EPI-
DWI in mild and sight-threatening disease.

MATERIALS AND METHODS
Subjects
This retrospective observational study examined all adult patients
who were referred to a multidisciplinary TED clinic from inception
of the service in October 2012 to data base lock in April 2017 and
fulfilled the following inclusion criteria: 1) suspected diagnosis of
TED in combination with either signs or symptoms of proptosis,
ocular motility disturbance, reduced visual acuity, and/or known
thyroid disease; 2) at least 1 endocrine and ophthalmologic assess-
ment and at least 1 CAS measurement; 3) at least 1 non-EPI-DWI
orbital MR imaging scan with at least 1 measurement of an EOM
ADC value. This study design was reviewed and approved by the
institutional research and development review board (Northwest
University Healthcare National Health Service Trust). The require-
ment for informed consent was waived.

Clinical Assessment
Patients were evaluated in a multidisciplinary TED clinic with a
consultant ophthalmic and oculoplastic specialist with an interest
in TED (V.L.), an endocrinologist (C.F.), and orthoptist. The

CAS score is a validated score to grade disease activity in TED.5

CAS assessments were performed by the same observer (V.L.
with .20 years’ experience) at each visit and scores of $3 were
considered moderate-to-severe and active cases of TED.6 In the
case of multiple CAS measurements, the score nearest in date to
MR imaging was selected for analysis (mean time from CAS to
MR imaging, 13.26 21.9 days).

All patients had at least 1 endocrine assessment with optimi-
zation of the thyroid status with either antithyroid medication
(carbimazole first-line and propylthiouracil second-line) or thy-
roxine replacement or both (ie, block and replace) in patients
with moderate-to-severe and active eye disease or in patients with
unstable thyroid function.

The following clinical data were collected retrospectively for
each patient: 1) date of birth; 2) sex; 3) ethnicity; 4) medical history
including a history of thyroid disorder and previous radioiodine
treatment; 5) a family history of Graves disease; 6) smoking status;
7) thyroid status including antibody assessment; 8) medications at
initial visit; 9) CAS measurements closest in time to DWI scans;
10) formal DWI radiology report; and 11) TED treatments
between scans (eg, intravenous methylprednisolone, orbital radia-
tion therapy, second-line immunosuppressive treatment, and sur-
gical interventions).

Imaging Technique
MR imaging was performed on a 1.5T superconductive unit
(Magnetom Avanto; Siemens) using a standard Head Matrix coil.
In all patients, a 3-mm-thick HASTE DWI sequence was acquired
in the coronal plane (TR ¼ 900ms; TE ¼ 118ms; matrix ¼ 192 �
86; FOV ¼ 145mm; 18 averages; EPI spacing ¼ 6.28ms; band-
width ¼ 465Hz/pixel; b factors, 0 and 1000 s/mm2). Coronal 3-
mm-thick STIR images (TR ¼ 5640ms; TE ¼ 91ms; matrix ¼
256 � 112; FOV ¼ 145mm) were obtained. The STIR, b ¼ 0, and
b¼ 1000 diffusion-weighted images were copy-referenced to ensure
the same section position to allow optimal image evaluation and
measurement. Following acquisition, an ADC map was calculated
using the diffusion scan raw data.

Imaging Evaluation
A specialist head and neck radiologist, blinded to the CAS score
(R.K.L. with 14years’ experience), examined all MR images before
selecting the non-EPI-DWI section that best illustrated EOMs with
higher ADC on visual survey, corroborated by an observer (C.F.)
also blinded to CAS score. We have previously observed good inter-
observer agreement for non-EPI-DWI ADC in 23 actively inflamed
muscles in cases of in TED in our center (intraclass coefficient ¼
0.97; 95% CI, 0.94–0.98).22 Freehand ROIs were contoured within
the inner border of all visualized active EOMs to determine the
ADC (6SD) value. In addition, ADC values were derived for the
medial and inferior recti bilaterally on all scans, irrespective of
the initial survey, because TED appears to have a predilection for
these EOMs.14 The oblique muscles were excluded from analysis
due to concerns about the reliability of measurement in an oblique
plane as well as being atypical sites for TED involvement. Right and
left values in each individual were analyzed separately to reflect that
disease can be unilateral and asymmetric. Therefore, the minimum
number of EOM measurements per scan was 4 (ie, right and left
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inferior and medial recti alone) or a maximum of 8 (ie, inferior and
medial recti as well as the superior and/or lateral recti bilaterally).
Each scan was assessed in an identical fashion regardless of whether
it was a baseline or follow-up scan.

Subgroup Analyses
Three clinically defined subgroups were selected for further anal-
ysis. Cohort 1 (96 EOMs, n¼ 12) was defined as mild/possibly
active TED based on clinical criteria, a CASof #1, and no more
than 1 scan. Cohort 2 (100 EOMs, n¼ 8) referred to individuals
who were considered to have definite TED but fell within a mild-
to-moderate and active category of severity based on CAS 1–3.
These subjects had an initial scan at presentation and at least 1
follow-up scan. The remaining cohort 3 (172 EOMs, n¼ 11) had
moderate-to-severe and active TED with CAS scores of $3.
These subjects also had at least 2 scans. For selected analyses, a
DON subgroup (n¼ 5) was defined as those patients with acuity
loss and requiring high-dose pulse methylprednisolone and/or
emergency orbital decompression.

Patient Flow Chart
To describe the clinical decisions made on the basis of clinical
assessment, the CAS, and the non-EPI-DWI result (determined
globally as active or inactive based on the initial radiology report
by R.K.L.), we constructed a flow chart to follow the patient jour-
ney for each of cohorts 1–3 and documented the patient outcome
at study close. This was performed to determine whether non-
EPI-DWI had any observed advantage for patients beyond the
CAS and clinical assessment alone.

Receiver Operating Characteristic
To evaluate the potential utility of ADC as a diagnostic test for
DON or to exclude mild/possible TED, we generated receiver
operating characteristic (ROC) curves for the 2 following scenar-
ios: 1) cases of DON versus no DON, and 2) cohort 1 (mild/pos-
sible TED) versus cohort 3 (moderate-severe TED).

Statistical Analysis
Statistical analyses, including ROC generation, were performed
using GraphPad Prism software, Version 8.0.0 (GraphPad
Software). Demographic data are presented as number and
percentage; group averages are reported as mean 6 SD, range,
and Fisher exact/Mann-Whitney U test or 1-way ANOVA to
compare groups. To calculate correlations of CAS and ADC
values, we used a paired Spearman rank correlation coefficient
statistical test (rs, confidence interval, and P value). For sub-
group comparisons of non-normally distributed data, we
applied the Mann-Whitney U test. P values , .05 were consid-
ered significant.

RESULTS
Patient Characteristics
Of the 88 patients seen in the multidisciplinary clinic, 31 met the
inclusion criteria (60 DWI scans, 368 EOMs) and were included in
the final analysis (mean age, 48.2 years; range, 20.2–79.8 years; 22/
31 [70.9%] women; 32% smokers). Given that only a subset of the
total cohort warranted specialized imaging to inform clinical care,
most exclusions (55/57, 96%) were due to no DWI scan being avail-
able for review, with the remainder (2/57, 4%) due to no docu-
mented CAS.

There was strong representation from ethnicities that were
not white, in keeping with demographics of a large metropolis
and included 32% Black Caribbean, 32% white (UK and Europe),
23% Indian/Asian, and 10% Middle Eastern. At presentation to
the clinic, 20/31 (64.5%) were on treatment for confirmed Graves
thyrotoxicosis (16/20 carbimazole and 4/20 prophylthiouracil),
3/31 (9.7%) were on levothyroxine, and 8/31 (25.8%) had normal
thyroid function and were not receiving treatment.

There was a significant positive correlation of moderate effect size
between CAS and ADC across all 368 EOMs (rs ¼ 0.403; 95% CI,
0.312–0.489; P, .001) (Fig 1A). Given that CAS$ 3 often denotes a
cutoff for clinically active moderate-to-severe and active TED, a group-
wise comparison was made between CAS , 3 (EOMs, n¼ 298) and

CAS $ 3 (EOMs, n¼ 70) groups. ADC
values were significantly higher in the
CAS $ 3 group (mean ADC, 913 6

312) compared with the CAS, 3 group
(mean ADC, 760 6 239) (P # .001)
(Fig 1B).

Subgroup Analyses
Demographic data are shown in Table 1.
There was greater representation from
Black Caribbean racial groups in cohorts
2 and 3 versus cohort 1, but this did not
reach statistical significance. All patients
in cohort 3 had a positive thyroid auto-
antibody result and were taking antithy-
roid medication at presentation.

ADC values in cohort 3 were sig-
nificantly higher than those in cohorts
1 (96 EOMs, P , .001) and 2 (100
EOMs, P¼ .03). In cohort 2, ADC val-
ues were significantly higher than

FIG 1. Correlation between CAS and ADC and clinically meaningful group-wise comparisons of
ADC and CAS in the overall cohort. Box plots demonstrate a positive Spearman rank correlation
coefficient between CAS and ADC of individual EOMs (n¼ 368) (A) and significantly greater ADC
values in CAS$ 3 (n¼ 70) (B) compared with CAS , 3 (n¼ 298) groups. Two asterisks indicate
P, .001, 2-tailed. C, Significantly greater ADC values of all EOMs in cohort 3 compared with those
in cohort 1 (P, .001) and cohort 2 (P¼ .03). For cohort 2, ADC values were significantly higher
than those in cohort 1 (P, .001) but lower than those in cohort 3 (P¼ .03). Single asterisk indicates
P, .05.
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those in cohort 1 (P , .001) and lower than those in cohort 3
(172 EOMs, P¼ .03) (Fig 1C).

Subgroup Results: Clinical Course
There were differences in the clinical courses of patients in each
cohort. In cohort 1, there were no patients who developed mod-
erate-to-severe and active TED requiring medical or surgical
treatment, and to our knowledge, no patients re-presented with
symptoms during a 6- to 18-month follow-up.

In cohort 3, all patients had at least 1 course of IV methylpred-
nisolone compared with 2/8 (25%) patients in cohort 2 (P ¼ .001).
Seven of 11 patients in cohort 3 received orbital radiation therapy
compared with 0/8 patients in cohort 2 (P ¼ .004). Greater num-
bers of patients in cohort 3 (3/11, 27.3%) required second-line
immunosuppressants (mostly mycophenolate) compared with
none in cohort 2. Four patients (36.3%) developed DON in cohort
3 and 1/8 (12.5%) in cohort 2, all necessitating high-dose pulsed
methylprednisolone with 2/5 requiring surgical decompression
(Table 1).

Patient Flow Chart
Results of the patient flow chart are shown in Fig 2. In cohort 1,
most patients, 10/12 (83.3%), showed concordance between a

mild clinical picture and an inactive scan and were discharged af-
ter a follow-up clinical review. The remaining 2 showed discord-
ance (ie, an active scan) and were followed more closely but
remained stable.

Non-EPI-DWI appeared to have the most value as an adjunct
to the CAS in determining treatment and monitoring decisions in
cohort 2 (ie, patients with active disease but not meeting the CAS
criteria for systemic immunosuppression). Those patients in
cohort 2 who also had an active scan (ie, 7/8, 87.5%) were not
treated with immunosuppressive therapies, as were those with
CAS, 3, but a more conservative approach of clinical surveillance
in combination with a second interval scan at 3–6months was pur-
sued. Of these, 2 patients remained clinically and radiologically
active at the next review to justify systemic immunosuppression
despite CAS , 3. One of these patients subsequently developed
DON, and the other required further courses of immunosuppres-
sion to control the disease (latter patient shown in Fig 3B).

Only 1/11 (9.9%) patients in cohort 3 had a discordant clinical
and radiologic picture (ie, CAS. 3 but scan inactive). This patient
was treated regardless with IV methylprednisolone on the basis of
clinical judgment (CAS ¼ 4); however, the CAS remained high
during the 18-month follow-up period, raising the possibility of a
type I error in the CAS. All other patients in this group had an

Table 1: Patient characteristics (cohorts 1–3)

No. Cohort 1 No. Cohort 2 No. Cohort 3
Age at initial scan (yrs) 12 43.9 8 47.0 11 53.7
SD 1 range 15.4 (20.2–74.4) 12.9 (33.9–71.9) 20.8 (22.6–79.8)
n% female 12 9 (75.0%) 8 5 (62.5%) 11 8 (72.7%)
n% Afro-Caribbean 11a 1 (9.1%) 8 3 (37.5%) 11 5 (45.5%)
n% current smokers 12 4 (33.3%) 8 3 (37.5%) 11 3 (27.3%)
n% positive family history 12 4 (33.3%) 8 3 (37.5%) 11 1 (9.1%)
n% positive autoantibodyb 9c 5 (55.5%) 8 4 (50.0%) 10d 10 (100.0%)
n% antithyroid medicatione 12 6 (50.0%) 8 6 (75.0%) 11 11 (100.0%)
n% euthyroidf 12 6 (50.0%) 8 2 (25.0%) 11 0 (0.0%)
n% DON 12 0 (0.0%) 8 1 (12.5%) 11 4 (36.3%)
n% IV methylprednisolone 12 0 (0.0%) 8 2 (25.0%) 11 11 (100.0%)
n% second-line immunosuppressiong 12 0 (0.0%) 8 0 (0.0%) 11 3 (27.3%)
n% orbital radiotherapy 12 0 (0.0%) 8 0 (0.0%) 11 7 (63.6%)
No. of scans 12 1 8 2.5 11 2.5
SD 1 range 0 (1.0–1.0) 0.9 (2.0–4.0) 0.8 (2.0–4.0)
Initial CAS 12 0.5 8 1.6 11 3.6
SD 1 range 0.5 (0.0–1.0) 0.5 (1.0–2.0) 1.1 (3.0–6.0)
CAS: 1st Follow-up NA NA 8 0.5 11 2.1
SD 1 range 0.8 (0–2) 1.9 (0–6)
Baseline ADC all EOMs 96 678 54 811 65 691
SD 1 range 171 (340–1141) 256 (311–1426) 208 (240–1088)
ADC all EOMs:1st Follow-up NA NA 52 770 63 873
SD 1 range 236 (340–1321) 319 (169–1585)
Time between 1st & 2nd scan (Months) NA NA 8 10.5 11 9.5
SD 1 range 3.1 (5.5–16.2) 7.8 (2.0–29.0)
Final CAS 12 NA 8 0.4 11 1.6
SD 1 range 0.1 (0.0–1.0) 2.0 (0.0–6.0)
Total follow-up period (Months) 12 NA 8 39.3 11 48

27.7 (16.3–97.4) 49.3 (8.3–163.0)

Note:—NA indicates not applicable.
a Data unrecorded (n¼ 1).
b Either thyroid peroxidase or thyroid-stimulating hormone receptor antibody.
c Data missing (n ¼ 3).
d Data missing (n ¼ 1).
e Either carbimazole, propylthiouracil, or both.
f Normal thyroid function and no history of thyroid abnormalities.
gMycophenolate or hydroxychloroquine. Cohort 1¼mild/possibly active (CAS 0 or 1), cohort 2¼mild-to-moderate and active (CAS 1–3), cohort 3¼moderate-to-severe
and active (CAS$ 3).
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active scan and received systemic treatment, radiation therapy, and
surgical intervention as described earlier. All of these patients had
a protracted clinical course, and 3/10 (30%) relapsed at some point
during the follow-up period. A representative non-EPI-DWI from
a patient within this cohort (who was treated for DON) is shown
in Fig 3C.

ROC
ADC performed reasonably well in differentiating cohort 1 from
cohort 3, with an estimated ADC cutoff of ,833 to give an 83%
sensitivity and 61% specificity in diagnosing mild/possibly active
disease (Fig 4). An optimum ADC cutoff to diagnose DON was
estimated at .1154 to give 100% sensitivity and 96% specificity;
however, the analysis was severely limited by the low number of
DON cases included in the analysis (n¼ 5).

DISCUSSION
Our results build on our previous work to demonstrate that a sig-
nificant positive correlation exists among the CAS, the commonly
used the TED activity score, and ADC derived from non-EPI-
DWI of EOMs in cases of suspected active TED.21,22 Previous
studies have also demonstrated this finding using echo-planar-
DWI, but to our knowledge, this is the first demonstrating a posi-
tive relationship, using non-EPI-DWI.16,17

Non-EPI-DWI has potential advantages over echo-planar
DWI, which include greater resolution, thinner-section images,

and refocusing pulses for every measured EPI-DWI sequence
that reduces air-bone interface artifacts and distortion.19,23-25

Given DWI scanning parameters (including the number of b-val-
ues used) are standardized, there is no requirement for normal-
ization of ADC values with those of the adjacent temporalis
muscles, unlike other MR imaging modalities, and DWI obviates
contrast administration.

Using non-EPI-DWI in our clinic, we identified 3 broad groups
of patients with distinct characteristics, clinical courses, CAS
scores, and imaging features. Although the moderate-to-severe and
active group is a well-recognized TED group often defined as
CAS$ 3 and usually requiring systemic immunosuppressive
therapies, our findings have highlighted, for the first time, 2 further
subgroups with CAS, 3 in which clinical decision-making can be
more challenging. While we made decisions primarily on the basis
of clinical judgment and in line with European guidance,6 we
found, from our own experience, that agreement or disagreement
with non-EPI-DWI allowed us to make more confident decisions
regarding discharge, monitoring, and treating with immunosup-
pressive therapy with CAS, 3. However, a larger follow-up study
is needed to determine what impact the addition of non-EPI-DWI
to a management algorithm has on long-term patient outcomes.

We believe that non-EPI-DWI was a useful adjunct for our
patients, in part because the CAS can sometimes over- or underes-
timate true disease activity, even in very experienced hands and

FIG 2. Patient flow chart for clinical decisions influenced by the reported activity of non-EPI-DWI scans in conjunction with CAS and clinical assess-
ment. Whole numbers denote the number of patients. The dashed line represents the opportunity for a non-EPI-DWI-informed clinical decision.
MDT indicates multidisciplinary team.
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when controlling for interrater variability in clinical judgment as
we did in this study. For example, one of our patients who pre-
sented with CAS , 3 was not treated immediately with systemic

immunosuppression but eventually re-
quired treatment after active progres-
sion was noted on non-EPI-DWI. This
patient subsequently developed and
was successfully treated for DON. In
this case, the CAS, being largely re-
stricted to signs in the anterior or-
bit, may have underestimated disease
pathogenesis posteriorly, whereas non-
EPI-DWI may be advantageous in this
setting.26 Conversely, we managed a
patient with an inactive scan who
continued to have a CAS$ 3 desp-
ite long-term follow-up and systemic
immunosuppression, and we suspect this
condition was due to unreliable reporting
and interpretation of orbital pain.

The other potential limitations of
CAS (and other scores based on signs
and symptoms) include the absence
of a scoring system for highly rele-
vant signs such as diplopia at the
initial visit, the inclusion of measure-
ments of ocular motility restriction at
follow-up that can be unreliable, and
the potential under-reporting of ery-
thema-based signs in darker-skinned
individuals.27 The latter point is espe-
cially relevant in our patient popula-
tion in which up to 70% of our
patients were not white. Non-EPI-
DWI may also have limitations as a
disease activity biomarker. It is lim-

ited to assessment of ADC to the EOMs only, rather than other
tissues implicated in disease pathogenesis such as adipose tissue,
and the exact relationship between ADC and disease pathogene-
sis requires further understanding.

Finally, we found other potential advantages of non-EPI-DWI
in our patients that require further validation. By means of ROC
analysis, non-EPI-DWI ADC may have the potential to differenti-
ate mild/possible TED unlikely to require immunosuppressive
treatment from more severe disease, but this possibility requires
validation from larger studies using this imaging technique.
Second, non-EPI-DWI has the potential to gather information on
more anatomic variables than CAS alone (up to 8 EOMs), increas-
ing the utility of this technique as a research tool to test hypotheses
and explore spatial and temporal patterns of disease. Although not
evaluated in this study, it would be of future interest to compare
non-EPI-DWI in TED with other causes of EOM enlargement
such as lymphoma, metastases, benign tumors. and other inflam-
matory lesions.

However, despite the potential merits of this technique, it
is important to consider the limitations of adjunctive imaging
in TED, which include an additional patient visit to the hospi-
tal, additional specialist resources, and, as with any investiga-
tional test, the potential for false-positive and false-negative
findings.

FIG 4. ROCs for ADC values obtained in subjects with no/possible
disease (cohort 1) and moderate-severe disease (cohort 3) (area under
the curve ¼ 0.737; 95% CI, 0.68–0.80; P, .001). Diagonal line repre-
sents a line of no discrimination between disease states. Arrowed
number represents the ADC value.

FIG 3. Representative examples of non-EPI-DWI of orbital EOMs in patients from each of
cohorts 1, 2, and 3 alongside STIR MR imaging. A, Coronal orbital/EOMMR imaging STIR image (A1)
and a non-EPI-DWI ADC image (A2) show mild enlargement of the extraocular muscles with mild
increased signal and ADC values (right inferior rectus muscle ¼ 590; left inferior rectus muscle ¼
540), labeled an inactive scan (cohort 1). STIR image (B1) and ADC image (B2) show moderate-to-
marked enlargement of the extraocular muscles and increased signal and ADC values, notably at
the right inferior and left medial recti muscles (arrows) (cohort 2). STIR image (C1) and ADC image
(C2) show moderate-to-marked enlargement of the extraocular muscles and markedly increased
signal and ADC values notably at the inferior recti muscles (arrows) (cohort 3).
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CONCLUSIONS
These results show a positive relationship with CAS and non-EPI-
DWI in TED across the spectrum of active disease. To our knowl-
edge, this is the first study demonstrating this relationship using
non-EPI-DWI, our preferred technique for imaging soft tissue
near the skull base. We also found that our patients fell into 3 ac-
tivity subgroups, and non-EPI-DWI was particularly useful in aid-
ing clinical decisions with CAS, 3. Our findings also suggest that
non-EPI-DWI may have promise as a diagnostic tool, a biomarker
of disease activity, and a research tool for hypothesis testing to fur-
ther our understanding of this challenging and costly disease.
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ORIGINAL RESEARCH
HEAD & NECK

Pretreatment DWI with Histogram Analysis of the ADC in
Predicting the Outcome of Advanced Oropharyngeal Cancer

with Known Human Papillomavirus Status Treated with
Chemoradiation

M. Ravanelli, A. Grammatica, M. Maddalo, M. Ramanzin, G.M. Agazzi, E. Tononcelli, S. Battocchio, P. Bossi,
M. Vezzoli, R. Maroldi, and D. Farina

ABSTRACT

BACKGROUND AND PURPOSE: The incidence of oropharyngeal squamous cell carcinoma (OPSCC) has increased in the period from
the 1970s to 2004, due to increase of infection with human papilloma virus (HPV). This study aimed to examine the role of histo-
gram analysis of the ADC in treatment response and survival prediction of patients with oropharyngeal squamous cell carcinoma
and known human papillomavirus status.

MATERIALS AND METHODS: This was a retrospective single-center study. Following inclusion and exclusion criteria, data for 59
patients affected by T2–T4 (according to the 8th edition of the AJCC Cancer Staging Manual) oropharyngeal squamous cell carci-
noma were retrieved. Twenty-eight had human papillomavirus–positive oropharyngeal squamous cell carcinoma, while 31 had human
papillomavirus–negative oropharyngeal squamous cell carcinoma. All patients underwent a pretreatment MR imaging. Histogram analy-
sis of ADC maps obtained by DWI (b ¼ 0–1000mm/s2) was performed on the central section of all of tumors. The minimum follow-
up period was 2 years. Histogram ADC parameters were associated with progression-free survival and overall survival. Univariable and
multivariable Cox models were applied to the data; P values were corrected using the Benjamini-Hochberg method.

RESULTS: At univariable analysis, both human papillomavirus status and mean ADC were associated with progression-free survival
(hazard ratio¼ 0.267, P , .05, and hazard ratio ¼ 1.0028, P # .05, respectively), while only human papillomavirus status was associ-
ated with overall survival (hazard ratio ¼ 0.213, P # .05) before correction. At multivariable analysis, no parameter was included (in
fact, human papillomavirus status lost significance after correction). If we separated the patients into 2 subgroups according to
human papillomavirus status, ADC entropy was associated with overall survival in the human papillomavirus–negative group (hazard
ratio ¼ 4.846, P¼ .01).

CONCLUSIONS: ADC and human papillomavirus status are related to progression-free survival in patients treated with chemoradia-
tion for advanced oropharyngeal squamous cell carcinoma; however, this association seems to result from the strong association
between ADC and human papillomavirus status.

ABBREVIATIONS: HPV ¼ human papillomavirus; OPSCC ¼ oropharyngeal squamous cell carcinoma; OS ¼ overall survival; PFS ¼ progression-free survival;
TNM ¼ Tumor, Node, Metastasis

In the United States, the incidence of oropharyngeal squamous
cell carcinoma (OPSCC) has increased from the 1970s to 2004,1

despite successful effort to control alcohol and tobacco abuse.
The increase is due to the increasing incidence of OPSCC related
to infection with Human Papillomavirus (HPV), in particular,

among younger men who did not smoke or consume alcohol
excessively.

Along with the increasing incidence of OPSCC, survival rates

have improved. In fact, HPV-related OPSCC is a separate entity

compared with HPV-negative OPSCC, with different biologic

behavior and better outcome. Thus, HPV-positive and HPV-neg-

ative OPSCC have 2 distinct Tumor, Node, Metastasis (TNM)

systems in the 8th edition of the AJCC Cancer Staging Manual,2-4

and dose de-intensification protocols for HPV-positive OPSCC

are being investigated in clinical trials.5

HPV status has, thus, become one of the most important fac-

tors in predicting survival in patients with OPSCC. However, sev-

eral methods are being investigated to better stratify the risk of
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treatment failure.6,7 The predictive nomograms obtained from

these studies, including clinical, social, and educational variables,

have proved valid in the geographic context in which they were

developed but are not replicable in populations with different ge-

ographic provenances.8 Thus, more objective biomarkers or sur-

rogates are required to predict response to treatment and survival

and to build more reproducible models.
Radiomics is a “big data” approach based on the extraction

of several quantitative features from diagnostic images (mainly
CT images), which are then used to build predictive and prog-
nostic models. Leijenaar et al9 developed and externally vali-
dated a CT radiomics signature for predicting survival in
patients with OPSCC without taking into account other clinico-
pathologic data, HPV included. The M.D. Anderson Cancer
Center Head and Neck Quantitative Imaging Working Group
developed a CT-based radiomics signature, which, together
with HPV status, age, sex, and smoking status, predicted sur-
vival (unfortunately, HPV status was not known in more than
half of the patients).10

Radiomics is currently a complex and computationally expen-
sive approach, and further studies are needed to translate these
into clinical scenarios. Furthermore, all of these studies are based
on CT images, while in some centers, MR imaging is used to
more accurately stage OPSCC. At the present time, no radiomics
studies based on MR imaging have been performed in this
setting.

DWI is an MR imaging sequence that explores tissue micro-
architecture, relying on water motion within it, which is quantita-
tively described by the ADC. This sequence is currently part of
most of the standard protocols in head and neck cancer studies.

As will be discussed later in more detail, ADC has been used
as a potential predictor of outcome in head and neck cancer.11

However, in these studies, relevant tumor characteristics have
usually been omitted, hampering the clinical utility of their
results. ADC maps can be easily segmented and expressed as a
mean value or, in more detail, described by first-order statistics
(histogram analysis).

This study aimed to ascertain the role of ADC histogram anal-
ysis in the treatment response and survival prediction of patients
with OPSCC with known HPV status.

The hypothesis that gives origin to this study is that the role of
ADC in patient stratification is overestimated when HPV status
is not known; the latter (whose predictive role is well-established)
is strongly associated with the former.

MATERIALS AND METHODS
Patients
This was a single-center retrospective study including patients
with histologically proved T2–T4 OPSCC who underwent che-
moradiation with curative intent after an individual assessment
performed by our internal multidisciplinary team. Patients were
enrolled between March 2010 and April 2017 to guarantee a min-
imum 2-year follow-up period. Inclusion criteria were the follow-
ing: patients with pretreatment head and neck MR imaging with
sufficient image quality and in whom echo-planar DWI sequen-
ces were acquired; tumors with known HPV status; and smoking

status. We excluded patients with low-quality MR images because
of motion artifacts (nondiagnostic, as assessed by an expert head
and neck radiologist); tumors too small to be segmented
(,2 cm); and patients with,2 years of follow-up in whom recur-
rence or death had not occurred. Staging was calculated for each
patient according to the 8th edition of AJCC Cancer Staging
Manual,Head and Neck Section.

HPV Determination
HPV status was determined with the digene Hybrid Capture 2
High-Risk HPV DNA test (Qiagen). This is an in vitro nonra-
dioactive nucleic acid hybridization assay with signal amplifica-
tion using a chemiluminescent microtiter plate. This test is able
to detect 18 HPV types, including high-risk (16, 18, 31, 33, 35, 39,
45, 51, 52, 56, 58, 59, 68) and low-risk types (6, 11, 42, 43, 44).
The Hybrid Capture 2 test (Qiagen) shows a sensitivity and speci-
ficity equivalent to that of the polymerase chain reaction. DNA
analysis was performed independent from p16/INK4a status,
which was also assessed.

Chemoradiation Therapy
Patients were treated with definitive radiochemotherapy, delivered
with a linear accelerator using an intensity-modulated technique
(intensity-modulated radiotherapy, volumetric modulated arc ther-
apy, or TomoTherapy [SSMHealth]). In the case of conventional
fractionation with sequential boost, a dose of 70Gy was prescribed
to the tumor and the lymph nodes involved, while a dose of 50Gy
was prescribed to the remaining uninvolved neck levels. In case of
treatment planned with a simultaneous integrated boost, slight var-
iations in the number of fractions, total dose, and dose per fraction
were administered, with doses equivalent to normo-fractionation.
Chemotherapy with concurrent cisplatin was administered weekly
at a dose of 40mg/m2.

MR Imaging Protocol
MR imaging studies were performed on a 1.5T scanner
(Magnetom Aera; Siemens) with a dedicated head and neck 20-
channel phased array coil. The acquisition protocol included
the following: T2-weighted TSE sequences on axial and coronal
planes (for palatine tonsil cancer) or the sagittal plane (for base
of the tongue and posterior wall cancers); a T1-weighted TSE
sequence on the axial plane; a 3D fat-saturated gradient
recalled-echo sequence (volumetric interpolated brain examina-
tion) with isotropic spatial resolution of 0.7mm after gadolin-
ium-based contrast agent injection; and DWI with the following
parameters: TR ¼ 3900ms, TE 5 ¼ 9ms, section thickness ¼
3mm, matrix ¼ 132 � 132, b-values ¼ 0 and 1000mm/s2. The
ADC was generated automatically. Treatment response was
assessed with a second MR imaging study performed 12weeks
after treatment (Fig 1).

Image Analysis
T2-weighted TSE sequences and DWI sequences with ADC
maps were transferred to an off-line PC and analyzed using
open-source software (ImageJ; National Institutes of Health).
The segmentation was performed by a head and neck radiolog-
ist with .10 years’ experience. An ROI encompassing the
whole primary tumor on its largest cross-sectional area was
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drawn on ADC maps; the segmentation was aided using side-
by-side visualization of T2-weighted and b ¼ 1000 images. We
calculated the following histogram parameters on ADC maps:
mean, SD, kurtosis, skewness, and entropy. “Kurtosis” indi-
cates the histogram peakedness (the lower the kurtosis, the
more flattened the histogram); “skewness” is related to histo-
gram symmetry (positive skewness indicates a right-tailed his-
togram); and “entropy” is a metric positively associated with
image heterogeneity.

Statistical Analysis
Descriptive statistics were used to summarize patient and tumor
characteristics. Cox proportional hazards regression was used for
survival analysis. Univariate analysis was used first, and parame-
ters with significant P values in univariable analysis were used as
independent variables in the multivariate analysis. Kaplan-Meier
curves were used to graphically display survival in different sub-
groups. The primary end point was progression-free survival
(PFS; recurrence or death was considered to be a dependent
event); the secondary end point was overall survival (OS; death
from any cause was considered to be a dependent event). Finally,

logistic regression between the histo-
gram parameter of ADC and HPV sta-
tus was conducted to assess whether
any association was present between
ADC parameters and HPV. All P
values were corrected to minimize
the false discovery rate (Benjamini-
Hochberg correction).

Statistical significance was fixed
at P, .05. Statistical analysis was
performed using MedCalc 16.4.3
(MedCalc Software).

RESULTS
Patient and Tumor
Characteristics
In total, 68 patients with T2–T4
OPSCC were included according to
the inclusion criteria. Of those, 4
patients were excluded because the
primary tumor was too small to be
segmented; a further 5 patients were
excluded because of low image quality
due to motion artifacts, as established
by an expert head and neck radiolog-
ist. Analysis was thus performed on 59
patients (43 men, 16 women). Baseline
patient and tumor characteristics are
shown in Table 1. Notably, 28 patients
had HPV-positive tumors, while 31
had an HPV-negative lesion. Eight of
the 28 HPV-positive patients were
smokers, while the incidence rose to
26/31 patients with HPV-negative
tumors (P. .0001).

Image Characteristics and Survival Analysis
Seventeen patients died during the follow-up, while 10 were alive
with progression at 2-year follow-up.

As shown in an earlier study, the mean ADC was significantly
lower in HPV-positive patients compared with HPV-negative
ones (P value , .001).12 HPV status and ADC were the only pa-
rameters significantly correlated with PFS in univariate analysis,
and only HPV status remained significantly associated with PFS
in the multivariate analysis, even if it lost significance after cor-
rection for the false discovery rate. Only HPV status was associ-
ated with OS (Table 2); it also lost significance after correction.
Kaplan-Meier curves were plotted for PFS (Fig 2) and OS (Fig 3)
using HPV status as a dichotomic variable and for PFS with a
mean ADC split by its median value (Fig 4).

At multivariate analysis, only HPV status maintained a statis-
tically significant association with PFS, even if it lost its signifi-
cance after the Benjamini-Hochberg correction (Table 2).
Conversely, the mean ADC was not significantly associated with
survival, meaning that the association between ADC and HPV
status masked the significance of HPV as a unique independent
factor related to survival.

FIG 1. Axial T2, b¼ 1000, and ADC map of an OPSCC of the right palatine tonsil.

Table 1: Baseline patient and tumor characteristics

Total (n= 59) HPV+ (n= 28) HPV– (n= 31)
P

Value
Age (yr) 66.3 66.2 67.4 .9
Sex
Male 43 19 24 .41
Female 16 9 7

Smoker 34/59 8/28 26/31 ,.0001
Site 38, Palatine tonsil 20, Palatine tonsil 18, Palatine tonsil .61

17, Tongue base 7, Tongue base 10, Tongue base
3, Soft palate 1, Soft palate 2, Soft palate
1, Posterior wall 1, Posterior wall

TNM
classification
T T2¼ 25 T2¼ 16 T2¼ 9 .08

T3¼ 2 T3¼ 1 T3¼ 1
T4¼ 32 T4¼ 11 T4¼ 21 (16, T4a; 5, T4b)

N N0¼ 14 N0¼ 7 N0¼ 7 .002
N1¼ 15 N1¼ 13 N1¼ 2
N2¼ 18 N2¼ 6 N2 ¼ 12 (8, N2b; 4, N2c)
N3¼ 12 N3¼ 2 N3 ¼ 10 (N3b ¼ 10)

M M0¼ 57 M0¼ 27 M0¼ 30 .14
M1¼ 2 M1¼ 1 M1¼ 1

Note:—HPV1 indicates human papillomavirus–positive; HPV–, human papillomavirus–negative.
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When we divided the cohort into
2 subgroups according to HPV sta-
tus, none of the ADC variables were
associated with survival, apart from
ADC entropy, which was associated
with OS in HPV-negative patients (P
value ¼ .015) (Table 3).

DISCUSSION
It is now broadly accepted that diffu-
sion-weighted imaging can predict
outcome in head and neck tumors
treated with chemoradiation. In partic-
ular, high ADC values are correlated
with poor outcome. The explanation
for this association is that high ADC is
correlated with lower cell density
(reflecting lower cell proliferation), a
higher stromal component, and intra-
tumor micronecrosis.13,14 Studies that
correlate ADC with treatment response
usually consider heterogeneous cohorts
of patients affected by head and neck
cancer, even though a significant por-
tion is represented by patients with
OPSCC. A summary of these studies,
the prevalence of OPSCC in those stud-
ies, and the influence of ADC on out-
come are reported in Table 4.15-28

All of these studies, apart from
one,28 have an important limitation,
that of not considering HPV as a cova-
riate in survival analysis. As already
mentioned, the role of HPV status in
prognostication of treatment response
and survival outcome in patients with
OPSCC has unquestionably been
established.

Some studies found a correlation
between ADC and HPV status in
patients with OPSCC.12,28-31 De Perrot
et al32 correlated ADC histogram pa-
rameters with HPV status and other
histologic features in 105 patients. In
a well-balanced cohort of patients,
Ravanelli et al12 demonstrated that
lower ADC is associated with positive
HPV status. This result is explained by
the higher cellularity of these tumors
related to a high infiltration of leuko-
cytes, which are characterized by a very
low nucleus-to-cytoplasm ratio, thus
resulting in inter- and intracellular
water motility.

This study represents the continua-
tion of the above-mentioned study.
After a follow-up of at least 2 years, as

FIG 2. Kaplan-Meier curve showing better progression-free survival in the HPV–positive group (P
value, log-rank test, .0001).

FIG 3. Kaplan-Meier curve showing better overall survival in the HPV–positive group (P value,
log–rank test, .0001).

Table 2: Univariable analysis for PFS and OS

HR 95% CI P Value Corrected P Value
PFS, univariate analysis
HPV 0.27 0.11–0.67 .01 .03
Mean ADC (961.37 6 184) 1.00 1.00–1.00 .01 .03
SD ADC (186.64 6 54.32) 1.00 0.9966–1.0115 .29 .44
Kurtosis ADC (2.08 6 2.17) 1.08 0.87–1.34 .50 .50
Skewness ADC (0.86 6 0.76) 0.81 0.45–1.45 .48 .50
Entropy ADC (184 6 0.5) 1.90 0.78–4.67 .16 .32
OS, univariate analysis
HPV 0.21 0.06–0.76 .02 .10
Mean ADC 1.00 0.999–1.004 .2 .34
SD ADC 0.1 0.985–1.005 .34 .34
Kurtosis ADC 1.15 0.89–1.15 .3 .34
Skewness ADC 0.69 0.35–1.35 .28 .34
Entropy ADC 2.75 0.9–8.43 .08 .23

Note:—HR indicates hazard ratio.
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expected, a positive correlation was
found between outcome and HPV sta-
tus. Moreover, in line with the cited
literature, a negative correlation of
ADC with disease-free survival was
found in the univariate analysis. Other
histogram parameters calculated on
ADC maps did not correlate with sur-
vival in the global group of patients;
however, when a multivariate analysis
was performed considering mean
ADC and HPV status as covariates,
only the latter variable maintained its
association with survival (however, it
was lost after correction to minimize
the false discovery rate). The explana-
tion for this result seems to be quite
straightforward: The variable with
true correlation with outcome is HPV
status, while the influence of ADC is
likely due to its correlation with HPV
status.

When we separated HPV-positive
and HPV-negative patients into dis-
tinct subgroups, the mean ADC did
not correlate with survival. In the uni-
variate analysis, only ADC entropy
correlated (P¼ .01) with survival in
the HPV-negative group. Even if, at
the moment, the small sample size
might cast some doubt on the credibil-
ity of this result, it could be hypothe-
sis-generating research for a larger
sample size of HPV-negative tumors.

Table 3: Survival analysis for PFS and OS, dividing the group on the basis of HPV status
ADC HPV-Positive P Value HPV-Negative P Value

DFS
Mean (961.37 6 184) .27 .40
SD (186.64 6 54.32) .79 .79
Kurtosis (2.08 6 2.17) .17 .98
Skewness (0.86 6 0.76) .53 .79
Entropy (184 6 0.5) .63 .24
OS
Mean .14 .37
SD .24 .13
Kurtosis .57 .14
Skewness .06 .65
Entropy .19 .01a

Note:—DFS indicates disease-free survival.
a OR¼ 4.8461; 95% CI, 1.3507–17.3868.

FIG 4. Kaplan-Meier curve showing better progression-free survival in the group with ADC lower
than the median value (P value, log–rank test, .0001).

Table 4: Studies investigating the relationship between pretreatment ADC and outcome after chemoradiation therapy in head and
neck cancer

Reference
Year of

Publication
No. of
Patients

No. of Patients with
OPSCC

HPV Status
Available

High ADC Associated
with

Kim et al15 2009 33 22 N Poor outcome
Hatakenaka et al16 2011 57 22 N Poor outcome
Ohnishi et al17 2011 64 30 N Poor outcome
Srinivasan et al18 2012 20 11 N Poor outcome
Nakajo et al19 2012 26 8 N Better outcome
King et al20 2013 37 14 N Poor outcome
Chawla et al21 2013 32 9 N Poor outcome
Lambrecht et al22 2014 161 85 N Poor outcome
Ng et al23 2016 69 37 N Poor outcome
Noij et al24 2015 78 40 N Poor outcome
Preda et al25 2016 57 11 Na Poor outcome
Marzi et al26 2017 34 14 N/Yb Poor outcome
Lombardi et al27 2017 47 19 N Poor outcome
Martens et al28 2019 134 96 Y Poor outcomec

Note:—N indicates no; Y, yes.
aMinimum ADC value within the ROI.
b Only for the small cohort of patients with OPSCC.
cMaximum ADC value within the ROI.
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Recently, Martens et al28 published a well-organized article
using ADC histogram analysis to predict HPV status and patient
outcome. In agreement with our results, they found a signifi-
cantly lower ADC value in HPV-positive lesions (P value ,

.001). On the other hand, they found that the maximum value of
ADC within lesions was negatively correlated with outcome, in-
dependent of HPV status and TNM (P¼ .024). They hypothe-
sized that areas of high ADC could reflect intratumoral necrosis,
which is associated with a poorer prognosis. Unlike their study,
we have not calculated the maximum ADC; furthermore, they
did not find any correlation between outcome and mean ADC,
which was a strong predictor of disease-free survival in our study.

Even though they cannot be easily compared with other stud-
ies, our results may provide new insights and permit a critical
evaluation of previous results. Furthermore, our results demon-
strate that OPSCC should be considered a separate entity in stud-
ies involving diffusion-weighted imaging as a possible biomarker
for outcome prediction, and knowledge of HPV status is manda-
tory to provide reliability.

Our study has some limitations. First, its retrospective design
did not allow some potentially relevant clinical or laboratory vari-
ables to be collected. Second, the sample size, even though com-
parable with that of other literature studies, was low. Third, a
study of power to detect the correct number of patients to be en-
rolled has not been performed. Fourth, ADC was measured on a
single central section, which may not be fully representative of
the whole tumor.

CONCLUSIONS
This study demonstrates that ADC is related to disease-free sur-
vival after chemoradiation in patients affected by advanced
OPSCC. However, this correlation seems to result from the
strong association between ADC and HPV status, the latter repre-
senting a well-known predictor of survival. Because of these find-
ings, the role of DWI in stratification of OPSCC and, more
generally, of head and neck cancer should be revised and likely
underestimated. These findings could permit a critical revision of
the previous literature and the design of future studies aimed at
testing diffusion-weighted imaging as a biomarker of survival in
these patients.
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ORIGINAL RESEARCH
HEAD & NECK

Multishell Diffusion MRI–Based Tractography of the Facial
Nerve in Vestibular Schwannoma

M. Castellaro, M. Moretto, V. Baro, S. Brigadoi, E. Zanoletti, M. Anglani, L. Denaro, R. Dell’Acqua, A. Landi,
F. Causin, D. d’Avella, and A. Bertoldo

ABSTRACT

BACKGROUND AND PURPOSE: Tractography of the facial nerve based on single-shell diffusion MR imaging is thought to be helpful
before surgery for resection of vestibular schwannoma. However, this paradigm can be vitiated by the isotropic diffusion of the
CSF, the convoluted path of the facial nerve, and its crossing with other bundles. Here we propose a multishell diffusion MR imag-
ing acquisition scheme combined with probabilistic tractography that has the potential to provide a presurgical facial nerve recon-
struction uncontaminated by such effects.

MATERIALS AND METHODS: Five patients scheduled for vestibular schwannoma resection underwent multishell diffusion MR imaging (b-
values ¼ 0, 300, 1000, 2000 s/mm2). Facial nerve tractography was performed with a probabilistic algorithm and anatomic seeds located in
the brain stem, cerebellopontine cistern, and internal auditory canal. A single-shell diffusion MR imaging (b-value ¼ 0, 1000 s/mm2) subset
was extrapolated from the multishell diffusion MR imaging data. The quality of the facial nerve reconstruction based on both multishell
diffusion MR imaging and single-shell diffusion MR imaging sequences was assessed against intraoperative videos recorded during the
operation.

RESULTS: Single-shell diffusion MR imaging–based tractography was characterized by failures in facial nerve tracking (2/5 cases) and
inaccurate facial nerve reconstructions displaying false-positives and partial volume effects. In contrast, multishell diffusion MR
imaging–based tractography provided accurate facial nerve reconstructions (4/5 cases), even in the presence of ostensibly complex
patterns.

CONCLUSIONS: In comparison with single-shell diffusion MR imaging, the combination of multishell diffusion MR imaging–based
tractography and probabilistic algorithms is a more valuable aid for surgeons before vestibular schwannoma resection, providing
more accurate facial nerve reconstructions, which may ultimately improve the postsurgical patient’s outcome.

ABBREVIATIONS: dMRI ¼ diffusion MRI; FN ¼ facial nerve; iFOD2 ¼ second-order integration over fiber orientation distributions; MS ¼ multishell; PVE ¼
partial volume effect; SD-STREAM ¼ streamlines tractography based on spherical deconvolution; SS ¼ single-shell; VS ¼ vestibular schwannoma

In most cases, surgery for vestibular schwannoma (VS) is per-
formed with the objective of total resection and concomitant

preservation of facial nerve (FN) functioning. FN dysfunction is,
in fact, thought to be a social and medical issue.1 FN functioning
preservation rates are up to 98% in small VSs2 but decrease to
50%–70% for large VSs.3 Reconstruction of the FN shape and

course based on diffusion MR imaging (dMRI) is, undoubtedly,
an aid to surgery for large VSs, being, however, technically trou-
blesome. FN identification using conventional structural images,
even at high resolution, is affected by the presence of CSF, bony
structures, and tumor compression and distortion.4 dMRI and
tractography are, in fact, the main techniques used to depict white
matter tracts. Their use is widespread for preoperative planning
in brain tumor surgery and, recently, also in cranial nerve recon-
struction. Since its introduction in 2006, the use of diffusion ten-
sor imaging in FN course prediction has dramatically increased.5

To date, the consensus that diffusion tensor imaging is a reliable
and valid tool to predict the exact course of the FN is large and
undisputed, despite the drawbacks and margins for improvement
that the most recent literature keeps bringing to the fore. A major
technical limitation of single-shell dMRI (SS-dMRI) combined
with deterministic tractography is that it is prone to hindrance by
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the presence of CSF,6 yielding partial volume effects that could

instead be circumvented using multi-shell dMRI (MS-dMRI). In

addition, b-values on the order of 1000 s/mm2 are suboptimal for

resolving fiber bundles with high angular curvature and untan-

gling crossing fibers.7 Here, we describe an approach based on

MS-dMRI and probabilistic tractography for FN reconstruction

specifically devised to overcome these limitations and assess its

reliability by evaluating the FN reconstruction adherence to the

anatomic intraoperative videos recorded during the operation. A

direct comparison between a standard approach based on SS-

dMRI and deterministic tractography and the present approach

based on the combination of MS-dMRI and probabilistic tractog-

raphy was performed to provide a quantitative estimate of the rel-

ative performance of both approaches in FN reconstruction.

MATERIALS AND METHODS
Patient Population
We examined 5 consecutive patients with VS (mean age, 54.2 years;
range, 45–64 years) scheduled for surgical resection at the
University Hospital of Padova. The female/male ratio was 1.5:1,
and the mean VS volume was 854.4 mm3 (range, 347–1941 mm3).
The main symptoms at presentation were hearing loss and tinni-
tus, and all patients showed a preserved FN function according to
the scale of House and Brackmann.8 VS dimensions were classified
according to Koos et al;9 in 2 cases, the lesion compressed the brain
stem (Table 1). All patients underwent a translabyrinthine
approach assisted by intraoperative neuromonitoring of the cranial
nerves. A gross total resection was attained in each patient. Each
operation was video-recorded as routinely done by our skull base
team.

Image Acquisition
Data acquisition was performed with a 3T Ingenia MR imaging
scanner (Philips Healthcare) equipped with a 32-channel head
coil. Patients were administered the standard presurgical MR
imaging protocol, which included 3D T2-weighted driven

equilibrium radiofrequency reset pulse (TR/TE, 1500/241ms; 8
minutes and 40 seconds, 0.4� 0.4� 0.6mm) and post-contrast-
enhanced T1 high-resolution isotropic volume examination (TR/
TE, 5.8/3ms; 6 minutes and 20 seconds, 0.4� 0.4� 0.5mm).
Patients underwent an MS-dMRI acquisition: dMRI sequences
were single-shot EPI-acquired with 2 phase-encoding polarities:
anterior-posterior and posterior-anterior. The scanning param-
eters of the anterior-posterior dMRI sequence (TR/TE, 5408/
98ms; voxel size, 2� 2�2mm; FOV, 224� 224� 80mm)
included 4 b-values (0, 300, 1000, 2000 s/mm2) and a number of
(12, 3, 64) noncollinear directions for diffusion-weighted vol-
umes and 8 repetitions for b0, while the posterior-anterior
dMRI sequence included 3 b-values (0, 300, 1000 s/mm2) and a
number of (12–32) noncollinear directions and 8 repetitions for
b0. The patient’s tolerance was a factor considered in the devel-
opment of the dMRI protocol, for a total acquisition time of 23
minutes and 25 seconds.

dMRI Preprocessing
Anterior-posterior and posterior-anterior dMRI sequences were
merged. Denoising and estimation of the noise level were per-
formed with the MRtrix3 dwidenoise function (https://mrtrix.
readthedocs.io/en/latest/dwi_preprocessing/denoising.html),10

while motion, distortion, and eddy current correction were per-
formed with FSL topup and eddy tools (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/topup).11,12 Diffusion-weighted MR images were
coregistered to the T2-weighted image using the Advanced
Normalization Tools Software Registration tool (http://stnava.
github.io/ANTs/)13 using an affine transformation.

Fiber-Tracking Analysis on MS Data
Tractography was performed with MRtrix3, using the multishell
multitissue constrained spheric deconvolution method,6 exploiting
the distribution of fiber orientations for each voxel estimated using
the tissue-specific response functions.14 The probabilistic second-
order integration over fiber orientation distributions (iFOD2) algo-
rithm15 was used for streamline generation (MS-iFOD2). The

Table 1: Summary of clinical characteristics and postoperative results of the 5 patientsa

Patient No.
1 2 3 4 5

Sex F F F M M
Age (yr) 52 57 64 45 53
Symptoms Deafness, right tinnitus,

dizziness
Right earache,
hearing loss

Tinnitus, right
hearing loss

Tinnitus, right
hearing loss

Tinnitus, left
hearing loss

Tumor side Right Right Right Right Left
Tumor volume (mm3) 347.4 370.1 1941 1153 460.6
Tumor size (mm) 15.5 � 7 15 � 6.7 22 � 17 16.2 � 14.6 15.5 � 9.8
Extrameatal tumor
dimension (mm)

8.36 � 5 4.3 � 6.7 17 � 12 14.6 � 10.5 9.8 � 6.6

Preoperative HB scaleb I I I I I
Postoperative HB scale I I VI III–IV I
Koos classificationc II II III III II

Note:—HB indicates House and Brackmann.
a Both preoperative and postoperative FN functions are reported according to the scale of House and Brackmann.8
b House and Brackmann scale: I (normal), normal facial function in all areas; III (moderate dysfunction), gross: obvious but not disfiguring difference between 2 sides; no-
ticeable-but-not severe synkinesis, contracture, and/or hemifacial spasm. At rest, normal symmetry and tone. Motion forehead: slight-to-moderate movement. Eye: com-
plete closure with effort. Mouth: slightly weak with maximum effort; IV (moderately severe dysfunction), gross: obvious weakness and/or disfiguring asymmetry. At rest:
normal symmetry and tone. Motion forehead: none. Eye: incomplete closure. Mouth: asymmetric with maximum effort; VI (total paralysis), no movement.
c Classification of Koos et al:9 grade II, small tumor with protrusion into the cerebellopontine angle; no contact with the brain stem; grade III, tumor occupying the cere-
bellopontine cistern with no brain stem displacement.
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parameters of the algorithm were set as follows: number of stream-
lines ¼ 500,000, step size ¼ 1mm, maximum angle between suc-
cessive steps ¼ 45°, fractional anisotropy cutoff for terminating
tracts ¼ 0.1, radius of spheric seeds ¼ 2mm. The minimum and
maximum length of the streamlines varied among patients, depend-
ing on the individual distance between seeds, thus obtaining a con-
sistent reconstruction of the FN. The spheric seed for initiating the
tracking was placed at the origin of the FN in the internal auditory
canal, and 2 additional spherical seeds, placed at the FN passage in
the cerebellopontine cistern and at the end in the brain stem, were
fed to the algorithm as inclusion ROIs. The 3 anatomic seeds were
selected in the T2-weighted image. Two additional exclusion masks
were generated, one by segmenting the VS in the T1 space using
ITK-SNAP software (www.itksnap.org)16 and registering the seg-
mentation mask to the dMRI, and the other one, drawn in the
dMRI space, to exclude streamlines representing false-positives.
This second mask excluded the temporal regions, the medial and
superior part of the pons, the trigeminal nerve, and streamlines that
formed nonphysiologic structures, such as loops. Both masks were
fed to the iFOD2 algorithm as exclusion regions during streamline
generation.

Fiber-Tracking Analysis on SS Data
To compare the proposed MS-dMRI protocol with a more stand-
ard SS-dMRI approach currently used in clinical practice, we
repeated tractography using a single shell from the available data,
considering dMRI volumes acquired with b-values equal to 1000
s/mm2 (32 anterior-posterior directions and 32 posterior-anterior
directions).

Streamline generation was performed using both a proba-
bilistic and a deterministic algorithm because both approaches
were used in previous studies.17,18 The iFOD2 algorithm was
used for probabilistic tracking (SS-iFOD2), using the same
anatomic seeds and parameters of the algorithm as used for
MS-dMRI tracking. Streamlines tractography based on spheri-
cal deconvolution (SD-STREAM)19 was instead used for deter-
ministic streamline generation (SS-SD-STREAM), using the
same anatomic seeds and tracking parameters used for the
proposed MS-iFOD2 approach. We used the same masks as
those used for the MS-iFOD2 for both the SS-iFOD2 and the
SS-SD-STREAM tracking, thus masking the temporal regions,
the medial superior part of the pons, and the trigeminal nerve,
while removing, for each method, nonphysiologic tracts such
as loops.

The SD-STREAM algorithm was also run in a different con-
figuration (SS-SD-STREAM-L), using the number of seeds and
tracking parameters in a previous analogous work using fiber-
tracking techniques for cranial nerve reconstruction in the
presence of VS.17 The SS-SD-STREAM-L approach was per-
formed on SS data by setting the turning angle to 30° and a step
size of 0.66mm.17 The SS-SD-STREAM-L approach was run
both by placing a single anatomic seed in the internal auditory
canal (as in Yoshino et al17) and placing 2 seeds, one in the in-
ternal auditory canal and the other one in the brain stem (as in
Zolal et al18). No mask was used with the SS-SD-STREAM-L
approach.

Validation of the Fiber Tracts
To validate the tractography results, we compared the intraopera-
tive position of the FN relative to VS location with that obtained
using dMRI-based tractography. The intraoperative position of
the FN relative to the VS location was inferred by the medical
team from the intraoperative videos of the operation. The
method described by Sampath et al20 (ie, partitioning the FN
location into anterior, posterior, or polar) was used to classify the
FN position relative to VS location, both on the brain stem sur-
face and in the cerebellopontine cistern. This classification was
applied to both the intraoperative findings and the tractography
reconstructions, in view of a quantitative comparison between
the 2 modalities.

Compliance with Ethical Standards
All procedures were in accordance with the ethical standards
of the institutional research committee and with the 1964
Declaration of Helsinki plus later amendments. Informed con-
sent was obtained from each individual patient included in the
present study.

RESULTS
The classification of Sampath et al20 of intraoperative positions of
the FN for each patient is reported in Table 2. Three patients
(henceforth referred to as patients 1, 2, and 5) featured a standard
dislocation of the FN caused by VS, so that the 3 individual ana-
tomic seeds were easy to recognize. Patients 3 and 4 were
described by the neurosurgeons as extreme cases, based on a very
complex pattern of the FN course found intraoperatively. More
specifically, the FN of patient 3 was located on the posterior part
of the VS, a location associated with 1.3% occurrence.5 In addi-
tion, the FN of patient 3 was divided into several thin fibers
splayed on the VS capsule devoid of a plane of dissection. During
VS resection, the FN was the first structure that the surgeon
encountered, identified by electrophysiologic stimulation of the
posterior part of the VS. Because of its atypical distortion, the VS
could not be removed without scarifying the FN, which was
reconstructed using a biologic graft bringing about a postsurgical
FN paralysis and consequent indication for rehabilitation. In
patient 4, the FN originated in a direction perpendicular to the
vestibular nerve, rather than parallel, and was frayed into many
fibers. Tractography results obtained using each protocol and
tracking method are summarized in Table 3 and succinctly
described in the forthcoming paragraphs. For each patient, the

Table 2: Intraoperative location of FN relative to the VS,
assessed at the origin of the nerve and in the cisternal passage
tract according to the classification of Sampath et al20

Patient
Intraoperative Findings

FN Origin FN Passage
1 AI AM
2 AI AM
3 AM P
4 AM AS
5 AM AS

Note:—AI indicates anterior-inferior; AM, anterior-medial; AS, anterior-superior; P,
posterior.
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reconstruction adherence of the tracking to the intraoperative
video of the operation is reported.

Patient 1
MS-iFOD2 tracking confirmed the intraoperative course of the
FN (Fig 1B), while SS-iFOD2 tracking failed to reconstruct the
FN, providing, in place of the FN, a reconstruction of the cochlear
nerve (Fig 1C). The SS-SD-STREAM approach resulted in a lack
of tracked streamlines. When only 1 seed was used, the SS-SD-
STREAM-L approach faithfully reconstructed the FN, showing,

however, several false-positive stream-
lines (Fig 1D). The inclusion of the
second seed provided a more accurate
reconstruction of the FN accompanied
by a reduction of false-positive tracts.

Patient 2
Both MS-iFOD2 (Fig 1B) and SS-
iFOD2 (Fig 1C) tracking confirmed
the intraoperative course of the
FN. Compared with MS-iFOD2, SS-
iFOD2 provided an FN reconstruction
contaminated by partial volume effect
(PVE), incorrectly suggesting an
altered and enlarged size of the FN.
The SS-SD-STREAM tracking faith-
fully reconstructed the FN. SS-SD-
STREAM-L, used in combination with
a single seed, faithfully reconstructed
the FN course but affected by PVE
and false-positives (Fig 1D). However,
when 2 seeds were used, both the PVE
and the false-positives tracts were
reduced to nil.

Patient 3
The iFOD2 algorithm provided a par-
tially accurate reconstruction; with
MS-dMRI-based tractography, this
was confined to the FN only (Fig 2B),
whereas with the SS-dMRI-based one,
it comprised also portions of other
nerves (Fig 2C). The SS-SD-STREAM
resulted in a lack of tracked stream-

lines, whereas the SS-SD-STREAM-L using 1 seed yielded multi-
ple intersecting bundles of false-positive tracts, also containing a
portion of the FN (Fig 2D). Adding a second seed provided an
inaccurate FN reconstruction, consisting of only false-positives.

Patient 4
Tracking performance bore a high degree of resemblance to that
of patient 2 for the iFOD2 algorithm (Fig 1B, -C). The SS-SD-
STREAM approach resulted in a lack of tracked streamlines. SS-
SD-STREAM-L failed to reconstruct the FN course, with an

Table 3: Results of the fiber-tracking reconstructions obtained with the 4 adopted approaches for each patient

Patient MS-iFOD2 SS-iFOD2 SS-SD-STREAM
SS-SD-STREAM-L

1 Anatomic Seed 2 Anatomic Seeds
1 Accurate Different nerve

reconstruction
Algorithm failure Accurate, presence of FP Accurate

2 Accurate Accurate, presence
of PVE

Accurate Accurate, presence of FP and PVE Accurate, presence
of FP

3 Partially accurate Partially accurate,
presence of FP

Algorithm failure Partially accurate, presence of FP
and PVE

Inconsistent
reconstruction

4 Accurate Accurate, presence
of PVE

Algorithm failure Inconsistent reconstruction Algorithm failure

5 Accurate Algorithm failure Algorithm failure Inconsistent reconstruction Algorithm failure

Note:—FP indicates false-positives.

FIG 1. Each column shows a specific patient, from top to bottom. A, The intraoperative view of
the VS (yellow area) with the position of the VS highlighted (orange arrows) and the position
(green arrows) of the FN (green area). B, C, and D, MS-iFOD2, the SS-iFOD2, and the SS-SD-
STREAM-L with 1 anatomic seed tractography reconstruction of the FN with a 3D reconstruction
of the VS (orange) displayed in the same orientation as in the intraoperative view, respectively. A,
For patient 4, two images of the VS, before and after its debulking, highlight the residual tumor
capsule (orange arrows) and the FN (green arrow).
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inaccurate nerve reconstruction when using 1 seed (Fig 1D) and
a lack of tracked streamlines when using 2 seeds.

Patient 5
The course of the FN was reliably reconstructed with the MS-
iFOD2 tracking (Fig 1D), whereas the other 2 approaches failed
to track the FN. SS-iFOD2, in particular, failed to track stream-
lines (Fig 1C), and the SS-SD-STREAM approach resulted in a
lack of tracked streamlines. The SS-SD-STREAM-L approach
using a single seed resulted in an inaccurate nerve reconstruction
displaying false-positives (Fig 1D). The addition of a second seed
discarded the false-positive-tracked nerve, resulting in a lack of
tracked streamlines.

DISCUSSION
Preoperative FN tracking in patients affected by VS could provide
essential additional information to surgeons other than the stand-
ard structural images.5 Although SS-dMRI for the FN course pre-
diction has been shown to approximate, with sufficient precision,
the FN anatomic structure,17,18 the results of the present study
were clear-cut in showing that the joint use of more evolved
dMRI acquisition schemes, such as MS sequences, and different
tracking algorithms using multi-tissue distribution of fiber orien-
tations outperform SS-dMRI in several respects. Critically, MS-
dMRI was successful in containing the pervasive detrimental
effects caused by the isotropic contribution from the CSF, which
usually hinders the FN tractogram.

The results of the present study showed that MS-dMRI-based
FN reconstructions bore a high degree of resemblance to the real
FN course found intraoperatively in 4 of the 5 patients examined,
even in the presence of anatomically peculiar patterns. The partial
failure to track the entire FN course in patient 3 can likely be
ascribed to the noncoherent structure of the FN, which was
frayed and spread over the VS capsule. MR imaging–based trac-
tography relies on the presence of a defined group of myelinated
fibers following the same direction. The stopping criteria of a
tractography algorithm are based on thresholds in fractional ani-
sotropy and the angle between successive steps. Both criteria pre-
vented the tractography from yielding an accurate reconstruction
of the real FN pattern over the VS capsule. Future studies ought
to investigate whether improving the resolution and the signal-
to-noise ratio of the dMRI could overcome this limitation. Note
that the apparent failure in the FN reconstruction of patient 3,
which was only partially correspondent to the intraoperative
findings in every portion of the FN course, could nonetheless
have been informative to surgeons about the nonstandard posi-
tioning of the FN fibers. Furthermore, the patient could have
been appropriately informed about the plausible risk of FN dam-
age before VS surgery.

The SS-iFOD2 tracking provided accurate reconstructions in 2
patients (patients 2 and 4), though characterized by PVE, which
affects especially small-fiber reconstruction. This effect can be miti-
gated using an explicit and separated distribution of fiber-orienta-
tion estimation for nerves and CSF, which can be obtained only
with the MS approach.6,14 MS-iFOD2 provides a better description
of the FN when CSF and FN coexist in 1 voxel. In the other 3
patients (1, 3, and 5), SS-iFOD2 tracking failed to reconstruct any

FIG 2. Results for patient 3 (see text for details). A, The intraoperative
view of the VS (yellow area) highlighting the position of the VS (orange
arrows) and the position of the FN (green arrows). Also shown is the
stimulation site suggesting that the FN was frayed and spread on the
tumor surface. Note that the FN is posterior compared with the VS
position. B, C, and D, The MS-iFOD2, the SS-iFOD2, and the SS-SD-
STREAM-L with 1 anatomic seed tractography reconstruction of the FN
with a 3D reconstruction of the VS (orange) displayed in the same ori-
entation as in the intraoperative view.
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nerve or the correct nerve. In patient 1, the SS-iFOD2 tracking pro-
vided the reconstruction of the cochlear nerve in place of the FN.
This could be explained by the likely inability of the algorithm to
distinguish the 2 nerves that run parallel and very close to each
other. In our extreme case, instead, although a portion of the FN
was present in the reconstruction, it was embedded in several false-
positives. By relying just on this reconstruction, the neurosurgeon
could not infer any clear information about the real location of the
FN. Finally, in patient 5, SS-iFOD2 completely failed to reconstruct
any nerve. This result could be explained by the inability of SS pro-
tocols, which use low b-values, to solve high-fiber curvature angles,
such as those present in the FN of this patient. These angles could
be solved by exploiting higher b-values, as in our proposed MS
protocol, which indeed successfully reconstructed the FN.

The SS-SD-STREAM tracking failed to reconstruct any nerve
in patients 1, 3, 4, and 5, and correctly reconstructed the FN of
patient 2 only. In patient 2, the FN showed a modest dislocation
and followed a straight path, which could be easily detected by
the deterministic algorithm. In patient 1, the failure in FN recon-
struction could be ascribed to the short distance of the FN relative
to the cochlear nerve and by the inability of the algorithm to
reach all the 3 seed points. In patient 3, the complex structural
configuration of the FN was the likely source of the failure in FN
reconstruction, for the algorithm could not distinguish the multi-
ple possible pathways of the FN. In patients 4 and 5, the lack of
tracked streamlines could be a consequence of the inability of the
SD-STREAM to resolve the pronounced angular curvature of the
FN. The SS-SD-STREAM-L tracking provided accurate recon-
structions in 2 patients (patients 1 and 2) but was generally
affected by PVE. In these patients, its performance was improved
(ie, a high decrease of false-positives and PVE) when using 2
seeds rather than just one. In patients 3, 4, and 5, the SS-SD-
STREAM-L tracking provided unsuccessful reconstructions. In
patient 3, the approach using a single seed provided a reconstruc-
tion comprising many tracts attributable to false-positives and,
among these, a partially accurate FN course was identified.
However, when using 2 seeds, SS-SD-STREAM-L provided an
FN reconstruction completely inconsistent with the intraopera-
tive findings.

The configuration of the FN, frayed in many fibers, was very
complex, and the algorithm had too many degrees of freedom.
Despite the number of seeds used, the reconstruction would not
have been informative to the neurosurgeon. In patients 4 and 5,
SS-SD-STREAM-L tracking failed to reconstruct any of the cor-
rect nerves. This failure could be explained by the very high angu-
lar curvature of the FN. The angle of curvature allowed in the SS-
SD-STREAM-L approach was set to 30° as in Zolal et al,18 and
this value may have been too small to allow the algorithm to cor-
rectly reconstruct the FN tract from the origin to the ending seed.
Relying on these reconstructions, the neurosurgeon could be
completely misled about the real location of the FN.

The results obtained using the SS protocol, commonly used in
clinical practice, show that the reliability of the FN reconstruction
could be quite low, above all when difficult cases are under inves-
tigation. Therefore, we invite neurosurgeons to pay maximum
attention to the reliability of tractography reconstructions pro-
duced by standard approaches.

This study had limitations, owing to the small sample size and
a prolonged acquisition time compared with standard SS-dMRI.
On the hypothesis of using this protocol as a preoperative plan-
ning protocol, rather than a diagnostic tool, the total acquisition
time could be a less limiting factor. A range of possible solutions
could, on the other hand, be adopted to shorten the acquisition
time, such as the use of the simultaneous multisection tech-
nique21 or a reduction of the acquisition subset used for distor-
tion correction. Future studies should validate the use of these
possible strategies in FN tracking in patients with VS.

CONCLUSIONS
The results of this study showed that the use of an MS-dMRI pro-
tocol for a probabilistic tracking of the FN course could be a
powerful aid for a better presurgical planning of VS resection,
compared with the routinely used SS-dMRI protocols. An accurate
reconstruction of the entire course of the FN was possible only
applying the probabilistic tractography algorithm on the acquired
MS-dMRI data and using anatomic information obtained from
structural MR images (ie, 3 seeds of passage of the FN, indicated
by an expert neuroradiologist). Furthermore, the tractography
analyses not only reconstructed a faithful FN course but also pro-
vided valuable information about the anatomy of the FN in 2
patients described as limited cases for the complex pattern of the
FN fibers. Therefore, this more accurate patient-specific informa-
tion, provided by the MS-dMRI-based tractography analysis, could
possibly decrease the duration of an operation, help the surgeons
to preserve the FN, and improve postsurgical patient outcomes.
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Indentation and Transverse Diameter of the Meckel Cave:
Imaging Markers to Diagnose Idiopathic

Intracranial Hypertension
A. Kamali, K.C. Sullivan, F. Rahmani, A. Gandhi, A. Aein, O. Arevalo, P. Rabiei, S.J. Choi,

X. Zhang, R.E. Gabr, and R.F. Riascos

ABSTRACT

BACKGROUND AND PURPOSE: Clinical and imaging manifestations of idiopathic intracranial hypertension should prompt early diag-
nosis and treatment to avoid complications. Multiple diagnostic imaging criteria are reported to suggest the diagnosis of idiopathic
intracranial hypertension with questionable sensitivity and/or specificity. Increased intracranial pressure results in dilation of the
perineural cisternal spaces such as the optic nerve sheaths and the Meckel cave. It may also cause protrusion of cisternal structures
of the Meckel cave through the skull base foramina, which could result in indentation or a bilobed appearance of the Meckel
cave. We investigated the changes in the Meckel cave in patients with proved idiopathic intracranial hypertension versus healthy
controls.

MATERIALS AND METHODS: We studied 75 patients with a diagnosis of idiopathic intracranial hypertension and 75 age-and sex-
matched healthy controls. The transverse diameter of Meckel cave was measured in the axial and coronal planes of T2-weighted
MR imaging sequences, and comparison was made between the 2 groups.

RESULTS: The mean diameters of the Meckel cave on the coronal T2 plane in patients with idiopathic intracranial hypertension
were 5.21 6 1.22 mm on the right side and 5.16 6 0.90 mm on the left side, while in the control group, they measured 3.89 6

0.62 mm and 4.09 6 0.68 mm, respectively (P value , .001). Of 75 patients with an approved diagnosis of idiopathic intracranial
hypertension, 57 (76%) showed an indented Meckel cave as opposed to 21 (28%) in the control group.

CONCLUSIONS:Our results confirm for the first time that the shape and size of the Meckel cave can be used as sensitive and spe-
cific diagnostic imaging markers for the diagnosis of idiopathic intracranial hypertension.

ABBREVIATIONS: AP ¼ anterior-posterior; AUC ¼ area under the receiver operating characteristic curve; IIH ¼ idiopathic intracranial hypertension; MC ¼
Meckel cave; PE ¼ papilledema; TSS ¼ transverse sinus stenosis

Idiopathic intracranial hypertension (IIH), also known as pseu-
dotumor cerebri, is a syndrome with signs and symptoms of

increased intracranial pressure. However, a primary cause such as
space-occupying brain lesions, including brain parenchymal
mass or enlarged ventricles, has not been identified. The etiology
and diagnostic criteria of IIH have not been clearly described.
The incidence of IIH is reported to be increasing, starting from
0.03 to 2.36 per 100,000 per year.1,2 A few clinical diagnostic cri-
teria of IIH have been proposed.3-5 Some of the clinical criteria

for the diagnosis of IIH are described as unilateral or bilateral
papilledema (PE) with or without sixth nerve palsy, normal neu-
rologic examination and CSF analysis findings, the absence of
brain parenchymal pathology or enlarged ventricles, and elevated
CSF opening pressure.4 Neuroimaging is critical to exclude sec-
ondary causes of intracranial hypertension, including brain path-
ologies such as brain mass, hemorrhage, hydrocephalus, and so
forth. Brain imaging is also helpful to identify imaging findings of
elevated intracranial pressure. Some of the imaging findings of
elevated intracranial pressure that support the diagnosis of IIH
when no secondary cause is identified include the following: pos-
terior orbital globe flattening, optic nerve head protrusion into
the back of orbital globe (PE), dilated optic nerve sheaths, empty/
partial empty sella, bilateral transverse sinus stenosis (TSS), cere-
bellar tonsillar herniation, meningoceles/encephaloceles, and
spontaneous CSF leakage. IIH may be diagnosed in the presence
of PE or sixth nerve palsy if the clinical criteria for IIH and ele-
vated opening CSF pressure are satisfied. In the absence of PE
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or sixth nerve palsy, IIH is considered “probable” if at least 3
neuroimaging criteria are present, given that other clinical criteria
and raised opening CSF pressure are satisfied.4,6

Overall, no single imaging finding has high specificity and
sensitivity enough to be considered diagnostic for IIH. Each
imaging finding on its own lacks either sensitivity or specificity.
For instance, the posterior scleral flattening has 100% specificity
but only 66% sensitivity for a diagnosis of IIH.7 However, a com-
bination of imaging criteria on MR imaging will increase the sen-
sitivity for a diagnosis of IIH. Increased intracranial pressure
forces CSF into the cisternal spaces and results in dilation of the
perineural cisternal spaces such as the optic nerve sheath and the
Meckel cave (MC). This results in enlargement of the Meckel cave

and dilation of the optic nerve sheaths.
Elevated intracranial pressure also
pushes the structures into the skull base
foramina and results in encephalocele/
meningocele.8 Protrusion of some struc-
tures such as theMeckel cave or cerebel-
lar tonsils may also be seen through the
skull base foramina. This may result in
an indented or bilobed appearance of
the Meckel cave. The purpose of this
study was to investigate whether the
shape (bilobed or indented appearance
of the Meckel cave) or the size/volume
of the Meckel cave on T2-weighted MR
imaging sequences could serve as a non-
invasive diagnostic imaging marker for
the diagnosis of IIH.

MATERIALS AND METHODS
Institutional review board approval was

obtained. Seventy-five adult patients (6 male and 69 female
patients between 18 and 59 years of age) with a confirmed diag-
nosis of intracranial hypertension and documented elevated
lumbar puncture opening CSF pressure ($250mm of H2O)
were selected retrospectively for this study. The subjects were
retrospectively selected at the Memorial Hermann Hospital,
Texas Medical Center, Houston from 2015 to 2018. Subjects
with any intracranial abnormality on MR imaging such as evi-
dence of mass/lesion, demyelination, infection, vascular malfor-
mation, or prior trauma were excluded from the study. Subjects
who were clinically diagnosed with brain infection such as men-
ingitis or encephalitis were also excluded. A second group of 75
age-matched (18–59 years of age) healthy adults who presented
to the emergency department with headache with unremarkable
clinical and imaging examination findings were also selected as
the healthy control group retrospectively. The opening CSF
pressure values were only available for about half of the control
group (32 subjects) who had documented normal opening pres-
sure. However, subjects with chronic headaches and multiple
brain scans were excluded from the control group to eliminate
the possibility of elevated intracranial pressure. We also excluded
subjects with visual changes, dizziness, and tinnitus reported, along
with headache from the healthy control group. We looked for in-
dentation of the Meckel cave on the coronal T2-weighted sequences
in both groups (Fig 1B and 2). The indentation was considered posi-
tive if there was an acute angle or bilobed appearance of the Meckel
cave on the coronal T2 sequences (Fig 1B and 2). The smooth cur-
vature of the Meckel cave was considered negative for indentation
(Fig 1A).

The transverse, anterior-posterior (AP), and craniocaudal
diameters of the Meckel cave on both sides were measured by
wall-to-wall measurements on the axial and coronal T2 planes
(Figs 1 and 3). Given the cuboid appearance of the MC structure,
we estimated the volume of the MC by multiplying the AP, trans-
verse, and craniocaudal values. The measurements were per-
formed by a neuroradiologist and a medical student with high

FIG 1. Two coronal T2-weighted images of the Meckel cave in a healthy subject (A) versus a patient
with IIH (B). The white arrows in A represent the curvature of the Meckel cave and no indentation
in a healthy subject. The white arrow in B demonstrates an acute angle of indentation and a
bilobed appearance of the Meckel cave in a patient with IIH. The 2-way arrows in B demonstrate
the craniocaudal diameter (along the oblique axis of the right MC) and transverse diameter of the
left MC (perpendicular to both walls in the widest segment of the MC on the coronal plane).

FIG 2. Coronal T2 view of a dilated MC in a patient with IIH. The
black arrows represent the indentation of the Meckel cave. The
white arrow shows the dilated cisternal space of the V3 segment of
the left trigeminal nerve and points to the foramen ovale where the
V3 nerve exits the intracranial space at the skull base. Dilation of this
cisternal space may contribute to the indented appearance of the
MC in patients with IIH.
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reproducibility results. Both measurements were performed by
two experienced neuroradiologists blinded to both groups for the
revisions. The results were analyzed by our in-house statistician.

The area under the receiver operating characteristic curve
(AUC) was used to evaluate the overall differentiability of a

marker to distinguish those with IIH from healthy controls (Figs
4–7). The optimal cutoff point for the marker was obtained by
evaluating the Youden index. On the basis of the optimal cutoff
point, we reported estimates of sensitivity, specificity, positive
predictive value, and negative predictive value, together with their
95%Wald confidence intervals. We also looked for other imaging
signs of IIH (Table 1) such as an empty/partial empty sella (loss
of height of the pituitary gland below one-third height of the sella
turcica), optic nerve sheath dilation (optic nerve sheath diameter
$6mm), posterior globe flattening, papilledema (protrusion of
the optic nerve head into the posterior globe), and bilateral TSS.

RESULTS
A total of 150 subjects were observed, with 75 subjects in the IIH

group and 75 patients in the control
group (Table 2). This table shows that
the IIH and healthy control groups are
age-matched; however, there is a sex
mismatch between the 2 groups. Of
75 patients with diagnoses of IIH, 57
(76%) had an indented MC and 18
(24%) were negative for indentation.
In the healthy control group, of 75
subjects, 21 (28%) had indentation
and 54 subjects (72%) were negative
for indentation (Table 3). A positive
indentation of the MC showed 76%
sensitivity and 72% specificity for a
diagnosis of IIH. The positive predic-
tive value of an indented MC for the
diagnosis of IIH was 73%, and the
negative predictive value was 75%.

In patients with diagnoses of IIH,
the maximal transverse, AP, and cra-
niocaudal diameters along with vol-
ume measurement of the bilateral
Meckel cave were recorded and com-
pared with those of healthy controls
on the axial and coronal T2-weighted
MR imaging planes. The axial T2-
approach acquired data showed a
maximum Meckel cave transverse di-
ameter of 5.49 6 1.11mm in patients
with IIH and a transverse diameter of
4.14 6 0.72mm in the control group
with a P value , .001. In the right
Meckel cave, patients with IIH had a
mean diameter of 5.14 6 1.21mm,
and controls had a mean diameter of
3.946 0.73mm with a P value, .001.
The left Meckel cave mean measure-
ment of the patients with IIH was

4.946 0.96mm, and controls measured 3.88 6 0.75mm with a
P value , .001. Our axial T2 results showed a cutoff value of
4.3mm in the right Meckel cave with 75.0% sensitivity and 66%
specificity. A cutoff of 4.2mm can be used on the left Meckel
cave with 79.0% sensitivity and 60% specificity. Summary

FIG 3. The appearance of the Meckel cave in a healthy person (A)
versus a patient with IIH (B) on the axial T2 planes. The 2-way arrows
represent the wall-to-wall measurement of the Meckel cave in the
AP (A) and transverse (B) diameters.

FIG 4. Figs 4–7. The AUC was used to evaluate the overall differentiability of a marker to identify
those with IIH from healthy controls. The optimal cutoff point for the marker was obtained by
evaluating the Youden index. On the basis of the optimal cutoff point, we reported estimates of
sensitivity, specificity, positive predictive value, and negative predictive value, together with their
95%Wald confidence intervals. Maximum transverse values. A, coronal data. B, axial data.

FIG 5. Right transverse values. A, Coronal data. B, Axial data.
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statistics for measurement values of the MC in patients with
IIH and controls are provided in Table 4.

The acquired measurement data on the coronal T2 plane
showed a maximum Meckel cave transverse diameter of
5.62 6 1.03mm in patients with IIH, and a transverse diameter
of 4.22 6 0.69mm in the control group, with a P value , .001.
The right Meckel cave in patients with IIH had a mean diameter
of 5.21 6 1.22 mm, and in controls, it had a mean diameter of
3.99 6 0.62 mm (P value , .001). The mean measurement of
the left Meckel cave in patients with IIH was 5.16 6 0.90 mm,
and in controls, it measured 4.09 6 0. mm (P value , .001).
Our coronal T2 results showed a cutoff value of 4.60mm in the
right Meckel cave with 80.0% sensitivity and 89.3% specificity.
A cutoff of 4.80mm can be used on the left Meckel cave with
68.0% sensitivity and 85.3% specificity.

The right Meckel cave in patients with IIH had a mean height
of 11.51 6 1.78 mm, and in controls, it had a mean diameter of
9.51 6 1.46 mm (P value , .001) on the coronal T2 sequences.
The mean measurement of the left Meckel cave height in patients
with IIH was 11.93 6 1.9 mm, and in the controls, it measured
9.53 6 1.43 mm (P value, .001).

In patients with IIH, the mean AP diameter of the right MC
on the axial T2 sequences was 12.37 6 2.43 mm, and in controls,
it measured 9.68 6 1.43 mm (P value , .001). The mean AP

diameter of the left MC measured 12.92 6 2.70 mm in the IIH
group versus 9.55 6 1.47 mm in controls (P value , .001). In
patients with IIH, the mean volume of the right MC measured
747.3 6 293 mm3 versus 368.7 6 121 mm3 in the control group
(P value , .001). The mean volume of the left MC measured
775.4 6 278 mm3 in IIH group versus 357.2 6 115 mm3 in
the control group (P value , .001). The maximum value was
also selected as the larger value between the right and left. The
maximum value for the volume in the IIH group measured
938.4 6 333 mm3 versus 424.0 6 131 mm3 in healthy controls
(P value, .001) (Table 4).

The volume markers had significantly higher AUC values
than the AP, transverse, or craniocaudal diameters (Table 5).
Among volume markers (right, left, maximum), maximum vol-
ume had a significantly higher AUC than the right or left MC vol-
umes (Table 5).

We also estimated the Spearman correlation coefficient to see
if the CSF opening pressure correlated with the size of the MC.
The Spearman correlation coefficient was only�0.10 for the right
MC volume and CSF pressure, and�0.05 for the left MC volume
and CSF opening pressure (Table 6). Correlation coefficients
were very close to zero. We may conclude that opening CSF pres-
sure is not correlated with right or left MC volumes.

We also checked to see whether there was any correlation
between aging and the size of the MC.
Our results showed that the Spearman
correlation coefficient was only 0.06
(P value = .58) for the MC volume and
aging in the healthy control group and
0.007 (P value =.96) in the IIH group.
The sample correlation coefficients are
very close to zero, and we may con-
clude that aging is not correlated with
the volume of the MC in either group.
We further looked for a possible effect
of sex on the size of the MC in the
control group. No significant differ-
ence was found between the volume of
the MC in 15 male controls compared
with the 60 female controls (P value =
0.96). This verifies that mismatchedFIG 6. Left transverse values. A, Coronal data. B, Axial data.

FIG 7. Receiver operating characteristic curves for MC volumes: right MC (right), left MC (center), and maximum values (left).
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sex between the IIH and healthy
groups does not affect the results.

Our results demonstrated that the
empty/partial empty sella has the high-
est sensitivity (92%) for the detection of
IIH followed by optic nerve sheath dila-
tion (84%), an enlarged MC (75%), and
the TSS (73%). Posterior scleral flatten-
ing and PE have the highest specificity
for the diagnosis of IIH (100%), fol-
lowed by TSS (92%), enlargement of
the MC (86%), optic nerve sheath dila-
tion (84%), and empty/partial empty
sella (74%) (Table 1).

DISCUSSION
Aaron et al9 evaluated patients with

spontaneous CSF leak and elevated intracranial pressure and
measured the AP and transverse diameters of the MC only on the
axial T2-weighted sequences. They concluded that the size of
the MC was larger in patients with elevated intracranial pressure
compared with healthy controls. The current results confirm the
findings of Aaron et al,9 in 2017, showing that the size of MC is
increased in the IIH group compared with healthy controls.
However, our results contradict the results of Degnan et al,10 who
reported a decrease in size of the MC in patients with IIH com-
pared with healthy controls. To the best of our knowledge, our
study is the first to evaluate the volumes of the Meckel cave (using
3D measurements) and to introduce the shape of the MC (inden-
tation or bilobed appearance) as a diagnostic imaging marker in
patients with IIH versus a healthy population. The current study
confirms that there is a significant difference in the shape and
size of the Meckel cave in patients with IIH versus the healthy
control group, which may be used as both sensitive and specific
noninvasive imaging markers in the diagnosis of IIH.

Our results showed statistically significant differences in the
size of both the right and left Meckel cave between the diseased
group and healthy controls, using measurements on both the
axial and coronal T2-weighted MR imaging sequences. A novel
finding of the current study was the higher sensitivity and speci-
ficity of the coronal T2 measurements compared with the axial
T2 measurement approach (80.0% sensitivity and 89.3% specific-
ity on coronal measurement versus 75.0% sensitivity and 66%
specificity on the axial measurement). We believe this discrep-
ancy is related to the anatomic orientation of the MC structure
from the posterior-lateral to the anterior-medial. Because the MC
is a longer structure in the anterior-posterior dimension than the
craniocaudal dimension, the coronal T2 sequences have a better
chance of cutting through the MC than the axial T2 sequences,
given that the section thicknesses would be the same.

The values of the AP diameter of the MC in the study by
Aaron et al9 (14.7 6 2.8mm in IIH and 11.5 6 1.9mm in the
control group) were comparable with our results of AP diameters
(13.41 6 2.48mm in the IIH group and 10.13 6 1.4mm in the
control group). However, the values for the transverse diameter
of the MC by Aaron et al (6.3 6 1.8mm in the IIH group and
5.1 6 0.9mm in the healthy control group) were larger than our

Table 1: Incidence, sensitivity, and specificity of imaging findings in IIH and control groups
Imaging Signs IIH Controls Sensitivity Specificity

Optic nerve sheath dilation 63 (84%) 12 (16%) 84 84
Empty/partial empty sella 69 (92%) 20 (26%) 92 74
Posterior scleral flattening 41 (55%) 0 55 100
Papilledema 34 (45%) 0 45 100
Bilateral TSS 55 (73%) 6 (8%) 73 92
Enlarged MC 56 (75%) 11 (14%) 75 86

Table 2: Demographics for 2 groups

IIH (n = 75) Healthy Controls (n = 75) P Value
Age (mean 6 SD) (yr) 33.84 6 9.15 34.65 6 9.37 .59
Male sex 6 (8%) 15 (20%) .034
LP opening pressure (median) (IQR) 29 (24–38) Not Available

Note:—IIH indicates idiopathic intracranial hypertension patients; LP, lumbar puncture; IQR, interquartile range.

Table 3: Meckel cave indentationa

Yes No Total
IIH 57 18 75
Healthy controls 21 54 75

a Seventy-six percent sensitivity, 72% specificity, positive predictive value of 73%
and negative predictive value of 75% for the diagnosis of IIH.

Table 4: Descriptive statistics in IIH patients (n= 75) and
controls (n= 75)a

Variable Patients with IIH Controls P Value
Right MC height 11.51 6 1.78 9.51 6 1.46 ,.001
Left MC height 11.93 6 1.90 9.53 6 1.43 ,.001
Max MC height 12.50 6 1.92 9.97 6 1.51 ,.001
Right MC AP 12.37 6 2.43 9.68 6 1.43 ,.001
Left MC AP 12.92 6 2.70 9.55 6 1.47 ,.001
Max MC AP 13.41 6 2.48 10.13 6 1.43 ,.001
Right MC transverse 5.14 6 1.21 3.94 60.73 ,.001
Left MC transverse 4.94 6 0.96 3.88 6 0.75 ,.001
Max MC transverse 5.49 6 1.11 4.14 6 0.72 ,.001
Right volume 747.3 6 293 368.7 6 121 ,.001
Left volume 775.4 6 278 357.2 6 115 ,.001
Max volume 938.4 6 333 424.0 6 131 ,.001

Note:—Max indicates maximum.
aMean 6 SD are shown. Summary statistics for anterior-posterior (AP) and trans-
verse diameters of MC on axial T2, and craniocaudal diameter of MC on coronal
T2 weighted sequences. Max is larger value between right and left. Volume is
product of height, AP, and transverse diameters.

Table 5: AUC estimates for differentiating patients with IIH
from controls

Variable AUC 95% CI
Right MC height 0.816 (0.748–0.884)
Left MC height 0.852 (0.793–0.911)
Max MC height 0.850 (0.789–0.910)
Right MC AP 0.830 (0.768–0.893)
Left MC AP 0.861 (0.804–0.917)
Max MC AP 0.874 (0.821–0.927)
Right MC transverse 0.810 (0.740–0.879)
Left MC transverse 0.807 (0.737–0.877)
Max MC transverse 0.852 (0.791–0.913)
Right volume 0.907 (0.861–0.954)
Left volume 0.922 (0.881–0.964)
Max volume 0.936 (0.900–0.972)

Note:—Max indicates maximum.
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results by about 20% (about 1mm) (5.17 6 0.99mm in the IIH
group and 3.94 6 0.73mm in healthy controls). This difference
may be related to multiple factors. The study by Aaron et al pri-
marily measured the left MC structures which, in our study, are
generally larger than the right MC structures, specifically in
healthy controls. Aaron et al also excluded the subjects in whom
the axial T2 sequences were not optimal for measurement. Given
that the study by Aaron et al did not specify the section thickness
of their imaging protocol, this issue might have resulted in a
selection bias by selecting only subjects with larger MCs, which
would be easier to measure on the axial plane. In our institution,
the axial and coronal T2 sequences have the same section thick-
nesses of a 3- to 5-mm range. Our results also showed that the
mean transverse diameter of the MC is larger on the coronal
measurements compared with the axial approach (5.62 6

1.03mm on the coronal and 5.17 6 0.99mm on the axial plane).
Given the oblique orientation of the MC structures anatomically
(Fig 1), the discrepancy is likely related to obliquity (not perpen-
dicular to the axis) of the wall-to-wall measurement of the trans-
verse diameter of the MC on the coronal approach. On the axial
measurement, however, the wall-to-wall measurement is the
shortest because the measurement is perpendicular to the axis of
the MC (Fig 3).

Our results showed a significant difference in the volume of
the MC between the 2 groups (healthy versus IIH) (mean value
of volume = 938.46 332.8mm3 in the IIH group versus 424.06
131.5mm3 in controls with a P value , .001). The volume
markers had significantly higher AUC values than the AP, trans-
verse, or craniocaudal diameters (Table 5), which is a novel find-
ing in this study compared with prior ones. However, measuring
the transverse diameter of the MC on the coronal T2 sequences
would be much more feasible for the reading radiologist than
estimating the volume, given the high differentiability of both
markers (AUC value = 0.93 for volume versus 0.85 for the trans-
verse diameter). Given that the MC structure is slightly longer in
the AP than in the craniocaudal diameter, measuring the AP di-
ameter of the MC on axial T2-weighted imaging is less feasible
than measuring the transverse or craniocaudal diameters on the
coronal T2 planes. No correlation was found between the size of
the MC with aging or CSF opening pressure in either IIH or
healthy control groups; this is an additional novel finding of the
current study.

Another novel finding of the current study is the developmen-
tal asymmetry in the diameter of the Meckel cave in healthy con-
trols. Our results showed that the left Meckel cave was slightly
larger than the right in the control group in both approaches on
the axial and coronal T2 measurements (3.89 6 0.62 mm on the

right versus 4.09 6 0.68 mm on the
left in the coronal T2 approach and
4.01 6 0.72mm on the right and
4.03 6 0.82mm on the left on the
axial T2 measurement approach).
However, in the IIH group, the
Meckel cave had a comparable size in
both coronal and axial T2 measure-
ment approaches. In our experience,
the MC was markedly diminutive or

hypoplastic in a few subjects with diagnoses of IIH and in healthy
controls. This finding likely represents a normal developmental
variable. Given the diminutive size or hypoplasia of the MC in
these subjects, higher intracranial CSF pressure leaves no space to
dissect at the skull base as opposed to others with well-developed
MC cisternal structures. Our results showed a bilobed and
indented appearance of the MC with a notch in the middle of the
cistern in 76% (57 of 75) of patients with IIH as opposed to 28%
(21 of 75) of the healthy controls (76% sensitivity and 72% speci-
ficity in the diagnosis of IIH) (Table 3).

The bilobed appearance of the MC is believed to be related to
the increased intracranial pressure resulting in pushing the cister-
nal structure of the MC into the osseous opening of the skull
base. This mechanism is believed to be the same one causing an
increased incidence of meningocele/encephalocele in patients
with IIH.8 Our results revealed that a quick observation of the
MC on the coronal MR imaging sequences and identifying the in-
dentation (or bilobed appearance) of the MC yielded a 73% (posi-
tive predictive value) chance of an accurate diagnosis of IIH. The
absence of a bilobed or indented appearance of the MC on coro-
nal sequences can rule out the diagnosis of IIH by 75% probabil-
ity (negative predictive value). Because the cisternal space
surrounding the mandibular branch of the trigeminal nerve is the
anatomic extension of the Meckel cave, the indented appearance
of the MC may be, in part, due to extension of CSF from the MC
into the proximal cisternal space of the mandibular branch of the
trigeminal nerve secondary to increased CSF pressure (Fig 2).

The role of neuroimaging is to rule out the secondary causes
of intracranial hypertension, including space-occupying lesions
such as hemorrhage, tumor, or vascular anomalies (dural arterio-
venous fistula, arteriovenous malformation). Non-space-occupy-
ing pathologies such as infection or inflammation may also result
in secondary elevation of intracranial pressure. Our results
showed that posterior scleral flattening and PE are the most spe-
cific imaging findings (100% specificity), followed by bilateral
TSS (92% specificity), an enlarged MC (86%), optic nerve sheath
dilation (84%), and an empty/partial empty sella (75%). Despite
the lowest specificity (75%), an empty/partial empty sella showed
the highest sensitivity among the imaging findings (92% sensitiv-
ity) followed by optic nerve sheath dilation (84%), enlarged MC
(75%), and TSS (73%). Posterior scleral flattening and PE showed
the lowest sensitivity (54% and 45%, respectively).

Our study revealed that enlargement of the Meckel cave has
about 75% sensitivity and about 86% specificity for diagnosis of
IIH, which has the third highest sensitivity and specificity among
the preceding imaging findings. Bilateral TSS was reported to be
the most common and sensitive imaging finding of IIH among

Table 6: Estimated Spearman correlation coefficients (n = 75)a

Variable 1 Variable 2
Estimated Spearman

Correlation Coefficient 95% CI
P

Value
Right MC volume CSF opening pressure �0.104 �0.323�0.127 .38
Left MC volume CSF opening pressure �0.050 �0.274�0.179 .67

a The Spearman correlation coefficient was only �0.10 for right MC volume and CSF pressure, and �0.05 for left
MC volume and CSF opening pressure. Correlation coefficients are very close to zero. We may conclude that
opening CSF pressure is not correlated with right or left MC volumes.
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all imaging findings (in 94% of patients with IIH compared with
3% of controls).11 However, our study showed that despite the
high specificity (92%), TSS has only 73% sensitivity in the diagno-
sis of IIH. An empty sella/partial empty sella is reported as a rela-
tively sensitive imaging finding in patients with IIH, especially in
younger adults (about 80% sensitivity). However, the definition
of a partial empty sella, which is a more sensitive and less specific
finding than a complete empty sella, is variable among different
studies with a wide range of reported specificity (44%–80% sensi-
tivity and,70% specificity). Despite the lowest specificity (75%),
the empty/partial empty sella showed the highest sensitivity
among the imaging findings (92% sensitivity) in our study. This
finding is not specific to IIH and is commonly seen in the general
population, specifically in older adults due to age-related atrophy.

Orbital findings are also common in this population. Flattening
of the posterior aspect of the globe or scleral flattening has a sensi-
tivity of 66%, and PE has even less sensitivity, about 43%.6,12

Among orbital findings, posterior scleral flattening and PE have
the highest specificity for the diagnosis of IIH, which is close to
100%.12 However, posterior scleral flattening and PE both have
poor sensitivity.12 None of the imaging markers exhibited a combi-
nation of both high sensitivity and specificity in the diagnosis of
IIH. However, a combination of the above imaging findings would
offer highly sensitive and specific approaches for the diagnosis of
IIH, superior to any single imaging marker. This may help radiol-
ogists suggest a diagnosis of IIH to prompt an early diagnosis and
prevent permanent damage caused by this disease. The combina-
tion of imaging findings may also help reduce overdiagnosis of IIH
by radiologists, which might prevent patients from undergoing
unnecessary invasive procedures such as lumbar puncture.

To date, the etiology of IIH is unknown, and the exact mecha-
nism is not well-understood. Some of the risk factors for IIH
include female sex, obesity, and hypervitaminosis A. Some of the
proposed pathophysiologies for IIH are increased secretion of
CSF, disordered CSF absorption, or increased intracranial venous
pressure. Other etiologies include venous sinus stenosis/throm-
bosis or venous sinus compression leading to blockage of CSF
distribution. Normal CSF flow is known to be secreted by the
choroid plexus, travel through the subarachnoid space, and then
exit through arachnoid granulations or glymphatic pathway.13

The glymphatic pathway (also known as the glial-lymphatic path-
way) acts as a pseudolymphatic system in the brain.14 The CSF
flows along the perivascular spaces and then into the interstitium
via aquaporin 4.14,15 Glymphatic dysfunction is believed to be
due to aquaporin 4 dysfunction, leading to decreased distribution
of CSF in brain parenchyma.14,15 The most common presenting
symptom in patients with a diagnosis of IIH is headache, which
worsens when lying down or bending over.16 Other features
include visual disturbances, such as blurred vision, photophobia,
diplopia, transient visual fluctuations, or visual loss due to ische-
mic optic neuropathy.17 Pulsatile tinnitus, dizziness, neck pain,
seizure, paresthesia, weakness, or cognitive impairment are also
nonspecific symptoms associated with IIH.

Most patients presenting with any of the specified symptoms
will end up undergoing brain imaging such as brain CT and/or
MR imaging. Radiologists and specifically neuroradiologists
should be sensitive to imaging manifestations of IIH in brain MR

imaging to prompt an early diagnosis and treatment to avoid
complications such as chronic headache and vision loss.

One of the limitations of the current study is variable sec-
tion thicknesses of the T2 sequences in our institution (3–
5mm). However, the axial and coronal T2 planes are of identi-
cal section thicknesses on a single scan in our institution.
Larger section thickness may obscure the visibility of the MC,
compromising the visibility of indentation of the MC in 1
plane. Because the anterior-posterior length of the MC meas-
ures about 12–15mm, even with the section thickness of 5mm,
at least 2 coronal planes will be acquired through the MC struc-
tures. In addition, when the indentation of the MC was not
appreciated in the coronal plane, we checked the axial T2 plane
to avoid a false-negative result, given that the bilobed appear-
ance of the MC is visible on both planes most of the time.

The opening CSF pressure value was not available for about
half of the healthy control subjects included in the current study
to rule out elevated CSF pressure. However, we excluded subjects
with chronic headaches and multiple brain scans to eliminate the
possibility of elevated intracranial pressure. We also excluded
subjects with visual changes, dizziness, and tinnitus reported
along with headache for the healthy controls. In the absence of a
significant difference in the size of the MC between subjects in
the control group with and without documented normal opening
CSF pressure, the possibility of IIH as a confounding factor in the
control group is expected to be very minimal.

Use of patients without clinical or radiologic abnormalities
is not optimal for the healthy group and is another limitation of
this study. However, nonrefractory headaches and lack of other
clinical or radiologic abnormalities minimize the possibility of
bias due to sampling issues. The coronal T2 sequences are regu-
larly acquired as part of the routine brain MR imaging examina-
tion in our institution. Some other imaging centers may not
include the coronal T2-weighted sequences in their routine
brain MR imaging protocols. On the basis of our experience,
the measurement values on the coronal T2 sequences were com-
parable with those on the coronal postcontrast sequences in
most subjects, considering that enhancement of the cisternal
walls of the Meckel cave facilitates depiction of the borders of
the MC.

Finally, asymmetric enlargement of the MC has also been
reported in the literature in patients with a diagnosis of cutane-
ous hemangioma-vascular complex syndrome (also known as
PHACE syndrome) and other sellar abnormalities, which could
be a potential distractor in the diagnosis of IIH. Therefore,
enlargement of the MC structures is by no means specific to ele-
vated intracranial pressure and may also appear in other
pathologies.

CONCLUSIONS
Our study confirms the shape and size of the Meckel cave as non-
invasive diagnostic imaging markers, which are both relatively
sensitive and specific for the diagnosis of IIH.

Disclosures: Refaat E. Gabr—UNRELATED: Employment: Department of
Diagnostic Radiology, University of Texas at Houston, Houston, Texas.
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M. Seal, and J.Y.-M. Yang

ABSTRACT

BACKGROUND AND PURPOSE: Polymicrogyria and lissencephaly may be associated with abnormal organization of the undelying
white matter tracts that have been rarely investigated so far. Our aim was to characterize white matter tract organization in poly-
microgyria and lissencephaly using constrained spherical deconvolution, a multifiber diffusion MR imaging modeling technique for
white matter tractography reconstruction.

MATERIALS AND METHODS: We retrospectively reviewed 50 patients (mean age, 8.3 6 5.4 years; range, 1.4–21.2 years; 27 males)
with different polymicrogyria (n ¼ 42) and lissencephaly (n ¼ 8) subtypes. The fiber direction-encoded color maps and 6 different
white matter tracts reconstructed from each patient were visually compared with corresponding images reconstructed from 7 age-
matched, healthy control WM templates. Each white matter tract was assessed by 2 experienced pediatric neuroradiologists and
scored in consensus on the basis of the severity of the structural abnormality, ranging from the white matter tracts being absent
to thickened. The results were summarized by different polymicrogyria and lissencephaly subgroups.

RESULTS:More abnormal-appearing white matter tracts were identified in patients with lissencephaly compared with those with polymi-
crogyria (79.2% versus 37.3%). In lissencephaly, structural abnormalities were identified in all studied white matter tracts. In polymicrogy-
ria, the more frequently affected white matter tracts were the cingulum, superior longitudinal fasciculus, inferior longitudinal fasciculus,
and optic radiation–posterior corona radiata. The severity of superior longitudinal fasciculus and cingulum abnormalities was associated
with the polymicrogyria distribution and extent. A thickened superior fronto-occipital fasciculus was demonstrated in 3 patients.

CONCLUSIONS:We demonstrated a range of white matter tract structural abnormalities in patients with polymicrogyria and lissen-
cephaly. The patterns of white matter tract involvement are related to polymicrogyria and lissencephaly subgroups, distribution,
and, possibly, their underlying etiologies.

ABBREVIATIONS: CG ¼ cingulum; CMV ¼ cytomegalovirus; CSD ¼ constrained spherical deconvolution; DEC ¼ direction-encoded color; dMRI ¼ diffusion
MRI; FOD ¼ fiber orientation distribution; HARDI ¼ high angular resolution diffusion imaging; IFOF ¼ inferior fronto-occipital fasciculus; ILF ¼ inferior longitudi-
nal fasciculus; LIS ¼ lissencephaly; MCD ¼ malformation of cortical development; OR-PCR ¼ optic radiation–posterior corona radiata; PMG ¼ polymicrogyria;
SBH ¼ subcortical band heterotopia; SFOF ¼ superior fronto-occipital fasciculus/Muratoff bundle; SLF ¼ superior longitudinal fasciculus; WMT ¼ white
matter tract

Received March 6, 2020; accepted after revision May 11.

From the Scientific Institute, IRCCS E. Medea (F.A., D.P., G.A., D.R., R.R.), Bosisio Parini, Italy;
Murdoch Children’s Research Institute (S.M., R.L., M.S., J.Y.-M.Y.), Parkville, Australia;
Royal Children’s Hospital (S.M., R.L.), Parkville, Australia; Neuroscience Advanced
Clinical Imaging Suite (NACIS) (J.Y.-M.Y.), Department of Neurosurgery, The Royal
Children’s Hospital, Victoria, Australia; University of Melbourne (S.M., R.L., M.S.,
J.Y.-M.Y.), Parkville, Australia; Florey Institute of Neuroscience and Mental Health
(S.M.), Parkville, Australia; Bruno Kessler Foundation (G.A.), Trento, Italy; University
of Trento, Center for Mind/Brain Sciences (G.A.), Rovereto, Italy; Istituto di
ricovero e cura a carattere scientifico Mondino Foundation (R.B.), Pavia, Italy; and
University of Pavia (R.B.), Pavia, Italy.

This study was funded by the Italian Ministry of Health (Ricerca Corrente 2018 and 2019
to Drs Arrigoni and Borgatti). Dr Arrigoni was also funded by the Australian Government
through the Endeavor Research Fellowship program 2018 and by “Fondazione Banca del
Monte di Lombardia.” Dr Yang was funded by the Royal Columbian Hospital Foundation
(RCH-1000). The research was supported by the Royal Children’s Hospital Foundation,
Murdoch Children’s Research Institute, The University of Melbourne Department of
Pediatrics, and the Victorian Government’s Operational Infrastructure Support Program.
Data used in the preparation of this article were obtained from the Pediatric MRI Data
Repository created by the National Institutes of Health MRI Study of Normal Brain
Development. This is a multisite, longitudinal study of typically developing children, from

ages neonate through young adulthood, conducted by the Brain Development
Cooperative Group and supported by the National Institute of Child Health and Human
Development, the National Institute on Drug Abuse, the National Institute of Mental
Health, and the National Institute of Neurologic Disorders and Stroke (contract Nos. N01-
HD02-3343, N01-MH9-0002, and N01-NS-9–2314,�2315,�2316,�2317,�2319 and�2320).

This article reflects the views of the authors and may not reflect the opinions or
views of the National Institutes of Health.

Data previously presented, in part, as posters at: Annual Meeting of the Organization
for Human Brain Mapping, June 9-13, 2019, Rome, Italy; and the Annual Meeting of the
European Society of Neuroradiology, September 19-22, 2019, Oslo, Norway.

Please address correspondence to Filippo Arrigoni, MD, Neuroimaging Lab,
Scientific Institute IRCCS E. Medea, Via don Luigi Monza 20, 23842, Bosisio Parini,
Italy; e-mail: filippo.arrigoni@lanostrafamiglia.it

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

Indicates article with supplemental on-line appendix and tables.

Indicates article with supplemental on-line photos.

http://dx.doi.org/10.3174/ajnr.A6646

AJNR Am J Neuroradiol 41:1495–1502 Aug 2020 www.ajnr.org 1495

https://orcid.org/0000-0002-5508-1149
https://orcid.org/0000-0002-9480-379X
https://orcid.org/0000-0001-6287-0819
https://orcid.org/0000-0003-2789-5193
https://orcid.org/0000-0002-2926-6254
https://orcid.org/0000-0002-8709-6732
https://orcid.org/0000-0003-0362-5607
https://orcid.org/0000-0001-8165-4994
https://orcid.org/0000-0002-8396-140X
https://orcid.org/0000-0003-4081-7157
mailto:filippo.arrigoni@lanostrafamiglia.it


Malformations of cortical development (MCDs) are a
spectrum of brain disorders characterized by neuronal

proliferation, neuronal migration, or postmigrational cortical
organization abnormalities occurring during the prenatal pe-
riod.1 Polymicrogyria (PMG) is a class of MCD, characterized
by cortical overfolding and increased gyral and sulcal num-
bers. Pachygyria and lissencephaly (LIS) are characterized by
cortical underfolding and reduced gyral and sulcal numbers.1

Compared with cortical abnormalities, the white matter tract
(WMT) organization in MCD is less well-investigated. Con-
ventional structural MR imaging, such as T1WI and T2WI, is
unable to demonstrate the WMT anatomy. Diffusion MR imag-
ing (dMRI) tractography is currently the only noninvasive imag-
ing technique that can estimate, in vivo, WMTs of the human
brain.2 Existing dMRI tractography studies in non-MCD brain
malformations have demonstrated different patterns of aberrant
WM connections in patients sharing similar-appearing malfor-
mations. These studies help advance our understanding about
the disease pathologic mechanisms3-7 and may aid radiology
practice.8,9

Previous dMRI tractography studies in LIS and PMG
included only small case series or single case reports.10-17

These studies typically investigated the superior longitudinal
fasciculus (SLF), corpus callosum, and corticospinal tract and
interrogated the association between WMT abnormalities and
language or motor function. No studies additionally charac-
terized structural abnormalities in other WMTs, such as the
inferior fronto-occipital fasciculus (IFOF), inferior longitudi-
nal fasciculus (ILF), and optic radiation–posterior corona
radiata (OR-PCR). These WMTs are components of the lan-
guage and visual-spatial networks.18 Additionally, diffusion
tensor imaging was used to model axonal fiber orientations in
these studies—a technique that is limited in resolving fiber
orientations in regions containing crossing fibers or other
complex multifiber arrangements. Advanced dMRI acquisi-
tion schemes, such as high angular resolution diffusion imag-
ing (HARDI),19 and multifiber modeling techniques, such as
constrained spherical deconvolution (CSD),20 improve the ac-
curacy of WM modeling in both healthy and pathologic
brains,21 but they have not been applied to study WMT orga-
nization in LIS and PMG.

The aim of this study was to investigate the appearance of 6
major WMTs in LIS and PMG using tractography reconstructed
from the CSD modeling technique.

MATERIALS AND METHODS
Study Population
The MR imaging data were retrospectively selected from 2 terti-
ary pediatric referral hospitals: the E. Medea Institute (Bosisio
Parini, Italy) and the Royal Children’s Hospital (Melbourne,
Australia). Both hospitals’ ethics committee approved the study.
The Royal Children’s Hospital Ethics Committee approved the
study as a clinical audit and determined that informed consent
was unnecessary. Written inform consent was obtained from
all patients and/or their legal guardians from the E. Medea
Institute.

Inclusion criteria were the following: 1) radiologic diagno-
sis of PMG or LIS spectrum (agyria, pachygyria and subcorti-
cal band heterotopia [SBH])1 made on the basis of screening
the hospital records and confirmed by an experienced pediat-
ric neuoradiologist (F.A.), who reviewed all MR imaging data;
and 2) a 3T MR imaging study including a 3D structural T1-
weighted sequence and a DWI acquisition with $32 diffusion-
weighted directions and a b-value$ 1000 s/mm2.

MR imaging data of typically developing children
obtained from the Pediatric MRI Data Repository were used
as study control (NIH MRI Study of Normal Brain
Development; https://neuroscienceblueprint.nih.gov/resources-
tools/nih-mri-study-normal-brain-development).22 The MR
imaging sequence details are summarized in On-line
Table 1.

DWI Processing and Tractography Reconstruction
The DWI data were first preprocessed with Tortoise software
(Version 3.1.4; https://tortoise.nibib.nih.gov/),23 corrected for
thermal noise, Gibbs ringing artifacts, motion and eddy current
distortions, and B1 bias field inhomogeneities. The EPI geometric
distortion was corrected using a reversed phase-polarity DWI se-
ries or b¼ 0 s/mm2 images.

Voxelwise WM fiber orientation distribution (FOD) was esti-
mated on the basis of the multitissue CSD model using the
MRtrix 3.0 software (www.mrtrix3.org) (lmax ¼ 4 for 32-direc-
tion data; lmax ¼ 8 for 60-direction data).24 FOD-based direc-
tion-encoded color (DEC) maps were generated using the
conventional orientation labels.

Due to a propensity for a noisier FOD modeling in most
cases with b ¼ 1100 s/mm2 data, we elected to perform tractog-
raphy reconstructions using a deterministic tracking algorithm
and a conservative FOD amplitude cutoff (0.1) to minimize
false-positive streamline reconstructions; 5000 streamlines
were retained per WMT, and other default-tracking parameters
were used. ROIs used for in vivo WMT dissection were placed
on the basis of a priori anatomic knowledge.25 We recon-
structed the following WMTs: cingulum (CG), IFOF, ILF, OR-
PCR, superior fronto-occipital fasciculus/Muratoff bundle
(SFOF), and SLF.

To investigate the interscanner variance in the reconstructed
tractography images due to differences in DWI acquisition
schemes among the patients and controls, we conducted a pre-
liminary analysis by scanning a single healthy subject using the
3 different study DWI acquisition schemes (see the On-line
Appendix and On-line Figs 1 and 2 for more details). The recon-
structed DEC maps and tractography images were visually com-
parable between different datasets, confirming that our study
approach was suitable for semiquantitative assessment of the
WMTmorphology (see below).

Age-Matched Typically Developing Brain Template
Seven age-specific T1WI andWM FOD templates were generated
from healthy controls. On-line Table 2 summarizes the age
groups and template details. The FOD templates were created
using the group-averaged multitissue response function from
each age group.26 Each FOD template was optimized through 12
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affine and 16 nonlinear iterations of FOD registration. Each
T1WI template was then linearly coregistered to the FOD
template.27

Data Analysis: A Semiquantitative WM Tract Analysis
Both the tractography reconstruction and the tract appearance
on DEC maps for each patient were compared with the corre-
sponding age-matched typically developing WM-FOD tem-
plate. The WMTs were assessed independently by 2 experienced
pediatric neuoradiologists (F.A. and S.M.) and scored in con-
sensus using a modified version of a semiquantitative scoring
system previously used to grade WMT abnormalities in other
MCDs:13,28

• Grade I (normal): WMTs with similar size and geometry
compared with the healthy controls

• Grade IIA (irregular): WMTs characterized by at least 1 of the
following features: reduced size, displaced fibers, or distorted
geometry

• Grade IIB (thick): WMTs with increased size compared with
those in the healthy controls

• Grade III (absent): failed tractography reconstruction and no
recognizable WMTs on the DEC maps

The results were summarized by the different PMG and LIS
subgroups.1

RESULTS
Fifty patients were included in this study (mean age, 8.3 6

5.4 years; range, 1.4–21.2 years; 27 males). Forty-two patients had
PMG, and 8 patients had the LIS spectrum. PMG was unilateral
in 11 patients. The main associated brain structural abnormalities
included the following: mild-to-severe ventricular dilation (30
cases), hippocampal malrotation or asymmetry (21 cases), basal
ganglia and thalami dysmorphism (10 cases), brain stem hypo-
plasia, asymmetry, and malformations (10 cases), cerebellar hy-
poplasia/atrophy and dysplasia (17 cases), and corpus callosum
anomalies (30 cases).

A genetic diagnosis was confirmed in 11 cases (see On-line
Table 3 for details). Five patients had a proved congenital cyto-
megalovirus (CMV) infection (10 of 50 patients suspicious for
congenital CMV were tested). Table 1 summarizes the patient
demographics and MCD characteristics.1 Table 2 summarizes the
WMT analysis results.

The patients with LIS had more WMT abnormalities than
those with PMG (percentage of abnormal tracts in LIS and PMG:

Table 1: Study patients by the MCD subgroups and their conventional structural MR imaging findings

MCD Subgroups/Variants
No. of
Cases

Unilateral
MCD

Prenatal
CMV

Infection

Associated Brain Anomalies

Ventricles BGT Hippocampus Brain Stem Cerebellum CC
PMG
Peri-Sylvian 16 4 1 9 3 5 2 4 5
Frontoparietal 7 2 4 2 0 0 2 2 2
Generalized 4 0 0 4 1 4 0 2 3
Focala 7 2 0 4 2 3 2 3 5
Parieto-occipital 1 1 0 1 0 0 0 0 1
Multifocal 6 2 0 3 0 3 0 1 5
With schizencephaly 1 0 0 1 1 1 1 1 1
Total 42 11 5 24 7 16 7 13 22

LISb

Pachygyria with SBH 5 0 0 5 2 3 2 2 4
Pachygyria without SBH 1 0 0 0 1 2 1 2 2
SBH without pachygyria 2 0 0 1 0 0 0 0 2
Total 8 0 0 6 3 5 3 4 8

Note:—BGT indicates basal ganglia and thalami; CC, corpu callosum.
a All located in frontal lobe.
b All LIS cases were bilateral.

Table 2: Summary of the white matter tract appearance in all study patients presented by each MCD subgroupa

MCD Subgroups No. of Patients SLF CG SFOF IFOF OR-PCR ILF
Peri-Sylvian PMG 16 8/16/0/8 27/5/0/0 31/1/0/0 27/5/0/0 20/12/0/0 21/11/0/0
Frontoparietal PMG 7 4/6/0/4 13/1/0/0 12/2/0/0 12/2/0/0 6/8/0/0 7/7/0/0
Frontal PMG 7 3/10/0/1 5/9/0/0 12/1/0/1 12/2/0/0 10/4/0/0 11/3/0/0
Generalized PMG 4 0/2/0/6 1/5/0/2 2/2/0/4 2/6/0/0 0/8/0/0 0/8/0/0
Multifocal PMG 6 9/3/0/0 7/5/0/0 10/0/0/2 12/0/0/0 9/3/0/0 11/1/0/0
Parieto-occipital PMG 1 2/0/0/0 2/0/0/0 2/0/0/0 2/0/0/0 1/1/0/0 2/0/0/0
PMG and schizenchephaly 1 0/0/0/2 0/2/0/0 0/0/1/1 0/2/0/0 0/2/0/0 0/2/0/0
Pachygyria with SBH 5 0/6/0/4 2/8/0/0 2/4/4/0 2/8/0/0 0/10/0/0 0/10/0/0
SBH (no pachygyria) 2 0/4/0/0 2/2/0/0 4/0/0/0 2/2/0/0 0/4/0/0 0/4/0/0
Pachygyria (no SBH) 1 0/2/0/0 0/2/0/0 2/0/0/0 0/2/0/0 2/0/0/0 2/0/0/0
All PMG 42 27/36/0/21 55/27/0/2 69/6/1/8 67/17/0/0 46/38/0/0 52/32/0/0
All LIS 8 0/12/0/4 4/12/0/0 8/4/4/0 4/12/0/0 2/14/0/0 2/14/0/0

a For each white matter tract, the number of tract appearances classified as grades I/IIA/IIB/III is reported.

AJNR Am J Neuroradiol 41:1495–1502 Aug 2020 www.ajnr.org 1497



79.2% versus 37.3%). In LIS, different grades of tract abnormal-
ities were identified in every WMT. In PMG, the more frequently
affected WMTs were the CG, ILF, PCR-OR, and SLF (Fig 1 and
On-line Fig 3).

The extent of WMT abnormalities in PMG was associated
with the severity and distribution/location of the cortical abnor-
malities. For example, in generalized PMG, most studied WMTs
had an abnormal appearance. The SLF was absent in the majority
of these patients (75%). The SLF was most frequently affected in
patients with peri-Sylvian PMG. In focal (frontal) PMG, most of
the WMT abnormalities involved the CG and SLF (both have
frontal fiber projections), not the OR-PCR and ILF (neither has
frontal fiber projections). In the peri-Sylvian PMG subgroup,
normal-appearing SLFs were observed in focal opercular and/or
insular PMG, irregular-appearing SLFs were observed in more
extensive peri-Sylvian PMG, and the SLFs were absent in diffuse
peri-Sylvian PMG cases with malformations extending into the
adjacent frontal/parietal lobes (Fig 2 and On-line Fig 4).

Irregular-appearing SLFs were identified in 4 frontoparietal
and 1 diffuse peri-Sylvian PMG with proved congenital CMV
infection (On-line Fig 5). Thickened SFOFs were identified in 2
patients with LIS with pachygyria and SBH and 1 patient with
PMG with schizencephaly (Fig 3).

DISCUSSION
In this qualitative dMRI tractography study, we demonstrated
abnormal patterns of WMT organization in a large cohort of
patients with complex MCDs. The incorporation of CSD, an
advanced multifiber WM model, is unique and a strength to this
study, compared with the other MCD tractography studies, using
the single-fiber, diffusion tensor imaging model. The use of this
higher-order diffusion model helps improve the anatomic accu-
racy of the tractography reconstructions by reducing both
false (premature) terminations and inaccurate streamline
propagation over crossing-fiber WM regions.20,21 Our results

FIG 1. Tractography findings in selected patients with lissencephaly and polymicrogyria. T1WI, direction-encoded color maps, and tractography
reconstructions in 2 patients with LIS (A and B) and 2 with PMG (C and D) are shown. For each patient, a comparable tractography reconstruction
from the age-matched healthy control template is shown in the last column for comparison. A, An irregular (shorter and smaller) bilateral cingu-
lum (arrows on DEC map) in a patient with pachygyria and thick subcortical band heterotopia. B, A bilateral, irregular (smaller and distorted)
superior longitudinal fasciculus (arrows on DEC map) in a patient with posterior-quadrant pachygyria and a thick SBH. C, Bilateral irregular
(smaller and thinner) CG (arrows on DEC map) in a patient with generalized PMG. D, An irregular (shorter and distorted) right inferior fronto-
occipital fasciculus (IFOF; arrows) in a patient with unilateral right peri-Sylvian PMG. The left IFOF (arrowheads) has a normal appearance. r. indi-
cates right.
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suggest that the amount of WMT abnormalities is related to
the PMG and LIS subgroups and may be interpreted accord-
ing to the timing of cortical developmental defects, the loca-
tion and extent of the malformation, and the presence of
prenatal CMV infection.

The difference in the extent of WMT abnormalities identified
in our LIS and PMG cohorts may reflect the different timing (or
targeting) of cortical developmental defects occurring in these 2
MCD classes. Cortical development in humans occurs through a
series of orderly, predictable, and overlapping processes.29,30

Neuronal proliferation and migration commence early during
the late embryonic period and continue throughout the fetal pe-
riod. Cortical organization through synaptogenesis and dendritic

differentiation commences later during the fetal period and con-
tinues after birth.31,32 The development and maturation of
WMTs occur through a similar orderly process.33,34 Many associ-
ation WMTs, including the CG, IFOF, SFOF, and geniculocorti-
cal projections (early OR), can be identified as early as at the
midfetal period. The ILF and SLF are visible later during the early
preterm period and continue to mature during the late preterm
period.

According to the classification of Barkovich et al,1 cortical de-
velopmental defects occur much earlier for LIS (during neuronal
migration stage) than PMG cases (during postmigration stage).
This may explain the greater extent and severity of WMT abnor-
malities observed in our LIS sample and the severe intellectual

FIG 2. The superior longitudinal fasciculus involvement in peri-Sylvian polymicrogyria. T1WI, direction-encoded color maps, and tractography
reconstructions of the SLF in 3 patients with exemplary peri-Sylvian PMG (A–C). Sagittal T1-weighted images and tractography refer to the right
hemisphere. A comparable SLF tractography reconstruction from the age-matched healthy control template is shown in the last row for com-
parison (D). Patient A has bilateral focal peri-Sylvian PMG in the opercular regions (arrows on T1WI). Both SLFs look normal on both the DEC
map (arrows on DEC map) and tractography reconstruction. Patient B has bilateral diffuse peri-Sylvian PMG (arrows on T1WI). Both SLFs (arrows
on DEC maps) are irregular in appearance. The right SLF tractography is notably shorter and smaller compared with the right SLF from a control.
Patient C has bilateral diffuse peri-Sylvian PMG extending to adjacent cortical regions. The right SLF is absent and could not be reconstructed
(symbolized by the X), and the left SLF is irregular in appearance (smaller compared with the left SLF from a control).
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disability, epilepsy, and cognitive deficits frequently observed in
the children with LIS.35

The exception to this observation is the widespread WMT
abnormalities identified in generalized PMG. A greater propor-
tion of the early-developing WMTs (eg, absent SFOF; irregular-
appearing CG and IFOF) demonstrated structural abnormalities
in these patients compared with other PMG classes. This finding
suggests that differential timing (or targeting) of cortical develop-
mental defects may also exist for different PMG classes.

Our findings also suggest that the MCD severity and location
can affect the extent of WMT abnormalities. For example, we
identified more extensive WMT abnormalities in the generalized
PMG than in focal PMG. In our frontal PMG cohort, we
observed a frequent association with structurally abnormal CG
and SLF, both of which have frontal fiber projections. A recent

structural connectivity study using gyral topology–based analysis
revealed that altered connectivity in patients with PMG may
affect brain regions remote from the primary malformation
site.16 The presence of altered WMT connections within and
between normal-appearing cortices could be secondary to the
WMT abnormalities present within the malformed regions. The
presence of PCR-OR abnormalities supports visual impairment
being observed in up to 25% of patients with PMG, irrespective
of the MCD location.36,37

Abnormal SLF morphology was frequently identified in our
PMG cohort, consistent with findings from other studies.13,15,17

In our peri-Sylvian PMG cohort, the severity of SLF abnormal-
ities (ie, from normal to irregular to absent) was found to be
associated with the severity and extent of MCD. Related volumet-
ric analysis (On-line Fig 4) highlighted that the volume of

FIG 3. Thickened superior fronto-occipital fasciculus. T1WI, direction-encoded color maps with associated fiber orientation distribution glyph
profiles, and tractography reconstructions in 3 patients with thickened SFOFs (A–C) and in the age-matched healthy control template for com-
parison (D). Patient A has bilateral peri-Sylvian PMG plus a left schizencephaly and a thickened right SFOF (arrowheads). The left SFOF cannot
be recognized. Patients B and C demonstrate pachygyria and subcortical band heterotopia and bilateral thickened SFOF (arrowheads). On FOD
glyphs maps, 1 indicates the SFOF (green, predominately anterior-posterior oriented fibers), and 2, the corpus callosum (red, predominately left-
right oriented fibers).
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malformed cortices in the patients with peri-Sylvian PMG with
absent or irregular SLF was significantly higher than that in
patients with normal SLFs. This relationship was not investigated
for the other WMTs. This finding may have prognostic implica-
tions, predicting a higher likelihood of language deficits in the
more diffuse form of peri-Sylvian PMG.15

In the 5 patients with PMG with diffuse malformations relat-
ing to congenital CMV infection, we observed less severe patterns
of SLF abnormalities, compared with the remaining PMG cases
without CMV infection. While this finding is contrary to our pre-
viously stated observation, this preliminary finding implies that
the CMV infection affects cortical development inMCD via a dis-
tinct mechanism. Previous neuropathologic studies of CMV-
associated brain lesions demonstrated preferential tissue destruc-
tion within the cerebral cortex and peculiar vulnerability of the
radial glia and stem cells.38 Accordingly, this finding would
explain less severe patterns of WMT abnormalities observed in
our CMV-infected patients with PMG, though such speculation
warrants further investigation using a larger study cohort.

We observed thickened WMTs (ie, SFOF) in 2 patients with
LIS and 1 with PMG. This rare form of WMT structural abnor-
mality has previously been described in a dysmorphic corpus cal-
losum and in aberrant WMTs, such as the supracallosal
longitudinal bundle, pontine tegmental cap dysplasia, and ante-
rior mesencephalic cap dysplasia.3,5,7 The underlying pathologic
mechanism is unclear, though thought to be due to either the
transient fetal WMTs failing to regress39 or miswiring of WMTs
caused by impaired axonal guidance. We additionally observed
complete agenesis of the ipsilateral SLF in all 3 cases. Due to the
proximity of anatomic courses between the 2 WMTs, we specu-
late that the thickened SFOF observed in these cases may be due
to misguidance of the SLF axonal fibers.

Our study findings are limited by the retrospective study
design, multisite MR imaging data, and the limited sample sizes
for each PMG and LIS class. Due to the rarity of these disorders,
combining multisite cases and MR imaging data is unavoidable.
An issue common to all multisite MR imaging studies is a degree
of heterogeneity introduced by variations in the MR imaging
hardware between sites. Nonetheless, the preliminary analysis we
conducted suggested that the interscanner (and intersite) var-
iance had minimal impact on the appearance of the tractography
output, which acts to further strengthen the reliability of our
study findings. Differences in the DWI acquisition schemes
also limit our ability to compare tract-wise diffusion metrics
that may be useful to infer changes in the WMT microstruc-
tural properties.

The CSD modeling technique used in this study has been
shown to reliably estimate local multiple fiber orientations using
HARDI data and also the b�1100 s/mm2 and �30 diffusion-
encoded direction data.40 Tractography reconstruction may be
confounded by operator-dependent bias in the manual ROI
placement. We additionally examined the DEC maps and associ-
ated FOD glyph profiles to improve the confidence in our trac-
tography findings.

The diagnostic yield of the genetic testing was low in our se-
ries (22%). The small number of confirmed genetic diagnoses
and heterogeneity of the causative genes involved prevented us

from characterizing the association between different WMT
abnormalities and specific genetic mutations.

CONCLUSIONS
This is the first dMRI tractography study using an advanced mul-
tifiber DWI modeling technique to demonstrate WMT structural
abnormalities in PMG and LIS. We demonstrated the following:
1) The brain structural abnormalities in MCD extend beyond the
gray matter involvement; 2) patterns of WMT involvement are
related to the MCD types, severity, and distribution and possibly
to prenatal CMV infection; and 3) there is a spectrum of WMT
abnormalities in PMG and LIS, including a rare occurrence of
thickened WMTs.
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Characterizing the Subcortical Structures in Youth with
Congenital Heart Disease

K. Fontes, F. Courtin, C.V. Rohlicek, C. Saint-Martin, G. Gilbert, K. Easson, A. Majnemer, A. Marelli,
M.M. Chakravarty, and M. Brossard-Racine

ABSTRACT

BACKGROUND AND PURPOSE: Congenital heart disease is a leading cause of neurocognitive impairment. Many subcortical struc-
tures are known to play a crucial role in higher-order cognitive processing. However, comprehensive anatomic characterization of
these structures is currently lacking in the congenital heart disease population. Therefore, this study aimed to compare the mor-
phometry and volume of the globus pallidus, striatum, and thalamus between youth born with congenital heart disease and healthy
peers.

MATERIALS AND METHODS: We recruited youth between 16 and 24 years of age born with congenital heart disease who under-
went cardiopulmonary bypass surgery before 2 years of age (n ¼ 48) and healthy controls of the same age (n ¼ 48). All partici-
pants underwent a brain MR imaging to acquire high-resolution 3D T1-weighted images.

RESULTS: Smaller surface area and inward bilateral displacement across the lateral surfaces of the globus pallidus were concen-
trated anteriorly in the congenital heart disease group compared with controls (q, 0.15). On the lateral surfaces of bilateral thal-
ami, we found regions of both larger and smaller surface areas, as well as inward and outward displacement in the congenital heart
disease group compared with controls (q, 0.15). We did not find any morphometric differences between groups for the striatum.
For the volumetric analyses, only the right globus pallidus showed a significant volume reduction (q, 0.05) in the congenital heart
disease group compared with controls.

CONCLUSIONS: This study reports morphometric alterations in youth with congenital heart disease in the absence of volume
reductions, suggesting that volume alone is not sufficient to detect and explain subtle neuroanatomic differences in this clinical
population.

ABBREVIATION: CHD ¼ congenital heart disease

Congenital heart disease (CHD) is a leading cause of neurode-
velopmental impairment.1 A variety of motor delays, lan-

guage disorders, behavioral problems, and learning difficulties
have been described in children and adolescents with CHD.2,3

Adults and senior citizens with CHD are also at a greater risk for
neurocognitive challenges and early cognitive decline.4 Brain

injury is a frequent neonatal complication of CHD, and recent
studies suggest that up to 65.7% of adolescents born with CHD
who underwent open heart surgery requiring cardiopulmonary
bypass during infancy present with overt brain abnormal
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findings on qualitative MR imaging.5 However, even in the
absence of brain anomalies on qualitative MR imaging, ado-
lescents with complex CHD often present with worse neuro-
cognitive outcomes than healthy peers.5 Therefore, qualitative
MR imaging may not capture subtle neuroanatomic differen-
ces potentially underlying neurodevelopmental deficits in this
population.

Morphometry has the potential to characterize structural
specificities that cannot be captured by volumetric analysis,
such as bending, flattening, or focal surface area changes.6 In
fact, morphometry has been shown to provide a sensitive
marker for abnormal brain development in a number of neu-
rodevelopmental and psychiatric disorders, including child-
hood-onset schizophrenia7 and autism spectrum disorder.8

Preliminary studies in adolescents with CHD have reported
smaller basal ganglia nuclei in adolescents with CHD com-
pared with controls.9,10 However, most of these volumetric dif-
ferences were no longer apparent when controlling for overall
brain volume differences. One recent study using whole-brain
voxel-based morphometry found reduced gray matter density
in many cortical regions of the brain, as well as in the thala-
mus, caudate nuclei, and putamen of adolescents with single-
ventricle CHD.11 However, comprehensive evaluation of the
subcortical structures in youth with CHD using a hypothesis-
driven approach is still missing. In a prior study, we success-
fully performed volumetric and morphometric analyses of the
hippocampus and found differences between youth with CHD
and healthy volunteers that were associated with poorer work-
ing memory.12 As a next step, we aimed, with this study, to
quantitatively compare the morphometry and volume of the
globus pallidus, striatum, and thalamus between youth with
CHD and healthy peers. We hope that a comprehensive ana-
tomic evaluation of these subcortical structures that play criti-
cal roles in many learning and cognitive processes13-15 will
help provide a better understanding of the neural correlates of
some of the neurocognitive difficulties observed in this
population.

MATERIALS AND METHODS
Participants
We recruited term-born (.36weeks gestational age) youth, 16–
24 years of age, who underwent open heart surgery using cardio-
pulmonary bypass for complex CHD before 2 years of age and
without documented congenital infection, chromosomal abnor-
malities, and/or multiorgan dysmorphic conditions. A control
group of youth matched for age and sex was also recruited from
the local community using pamphlets and social media. Controls
were considered healthy if they had no history of brain tumor or
malformation, traumatic brain injury, or developmental or neu-
rologic conditions and had not undergone rehabilitation or
received special education services during childhood or adoles-
cence. Written informed consent was obtained from the partici-
pants or legal guardians when participants were younger than
18 years of age. All participants underwent brain MR imaging at
the Montreal Children’s Hospital. Socioeconomic status was eval-
uated using the Hollingshead Four Factor Index.16 The study was

approved by the McGill University Health Center Pediatric
Research Ethics Board.

MR Imaging
Image Acquisition. Participants were scanned on a 3T MR
imaging system (Achieva X-Series; Philips Healthcare) using a
32-channel head coil to acquire 3D 1-mm isotropic anatomic
T1-weighted images (TE ¼ 3.7 ms, TR ¼ 8.1ms, FOV ¼ 240 �
240 � 180mm, section thickness ¼ 1mm, flip angle = 8°) of
their brains. All images were qualitatively reviewed for brain
abnormalities by an experienced neuroradiologist (C.S.-M.)
blinded to the participant’s medical history.

Image Analysis or Image Processing. All acquired images under-
went visual quality assessment and were excluded if excessive
motion or scanner artifacts were observed. Images were visually
inspected for quality and segmentation accuracy at each process-
ing step.17 Images were first preprocessed using the minc-
bpipe-library (https://github.com/CobraLab/minc-bpipe-library).18

This pipeline uses a “clean_and_center” stage to uniformize
the direction cosines and the zero-point of the scan to the
center of the image, followed by bias field correction using
the N4ITK algorithm (https://simpleitk.readthedocs.io/
en/master/link_N4BiasFieldCorrection_docs.html),19 brain
extraction based on nonlocal segmentation technique,20

and image cropping to remove the neck. Total brain volume
estimates were acquired from the brain extraction based on
the nonlocal segmentation technique mask.20

The MAGeT-Brain algorithm (https://github.com/CobraLab/
MAGeTbrain) is an automatic segmentation21 that has been vali-
dated in healthy and clinical populations of various ages and pro-
vides quickly accessible, reliable, and reproducible results.21-25

This algorithm uses a multiatlas voting method, based on a tem-
plate library generated from a subset of the sample, to segment
images while incorporating neuroanatomic variation specific to
the population of interest. Surface-based measures of displace-
ment are measurements of the deformation along the normal at
each vertex of surface-based models of each structure as esti-
mated by calculating the dot product between the normal and the
average deformation vector at that point. Local surface area is
estimated as the mean surface of all adjacent triangles after defor-
mation with the mean deformation field and reparcellation
scheme using Vornoi mapping (http://webhelp.esri.com/
arcgisdesktop/9.2/index.cfm?TopicName=Voronoi_maps). All
preprocessed images were entered into the MAGeT-Brain
pipeline to delineate the thalamus, striatum, and globus pal-
lidus (Fig 1). Outputs from the MAGeT-Brain pipeline
included volumes, surface area, and displacement measure-
ments for each structure. All computations were performed
on the Scinet University of Toronto cluster (https://www.
scinethpc.ca/).26 Vertex-wise morphometry analyses were
then conducted through the RMINC library in R (Version
3.4.4; http://www.r-project.org).27,28

Statistical Analysis
Participants’ characteristics were compared between groups
using x 2 tests for categoric variables and independent t tests for
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continuous variables, which were confirmed to be normally dis-
tributed using Shapiro-Wilk tests. Subcortical morphometric
and volumetric differences between groups were assessed using
the FSL General Linear Model (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/GLM). Variables significantly different between the groups
were added to the GLMs as covariates. Post hoc significance test-
ing with the false discovery rate method was performed for all
GLMs to account for multiple comparisons using a threshold of
q, 0.15. All statistical analyses were completed using R (Version
3.4.4).28

RESULTS
Participant Characteristics
A total of 48 participants with CHD (20/48 male; mean age,
20.1 years) and 48 controls (20/48 male; mean age 20.5 years)
were included in this study. Twenty-two participants with
CHD were recruited from a previous study, the Determinants
of Active Involvement in Leisure for Youth (DAILY) study,2

and 26 were prospectively enrolled at our center. There were
no significant differences with respect to age, sex, body mass
index, or socioeconomic status between the DAILY partici-
pants and the newly enrolled participants. The participants’
characteristics are presented in the Table. Socioeconomic sta-
tus was significantly higher in the control group compared
with CHD group.

The CHD group was predominantly composed of youth with
a bivenontricular physiology (37/48, 77.1%), including destro-
transposition of the great arteries (n¼ 18), tetralogy of Fallot (n¼
11), total anomalous pulmonary venous connection (n ¼ 3), ven-
tricular and atrial septal defects (n ¼ 3), and truncus arteriosus
type I (n ¼ 2). Only 11/48 (22.9%) participants presented with

univentricular physiology. The univentricular physiologies present
in our sample were pulmonary atresia (n¼ 4), double-outlet right
ventricle (n ¼ 3), double-inlet left ventricle (n ¼ 2), hypoplastic
left-heart syndrome (n ¼ 1), and Ebstein pulmonary atresia
(n¼ 1).

Qualitative MR Imaging Findings
Brain abnormalities on qualitative MR imaging were more fre-
quent in youth with CHD (22.9%; 11/48) compared with controls
(10.4%; 5/48). However, this difference did not reach statistical
significance [x 2(1, n¼ 96)¼ 2.700, P= .085]. The details of these
brain abnormalities are reported in On-line Table 1. Brain abnor-
malities were all considered mild and were divided into two cate-
gories according to their probable origin as either acquired (eg,
injury, volume loss) or developmental (eg, heterotopia, malfor-
mation). Overall, acquired abnormalities (CHD, n ¼ 9; controls,
n ¼ 3) were more frequent than developmental abnormalities
(CHD, n ¼ 6; controls, n ¼ 2). There were no significant differ-
ences in sex, age, socioeconomic status, or other clinical charac-
teristics between CHD and control participants with and without
brain abnormalities.

Subcortical Volumes and Shape Analysis
All images passed quality assessment and were included for
analyses. Total brain volume and socioeconomic status were
significantly lower in the CHD group and were therefore
included in the General Linear Model analyses. Youth with
CHD presented with a smaller left surface area of the globus
pallidus concentrated anteriorly (Fig 2A) and bilateral inward
displacement across the lateral surfaces (Fig 3A). In the CHD
group, regions of both increased and decreased surface area
were found on the lateral surfaces of the thalamus bilaterally
(Fig 2B), as well as inward and outward displacement (Fig 3B)
compared with controls. We did not find any significant mor-
phometric differences between groups for the striatum. Last,
there were no morphologic differences between the participants
with or without brain abnormalities.

Youth with CHD had significantly smaller right globus pal-
lidus volume than controls (F(1,93) ¼ 4.867, q ¼ 0.036). There
were no other volumetric differences between CHD participants
and controls. We additionally performed volumetric comparison
of the striatum once subdivided into the left and right putamen

FIG 1. Segmentation of the subcortical structures. T1-weighted image
of a female participant with CHD (17 years of age) with delineation of
the subcortical structures: globus pallidus left (green) and right
(fuschia), thalamus left (blue) and right (yellow), and striatum left (red)
and right (turquoise) in the axial (A) and coronal (B) planes.

Participants’ characteristics
Variables; mean 6 standard
deviation, n (%), median

[range]
CHD
(n = 48)

Control
(n = 48)

P
value

Age at MRI, years 20.16 6 2.2 20.48 6 2.0 .458
Sex
Male 20 (41.7%) 20 (41.7%)
Female 28 (58.3%) 28 (58.3%)

BMI 23.59 6 4.78 23.55 6 3.8 .965
Socioeconomic statusa 38.20 6 8.48 44.30 6 6.9 ,.001
Type of CHD
Univentricular 11/48 (22.9%)
Biventricular 37/48 (77.2%)

Note:—BMI indicates body mass index.
a Score on the Hollingshead Four-Factor Index of Social Status, with higher scores
indicating higher social status.
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and the caudate, but differences remained nonsignificant (q ¼
0.666–0.802). Volumes are reported in On-line Table 2. There
were no significant differences between subcortical volumes of
participants with or without brain abnormalities.

DISCUSSION
In the present study, we used quantitative MR imaging to com-
prehensively characterize the subcortical structures of youth with
CHD. We found morphometric differences in the globus pallidus
and thalamus, but not in the striatum of youth with CHD when
compared to healthy peers. However, compared with controls,

youth with CHD had only a smaller right globus pallidus, with no
other volumetric differences. The lack of difference in volumes in
our sample is consistent with previous studies that also did not
find a significant difference in the overall basal ganglia volume of
adolescents with CHD compared with controls after adjusting for
total brain volume.9,10 Only Watson et al,9 in 2016, reported sig-
nificantly smaller volumes in the bilateral caudate, which we did
not observe in our volumetric analyses of the whole striatum or
its subdivisions. This discrepancy in findings across studies may
reside, in part, in the difference in the anatomic delineation of the
subcortical structures used by each processing pipeline. Our
results also support shape analyses being more sensitive to

FIG 2. Group differences between CHD and control participants for the globus pallidus (A) and thalamus surface area (B). The darker blue
colors indicate regions of significantly smaller surface area (more concave), and the darker orange indicates regions of significantly larger sur-
face area (more convex) in CHD participants compared with controls (q, 0.15). Analyses were adjusted for total brain volume and socioeco-
nomic status.

FIG 3. Group differences between CHD and control participants for globus pallidus (A) and thalamus displacement (B). The darker blue colors
indicate regions of significant inward displacement in CHD participants compared with controls. The darker orange colors indicate regions of
significant outward displacement in CHD participants compared with controls (q, 0.15). Analyses were adjusted for total brain volume and soci-
oeconomic status.
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smaller regional differences because morphometry provides local-
ized measures of surface area and displacement.7

Our findings are in line with the only previous study to apply
voxel-based morphometric analyses in adolescents with CHD.
Singh et al,11 in 2018, reported a widespread decreased propor-
tion of gray matter tissue in many brain regions, including the
thalamus and the subdivisions of the striatum. Indeed, we found
both increased and decreased surface area across the lateral surfa-
ces of the thalami bilaterally and inward and outward displace-
ment on the surface of the left thalamus in the CHD group
compared with controls. Similar widespread morphometric dif-
ferences of the thalamus have been observed in individuals with
mild cognitive impairment whose condition ultimately evolved to
a diagnosis of Alzheimer disease.29 These findings are relevant
because recent studies have reported a higher risk for cognitive
decline in adults with CHD; however, this phenomenon is cur-
rently understudied.30

We detected a smaller surface area and inward displacement
on the surface of the globus pallidus, which was concentrated
anteriorly mainly on the lateral surfaces in the CHD group when
compared to controls. Last, we found no differences in striatal
morphometry between youth with CHD and healthy peers.
Preliminary studies have found volumetric and morphometric
differences of the striatum and globus pallidus in the context of
addiction studies.31-33 However, we did not find any existing
studies in relevant clinical populations with which we could com-
pare our findings. Our findings highlight the need to conduct fur-
ther structure-function studies to better understand the role of
both the globus pallidus and the striatum in higher-order cogni-
tive processes.

The development of subcortical structures has been shown to
be highly heterogeneous; while regions of the basal ganglia are
contracting with age, others are expanding.22 It is now well-estab-
lished that brain development is often altered in fetuses and
infants with CHD.34,35 The shape alterations of the subcortical
structures observed in the current study could suggest a particular
role for altered development of the subcortical gray matter.
However, this hypothesis will need to be validated by a longitudi-
nal study capturing early life development of the deep gray matter
up until adulthood.

There are a few limitations worth considering in this study.
First, we cannot generalize the findings of our study to a specific
type of CHD because our sample is composed of a mixed cohort
of CHD diagnoses. However, our inclusion of multiple types of
CHD is a strength because we provide a range of CHD diagnoses
that reflect the diversity found in the clinics. The higher socioeco-
nomic status in our control group is likely caused by the recruit-
ment of participants from local universities. We therefore
included socioeconomic status as a covariate in all our analyses to
control for it.

CONCLUSIONS
This study provides the first comprehensive evaluation of the
subcortical structures of youth with CHD that includes morpho-
metric and volumetric characterization of the globus pallidus,
thalamus, and striatum using a hypothesis-driven approach. We
report morphometric alterations in youth with CHD in the

absence of volumetric reduction, which suggests that volume
alone is not sufficient to detect and explain subtle structural dif-
ferences in this clinical population. Morphometry is a valuable
neuroradiologic tool in detecting subtle brain differences in
the search for underlying mechanisms of brain functions.
Nevertheless, studies with longitudinal follow-up are needed to
better understand how these neuroanatomic differences may
relate to functional outcomes in survivors of CHD.

ACKNOWLEDGMENTS
We thank the youth and their families for their participation in
this study and the clinicians, technologists, and research assistants
for their involvement in this study.

Disclosures: Christine Saint-Martin—UNRELATED: Board Membership: Societe de
Radiologie du Quebec, Comments: member of the scientific committee.
Guillaume Gilbert—UNRELATED: Employment: Philips Healthcare Canada,
Comments: I work as a clinical scientist in MR imaging for Philips Healthcare
Canada. Mallar Chakravarty—UNRELATED: Employment: McGill University.

REFERENCES
1. Marino BS, Lipkin PH, Newburger JW, et al; American Heart

Association Congenital Heart Defects Committee, Council on
Cardiovascular Disease in the Young, Council on Cardiovascular
Nursing, and Stroke Council. Neurodevelopmental outcomes in
children with congenital heart disease: evaluation and manage-
ment: a scientific statement from the American Heart Association.
Circulation 2012;126:1143–72 CrossRef Medline

2. Easson K, Dahan-Oliel N, Rohlicek C, et al. A comparison of devel-
opmental outcomes of adolescent neonatal intensive care unit
survivors born with a congenital heart defect or born preterm. J
Pediatr 2019;207: 34–41.e2 CrossRef Medline

3. Latal B.Neurodevelopmental outcomes of the child with congenital
heart disease. Clin Perinatol 2016;43:173–85 CrossRef Medline

4. Keir M, Ebert P, Kovacs AH, et al. Neurocognition in adult congeni-
tal heart disease: how to monitor and prevent progressive decline.
Can J Cardiol 2019;35:1675–85 CrossRef Medline

5. Bolduc ME, Lambert H, Ganeshamoorthy S, et al. Structural brain
abnormalities in adolescents and young adults with congenital
heart defect: a systematic review. Dev Med Child Neurol 2018;60:
1209–24 CrossRef Medline

6. Voineskos AN, Winterburn JL, Felsky D, et al. Hippocampal (sub-
field) volume and shape in relation to cognitive performance
across the adult lifespan. Hum Brain Mapp 2015;36:3020–37
CrossRef Medline

7. Chakravarty MM, Rapoport JL, Giedd JN, et al. Striatal shape abnor-
malities as novel neurodevelopmental endophenotypes in schizo-
phrenia: a longitudinal study. Hum Brain Mapp 2015;36:1458–69
CrossRef Medline

8. Schuetze M, Park MT, Cho IY, et al. Morphological alterations in
the thalamus, striatum, and pallidum in autism spectrum disorder.
Neuropsychopharmacology 2016;41:2627–37 CrossRef Medline

9. Watson CG, Asaro LA, Wypij D, et al. Altered gray matter in ado-
lescents with d-transposition of the great arteries. J Pediatr 2016;
169: 36–43 e1 CrossRef Medline

10. von Rhein M, Buchmann A, Hagmann C, et al. Brain volumes pre-
dict neurodevelopment in adolescents after surgery for congenital
heart disease. Brain 2014;137:268–76 CrossRef Medline

11. Singh S, Kumar R, Roy B, et al. Regional brain gray matter changes
in adolescents with single ventricle heart disease. Neurosci Lett
2018;665:156–62 CrossRef Medline

12. Fontes K, Rohlicek CV, Saint-Martin C, et al. Hippocampal altera-
tions and functional correlates in adolescents and young adults

AJNR Am J Neuroradiol 41:1503–08 Aug 2020 www.ajnr.org 1507

http://dx.doi.org/10.1161/CIR.0b013e318265ee8a
https://www.ncbi.nlm.nih.gov/pubmed/22851541
http://dx.doi.org/10.1016/j.jpeds.2018.11.002
https://www.ncbi.nlm.nih.gov/pubmed/30528759
http://dx.doi.org/10.1016/j.clp.2015.11.012
https://www.ncbi.nlm.nih.gov/pubmed/26876129
http://dx.doi.org/10.1016/j.cjca.2019.06.020
https://www.ncbi.nlm.nih.gov/pubmed/31570238
http://dx.doi.org/10.1111/dmcn.13975
https://www.ncbi.nlm.nih.gov/pubmed/30028505
http://dx.doi.org/10.1002/hbm.22825
https://www.ncbi.nlm.nih.gov/pubmed/25959503
http://dx.doi.org/10.1002/hbm.22715
https://www.ncbi.nlm.nih.gov/pubmed/25504933
http://dx.doi.org/10.1038/npp.2016.64
https://www.ncbi.nlm.nih.gov/pubmed/27125303
http://dx.doi.org/10.1016/j.jpeds.2015.09.084
https://www.ncbi.nlm.nih.gov/pubmed/26553098
http://dx.doi.org/10.1093/brain/awt322
https://www.ncbi.nlm.nih.gov/pubmed/24277720
http://dx.doi.org/10.1016/j.neulet.2017.12.011
https://www.ncbi.nlm.nih.gov/pubmed/29222023


with congenital heart disease. Hum Brain Mapp 2019;40:3548–60
CrossRef Medline

13. Delgado MR, Li J, Schiller D, et al. The role of the striatum in aver-
sive learning and aversive prediction errors. Philos Trans R Soc
Lond, B, Biol Sci 2008;363:3787–800 CrossRef Medline

14. Gambaryan LS, Sarkisyan ZS. Role of the globus pallidus in the
mechanisms of memory. Neurosci Behav Physiol Neuroscience
Physiol 1983;13:470–75 CrossRef Medline

15. van Groen T, Kadish I, Wyss JM. The role of the laterodorsal nu-
cleus of the thalamus in spatial learning and memory in the rat.
Behav Brain Res 2002;136:329–37 CrossRef Medline

16. Hollingshead AB. Four Factor Index of Social Status [1975]. https://
ubir.buffalo.edu/xmlui/handle/10477/1879. Accessed September 15,
2019

17. Bedford SA, Park MT, Devenyi GA, et al; MRC AIMS Consortium.
Large-scale analyses of the relationship between sex, age and intel-
ligence quotient heterogeneity and cortical morphometry in au-
tism spectrum disorder. Mol Psychiatry 2020;25:614–28 CrossRef
Medline

18. Sadedin SP, Pope B, Oshlack A. Bpipe: a tool for running and
managing bioinformatics pipelines. Bioinformatics 2012;28:1525–26
CrossRef Medline

19. Tustison NJ, Avants BB, Cook PA, et al. N4ITK: improved N3 bias
correction. IEEE Trans Med Imaging 2010;29:1310–20 CrossRef
Medline

20. Eskildsen SF, Coupé P, Fonov V, et al; Alzheimer's Disease Neuro-
imaging Initiative. BEaST: brain extraction based on nonlocal
segmentation technique. Neuroimage 2012;59:2362–73 CrossRef
Medline

21. Chakravarty MM, Steadman P, van Eede MC, et al. Performing
label-fusion-based segmentation using multiple automatically
generated templates. Hum Brain Mapp 2013;34:2635–54 CrossRef
Medline

22. Raznahan A, Shaw PW, Lerch JP, et al. Longitudinal four-dimen-
sional mapping of subcortical anatomy in human development.
Proc Natl Acad Sci USA 2014;111:1592–97 CrossRef Medline

23. Shaw P, De Rossi P, Watson B, et al. Mapping the development of
the basal ganglia in children with attention-deficit/hyperactivity
disorder. J Am Acad Child Adolesc Psychiatry 2014;53:780–89.e11
CrossRef Medline

24. Tullo S, Devenyi GA, Patel R, et al. Warping an atlas derived from
serial histology to 5 high-resolution MRIs. Sci Data 2018;5:180107
CrossRef Medline

25. Makowski C, Béland S, Kostopoulos P, et al. Evaluating accuracy of
striatal, pallidal, and thalamic segmentation methods: comparing
automated approaches to manual delineation. Neuroimage 2018;
170: 182–98 CrossRef Medline

26. Chris L, Gruner D, Groer L, et al. SciNet: lessons learned from
building a power-efficient top-20 system and data centre. Journal
of Physics: Conference Series 2010;256:012026

27. Lerch J. Voxel-wise morphometry using RMINC. 2010. https://rdrr.io/
github/Mouse-Imaging-Centre/RMINC/f/inst/documentation/RMINC-
userGuide.pdf. Accessed September 15, 2019

28. The R Core Team. A Language and Environment for Statistical
Computing. 2013. https://cran.r-project.org/doc/manuals/fullrefman.
pdf. Accessed September 15, 2019

29. Kalin AM, Park MT, Chakravarty MM, et al. Subcortical shape
changes, hippocampal atrophy and cortical thinning in future
Alzheimer’s disease patients. Front Aging Neurosci 2017;9:38
CrossRef Medline

30. Keir M, Ebert P, Kovacs AH, et al. Neurocognition in adult congeni-
tal heart disease: how to monitor and prevent progressive decline.
Can J Cardiol 2019;35:1675–85 CrossRef Medline

31. Garza-Villarreal EA, Chakravarty MM, Hansen B, et al. The effect of
crack cocaine addiction and age on the microstructure and mor-
phology of the human striatum and thalamus using shape analysis
and fast diffusion kurtosis imaging. Transl Psychiatry 2017;7:e1122
CrossRef Medline

32. Janes AC, Park MT, Farmer S, et al. Striatal morphology is associ-
ated with tobacco cigarette craving. Neuropsychopharmacology
2015;40:406–11 CrossRef Medline

33. Smith MJ, Cobia DJ, Wang L, et al. Cannabis-related working mem-
ory deficits and associated subcortical morphological differences
in healthy individuals and schizophrenia subjects. Schizophr Bull
2014;40:287–99 CrossRef Medline

34. Miller SP, McQuillen PS. Neurology of congenital heart disease:
insight from brain imaging. Arch Dis Child Fetal Neonatal Ed
2007;92:F435–37 CrossRef Medline

35. Brossard-Racine M, du Plessis AJ, Vezina G, et al. Prevalence and
spectrum of in utero structural brain abnormalities in fetuses with
complex congenital heart disease. AJNR Am J Neuroradiol 2014;
35:1593–99 CrossRef Medline

1508 Fontes Aug 2020 www.ajnr.org

http://dx.doi.org/10.1002/hbm.24615
https://www.ncbi.nlm.nih.gov/pubmed/31070841
http://dx.doi.org/10.1098/rstb.2008.0161
https://www.ncbi.nlm.nih.gov/pubmed/18829426
http://dx.doi.org/10.1007/BF01182692
https://www.ncbi.nlm.nih.gov/pubmed/6672661
http://dx.doi.org/10.1016/S0166-4328(02)00199-7
https://www.ncbi.nlm.nih.gov/pubmed/12429394
https://ubir.buffalo.edu/xmlui/handle/10477/1879
https://ubir.buffalo.edu/xmlui/handle/10477/1879
http://dx.doi.org/10.1038/s41380-019-0420-6
https://www.ncbi.nlm.nih.gov/pubmed/31028290
http://dx.doi.org/10.1093/bioinformatics/bts167
https://www.ncbi.nlm.nih.gov/pubmed/22500002
http://dx.doi.org/10.1109/TMI.2010.2046908
https://www.ncbi.nlm.nih.gov/pubmed/20378467
http://dx.doi.org/10.1016/j.neuroimage.2011.09.012
https://www.ncbi.nlm.nih.gov/pubmed/21945694
http://dx.doi.org/10.1002/hbm.22092
https://www.ncbi.nlm.nih.gov/pubmed/22611030
http://dx.doi.org/10.1073/pnas.1316911111
https://www.ncbi.nlm.nih.gov/pubmed/24474784
http://dx.doi.org/10.1016/j.jaac.2014.05.003
https://www.ncbi.nlm.nih.gov/pubmed/24954827
http://dx.doi.org/10.1038/sdata.2018.107
https://www.ncbi.nlm.nih.gov/pubmed/29917012
http://dx.doi.org/10.1016/j.neuroimage.2017.02.069
https://www.ncbi.nlm.nih.gov/pubmed/28259781
https://rdrr.io/github/Mouse-Imaging-Centre/RMINC/f/inst/documentation/RMINC-userGuide.pdf
https://rdrr.io/github/Mouse-Imaging-Centre/RMINC/f/inst/documentation/RMINC-userGuide.pdf
https://rdrr.io/github/Mouse-Imaging-Centre/RMINC/f/inst/documentation/RMINC-userGuide.pdf
https://cran.r-project.org/doc/manuals/fullrefman.pdf
https://cran.r-project.org/doc/manuals/fullrefman.pdf
http://dx.doi.org/10.3389/fnagi.2017.00038
https://www.ncbi.nlm.nih.gov/pubmed/28326033
http://dx.doi.org/10.1016/j.cjca.2019.06.02]0
https://www.ncbi.nlm.nih.gov/pubmed/31570238
http://dx.doi.org/10.1038/tp.2017.92
https://www.ncbi.nlm.nih.gov/pubmed/28485734
http://dx.doi.org/10.1038/npp.2014.185
https://www.ncbi.nlm.nih.gov/pubmed/25056595
http://dx.doi.org/10.1093/schbul/sbt176
https://www.ncbi.nlm.nih.gov/pubmed/24342821
http://dx.doi.org/10.1136/adc.2006.108845
https://www.ncbi.nlm.nih.gov/pubmed/17848505
http://dx.doi.org/10.3174/ajnr.A3903
https://www.ncbi.nlm.nih.gov/pubmed/24651820


ORIGINAL RESEARCH
PEDIATRICS

MRI Findings at Term-Corrected Age and
Neurodevelopmental Outcomes in a Large Cohort of Very

Preterm Infants
S. Arulkumaran, N. Tusor, A. Chew, S. Falconer, N. Kennea, P. Nongena, J.V. Hajnal, S.J. Counsell,

M.A. Rutherford, and A.D. Edwards

ABSTRACT

BACKGROUND AND PURPOSE: Brain MR imaging at term-equivalent age is a useful tool to define brain injury in preterm infants.
We report pragmatic clinical radiological assessment of images from a large unselected cohort of preterm infants imaged at term
and document the spectrum and frequency of acquired brain lesions and their relation to outcomes at 20months.

MATERIALS AND METHODS: Infants born at ,33weeks’ gestation were recruited from South and North West London neonatal
units and imaged in a single center at 3T at term-equivalent age. At 20 months’ corrected age, they were invited for neurodevelop-
mental assessment. The frequency of acquired brain lesions and the sensitivity, specificity, and negative and positive predictive val-
ues for motor, cognitive, and language outcomes were calculated, and corpus callosal thinning and ventricular dilation were
qualitatively assessed.

RESULTS: Five hundred four infants underwent 3T MR imaging at term-equivalent age; 477 attended for assessment. Seventy-six
percent of infants had acquired lesions, which included periventricular leukomalacia, hemorrhagic parenchymal infarction, germinal
matrix–intraventricular hemorrhage, punctate white matter lesions, cerebellar hemorrhage, and subependymal cysts. All infants with
periventricular leukomalacia, and 60% of those with hemorrhagic parenchymal infarction had abnormal motor outcomes. Routine
3T MR imaging of the brain at term-equivalent age in an unselected preterm population that demonstrates no focal lesion is 45%
sensitive and 61% specific for normal neurodevelopment at 20months and 17% sensitive and 94% specific for a normal motor
outcome.

CONCLUSIONS: Acquired brain lesions are common in preterm infants routinely imaged at term-equivalent age, but not all predict
an adverse neurodevelopmental outcome.

ABBREVIATIONS: BSID-III ¼ Bayley Scales of Infant Development, Version III; GMFCS ¼ Gross Motor Function Classification System; GMH–IVH ¼ germinal
matrix hemorrhage–intraventricular hemorrhage; HPI ¼ hemorrhagic parenchymal infarction; IMD ¼ index of multiple deprivation; M-CHAT ¼ Modified
Checklist for Autism in Toddlers; PLIC ¼ posterior limb of the internal capsule; PMA ¼ postmenstrual age; PVL ¼ periventricular leukomalacia; PWML ¼ punc-
tate white matter lesions; TEA ¼ term-equivalent age

Preterm birth, defined as,37 completed weeks’ gestation,
accounts for 9.6% of live births globally1 and represents the

largest single cause of neonatal morbidity and mortality world-
wide. Advances in obstetric and neonatal intensive care have
resulted in a decrease in neonatal mortality; however, the
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incidence of major morbidity has remained constant.2 The
most immature infants are at greatest risk of complications, with
neurodevelopmental impairment in up to 50% of infants born
at,26weeks’ gestation.3

MR imaging is increasingly used in the preterm population
to complement cranial sonography to improve prognostic in-
formation and inform current clinical and future supportive
care. In addition, the information received from neuroimag-
ing, in particular MR imaging, can reduce maternal anxiety
surrounding their preterm infant.4

MR imaging provides a safe technique to assess preterm
brain development, with numerous studies describing typical
acquired injuries and advanced MR imaging techniques demon-
strating widespread alterations in development associated with
premature exposure to the extrauterine environment.5 MR
imaging scoring systems have been developed for both specific
lesions and to characterize the more global injury following pre-
term birth: Edwards et al4 published data using a scoring system
to demonstrate an association between cranial sonographic
findings, moderate-to-severe brain injury on term-equivalent
age (TEA) MR imaging, and poor motor outcomes at 2 years.
Tusor et al6 combined structural imaging with tractography to
demonstrate a relationship between the number and site of
punctate white matter lesions (PWML) and adverse motor de-
velopment; however, the prognostic advantage of MR imaging
in these contexts was modest.4,6

While MR imaging has advanced our understanding of pre-
term brain injury, the ability to predict neurodevelopmental
outcome in an individual remains elusive, with previous studies
reporting individual findings in relation to neurodevelopmen-
tal outcomes in small cohorts or group differences in larger
cohorts.7-9 In addition, discrepancies occur due to variable clas-
sifications of lesions, and in many, MR imaging will have been
performed in response to abnormalities seen on sonography. In
this study, we depart from scoring systems and document the
frequency and spectrum of lesions encountered in a large popu-
lation-based cohort of preterm infants routinely imaged at TEA
and relate these to neurodevelopmental outcomes, aiming to
aid the reporting of these complex cases without scoring sys-
tems, which often prove impractical for everyday radiological
practice.

This study aimed to document the spectrum and frequency of
acquired brain lesions in a large cohort of infants born very pre-
term (,33weeks’ completed gestation) and imaged at TEA (38–
44 weeks’ post menstrual age [PMA]) as routine, in a single
centre using 3T MR imaging and to compare image findings with
standardized neurodevelopmental outcomes at 20months’ cor-
rected age.

MATERIALS AND METHODS
Ethics approval was granted by the Hammersmith Research
Ethics Committee (09/H0707/98) and parental consent was given
for all examinations.

Study Design
The data were obtained from the Evaluation of MR Imaging to
Predict Neurodevelopmental Impairment in Preterm Infants

(ePrime) study, which was a randomized, controlled trial com-
paring MR imaging and cranial sonography in the care of pre-
term infants.4 Infants born at ,33weeks’ completed gestation
were prospectively recruited from the South and North West
London perinatal networks between 2009 and 2013. Informed
written consent was obtained for 3T brain MR imaging at term-
equivalent age, all performed at a single institution.

Patient and clinical characteristics were obtained from the
SEND database (a UK national standardized neonatal database)
and discussion with parents. Gestational age was based on the
earliest antenatal sonogram, and PMA at imaging was derived
from this. Socioeconomic status was measured using
the index of multiple deprivation (IMD), a score based on the
mother’s postal address: higher scores denote more deprived
areas.

MR Imaging Protocol
A neonatal specific MR metal check was performed, and the
infant was then either fed and swaddled or sedated with oral chlo-
ral hydrate. Earplugs and neonatal ear muffs were used.
Continuous pulse oximetry, electrocardiography, and tempera-
ture monitoring remained in situ throughout the study. All imag-
ing was performed on a 3T MR scanner (Philips Medical
Systems, Best, The Netherlands) using an 8-channel head coil. A
3D T1 (MPRAGE) sequence was acquired in the sagittal plane
and reconstructed into orthogonal planes (TR ¼ 17ms, TE ¼
4.6ms, resolution ¼ 0.8 � 0.8 � 0.8mm), and an axial dual-
echo T2 scan with sensitivity encoding (TR ¼ 15,000 ms, TE ¼
160ms, resolution ¼ 0.86 � 0.86 � 2mm) was performed.
Where problematic motion existed, a single-shot T2 sequence
with overlapping slices was acquired (TR ¼ shortest, TE ¼ 160
ms, resolution ¼ 0.86 � 0.86� 2mm).

MR Imaging Analysis
All images were analyzed by readers with specific preterm neona-
tal brain MR imaging experience (S.A. 1 year; N.T. 5 years;
M.A.R. .20 years), blinded to outcomes and clinical details
except gestational age and PMA.

Imaging Classifications
Typical Preterm Brain Phenotype. Development of the brain is
known to be altered by preterm delivery. Studies have previously
documented reduced cortical folding, diffuse excessive high T2
signal intensity in the white matter, and a scaphocephalic head
shape (Fig 1).10 We graded corpus callosal thickness as either
normal, focal, or global thinning (On-line Fig 1). Ventricular di-
lation was graded as absent, moderate, or global enlargement of a
moderate-to-severe nature (On-line Fig 2).

Myelination.Myelin within the posterior limb of the internal cap-
sule (PLIC) is readily identifiable in the neonatal brain; absence or
marked asymmetry was considered pathological (Figs 1–3).

Classification of Lesions
Germinal Matrix Hemorrhage–Intraventricular Hemorrhage.
The germinal matrix, which is seen normally, involutes with age;
only remnants are seen in the caudothalamic notch and roof of
the temporal horns after 32weeks. An irregular contour to a
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subependymal area of low T2 signal or accompanying intra-
ventricular hemorrhage was classified as germinal matrix
hemorrhage–intraventricular hemorrhage (GMH–IVH), know-
ing that hemorrhage may be inconspicuous at TEA (Fig 4).

Hemorrhagic Parenchymal Infarction. Once fully evolved, hem-
orrhagic parenchymal infarction (HPI) appears as a focal out-
pouching of the ventricular contour (usually unilateral), often
with a low T2 signal element, consistent with previous hemor-
rhage (Fig 2).

Periventricular Leukomalacia. The “classic” appearance of peri-
ventricular leukomalacia (PVL) is of multiple bilateral periven-
tricular cysts in a symmetric distribution, initially distinct from
the ventricle (solitary or unilateral cysts are more likely to be ve-
nous infarcts or connatal cysts). By TEA, the cysts may no longer
be apparent; therefore, we used the following criteria: residual
bilateral periventricular cysts and dilated/angulated posterior
aspects of the lateral ventricles with associated white matter vol-
ume loss, often accompanying thalamic atrophy and abnormal
myelination (Fig 3).11

Punctate White Matter Lesions. PWML are small areas of white
matter injury with no reliable sonographic correlate.6 PWML
were defined as small foci of high T1 signal in the white matter,
less often visualized on T2 sequences (On-line Fig 3).
Conspicuity decreases with time; therefore, interpretation was
based on the understanding that the original lesion load was

likely higher. PWML in this cohort
have been comprehensively reported
by Tusor et al.6

Subependymal Cysts. Subependymal
cysts are thin-walled, typically occur-
ring at the caudothalamic notch, often
but not always the sequelae of germi-
nal matrix hemorrhage (On-line Fig
4). Additional findings, such as tem-
poral pole cysts, may suggest cytomeg-
alovirus infection.

Cerebellar Hemorrhage. We defined
cerebellar hemorrhage as small (,5
mm) or large (.5 mm). By TEA, there
may be atrophy with minimal hemor-
rhage. The germinal matrix is sited on
the outer surface of the cerebellum;
therefore, hemorrhages may involve
the cerebellar cortex (On-line Fig 5).

Unclassified Lesions. Unclassified
lesions encompassed findings that did
not conform to the above lesion defi-
nitions. These were considered major
if associated with lobar or multiple
areas of tissue loss.

Pseudocysts are specifically dis-
cussed because they require distinction from subependymal cysts
and periventricular leukomalacia (PVL) (On-line Fig 6). They are
located within the caudate head and inferior to the external angle
of the ventricle (PVL is superior) and anterior to the foramen of
Monro (subependymal cysts are posterior).12 Pseudocysts
decrease in size with time.

Neurodevelopmental Follow-Up
All participants were invited for neurodevelopmental assessment
at 20months’ corrected age, which comprised a Bayley Scales of
Infant Development, Version III (BSID-III),13 a Gross Motor
Function Classification System (GMFCS) score, and parent-
reported Modified Checklist for Autism in Toddlers (M-
CHAT).14 The BSID-III and GMFCS were performed by a clini-
cian blinded to the clinical history and imaging results.
Abnormal development was defined as a BSID-III score of ,85
in any domain15 and/or a GMFCS score of $2 (indicative of
moderate-to-severe gross motor impairment). An M-CHAT
score of$3 for any item (or$2 for critical items) was considered
a positive screen for autism/pervasive developmental disorder.14

Statistical Analysis
Statistical analyses were performed using SPSS Version 25 (IBM).
BSID-III outcomes were dichotomized into abnormal/normal;
and specificity, sensitivity, and negative and positive predictive
values were calculated. Continuous variables were analyzed using
either an independent t test or a Mann-Whitney U test, depend-
ing on the distribution of the data and adjusted for multiple com-
parisons using the Bonferroni method. For statistical analysis,

FIG 1. Typical MR imaging brain appearances of term-born and preterm infants, at TEA. Axial T1-
(A) and T2- (B) and sagittal T1 (C)-weighted images of a term-born infant (40 weeks’ gestational
age) imaged at 44 weeks PMA. Note the high-T1/low-T2 signal within the PLIC from the myelin
(arrows, A and B); the complex cortical folding; small, symmetric ventricles; and the typical
appearance of a normal corpus callosum (arrowheads, C). By comparison, D–F are comparable
images obtained from an infant born at 251 2 weeks’ gestational age and imaged at 421 4
weeks’ PMA. This infant had no acquired focal lesions however, note the scaphocephaly, reduced
cortical folding, globally thinned corpus callosum (arrowheads, F), mildly dilated ventricles, and
diffuse high-T2/low-T1 signal in the white matter compared with the term infant. There is grossly
normal myelination in the PLIC (arrows, D and E).
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PVL, HPI, .10 PWML, and any substantial “unclassified” lesion
were classified as major. Analysis of the patient characteristics by
lesion type was considered a secondary outcome and, therefore,
not adjusted for multiple comparisons.

RESULTS
Of the 512 participants, 1 child was excluded because the
imaging findings were typical of a genetic diagnosis (ponto-
cerebellar hypoplasia). MR imaging was not possible in 6
(1%), 27 (5%) did not attend for neurodevelopmental assess-
ment, and 1 child died of sudden infant death syndrome at
2months (with a few PWML on MR imaging). This left 477
(93%) infants with MR imaging and neurodevelopmental fol-
low-up. There was no difference in the presence of lesions on
MR imaging for those who did/did not attend for

neurodevelopmental follow-up (P ¼ .10). Fifty-six percent (n
¼ 272) of infants were developing normally at 20months.

Patient Characteristics
The patient characteristics are summarized in On-line Table 1.
The median gestational age was 30 weeks, and PMA was 42.7
weeks. One hundred infants were imaged beyond 44 weeks, and
one, at 37weeks. Thirty-two percent (n ¼ 162) of infants were
born from a multiple pregnancy (n ¼ 24 triplets, n ¼ 3 quadru-
plets, n¼ 135 twins).

MR Imaging Lesion Analysis
Of the 504 participants who had MR imaging, 45 (9%) had
motion artifacts and 11 (2%) had an incomplete set of sequences.
Seventy-nine percent (n ¼ 403) of participants had sedation, of
which 8% had motion artifacts, compared with 16% of those who
did not receive sedation (P¼ .07).

Of the 504 infants imaged, 76% (n ¼ 383) had lesions
and 41% (n= 208) had lesions in .1 category. Thirteen per-
cent (n ¼ 68) of infants had major lesions. Infants born of a
multiple pregnancy were not more likely than singletons to
have an abnormal BSID-III score or lesions on their MR
imaging.

A summary of the rate of abnormal outcomes, sensitivity,
specificity, and positive and negative predictive values for each
lesion type is tabulated in the Table, On-line Table 2, and On-line
Figs 7 and 8.

Outcome and MR Imaging: Brains with No Focal Lesions
Twenty-four percent (n ¼ 120) of infants had no focal lesion;
58% of this group achieved normal outcomes. Thus, 14% of
the entire cohort had no focal brain lesions on MR imaging
and normal neurodevelopment at 20 months’ corrected age.
These infants were born at a later gestation (30.1 versus 29.6
weeks, P ¼ .02), ventilated for shorter periods (1.5 versus
3.2 days, P, .001), and were less likely to have evidence of
infection (8% versus 16% P ¼ .03) compared to infants with

FIG 3. PVL. T2-weighted images in the axial plane at the level of the basal ganglia (A) and the corona radiata (B) of an infant born at 291 5weeks’
and imaged at 391 1 weeks’ PMA. There are cysts in the periventricular white matter bilaterally (arrows, A and B) accompanied by an absence
of high-T1/low-T2 signal in the PLIC, denoting an absence of myelin (arrowheads, A). More commonly, cysts are not seen at term age. T2- (C)
and T1-weighted (D) images in the axial plane at the level of the basal ganglia and PLIC in an infant born at 291 3 weeks’ and imaged at 401 2
weeks’ PMA show mild angulation and dilation of the posterior horns of the lateral ventricles and high-T1/low-T2 signal in the periventricular
white matter (arrows, C and D), secondary to white matter volume loss (note that the sulci approximate the ventricular surface), similarly
accompanied by a lack of myelin in the PLIC (arrowheads, C and D), features that are typical of noncystic PVL.

FIG 2. HPI. T2-weighted MR images through the mid (A) and low (B)
basal ganglia level in an infant born at 29 weeks and imaged at 441 6
weeks. There is right-sided HPI with formation of a porencephalic
cyst lined with low signal intensity consistent with previous hemor-
rhage (arrow, A), a paucity of low T2 signal myelin in the right PLIC
compared with the left (arrowheads, A), and ipsilateral basal ganglia
and thalamic atrophy (arrowheads, B). This infant had a motor impair-
ment at 20months.
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focal lesions. The IMD score was significantly higher in
infants with no focal lesion and an abnormal outcome com-
pared to those with a normal outcome (25.4 compared with
16.8, P, .01).

Outcome and MR Imaging: GMH–IVH
Fourteen percent of the cohort had GMH–IVH, 81% of whom had
concurrent lesions, 19% of which were major, and have been
excluded from this analysis. Five percent of infants with GMH–
IVH had a GMFCS of $2; none of these had abnormal myelin
within the PLIC. Twenty-two percent had an abnormal motor
score.

Infants with GMH–IVH and poorer outcomes were born ear-
lier (gestational age, 27.5 versus 29.0 weeks, P ¼ .02), with lower
birth weight (1028 versus 1243 g, P¼ .04) and higher IMD scores
(22.2 versus 16.8, P¼ .05) than those with normal outcomes.

Outcome and MR Imaging: Hemorrhagic Parenchymal
Infarction
Three percent of infants had HPI, 47% of whom had a GMFCS of
$2, and significantly more had abnormal motor and cognitive
scores than those infants with no lesions (P, .001). Thirty-three
percent (n ¼ 5) had normal development at 20months, of whom
60% (n¼ 3/5) had normal myelin within the PLIC.

Outcome and MR Imaging: PVL
Three percent of our cohort had PVL, all of whom had abnormal
motor outcomes and a GMFCS of $2. Ninety-two percent (n ¼
12/13) had accompanying asymmetry or abnormal signal within
the PLIC. The presence of PVL was highly specific for abnormal
motor and cognitive outcomes (Table).

Outcome and MR Imaging: Punctate White Matter
Lesions
Punctate white matter lesions represented the most common
lesion type in our cohort of preterm infants (41%); 65% had addi-
tional lesions. After exclusion of those cases with major lesions,
63% of infants with PWML (any number) were developing nor-
mally at 20months. Three percent of infants with ,10 PWML
and 6% of those with .10 PWML had a GMFCS of $2. Infants
with PWML from this cohort have been comprehensibly reported
by Tusor et al,6 who, similarly, found a positive correlation
increase in the risk of poor motor outcome; .20 PWML were
57% sensitive and 94% specific for a GMFCSof$2.

Sensitivity, specificity, positive predictive value, and negative predictive value of lesions in isolationa for BSID-III outcomes

Lesionb

Abnormal Motor
Outcome

Abnormal Cognitive
Outcome

Abnormal Language
Outcome

SENS SPEC PPV NPV SENS SPEC PPV NPV SENS SPEC PPV NPV
Any lesion present (n ¼ 363) 90 26 17 94 82 26 25 83 78 25 37 66
GMH–IVH (n ¼ 54) 63 72 22 94 41 70 24 83 37 71 43 66
Cerebellar hemorrhage ,5 mm (n ¼ 112) 67 52 13 94 56 52 21 83 50 51 35 66
Cerebellar hemorrhage .5 mm (n ¼ 7) – – – – 5 94 14 83 3 93 14 66
Subependymal cysts (n ¼ 133) 68 47 11 94 64 49 25 83 59 49 42 66
HPI (n ¼ 15) 56 95 60 94 32 94 60 83 19 93 60 66
PVL (n ¼ 13) 65 100 100 94 37 98 85 83 15 93 54 66
Minor unclassified (n ¼ 13) – – – – 14 91 23 83 13 92 46 66
Major unclassified (n ¼ 8) 36 96 50 94 17 96 50 83 9 95 50 66
Abnormal myelin (n ¼ 47) 38 95 55 90 24 94 55 81 14 92 51 65

Note:—SENS indicates sensitivity; SPEC, specificity; PPV, positive predictive value; NPV, negative predictive value; –, no cases.
a “Isolated” implies major lesions excluded; there may be concurrent minor lesions.
b Statistics are calculated with respect to the group with no focal lesion.

FIG 4. Germinal matrix. T1- (A) and T2-weighted images (B) of an
infant born at 241 2 weeks and imaged at 261 7 weeks, demonstrat-
ing normal appearance of the germinal matrix for this gestation, here
seen as a thin rim of low-T2/high-T1 signal in the subependymal
region (arrows, A and B). Germinal matrix hemorrhage is a complica-
tion of prematurity and is distinguished from normal matrix remnants
by its shape and size. C, An infant born at 261 6 weeks and imaged
at 421 3 weeks. D, An infant born at 28 weeks and imaged at 441 5
weeks. The germinal matrix hemorrhage is recognized here as a thin,
irregular focus of T2 low signal isolated to the subependyma, which
may be unilateral (arrows, C and D).
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Outcome and MR Imaging: Subependymal Cysts
Thirty-three percent of our cohort had subependymal cysts, 21%
of whom had evidence of previous hemorrhage at TEA, though
our protocol did not include a blood-sensitive sequence.

Thirteen percent of infants with subependymal cysts had
major lesions; 54% of infants with subependymal cysts, in the ab-
sence of a major concurrent lesion, had normal neurodevelop-
ment. Five percent of these infants had a GMFCS of two, 50% of
whom had concurrent low-grade GMH–IVH. None had abnor-
mal myelin.

Infants with isolated subependymal cysts and abnormal out-
comes were more likely to be male (67% versus 43%, P ¼ .02),
have higher IMD scores (24.9 versus 19.9, P¼ .02). and were ven-
tilated for longer (6.0 days versus 2.9 days, P ¼ .02) than infants
with normal outcomes.

Outcome and MR Imaging: Cerebellar Hemorrhage
Cerebellar hemorrhage was seen in 30% of the infants; 77% had
additional lesions. Three percent (n ¼ 7) of infants had isolated
large cerebellar hemorrhage, 86% (n ¼ 6/7) had normal neurode-
velopment at 20months, and one had abnormal cognitive and
language scores.

Of the 22% (n¼ 112) of infants with small cerebellar hemor-
rhage, none had a GMFCS of$2 and 61% had normal neurode-
velopment at 20 months. Infants with small cerebellar
hemorrhages and an abnormal outcome were more likely to
have higher IMD scores (22.3 versus 15.8, P, .01) and were
imaged at a later PMA (43.5 versus 42.5 weeks, P , .01) than
those with normal outcomes.

Outcome and MR Imaging: Unclassified Lesions
Six percent (n ¼ 30) of infants had unclassified lesions (On-line
Table 3); 93% had a concomitant lesion, 53% of which were
major. Thirteen infants with nonmajor unclassified lesions
attended for assessment, of whom 54% had normal neurodevel-
opment at 20months. One infant had a GMFCS of 2, but none
had an abnormal BSID-III motor score.

Corpus Callosal Thinning and Ventriculomegaly
Twenty-one percent (n ¼ 106) of all participants had ventricular
dilation, severe in 1%. Eighty-four percent (n ¼ 424) had corpus
callosal thinning, classified as global thinning in 21%. When we
examined the infants with no focal lesions, only 17% had neither
corpus callosal thinning nor ventriculomegaly; however, neither
were independently associated with an adverse outcome in this
subgroup (On-line Table 4).

Neuropsychiatric Outcomes
Eighty-seven percent (n ¼ 445) of infants had parentally com-
pleted M-CHAT questionnaires, of whom 31% were deemed
high risk. Ninety-two percent (n ¼ 12/13) of infants with PVL
and 57% (n ¼ 8/14) with HPI had a high-risk M-CHAT score.
The infants with high-risk M-CHAT scores were significantly
more likely to have abnormal BSID-III cognitive (44% versus
15%, P, .001) and motor (38% versus 5%, P, .001) scores than
those with a low-risk M-CHAT score.

DISCUSSION
We present 3T MR brain imaging findings in a large, prospec-
tively recruited, unselected cohort of preterm infants, born in 14
centers before 33weeks’ gestation and imaged in a single center,
with 93% of infants returning for neurodevelopmental assess-
ment at 20months. Clear descriptions of the spectrum of lesions
encountered alongside simple descriptive statistics will aid in
clinical radiological interpretation for individual infants, without
the use of scoring systems.

Acquired lesions are common in preterm born infants rou-
tinely imaged at TEA and were detected in 76% of infants in our
cohort. We demonstrated that 3T MR imaging of the brain at TEA
with no focal lesion has a sensitivity of 45% (95% CI, 40%–50%)
and a specificity of 61% (95% CI, 51%–71%) for normal neurode-
velopmental outcome (across all BSID-III domains) at 20months
and a sensitivity of 17% (95% CI, 14%–22%) and specificity of 94%
(95% CI, 88%–97%) for a normal motor outcome when used rou-
tinely in an unselected preterm population. None of the infants
without focal lesions had a GMFCS of $2. In contrast, motor
impairment was common in infants with major lesions.

Only 3% of our cohort had PVL, and a further 3% had HPI,
which is consistent with recent studies.7,8 All infants with PVL had
abnormal motor outcomes. Outcomes in HPI were more variable,
a finding consistent with other studies and meta-analyses.16

Abnormal myelination within the PLIC has been associated with
the development of cerebral palsy in infants with HPI and term-
born infants with hypoxic-ischemic encephalopathy.17,18 De Vries
et al17 found HPI associated with abnormal signal in the PLIC to
have a 100% positive predictive value for later hemiplegia, whereas
we found abnormal myelination, in the context of HPI, to have a
60% positive predictive value for a gross motor impairment, but an
80% negative predictive value. We did not, however, include a neu-
rological examination and may, therefore, have missed an asymme-
try in tone with no functional deficit at the assessment at
20months.

PWML were the most common lesion and have previously
been extensively studied in this cohort by Tusor et al,6 who found
a positive correlation increase in the risk of poor motor outcomes
at 20months with increments in the number of PWML seen on
3T MR imaging at TEA. More than 20 PWML were found to be
57% sensitive and 94% specific for a GMFCS of $2, with a posi-
tive predictive value of 0.27 and negative predictive value of
0.98.6

Opinion is divided on the effects of cerebellar hemorrhage on
neurodevelopment, with heterogeneity of definitions and cohorts
adding to the confusion. Few infants in our cohort had major cer-
ebellar hemorrhages compared with other studies;19,20 however,
27% had minor hemorrhages and none had a GMFCS of $2.
Kidokoro et al19 used both 1.5T and 3T scanners and found simi-
larly high rates of cerebellar hemorrhage in the cohort scanned at
3T (23% versus 5%).

We found no independent association between qualitative
assessment of ventricular dilation and corpus callosal thinning
and 20-month outcomes in the absence of a focal lesion. While
another study found no association with quantitative corpus
callosal volume and 2-year outcomes,21 others have found associ-
ations.22 Ventriculomegaly diagnosed by cranial sonography has
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been extensively studied, often in the context of intraventricular
hemorrhage. More recently, some studies have explored a link
between isolated ventriculomegaly in preterm infants and poor
neurodevelopmental outcomes;23 however, MR imaging data are
lacking. Our data suggest that qualitatively assessed corpus callosal
thinning and ventricular dilation, in the absence of other acquired
lesions, could be considered part of the preterm phenotype.

Seven infants in this study scored a GMFCS of 2 in the ab-
sence of a major lesion. While we were not able to exclude other
potential causes of motor impairment in this study, other studies
report similar small subgroups with abnormal outcomes but no
imaging correlate.7,19 Three of these infants had isolated GMH–
IVH, and while this only represents 5% of all GMH–IVH, there is
growing evidence to suggest that these injuries are not benign.24

Postmortem human and animal studies examining the effect of
germinal matrix hemorrhage have shown that the presence of
blood in the germinal matrix suppresses germinal cell line prolif-
eration;25 this finding is further supported by a reduction in
cortical volume on MR imaging in preterm infants with uncom-
plicated GMH–IVH,26 which may explain, in part, the occasional
poorer outcomes in this population.

For this study, we accept the limitation of a relatively young
follow-up age and that the GMFCS score of 1 did not discrimi-
nate between normal development and mild impairment, and a
score of 2 is not necessarily discriminatory for cerebral palsy.
Both GMFCS and BSID-III will likely miss milder tone abnor-
malities, which may evolve to cause significant motor impair-
ment; and it is not inconceivable that a child with hemiplegia
could have scores within the normal range. A subgroup of infants
had abnormal BSID-III motor scores in the absence of a major
lesion; however, some studies have advised that a threshold of 85
may overestimate motor impairment.27 We accept that there may
be alternative causes for any motor impairment or more subtle
changes for which advanced MR imaging techniques may offer
more insight. Extended follow-up, now in progress, will be of in-
terest in these cases.

Thirty-one percent of our cohort had an abnormal M-
CHAT score; however, a significant proportion had concomi-
tant abnormal motor and cognitive BSID-III scores. These
findings are comparable with those of Moore et al,28 who high-
lighted the difficulties in using M-CHAT in preterm infants
who are at high risk of motor and cognitive impairment. It is,
therefore, likely that some of our results reflect cognitive and
other dysfunctions rather than a specific diagnosis of autism
spectrum disorder.

We also found that an increasing IMD score, a measure of
adverse socioeconomic status, was associated with poorer neuro-
developmental outcomes; this finding supports evidence linking
socioeconomic status and maternal education to early neurode-
velopment and, specifically, cognition:29,30 this is potentially
encouraging as a modifiable parameter and is corroborated by
studies offering social interventions to children from lower
income families.31

CONCLUSIONS
Acquired brain lesions are common in preterm neonates rou-
tinely undergoing 3T MR imaging at term-equivalent age. Major

lesions (ie, HPI and PVL) confer a poor neurodevelopmental
prognosis; conversely, infants without acquired lesions all had
normal gross motor function (GMFCS of,2) at 20months.
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Pediatric Acute Toxic Leukoencephalopathy: Prediction of
the Clinical Outcome by FLAIR and DWI

for Various Etiologies
K. Ozturk, J. Rykken, and A.M. McKinney

ABSTRACT

BACKGROUND AND PURPOSE: Pediatric acute toxic leukoencephalopathy is a clinicoradiologic entity comprising various etiologies.
This study aimed to identify the MR imaging appearance of pediatric acute toxic leukoencephalopathy from various etiologies and
determine whether the etiology correlates with clinical outcome.

MATERIALS AND METHODS: We retrospectively reviewed the electronic records of patients with pediatric acute toxic leukoence-
phalopathy younger than 19 years of age who had MR imaging within ,2weeks of presentation, including DWI and FLAIR sequen-
ces. Two neuroradiologists scored the DWI and FLAIR severity and measured the percentage ADC reduction within the visibly
affected regions and normal-appearing WM. The percentage ADC reduction and DWI and FLAIR severity were correlated with clini-
cal outcome using the Spearman correlation.

RESULTS: Of 22 children, 3 were excluded due to a nontoxic cause or incomplete examination. Regarding the included 19 children
(mean age, 13 years), the etiologies of pediatric acute toxic leukoencephalopathy were the following: methotrexate (n¼ 6), bone
marrow transplantation (n¼ 4), fludarabine (n¼ 3), cytarabine (n¼ 1), carboplatin (n¼ 1), vincristine (n¼ 1), cyclosporine (n¼ 1), ure-
mia (n¼ 1), and bevacizumab (n¼ 1). Three subgroups were analyzed (chemotherapy, n¼ 12; immunosuppression, n¼ 5; others,
n¼ 2). There was a strong correlation of FLAIR (r¼ 0.773, P, .001) and DWI (r¼ 0.851, P, .001) severity with clinical outcome, and
patients treated with fludarabine had the worst outcomes. High percentage ADC reduction values were associated with adverse
outcomes, and lower percentage ADC reduction values were associated with favorable outcomes (r¼ 0.570, P¼ .011).

CONCLUSIONS: The DWI and FLAIR severity scores appear highly prognostic, whereas percentage ADC reduction is moderately
prognostic for clinical outcomes in pediatric acute toxic leukoencephalopathy. Immunosuppressive pediatric acute toxic leukoence-
phalopathy tends toward favorable outcomes, and fludarabine tends toward worse outcomes.

ABBREVIATIONS: %ADCR ¼ percentage ADC reduction; ATL ¼ acute toxic leukoencephalopathy; BMT ¼ bone marrow transplantation; NAWM ¼ normal-
appearing WM; PATL ¼ pediatric acute toxic leukoencephalopathy; PRES ¼ posterior reversible encephalopathy; PVWM ¼ periventricular WM

The term “toxic leukoencephalopathy” involves a broad spec-
trum of etiologies that may produce structural injuries to the

WM; the insults may be acute or chronic and arise secondary to
chemotherapy or immunosuppressive therapy, environmental
toxins, or infectious etiologies.1,2 The clinical features of acute
toxic leukoencephalopathy (ATL) can be variable but are typically
abrupt in onset and based on the extent of involved areas in the
brain parenchyma; these symptoms range from minimal cogni-
tive deficits to severe neurologic impairment.3 Recognition of this

disorder is important because the clinical and imaging findings
may reverse abruptly after removal of the underlying cause but
the outcome may also be fatal.4 In children or infants, pediatric
ATL (PATL) may occur due to various factors and may, in
theory, be characterized by typical neurologic deficits with
distinct MR imaging findings, compared with ATL affecting
adults.4,5 However, only sporadic cases of PATL have been
reported previously.6

Numerous distinct toxic etiologies have been reported to
cause PATL, such as chemotherapeutic and immunosuppressive
agents, antimicrobials, environmental toxins, bone marrow trans-
plantation (BMT), and others.7,8 However, the differential causes
of PATL need to be expanded, and it is unknown whether there
are differences in their imaging severity or whether such differen-
ces reflect their outcomes. For example, preliminary efforts in
adult ATL have shown that immunosuppressive medication–
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related ATL has more favorable outcomes relative to both chem-
otherapy- and opiate-related ATL and that the MR imaging sever-
ity may correlate with outcome in certain subgroups.9,10 Hence,
the combination of qualitative and quantitative MR imaging fea-
tures could aid in predicting the clinical outcomes of PATL among
different etiologies because DWI can reveal brain injury in PATL
at an early stage, particularly within the periventricular WM
(PVWM).11-15 Hence, because FLAIR and DWI are usually
regarded as routine sequences for brain imaging, these sequences
could be beneficial in determining characteristic regions of involve-
ment and severity of injury in PATL.11

Hence, this study describes a cohort of children and infants
having PATL secondary to various toxic insults who presented
with acute neurologic deficits. Considering that prior studies
have been limited primarily to case reports, the purpose of this
larger study was to determine the differences in the DWI and
FLAIR appearances of PATL according to various etiologies, to
measure their severity on DWI and FLAIR, and to assess their
clinical outcomes using both ADC values and MR imaging sever-
ity scores.

MATERIALS AND METHODS
Study Design and Participants
This retrospective study was approved by the institutional review
board of a tertiary care center that specializes in pediatric oncol-
ogy and organ transplantation. All procedures performed were in
accordance with the ethical standards of the institutional research
committee and with the 2013 revised Declaration of Helsinki and
its later amendments or comparable ethical standards. Informed
consent was not required. Children with suspected PATL were
identified via the PACS archives between January 2000 and
October 2019. Children were included if the clinical presentation
was acute neurologic deterioration with an MR imaging within
2weeks of presentation, including DWI (with ADC maps) and
FLAIR sequences. The MRIs of children suspected of having
PATL were reviewed and graded by 2 neuroradiologists. The clin-
ical and laboratory records were reviewed for each child to iden-
tify the etiology of PATL, and patients were excluded if the
clinical impression did not indicate PATL (an imaging-clinical
discordance), the MR imaging did not show PATL, the patient
was older than 18 years of age, or there were other causes of
PVWM-reduced diffusion (eg, infectious, hypoxic, congenital-
metabolic, or an isolated callosal splenium lesion [reversible cyto-
toxicity]).12 Because overlapping etiologies occasionally cause
both PATL and posterior reversible encephalopathy syndrome
(PRES), the reviewers ensured that there was a lack of cortical
edema, often an initial manifestation of PRES.13,14

MR Imaging Technique
During the 19 years of this study, multiple 1.5T and 3T MR imag-
ing units were used, so the sequence parameters varied slightly.
Spin-echo T1WI, T2WI, and FLAIR images were obtained for all
patients. The MR imaging parameters varied with time and field
strength; however, at 1.5T, the FLAIR parameters were the follow-
ing: TR range/TE range, 6500–9000/105–110 ms; TI, 2000–2100
ms; number of excitations, 1–2; echo-train length, 15–23. The
DWI parameters were TR/TE range, 3300–4000/71–120 ms. At

3T, the parameters for FLAIR were the following: TR/TE range,
9000–11,000/100–120 ms; TI, 2000–2100 ms; number of excita-
tions/echo-train length, 1–2/10–25 ms, respectively. For DWI, the
parameters were TR/TE range, 2800–3000/70–90 ms. The gradient
strength was b¼1000 s/mm2 for DWI at 1.5T and 3T. The section
thickness was typically always 5mm. For all DWI sequences, ADC
maps were obtained.

MR Imaging Severity Scoring, ADC Measurements, and
Clinical Outcome
A staff neuroradiologist (A.M.M.) and a neuroradiology fellow
(K.O.), each blinded to the clinical outcome and etiologies of
PATL, independently reviewed all MR images. Each study was
assessed at least twice during separate sessions. In patients in
whom there were different interpretations, the scans were re-eval-
uated and a consensus was reached. The reviewers graded the
DWI and FLAIR severity via a previously described system, rang-
ing from grades 0 to 4 (0¼ normal, 4¼ severe).13-15

The DWI and ADC maps were visually assessed for abnormal-
ities, and ADC values within the ROIs were evaluated; the ROIs
were identified on the original T2WI and visually matched on the
b=0 DWI. The ADC values were obtained using a mean of 3 values
of .5-mm circular ROIs from the affected PVWM (according to
visual assessment of the maximal area of involvement); similar
measurements were acquired from the nonaffected WM (normal-
appearing WM [NAWM]). If the findings of PATL were bilateral,
the ROIs were averaged between both sides. The ROIs from the
NAWM were typically obtained from deep frontal or temporal
WM. Thereafter, the percentage of reduction in ADC (%ADCR)
was calculated by a ratio of the ADC measurement in the affected
WM to that of the NAWM.16,17 All ADC measurements were
obtained by the neuroradiology fellow separately before the MR
imaging severity scoring.

The tabulated clinical outcomes were based on a retrospective
evaluation of the patients’ records and the ATL outcome score
(based on a clinical follow-up of .30days).15 The outcomes of
this scale were the following: 0, complete resolution of acute
symptoms, without residual abnormalities on the neurologic ex-
amination; 1, moderately improved neurologic examination, with
minimal residual neurologic deficit relative to initially; 2, mildly
improved neurologic examination with moderate residual deficit;
3, spastic quadriplegia or profound developmental delay; 4, coma
or death.

Statistical Analysis
A paired Student t test was used to compare the ADC measure-
ments from the affected WM with the NAWM. The %ADCR,
DWI severity score, and FLAIR severity score were individually cor-
related using Spearman rank correlation coefficients, with 2-sided P
values. Thereafter, the %ADCR and DWI and FLAIR severity
scores were each correlated with the clinical outcomes. A correla-
tion (r) of 0.0–0.2 was considered a minimal or negligible
correlation;.0.2–0.4, a mild correlation;.0.4–0.7, a moderate cor-
relation; and .0.7–1.0, a strong correlation. To statistically com-
pare among subgroups, we compared the PATL subcategory
etiologies using a Kruskal-Wallis test for continuous variables, the
Fisher exact test for categoric variables, and a pair-wise comparison
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for subgroup-subgroup analysis to assess significant differences in
FLAIR/DWI severity or outcomes among subgroups. For each test,
a value of P, .05 was considered statistically significant. The statis-
tical analysis was performed via commercially available statistical
software (SPSS, Version 23.0; IBM).

RESULTS
Patient Demographics and Etiologies
Within the 19-year period of this review, 25 children presented
with an appearance of PVWM and isolated corpus callosum–

reduced diffusion on the initial MR imaging, eventually con-
firmed clinically to be related to ATL. Of these, 6 were excluded
due to clinical or imaging impressions that did not favor PATL
(ie, clinical-imaging discordance, n¼ 1), the MR imaging find-
ings did not suggest PATL (predominantly cortical edema sug-
gesting PRES, n¼ 2), or reversible callosal splenial lesions
(n¼ 3). The 3 with reversible splenial lesions were excluded
because that entity is not typically categorized as ATL, in which
the acute presentation and limited lesion extent have a benign
clinical prognosis.12 Ultimately, a total of 19 children (10 female;
mean age, 13 years; age range, 1–18 years) met the inclusion crite-
ria and served as the final cohort.

The etiologies of PATL were methotrexate (n¼ 7), marrow

transplantation (without definite medication identified, n¼ 4),

fludarabine (n¼ 3), cytarabine (n¼ 1), carboplatin (n¼ 1), cyclo-

sporine (n¼ 1), bevacizumab (n¼ 1), and uremia (n¼ 1). For

statistical analysis, the etiologies were categorized into 3 sub-

groups: chemotherapy (group C) (n¼ 12); immunosuppression

(group I, including patients with transplantation and immuno-

suppression) (n¼ 5); and others (group O) (n¼ 2). Table 1 pro-

vides the causes, sites, and sizes of reduced diffusion; etiologies;

imaging grade; and the clinical outcome of each child with PATL.

The age and sex were not correlated with the DWI/FLAIR sever-
ity and %ADCR (all, P. .05). Samples of children’s MR images
are shown in Figs 1 and 2.

Table 1: Brain MR imaging abnormalities, their distribution, locations of reduced diffusion, size of the largest WM lesion, %ADCR
values, and clinical outcomes

No.
Age
(yr) Sex Size (cm)

Underlying
Dx Etiologies Groups

Regions of Red.
Diffusion

FLAIR
Severity

DWI
Severity

%ADC
Red. Outcome

1 16 M 4.2 � 2.2 ALL Methotrexate C Fr, CS/CR 1 1 0.32 1
2 14 M 2.1 � 0.8 ALL Methotrexate C Fr, CS/CR 1 1 0.16 0
3 18 M 4.5 � 2.6 ALL Methotrexate C Fr1P, CS/CR 1 2 0.39 2
4 16 F 2.1 � 1.8 ALL Cytarabine C Fr, CS/CR 1 1 0.35 2
5 11 M 4.5 � 2.2 ALL Methotrexate C Fr, CS/CR, CC 0 2 0.36 2
6 11 F 4.1 � 1.8 ALL Methotrexate C Fr1P, CS/CR 1 2 0.41 2
7 14 F D AML Fludarabine C D, CS/CR, CC, Th 4 4 0.32 3
8 17 F 2.3 � 0.4 ALL Methotrexate C Fr1P, CS/CR 2 2 0.32 3
9 1 F 3.8 � 1.1 ATRT Carboplatin C Fr1P, CS/CR, Th 2 3 0.57 4
10 15 F 2.4 � 1.4 PTLD Methotrexate C Fr1P, CS/CR, BS, CC 3 3 0.29 4
11 10 M D AML Fludarabine C D, CS/CR, Th, BS 4 4 0.62 4
12 17 F 5.4 � 2.0 AML Fludarabine C Fr1P, CS/CR 2 2 0.48 4
13 13 F 1.5 � 0.7 JMML BMT I Fr, CS/CR 1 1 0.17 0
14 16 F 2.8 � 0.8 AA BMT I Fr, CS/CR 1 1 0.42 0
15 17 M 1.3 � 1.1 AML Cyclosporine I P, CS/CR 1 1 0.06 1
16 17 F 0 AML BMT I NA 1 0 0.02 0
17 1 M 2.8 � 0.5 RMS BMT I Fr, CS/CR 1 1 0.15 2
18 7 M 3.9 � 1.9 ATRT Bevacizumab O Fr, CS/CR 1 1 0.51 2
19 16 M 7.9 � 2.4 ESRD Uremia O Fr1P, CS/CR 2 2 0.57 3

Note:—AA indicates aplastic anemia; ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; ATRT, atypical teratoid/rhabdoid tumor; %ADC red., percentage
ADC reduction; BS, brain stem; CC, corpus callosum; CR, corona radiata; CS, centrum semiovale; D, diffuse; Dx, diagnosis; ESRD, end-stage renal disease; Fr, frontal; JMML,
juvenile myelomonocytic leukemia; NA, not applicable; P, parietal; PTLD, post-transplant lymphoproliferative disorder; RMS, rhabdomyosarcoma; Th, thalami.

FIG 1. A 10-year-old boy with fludarabine-related PATL (patient 11).
Axial DWI (A) and ADC map (B) show symmetric, extensive, and con-
fluent diffusely reduced diffusion with the corresponding hyperinten-
sity on axial FLAIR (C) and T2WI (D) in the subcortical WM and basal
ganglia. The child died 7 days after the insult, with the ATL outcome
score being 4 (ie, severe outcome).

AJNR Am J Neuroradiol 41:1517–24 Aug 2020 www.ajnr.org 1519



DWI and FLAIR Severity
Table 2 provides the mean DWI and
FLAIR severity scores. In 4/19 children
(21%), the WM lesions on FLAIR were
revealed, which showed correspond-
ing reduced diffusion on DWI. Over-
all, there were significant differences
between the mean DWI and FLAIR se-
verity scores among the 3 major groups
(P, .05): Group I had lower mean
DWI severity compared with group C
and group O (DWI severity, P¼ .008).
Children on chemotherapeutic agents
and those with other etiologies had
similar DWI and FLAIR severity scores
(P. .05). Figure 3 shows the mean
FLAIR and DWI severity.

Percentage ADC Reduction
The mean ADC values for the entire
cohort of 19 patients with PATL are
listed in Tables 1 and 2, with the
%ADCR measured in the affected
PVWM relative to the NAWM. In these
19 children, a significant difference was
seen between the ADC values in the
affected PVWM versus the NAWM
(P, .001, paired Student t test). In par-
ticular, groups C and O had signifi-
cantly higher %ADCR values compared
with group I (P, .05), while child-
ren with chemotherapeutic agents and
those from other etiologies had similar
%ADCR values (P. .05). A boxplot
(Fig 4) demonstrates that the lowest %
ADCR was in the affected PVWM for
group I (mean, 16.4%), while the high-
est was in group O (mean, 54%).

Clinical Outcome
Table 2 provides the mean clinical
outcome score for each of the 3 sub-
groups. Of note, 4 of 19 patients
(21%) did not have a. 30-day clini-
cal outcome available. Overall, there
were significant differences among
the 3 major subgroups for the clinical
outcome scores (P, .05). When we
compared the outcomes of these 3
subgroups against each other, groups
C and O had significantly worse clini-
cal outcomes compared with group
I (P¼ .009), while patients treated
with chemotherapy and those from
other etiologies had similar outcomes
(P. .05). Notably, severe outcomes
(grade 4) were noted in 4/19 (21%)

FIG 2. An 11-year-old boy with methotrexate-induced PATL (patient 5). Axial DWI (A) and ADC
map (B) show unilateral reduced diffusion within the deep left frontoparietal PVWM without sig-
nificant corresponding hyperintensity on an axial FLAIR image (C). The patient had moderate
long-term neurologic sequelae, with the ATL outcome score at 1 month being 2. An ADC map (B)
illustrates the placement of ROIs for the measurement of ADC values, as well as to determine
the %ADCR. Such ROIs were located in the affected WM lesion (red ROI) and nonaffected WM
(NAWM) (orange ROI).

Table 2: Mean demographics, imaging characteristics, and clinical outcomes according to
different subgroups of PATL

Characteristics Group C (n= 12) Group I (n= 5) Group O (n= 2) Total (n= 19)
Sex
Male (No.) 5 2 2 9
Female (No.) 7 3 0 10
Age (yr) 13.3 12.8 11.5 13
FLAIR severity score 1.8 1 1.5 1.5
DWI severity score 2.25 0.8 1.5 1.78
%ADCR 0.38 0.16 0.54 0.34
Clinical outcomea 2.58 0.6 2.5 2.05

a Four of 19 patients (21%) did not have a .30-day clinical outcome available.

FIG 3. A boxplot demonstrates the mean FLAIR and DWI severity scores for PATL according to
the different subgroups that caused PATL.
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patients with available data, 2 of which were related to fludara-
bine; of those 4 with severe outcomes, 2 died and 2 were coma-
tose at 30 days. In contrast, there was either symptom resolution
or only mild sequelae (outcome scores, 0–1) in 6/19 (31.5%) of
those with PATL, with 9/19 (47.3%) having moderate-severe
sequelae (ie, scores 2–3). The clinical outcome was overall less
severe for immunosuppressive-related PATL.

Correlation of MR Imaging
Findings with Clinical Outcome
Overall, there was a strong correlation
between the DWI and FLAIR seve-
rity scores with the clinical outcome
(r¼ 0.851, P, .001 for DWI severity;
r¼ 0.773, P, .001 for FLAIR severity),
as shown in Fig 5, with a moderate cor-
relation between the %ADCR and clin-
ical outcome (r¼ 0.570, P¼ .011). The
scatterplot in Fig 6 has a regression line
that shows a positive relationship
between the %ADCR and clinical out-
comes. Regarding the 3 subgroups of
etiologies of PATL, both the DWI and
FLAIR severity correlated strongly
with clinical outcome for group C
(r¼ 0.787, P¼ .002 for DWI severity;
r¼ 0.789, P¼ .002 for FLAIR severity),
but no significant correlation existed
for the other 2 subgroups (each
P. .05). There was no significant cor-
relation of %ADCR with clinical out-
come via intergroup comparison (each
P. .05). Also, neither age nor sex cor-
related with the DWI or FLAIR sever-
ity, nor with the %ADCR (all P. .05).

DISCUSSION
PATL is an uncommon clinicoradio-
logic diagnosis characterized by cere-
bral WM injury on DWI. This entity
should be considered in the differen-
tial diagnosis of a child who presents
with a recent onset of neurologic defi-
cit and a known exposure to an exter-
nal toxin, such as medications (most
common in this cohort).5 Recognition
of this condition is crucial because it is
potentially reversible on prompt re-
moval of the underlying etiology with
supportive treatment. However, the
clinical outcome varies between the
etiologies, as found in the current
study. Of note, prior studies of adult
ATL have similarly found that a heter-
ogeneous variety of causes has been
defined that can lead to toxic leukoen-
cephalopathy with similar clinical and
imaging presentations.10,15 Thus, this

study may be the first to both describe a common appearance of
PATL on DWI and FLAIR shared by such various entities and
assess whether DWI and FLAIR differ in outcome.

Thus, this study attempted to determine variations in the
DWI and FLAIR imaging appearances, to evaluate the severity of
PATL in these different etiologies, and to assess their clinical out-
comes using both DWI and FLAIR severity scoring. Thus, higher

FIG 4. A boxplot of each etiologic group with the %ADCR of the affected PVWM regions com-
pared with NAWM. Notably, the subgroup of PATL related to chemotherapy had a significantly
greater %ADCR compared with the immunosuppression group. PATL from other causes (group
O) demonstrated a trend toward greater %ADCR compared with immunosuppression group, but
without reaching statistical significance.

FIG 5. A scatterplot and regression line, which together display the positive relationship between
the FLAIR/DWI severity scores and clinical outcome.
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%ADCR values were found to be associated with adverse out-
comes, and strong correlations were observed between the FLAIR
and DWI severity with clinical outcome. Such observations likely
highlight the significance of discerning early cases of PATL to ini-
tiate prompt therapy. Thus, the presence of a correlation between
the MR imaging findings and clinical outcome suggests that the
MR imaging severity may reflect the prognosis in PATL. This pos-
sibility suggests that there may be several important reasons to
identify the early MR imaging findings of PATL in children pre-
senting with acute symptoms. First, a minority of these patients
continue to deteriorate; hence, the patients may deteriorate and
even die after persistent exposure to a toxic agent, as described pre-
viously with chemotherapeutic agents.18,19 Second, PATL may
present with rather nonspecific-but-severe symptoms and thus can
be confused clinically with other irreversible syndromes (eg,
hypoxic-ischemic encephalopathy or PRES); consequently, the
window for effective treatment could be missed.20 Third, prompt
recognition of PATL can prevent inappropriate treatment with
potential iatrogenic complications in patients suspected of having
another or underlying disorder.

Many etiologies have been documented anecdotally to cause
PATL, including a variety of chemotherapeutic and immunosup-
pressive medications, BMT, and perhaps other etiologies such as
uremia and sepsis.4,10 Accordingly, in this larger study, half of the
cases of PATL were caused by chemotherapy, with methotrexate
being the most common (37%), as well as fludarabine (16%).
Regarding these etiologies, the current study attempted to attrib-
ute etiologies to determine whether they have different outcomes
in PATL. Overall, the DWI and FLAIR severity scoring appears
prognostic, while the %ADCR was only moderately prognostic in
predicting outcomes. Notably, fludarabine-related PATL had the

worst clinical outcome, being the most
common cause of death from PATL,
in accordance with prior results in
adults.3,21 Thus, in PATL, the presence
of characteristic regions of involve-
ment on DWI and FLAIR, combined
with quantitative ADC analysis in the
appropriate clinical setting, may allow
early diagnosis and potentially help
determine the prognosis in children
with PATL.18

Regarding intergroup comparisons
of outcome, the DWI and FLAIR sever-
ity was worse in chemotherapy-related
PATL, which also had worse clinical
outcomes, despite the potentially re-
versible nature of PATL. In compari-
son, immunosuppression-related PATL
had milder MR imaging severity and
better clinical outcomes than the other
subgroups, in accord with a recent
study of adult ATL.11 Thus, chemother-
apy-related PATL having relatively
strong correlations between the imag-
ing severity and outcome suggests that
more diffuse brain involvement in

PATL tends to result in neurologic sequelae.
The basic pathophysiologic mechanisms leading to PATL and

reduced diffusion are unknown but are likely multifactorial, being
thought related to BBB dysfunction and endothelial injury. For
example, chemotherapeutic agents such as methotrexate and flu-
darabine have been shown to directly injure the microvasculature
and can also have indirect excitotoxic effects.22 Meanwhile,
immunosuppressive medications, such as tacrolimus, cyclospo-
rine, and mycophenolate are thought to cause capillary endothe-
lial injury, leading to BBB dysfunction and occasional WM
injury; thus, such injury from these agents may manifest as PRES
(more commonly) or ATL (less commonly) based on prior stud-
ies.3,13,23 Hence, the cause of reduced diffusion in the PVWM in
PATL likely varies by etiology but may arise from intramyelinic
edema, cytotoxicity via capillary endothelial injury, and/or direct
toxic demyelination. Accordingly, histopathologic studies have
corroborated such insults by discovering WM injury with axonal
and oligodendroglial swelling, and also macrophage infiltration.1,15

Limited studies used DWI in children with PATL, being
mostly anecdotal.4,24,25 DWI is more sensitive than T2WI or
FLAIR in depicting the abnormalities of PATL; DWI can also
help to determine the age of lesions, such as whether they are
acute.26 Another benefit of DWI is the ability to measure quanti-
tative ADC values; thus, pathologic foci on DWI can be objec-
tively measured on the ADC maps to exclude T2 shine through
effects, which can mimic the reduced diffusion of acute lesions.27

The main limitation of this study is its retrospective nature.
For example, the clinical outcomes were based on the retrospec-
tive assessment of the medical record, in which long-term follow-
up was not available in some patients; thus, the relatively small
number of patients from a single tertiary care center may limit

FIG 6. A scatterplot and regression line, which together display the positive relationship between
the %ADCR and clinical outcome.
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the number of etiologies evaluated and thus potentially affect the
outcome analysis. Another limitation is that PATL is becoming
slowly-but-increasingly recognized during the past 15–20 years;
therefore, the frequency of this disorder may not be as uncom-
mon as reported in this study, perhaps being underreported.
Additionally, serial imaging was not performed routinely in the
current study; therefore, the potential reversibility or progression
of the brain injury could not be entirely assessed in each patient.

Another potential limitation is the differences in the physio-
logic MR imaging signal of WM structures between the pediatric
and adult brain that may result in differences in the MR imaging
findings and clinical outcomes between pediatric and adult ATL.28

For example, during the first year of life, WM signal intensity
decreases with time on T2WI via the physiologic process of myeli-
nation, which is mostly completed in the second year of life. To
prevent this possible confounding factor, children younger than 12
months of age were not included in the study. This is largely due
to the difficulty in measuring the effects of WM maturation on
MR imaging signal intensity within the first 2 years, when the
modeling of these variables would be highly complex; hence, a sta-
tistical correction cannot be readily applied to quantify the effects
of PATL in infants.

Another possible limitation is the differing MR imaging scan-
ner field strengths, with some children being imaged on a 1.5T
scanner and others at 3T; notably, the differences in appearances
and ADC values between these field strengths were not evaluated
in this study. Nevertheless, this scenario mimics what often hap-
pens in routine clinical practice across centers and is also a conse-
quence of the retrospective nature of this study. Most interesting,
some authors have observed no statistically significant differences
in ADC values comparing various regions of PVWM between
magnetic field strengths (1.5 and 3T), so it is uncertain whether
this observation would affect the results of the current study.15

Hence, this is another reason that the relative ADC measure-
ments of affected WM (compared with NAWM) were used
rather than using absolute ADC measurements. Hence, a pro-
spective study is needed that incorporates control patients,
obtains PATLs at regular intervals with a single MR imaging
scanner, and implements advanced MR imaging applications
such as DTI, to confirm the findings of our study of affected
regions based on visual inspection.29

CONCLUSIONS
The DWI and FLAIR MR imaging severity scores appear highly
prognostic of clinical outcomes in PATL, while the %ADCR
seems to be only moderately prognostic. Of note, chemotherapy-
related PATL (in particular, when related to fludarabine) overall
had worse outcomes, while immunosuppression-related PATL
had better outcomes. Thus, characteristic regions of involvement
on DWI and FLAIR imaging as well as quantitative ADC analyses
in the appropriate clinical setting may allow early diagnosis and
possibly the determination of prognosis of PATL, but these need
to be evaluated by a larger, prospective study.

Disclosures: Alexander M. McKinney—UNRELATED: Board Membership: Veeva
Systems, Inc, Comments: board member and CEO, Veeva Systems, Inc (Minneapolis,

Minnesota), an Informatics solutions company; Employment: University of Minnesota,
Fairview.
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ORIGINAL RESEARCH
PEDIATRICS

Association of Isolated Congenital Heart Disease with
Fetal Brain Maturation

C. Jaimes, V. Rofeberg, C. Stopp, C.M. Ortinau, A. Gholipour, K.G. Friedman, W. Tworetzky, J. Estroff,
J.W. Newburger, D. Wypij, S.K. Warfield, E. Yang, and C.K. Rollins

ABSTRACT

BACKGROUND AND PURPOSE: Brain MRI of newborns with congenital heart disease show signs of immaturity relative to healthy
controls. Our aim was to determine whether the semiquantitative fetal total maturation score can detect abnormalities in brain
maturation in fetuses with congenital heart disease in the second and third trimesters.

MATERIALS AND METHODS: We analyzed data from a prospective study of fetuses with and without congenital heart disease who
underwent fetal MR imaging at 25–35weeks’ gestation. Two independent neuroradiologists blinded to the clinical data reviewed and scored
all images using the fetal total maturation score. Interrater reliability was evaluated by the intraclass correlation coefficient using the individ-
ual reader scores, which were also used to calculate an average score for each subject. Comparisons of the average and individual reader
scores between affected and control fetuses and relationships with clinical variables were evaluated using multivariable linear regression.

RESULTS: Data from 69 subjects (48 cardiac, 21 controls) were included. High concordance was observed between readers with an intra-
class correlation coefficient of 0.98 (95% CI, 0.97–0.99). The affected group had significantly lower fetal total maturation scores than the
control group (b -estimate, –0.9 [95% CI, –1.5 to –0.4], P ¼ .002), adjusting for gestational age and sex. Averaged fetal total maturation, ger-
minal matrix, myelination, and superior temporal sulcus scores were significantly delayed in fetuses with congenital heart disease versus con-
trols (P, .05 for each). The fetal total maturation score was not significantly associated with any cardiac, anatomic, or physiologic variables.

CONCLUSIONS: The fetal total maturation score is sensitive to differences in brain maturation between fetuses with isolated con-
genital heart disease and healthy controls.

ABBREVIATIONS: CHD ¼ congenital heart disease; fTMS ¼ fetal total maturation score; fTMSav ¼ averaged fetal total maturation score; fTMSi ¼ individual
fetal total maturation score; GA ¼ gestational age

Congenital heart disease (CHD) is the most common congeni-
tal anomaly, affecting approximately 8 neonates per 1000

live births.1 Survivors are at increased risk of cerebral white

matter injury and adverse neurodevelopmental outcomes includ-
ing developmental delay, lower academic achievement, compro-
mised motor function, and learning disabilities.2-5 These adverse
outcomes have prompted investigations of brain development in
patients with CHD, particularly with the use of noninvasive
imaging techniques. Several studies have documented abnormal-
ities in the brains of neonates with CHD before surgical interven-
tion. These abnormalities include both smaller brain volumes
and dysmaturation as measured by diffusion-weighted imaging,
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MR spectroscopy, and the semiquantitative multiparametric
postnatal total maturation score.6-8 A combination of altered cer-
ebral perfusion, compromised substrate delivery, and abnormal
gene expression is likely to contribute to these findings.2,9

The presence of neuroimaging abnormalities in preoperative
neonates suggests a prenatal onset. An accelerated rate of brain
growth coupled with elevated metabolic demands and a highly
regulated pattern of gene expression render the brain particularly
vulnerable during the second and third trimesters.10,11 For exam-
ple, during the second half of gestation, the brain more than dou-
bles in size and neuronal progenitors migrate toward their cortical
targets.12-14 Gyrification also advances rapidly, with the emergence
of the primary sulci between 18 and 32weeks.15,16 Myelination of
the brain stem and deep gray nuclei becomes apparent on MR
imaging.17,18 Last, as mitotic activity in the ventricular and subven-
tricular zone declines, the germinal matrix starts to involute.14

Prior studies support a prenatal vulnerability by demonstrating
decreased brain volumes, a reduced gyrification index, abnormal
metabolic ratios on MR spectroscopy, and an increased apparent
diffusion coefficient in fetuses with CHD.19-22 While these findings
provide valuable insights into pathophysiology, they rely on com-
putational analysis techniques and/or sequences that are not rou-
tinely available in a clinical setting.

Recently, Vossough et al23 introduced and validated a semi-
quantitative multiparametric fetal total maturation score (fTMS),
an extension of the postnatal total maturation score, which can
be readily calculated using routine, clinically acquired fetal brain
MR imaging. The fTMS evaluates gyrification/sulcation, the pres-
ence of the germinal matrix, and myelination in utero. Postnatal
total maturation scores were previously found to differ between
CHD and control neonates.24 We applied the fTMS to fetuses
with and without CHD to investigate whether maturational dif-
ferences could be detected in utero in the CHD population com-
pared with a control group.

MATERIALS AND METHODS
This study analyzed a subset of data from an institutional review
board–approved Health Insurance Portability and Accountability
Act–compliant prospective, longitudinal cohort study comparing
brain development in fetuses with CHD with that in healthy con-
trols (Boston Children's Hospital, Boston, MA). Patients included
in this analysis were recruited between February 2014 and May
2017. Written informed consent was obtained from all pregnant
women. Inclusion criteria for the overall cohort of fetuses with
CHD were the following: nontrivial CHD confirmed by fetal echo-
cardiogram, maternal age of 18–45 years, and gestational age (GA)
of 18–30weeks at the time of recruitment. Exclusion criteria
included multiple-gestation pregnancy, maternal CHD, the pres-
ence of a noncardiac fetal anomaly, a known genetic abnormality,
congenital infection, contraindications to MR imaging, or referring
clinician deemed recruitment inappropriate (eg, family distress,
considering termination). Control subjects were recruited from a
pool of patients who underwent a screening fetal echocardiogram
due to a family history of CHD but had no detected cardiac, genetic,
or other organ abnormality. Control subjects were selected to
approximately match the sex and GA at MR imaging of the CHD
cohort. In the overarching longitudinal study, subjects underwent 2

fetal MRIs, the first at 18–30weeks’ gestation and the second at 36–
40weeks’ gestation. In some cases, fetuses were imaged outside of
the target window for scheduling reasons. Because the fTMS was
designed to assess brain maturation at 25–35weeks’ gestation, for
the present analysis, subjects with MRIs performed in this GA
range were included. If a given subject had 2 MRIs between 25 and
35weeks’ gestation, only the earlier MR imaging was analyzed. If
the super-resolution reconstruction used for analysis (see below)
was of poor quality, the subject was excluded.

We recorded maternal demographic information and fetal
clinical data for all subjects. Maternal data included race, ethnic-
ity, age, and education at the time of delivery; fetal data included
sex and GA at time of the MR imaging. For fetuses with CHD, we
recorded the diagnosis on the basis of a fetal echocardiogram,
which was later confirmed with postnatal echocardiography.
Anatomic and physiologic variables were also recorded from the
fetal echocardiogram and included ventricular physiology (2 ven-
tricle versus single ventricle), the presence versus absence of aor-
tic arch hypoplasia, antegrade-versus-retrograde aortic arch flow,
and combined systemic and pulmonary cardiac output. All fetal
echocardiograms were obtained as part of routine clinical care,
and their values were reviewed by an experienced cardiologist
with expertise in fetal echocardiography.

Image Acquisition and Processing
Subjects were scanned on a 3T MR imaging system (Magnetom
Skyra; Siemens) using an 18-channel body array coil. Multiplanar
single-shot fast spin-echo T2-weighted sequences were acquired in
multiple planes with 2 interleaves and with a TR of 1.4–2 seconds, a
TE of 120 ms, a section thickness of 2–3mm, and no interslice gap.
At least 3 sets of single-shot fast spin-echo T2-weighted images
were acquired in each plane, with FOVs of 256 � 256 or 320 �
320. The multiplanar single-shot fast spin-echo images were proc-
essed using a previously validated fetal MR imaging processing
pipeline,25 which involved a section-to-volume reconstruction algo-
rithm26 that generated motion-corrected, intensity-normalized,
super-resolution 3D volumes with 0.75-mm isotropic voxels in the
scanner (world) coordinates and registration to a normative spatio-
temporal MR imaging atlas of the fetal brain for review in standard
anatomic planes. The reconstructed images were thus reviewed in
standard anatomic planes to minimize variations in scoring due to
slight differences in the orientation of the fetus or the position of
the mother.

Image Analysis
The fTMS was used to assess brain maturation for each subject.
Ordinal values were assigned to several features including gyrifi-
cation of the frontal and occipital lobes (1–4), gyrification of the
insula (1–3), presence of the superior temporal sulcus (0–2), pres-
ence of the inferior temporal sulcus (0–2), germinal matrix invo-
lution (1–3), and stage of myelination (1–3) to create subscores
for each of these components of brain maturation. As described
by Vossough et al,23 each feature was scored separately for each
hemisphere. The results were then averaged to produce a single
subscore for each feature, and the subscores were summed to
create the fTMS for each subject. Images were reviewed and
scored independently by 2 neuroradiologists with 8 and 2
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years of experience to produce individual fTMS values
(fTMSi values) for each subject, which were subsequently
averaged to generate the averaged fTMS (fTMSav). Before
scoring the data for research purposes, the 2 readers jointly
reviewed a set of 15 random cases to set standards for inter-
pretation. The scoring of the subjects occurred 1 month after
standards were set, to avoid recall bias.

Statistical Analysis
Fisher exact tests and Wilcoxon rank sum tests were used to
compare maternal and fetal characteristics between the CHD
and control groups. Interrater reliability was assessed with
the intraclass correlation coefficient. Multivariable linear
regression was used to evaluate the effect of group (CHD ver-
sus control), GA, and sex on the fTMSav and each fTMSi,
with ordinal logistic regression used in follow-up analyses of
the same effects on each subscore. Linear regression was also
used to evaluate the effect of echocardiographic variables on
fTMSav. Delays in brain maturation were estimated using a
grid search with steps of 0.01 weeks’ gestational age for the
fTMSav as well as each subscore, using linear and ordinal
logistic regression, respectively, without adjustment for sex.
P, .05 was considered statistically significant.

RESULTS
Sample
From a total of 107 prospectively recruited pregnant women, 75
had MRIs performed at 25–35weeks’ gestation. We excluded 6
subjects due to poor image quality related to excessive motion or
artifacts. Therefore, data from 69 subjects (48 with CHD, 21 con-
trols) were used in our analysis. Each subject contributed 1 MR
imaging during the target GA range. Table 1 summarizes mater-
nal and fetal characteristics.

Fetal Echocardiography
Anatomic evaluation of the fetuses with CHD revealed that 9
(19%) had hypoplastic left-heart syndrome, 4 (8%) had fetal aortic
stenosis, 5 (10%) had tetralogy of Fallot, 5 (10%) had transposition
of the great arteries, 11 (23%) had other single-ventricle CHD, and
14 (29%) had other 2-ventricle CHD.

Regarding the physiology of the fetuses with CHD, 22 (46%)
had single-ventricle physiology, 26 (54%) had aortic arch hypopla-
sia, and 33 (68%) had antegrade aortic flow. The median

combined cardiac output was 0.45 L/min/Kg (range, 0.17–0.77
L/min/Kg) for fetuses with CHD and 0.43 (range, 0.19–0.90
L/min/Kg) for control fetuses. There were no statistically signifi-
cant differences in combined cardiac output between groups
(Wilcoxon rank sum, P¼ .91).

CHD and Brain Maturation
Excellent interrater agreement was observed for the fTMS values
with an intraclass correlation coefficient of 0.98 (95% CI, 0.97–
0.99). For the CHD group and control group, the intraclass corre-
lation coefficients were 0.97 (95% CI, 0.96–0.99) and 0.99 (95% CI,
0.97–0.998), respectively. A Bland-Altman plot (Fig 1) showed a
mean difference between readers of 0.01 (95% CI, –0.14–0.17).

The CHD group had a lower fTMSav than the control group
(b -estimate, –0.9 [95% CI, –1.5 to –0.4], P ¼ .002) after adjusting
for GA and sex (Figs 2 and 3). A similar group difference was
observed for each fTMSi (P, .01 for each). Significant relationships
of fTMSav with GA (b -estimate, 1.4 [95% CI, 1.3–1.6] per week,
P, .001) and each fTMSi with GA (P, .001 for each) were also

Table 1: Maternal and fetal characteristics
Variables All (n = 69) CHD (n = 48) Controls (n = 21) P Valuea

Maternal characteristics
Race (No.) (%) ..99
Black 2 (3) 2 (4) 0
White 64 (93) 44 (92) 20 (95)
Other 3 (4) 2 (4) 1 (5)
Hispanic ethnicity (No.) (%) 9 (13) 6 (13) 3 (14) ..99
Education, bachelor’s degree or higher (No.) (%) 34 (51) 23 (50) 11 (52) ..99
Estimated age at delivery (median) (range) (yr) 31.6 (18.7–40.4) 31.8 (18.7–40.4) 30.0 (23.0–37.5) .68
Fetal characteristics
Male sex, n (%) 38 (55) 28 (58) 10 (48) .44
Gestational age at MR imaging (median) (range) (yr) 28.3 (25.1–33.3) 29.4 (25.9–33.3) 26.9 (25.1–33.1) .003

a P values for group comparisons were determined by Fisher exact tests for categoric variables and Wilcoxon rank sum tests for continuous variables.

FIG 1. Bland-Altman plot demonstrating high interrater reliability.
The overall mean difference between readers was 0.01 (95% CI,
0.14–0.17).
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observed after adjusting for group and sex. Linear relationships of
fTMSav with GA in fetuses with CHD and controls (R2 ¼ 0.86 and
R2 ¼ 0.92, respectively) were noted (Fig 4). No effect of sex on
fTMSav (b -estimate, 0.3 [95% CI, –0.2–0.8], P ¼ .25) or either
fTMSi (P. .10 for each) was observed. Parameter estimates for the
individual readers are available in the On-line Table.

Significant delay was observed for
the fTMSav (b -estimate, 0.7weeks
[95% CI, 0.3–1.0], P ¼ .001) and the
germinal matrix (b -estimate, 2.0
[95% CI, 1.2–2.7], P, .001), myelina-
tion (b -estimate, 1.1 [95% CI, 0.2–
1.9], P ¼ .02), and superior temporal
sulcus (b -estimate, 0.9 [95% CI, 0.3–
1.4], P ¼ .002) subscores (Fig 5).
Estimated delays for all scores are
summarized in Table 2.

Effect of Echocardiographic
Variables on FTMS
In the CHD group, no statistically sig-
nificant associations of fTMSav with
any of the echocardiographic variables
were observed after adjusting for GA
and sex (Table 3).

DISCUSSION
We compared brainmaturation between
fetuses with and without CHD using the
previously validated fTMS and docu-
mented that this semiquantitative score
is sensitive to delays in brain maturation
that are present during the second and
early third trimester in fetuses with
CHD. These results are consistent with
prior reports of quantitative abnormal-
ities in brain maturation of fetuses with
CHD that have been described using
MR spectroscopy, global parenchymal
volumetry, and metrics of cortical devel-
opment.19-21

The main advantage of the fTMS is
that it can be used in a routine clinical
environment. The score is highly re-
producible and has high interrater
reliability,23 which we independently
verified for the first time in this work.
Our results also expand previous work
by validating the use of fTMS for data
acquired at 3T, which is increasingly
used in clinical practice.27 Moreover,
our observations approximate those of
Vossough et al,23 by confirming a lin-
ear relationship between fTMS and
GA and suggest that the fTMS is feasi-
ble for clinical implementation.

The fTMS showed an overall brain
maturational delay of approximately 1-week gestation in the sub-
jects with CHD relative to controls, which highlights the prenatal
onset of abnormalities in brain development in CHD. Our results
differ from the approximate 4-week delay reported on postnatal
total maturation score of neonates with CHD.24 In part, this dis-
crepancy may be due to differences in postconceptional age at the

FIG 2. Differences in fTMS values between a control subject and a fetus in the second trimester.
A–C, Multiplanar reformatted images from a 26-week 6-day-old control fetus with an fTMS of 6.5
shows early development of the right superior temporal sulcus (A, B, and C; arrow) and early myeli-
nation in the thalamus and posterior limb of the internal capsule (C, dotted arrow). D–F, Multiplanar
reformatted images from a 26-week 6-day-old fetus with hypoplastic left-heart syndrome with an
fTMS of 4 show a smooth temporal lobe (absent superior temporal sulcus) and lack of myelination.

FIG 3. Differences in fTMS between a control subject and a subject with CHD in the third trimes-
ter. A–C, Multiplanar reformatted images from a 30-week 6-day-old control fetus with an fTMSav
of 14 show early insular sulcation (A, dotted arrow), a developing inferior temporal sulcus (B, solid
arrow), and no residual germinal matrix (C). D–F, Multiplanar reformatted images from a 31-week 2-
day old fetus with tricuspid atresia and an fTMS of 10 show a smooth insula (D), no evidence of a
developing inferior temporal sulcus (E), and some residual germinal matrix (F, arrowhead).
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time of the analysis, with our subjects’ mean GA being approxi-
mately 27weeks and those analyzed by Licht et al24 being imaged
postnatally at term. The differences could also reflect a longitudi-
nal progression of the delay in maturation, as reported by
Ortinau et al.28 Finally, selection bias could also play a role. The
cohort of Licht et al included only neonates with severe forms of
CHD (ie, hypoplastic left-heart syndrome and transposition of
the great arteries), whereas our cohort included various forms of

nontrivial CHD, some of which may have a lesser effect on brain
maturation.24

Individual analyses of the subscores showed significant
between-group differences for the germinal matrix, myelination,
and superior temporal sulcus subscores. Delayed involution of
the germinal matrix is consistent with prior observations from
Licht et al,24 who described persistence of the germinal matrix
beyond term as well as a greater number and size of migrating
glial bands in neonates with CHD relative to controls. Early mye-
linating structures (eg, dorsal brain stem, the ventrolateral thal-
ami, and the posterior limb of the internal capsule) are highly
active metabolically in the second half of gestation and the early
neonatal period.29,30 It is, therefore, conceivable that their high
metabolic demands render them uniquely vulnerable to a
decreased supply of substrates, which, in turn, may result in a
delay in normal myelination in fetuses with CHD. The delay in
the emergence of the superior temporal sulcus is consistent with
a prior description of abnormalities in sulcation in the temporal
lobe in fetuses with hypoplastic left heart syndrome reported by
Clouchoux et al,20 and in early emerging sulci (including the
superior temporal sulcus) reported by Ortinau et al.28 Although
we did not find significant differences in the subscores for emerg-
ing sulcation in other regions evaluated in the fTMS, in 2 of the 3
remaining subscores, the direction of the findings was toward a
delay in the CHD group. It is possible that we did not observe
these differences due to the small sample size, heterogeneous
CHD selection bias noted above, or greater sensitivity of quanti-
tative computational neuroimaging techniques.20,28 The precise
cause of the abnormal gyrification is unclear; it likely reflects a
complex interaction between altered hemodynamics and
decreased substrate delivery, the impact of these variables on the
genetic program that governs gyrification, or a genetic variant
irrespective of hemodynamics.31,32 The cause for the nonsignifi-
cant trend toward accelerated sulcation in the insula is unclear
and could reflect random variance in the sample.

A limitation of our study is the heterogeneity of our sample.
While we observed a group effect of CHDs on fTMSav and
fTMSi for both readers, we did not find significant associations
between the specific hemodynamic parameters derived from the
fetal echocardiogram and the fTMS. It is possible that either using
a homogeneous group or using a larger sample size, allowing for
subgroup analysis, could detect individual associations within
CHD diagnostic categories. Another limitation is that the control
fetuses were younger than the fetuses with CHD, with most con-
trol fetuses younger than 28weeks. While a larger sample of third
trimester control fetuses would be desirable to better characterize
the trends after 28weeks, this discrepancy is unlikely to affect our

FIG 4. Scatterplot illustrating the estimated delay in fTMSav values in
fetuses with CHD compared with controls. Lines are predicted
fTMSav scores modeled by linear regression.

FIG 5. Scatterplot illustrating the estimated delay in averaged germi-
nal matrix subscores in fetuses with CHD compared with controls.
Lines are predicted averaged germinal matrix scores modeled by ordi-
nal logistic regression.

Table 2: Estimated maturational delay in gestational age based
on differences in scores between CHD and control groups

Variables Estimated Delay (wks) 95% CI
fTMSav 0.7 0.3–1.0
Germinal matrix 2.0 1.2–2.7
Myelination 1.1 0.2–1.9
Superior temporal sulcus 0.9 0.3–1.4
Inferior temporal sulcus 0.4 –0.8–1.6
Fronto-occipital gyrification 0.1 –0.6–0.7
Insular gyrification –0.8 –2.9–0.8

.
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overall observation of lower fTMS in CHD, given that matura-
tional differences are known to exist postnatally and may accen-
tuate in late gestation and perinatal periods.28

Another limitation is the uncertain clinical significance of our
observations. Future studies are needed to examine the associa-
tions between the fTMS and neurodevelopmental outcome.
Finally, caution should be exercised when comparing fTMSs
from other data with the results from our study. The super-reso-
lution reconstructions are uniformly oriented in standard planes,
which may facilitate image analysis by reducing the obliquity of
native acquisitions. Also, the spatial resolution of these recon-
structions is higher than that of standard acquisitions, which
could have an effect on gyrification subscores. However, we
expect that group differences would remain, given that all of our
data were acquired and processed in the same way.

CONCLUSIONS
Emerging abnormalities in brain development of fetuses with
CHD can be detected using the fTMS in the late second and early
third trimester. Additional work is needed to relate these findings
to neurodevelopmental outcome and elucidate the clinical signifi-
cance of these findings.
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ABSTRACT

BACKGROUND AND PURPOSE: Cerebral MR imaging in infants is usually performed with a field strength of up to 3T. In adults, a
growing number of studies have shown added diagnostic value of 7T MR imaging. 7T MR imaging might be of additional value in
infants with unexplained seizures, for example. The aim of this study was to investigate the feasibility of 7T MR imaging in infants.
We provide information about the safety preparations and show the first MR images of infants at 7T.

MATERIALS AND METHODS: Specific absorption rate levels during 7T were simulated in Sim4life using infant and adult models. A
newly developed acoustic hood was used to guarantee hearing protection. Acoustic noise damping of this hood was measured
and compared with the 3T Nordell hood and no hood. In this prospective pilot study, clinically stable infants, between term-
equivalent age and the corrected age of 3 months, underwent 7T MR imaging immediately after their standard 3T MR imaging. The
7T scan protocols were developed and optimized while scanning this cohort.

RESULTS: Global and peak specific absorption rate levels in the infant model in the centered position and 50-mm feet direction
did not exceed the levels in the adult model. Hearing protection was guaranteed with the new hood. Twelve infants were scanned.
No MR imaging–related adverse events occurred. It was feasible to obtain good-quality imaging at 7T for MRA, MRV, SWI, single-
shot T2WI, and MR spectroscopy. T1WI had lower quality at 7T.

CONCLUSIONS: 7T MR imaging is feasible in infants, and good-quality scans could be obtained.

ABBREVIATIONS: dB(A) ¼ A-weighted decibels; –50-mm FH ¼ 50 mm from the isocenter in feet direction; 150-mm FH ¼ 50 mm from the isocenter in
head direction; SAR ¼ specific absorption rate

Infants who are admitted to the neonatal intensive care unit are
at risk of delayed or impaired neurodevelopmental outcome

due to brain injury, cerebral malformations, and genetic or meta-
bolic disorders.1,2

MR imaging is the criterion standard to assess brain develop-
ment, malformations, and injury in infants.3 The first neonatal
3T field strength MR imaging scans were reported in 2004,4 and
3T scanners are now routinely used by many centers. 3T MR
imaging has several advantages compared with 1.5T MR imaging.
The quality of the MR images improved because of the increased
SNR, leading to higher spatial resolution, improved susceptibility
contrast, and increased chemical shift dispersion leading to

improved quality of MR spectroscopy.5,6 The increased SNR in
neonatal 3T MR imaging also led to shorter acquisition times.6

In adults, the introduction of ultra-high-field MR imaging pro-

vided new opportunities, further improving the spatial resolution

at 7T compared with 3T when the same acquisition times were

used.7 This feature provided additional anatomic information.8 At

7T, the sensitivity to susceptibility is strongly increased, enabling
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the diagnosis of microbleeds and visualization of microvasculature.

Due to the increased chemical shift dispersion at 7T, additional

metabolite peaks could be detected with MR spectroscopy.5,8-11

Currently, accessibility of 7T MR imaging scanners in adult

research is increasing rapidly, and 7T MR imaging is more often

used for clinical purposes. The initial safety concerns of using 7T

MR imaging in adults have been addressed in the past decades.

The largest safety concern was an increase in body temperature

because of the higher local and global specific absorption rate

(SAR) for the same B1
1 at 7T. However, an increase in body tem-

perature has not been reported in ultra-high-field MR imaging in

adults or children.5,12 Besides the increased SAR, a higher static

magnetic field increases the risk of attracting ferromagnetic objects,

which can be prevented with screening for ferrometal before MR

imaging.13 It also can potentially influence biologic systems, such

as cardiac and neurophysiological responses, but harmful effects

have never been described in follow-up studies in infants.13

Sensory symptoms such as vertigo, headaches, and an iron taste

due to the varying gradient field5 were reported by patients under-

going 7T MR imaging; however, only 5% rated these symptoms as

very unpleasant.14 Acoustic noise protection should be guaranteed

during the MR imaging, similar to 3T MR imaging.
While studies at 7T have now been shown to be safe in

adults,14,15 the literature about safety in children is scarce. In a
study by Harris et al,16 42 children between 5 and 10 years of age
underwent 7T MR imaging, which was well-tolerated and safe in
all children. The Food and Drug Administration approved 7T
MR imaging in infants of 1 month and older.17 The limit of the
main static field in neonates is 4T MR imaging. SAR limits are
the same for adults and neonates.17

We initiated a feasibility pilot study in infants. This study
shows the first MR images of infants at 7T and provides informa-
tion about the safety preparations.

MATERIALS AND METHODS
Preparation: SAR Simulation
Using a radiofrequency simulation, we investigated whether MR
imaging protocols could be translated from the adult to the infant

brain without exceeding the SAR lim-
its. Finite-difference time-domain sim-
ulations were performed using Sim4Life
(Zurich Med Tech) to evaluate transmit
efficiency and radiofrequency safety
limits of the setup, assuming full decou-
pling of the receiver coils. The geometry
and electrical circuits of the NOVA
head coil (Nova Medical) for 7T were
implemented in Sim4Life. The simula-
tions were performed on a virtual infant
model (Charlie, 2 months of age, 4.3
kg) of the Integrated Taxonomic
Information System virtual family18 in
different positions in the coil (Fig 1),
using the head coil in quadrature mode.
The same simulations were performed

on adult heads (male Duke, female Ella) of the virtual family18 as a
reference. Local SAR levels (10-g average) for 1-W input power and
global SAR levels (average SAR over the whole head) were calcu-
lated. Also, the average SAR per B1

2 was calculated as the average
SAR over the whole head divided by the average B1

2 in a central sec-
tion in the brain. The peak local SAR was defined as the highest
SAR in the whole infant.

SAR simulations were validated by comparing simulations
and measurements of B1 maps of a spherical phantom and power
measurements for data scaling (data not shown).

Preparation: Acoustic Noise Protection
At 3T MR imaging, acoustic noise protection is guaranteed by
Alpine Muffy Baby (Alpine Hearing Protection), Natus MiniMuffs
(Natus Medical), and a hood for acoustic noise protection,19

respectively, leading to 6.4- to 31.6-dB, 7-dB, and 4- to 13.6-dB
reduction. A prototype of the hood (190 cm long) for noise protec-
tion that fits in the 7T MR scanner was developed using a layer of
5-cm foam (EASYfoam TC2; EASY Noise Control).

A test setup with a dummyMR imaging bore (old 7TMR imag-
ing bore) was made in a sound-isolated booth to test the attenua-
tion of acoustic noise with different hoods and no hood. We
conducted all sound-level measurements using a sound-level meter
(B&K type 2250; Brüel & Kjær). A microphone (B&K, type 4189)
was placed in the isocenter of the dummy bore to record the sound
volumes in A-weighted decibels 9dB(A). Four speakers (Yamaha
MSP5A; Hamamatsu) were positioned around this test setup: one
on each end of the dummy bore and one on each side (Fig 2). The
speakers were separately calibrated on an acoustic noise level of
55dB(A). The acoustic noise was measured with the 3T hood, the
7T hood, and without a hood, with the acoustic noise coming from
the speakers at both ends, both sides, and from all 4 speakers.

We measured the attenuation of the Alpine Muffy Baby and
Natus MiniMuffs using the B&K type 2250 G4 SLM and B&K
Artificial Ear type 4153. A stimulus (AudioNigma; Decos) of
80 dB(A) was sent to an artificial ear.

Study Population
Clinically stable infants, between term-equivalent age and the
corrected age of 3 months were included in this pilot study.

FIG 1. Different positions of the infant model in the radiofrequency coil. On the left, the adult
head and torso are shown. They are used as a reference.
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Infants with respiratory support or an intravenous catheter were
excluded. They underwent 7T MR imaging immediately after
their routine 3T MR imaging scan (both Philips Healthcare
Best, The Netherlands). All infants were sedated with chloral
hydrate before the 3T MR imaging in combination with the
feed-bundle technique, as parts of routine clinical care. An
additional dose of chloral hydrate before the 7T MR imaging
was not allowed by the medical ethics committee. For neona-
tal scans of the brain at 7T, the 2-channel transmit 32-chan-
nel receive head coil (Nova Medical, Wilmington, MA) was
used. The selection of sequences was based on the clinical in-
dication. Details of the scan protocols can be found in the
On-line Table. Hearing was protected as described above.
Safety parameters were monitored before, during, between,
and after the MR images. We monitored heart rate, periph-
eral oxygen saturation, temperature (core temperature before

and after and abdominal skin tem-
perature during the scans), and
comfort scales.20

This study was approved by the
medical ethics committee of the
University Medical Center Utrecht
(NL66198.041.18), and written informed
consent was obtained from the parents
of all participants.

RESULTS
Preparation: SAR Simulation
The global SAR and peak local SAR of
the virtual infant model in the cen-
tered position and 50mm from the
isocenter in feet direction (�50-mm
FH) did not exceed the SAR of the
adult models. However, when infant
Charlie was positioned 50mm from
isocenter in the head direction (150-
mm FH), global SAR levels and peak
local SAR levels exceeded those of the
adult models (by 113% and 112%
compared with Duke, respectively)
(Table 1).

The 10-g averaged local SAR in the
head of the infant model was lower
than that in the adult head for all posi-
tions. When the infant model was
positioned 150-mm FH, the local
SAR was highest in the neck/shoulder
transitions (Fig 3).

The SAR per B1
2 was lower in the

infant model than in the adult models,
meaning that less power is needed to
reach the same B1, except for the150-
mm FH position.

Preparation: Acoustic Noise
Protection

The background noise in the sound booth was 28dB(A). The 7T
hood attenuated the acoustic noise by 8.5 dB, and the 3T hood, by
7dB (Table 2).

Without hearing protection, the artificial ear measured 80 dB
(A). The Alpine Muffy Baby reduced the acoustic noise level to
56 dB(A), and the use of only the Natus Minimuffs resulted in
73.4 dB(A). The combination of both, not totally closing the arti-
ficial ear, led to an acoustic noise level of 58 dB(A). If they were
both well-placed on the ear using the elastic head band, the level
decreased to 47.8 dB(A).

Feasibility of MR Imaging
Twelve infants have been included with a median gestational age
of 28.2weeks (range, 25.0–41.7 weeks), median birth weight of
1127 g (range, 585–4570 g), median postnatal age at MR imaging

of 95 days (range, 31–114 days), and a median weight at MR

FIG 2. Setup for measuring acoustic noise at the MR imaging table in the presence of the hood.
This test setup consisted of a dummy bore with dimensions similar to those of the 7T MR system
with a 10-mm plastic plate of polyoxymethylene to create an MR imaging table. The speakers pro-
ducing the sound are positioned at 28-cm distance around the dummy bore to mimic the sound
produced by the MR imaging scanner.

Table 1: Global and peak SAR levels

Duke
Centered

Ella
Centered

Charlie
Centered

Charlie
250-
mm FH

Charlie
+50-
mm FH

Global SAR levels
Average SAR for 1 Watt input
power (W kg�1)

0.066 0.069 0.062 0.050 0.075

Average SAR per B1
2 (W kg�1 mT–2) 0.462 0.465 0.289 0.454 0.474

Average B1
1 in central section

for 1 Watt input power (mT)a
0.379 0.385 0.466 0.333 0.398

Peak local SAR levels
Peak local SAR (10-g averaged)
for 1 Watt input power (W kg�1)

0.435 0.398 0.321 0.213 0.487

Peak local SAR (10-g averaged)
per B1

2 (W kg�1mT–2)
3.04 2.63 1.48 1.92 3.08

a The power optimization procedure of the MR imaging scanner software calibrates the needed input power to
achieve a certain B1 in the subject. This calibration is based on the average B1

1 in a central section of the subject
(brain in this case).
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imaging of 3322 g (range, 2715–6335 g). The clinical indications

for the MR imaging scans were the following: MR imaging at

term-equivalent age because of preterm birth before 28weeks’

gestation (n¼ 7); MR imaging at term-equivalent age because of

white matter injury (n¼ 2); follow-up MR imaging at 3 months’

corrected age because of a thalamic hemorrhage (n¼ 1) or hem-

orrhage in the temporal lobe (n¼ 1); and follow-up MR imaging

at 6 weeks because of an arterial ischemic stroke (n¼ 1).

Temperature, heart rate, peripheral oxygen saturation, and com-

fort scales were stable before, during, and after MR imaging. No

serious adverse events related to the MR imaging occurred.
MRV at 7T provided good visibility of the different veins and

sinuses: The superficial cerebral veins could be followed in detail
(Fig 4A, -G).

Also, SWI at 7T was feasible and showed details of the deep
venous circulation, i.e., the deep medullary veins (Fig 4B, -H).

Single-shot T2WI at 7T demonstrated good gray and white
matter contrast. In 1 patient with a perinatal arterial stroke, peri-
vascular spaces were seen at 7T that were not visible at 3T (Figs
4C, -I). Otherwise, no clinically relevant additional findings were
reported by the pediatric neuro radiologist (M.L.) at 7T. The gray
and white matter differentiation at T1WI was suboptimal at 7T
(Figs 4E, -K).

MRA showed more peripheral
arteries at 7T, and little noise was visi-
ble at 7T, making it easier to see the
thickness and curves of the arteries
(Figs 4D, -J).

MR spectroscopy was of improved
quality. For example, the patient
shown in Fig 4F, -L had an SNR of 19
at 7T compared with 6 at 3T. It was
possible to correctly fit more metabo-
lites with a Cramer–Rao Lower Bound
of,20% at 7T, such asN-acetyl aspar-

tylglutamate, taurine, and glycine.

DISCUSSION
We demonstrated that scanning infants in a 7T scanner is feasible
and results in good-quality images. While optimization of the
sequences is ongoing, we already demonstrated that some sequen-
ces showed more details compared with 3TMR imaging.

Before scanning, simulated SAR levels at 7T were lower in the
virtual infant than in adult models.18 When the infant’s head was
further in the coil than isocenter, or 5 cm in the x or y direction,
SAR levels did exceed the adult situation. Thus, the center posi-
tion of the infant in the coil is essential. Therefore, the position of
the infant’s head was constrained in the coil, making it mechani-
cally impossible to put the infant’s head farther in the coil than
center position. Differences in the SAR due to intersubject vari-
ability cannot be completely ruled out. However, previous simu-
lations at 3T showed that different-sized infant models and
different positions did not result in major differences in simu-
lated SAR levels.21

The SAR simulations had 2 important limitations. The first li-
mitation is that the Sim4Life model of Charlie uses the dielectric
values of adults, which might slightly differ from infant dielectric
properties. The dielectric values of human infants are unknown

FIG 3. Local SAR levels in adult head (left) and Charlie in the different coil positions. Shifts of an infant in the x and y directions are unlikely
because of limited space; therefore, the results are not included in the figure. The SAR values when infant Charlie is positioned 50mm in the x
or y direction are comparable with those in the150-mm FH position.

Table 2: Acoustic noise levels in decibel(A), with use of no hood, the 3T hood, and the
newly developed 7T hood

Both Ends of
the Bore

Sides of
the Bore

Sides and Ends of
the Bore

No hood for acoustic noise
protection

60.0 dB(A) 58.5 dB(A) 62.5 dB(A)

3T Nordell hood for acoustic noise
protection

54.0 dB(A) 51.0 dB(A) 55.5 dB(A)

Prototype 7T hood for acoustic noise
protection

54.0 dB(A) 43.0 dB(A) 54.0 dB(A)
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and require further research. In the study of Malik et al,21 conver-
sion of adult dielectric values was based on rat data; however, these
are not validated. Second, only 1 virtual model of a 2-month-old
infant was available, which cannot be completely translated to an
infant of term-equivalent age. Head circumference and body com-
position differed between term-equivalent age and 2 months of
age. Malik et al showed that term neonates with smaller head sizes
or lower body weight had lower SAR depositions, suggesting that
the 2-month-old infant model does not underestimate SAR values.
Regarding body composition, Malik et al simulated the effect of fat
percentage on SAR depositions in neonates in 2 extreme scenarios:
1 model with only skin and 1 model with a thick layer of pure fat.
The model with only skin had 10% higher peak local SAR deposi-
tions.21 The fat percentage of neonates is lower compared with 2-
month-old infants.22,23 In the worst case scenario, a neonate might
have a higher peak local SAR up to 10% compared with a 2-
month-old infant based on fat composition. This will still not
exceed the safety limits of the FDA because the 7T MR scanner,
Best, the Netherlands has implemented an additional safety factor
larger than 2. Furthermore, the global SAR levels of Charlie in the
centered position were 6% lower compared with the adult model,
and the peak local SAR was 26% lower, leading to an additional
safety margin. Adult limits are, therefore, still safe to use.

Another concern might be that the thermoregulation in neo-
nates is immature compared with adults, so the effect of SAR val-
ues on body temperature might differ between neonates and
adults.21 Neonates have less isolating subcutaneous fat and a
larger surface-to-body weight ratio, making them more prone to
develop hypothermia.21,24-26 The risk of high local peak SAR val-
ues in neonates is lower compared with adults because less power
is needed in neonates to reach the same B11. Furthermore, the
risk of high local peak SAR is reduced by the above-described
safety margins (Table 1).

No MR imaging–related adverse events occurred in the
infants scanned at 7T in this pilot study, and comfort scales were
stable, which are both indicators that infants did tolerate the
higher main static field.

The possible improvements in the quality of SWI and single-
shot T2WI are caused by a shorter T2-relaxation time, improved
spatial resolution, and increased susceptibility.5 These might ena-
ble physicians to assess the extent of injury on a microstructural
level: diagnosing microbleeds and polymicrogyria and thereby
improving the prediction of neurodevelopmental outcome.27-29

As expected, the quality of T1WI at 7T was worse compared
with 3T in infants. The T1-relaxation time increases at higher
field strengths.13 Furthermore, the brains of neonates have a rela-
tively high water content, which results in less contrast between
white and gray matter. To compensate for this longer T1 relaxa-
tion time, the TR can be increased, but this increase leads to lon-
ger scanning time, which is also not preferable in neonates.6,13

On the other hand, this increased T1-relaxation time enables
higher quality angiography, which, in the future, can help, for
example, to evaluate small perforator strokes.6,10

For MR spectroscopy, the increased chemical shift disper-
sion at 7T results in less overlap between the different metabo-
lite peaks; also, the SNR is increased (.2-fold). Of note is that
the maximal required B1 for MR spectroscopy cannot be
achieved when the infant is in the �50-mm position in the coil.
This can happen if the shoulders do not fit in the head coil
when the infant is wrapped in the vacuum matress. In such
cases, MR spectroscopy at 7T has SNR comparable with that of
3T, but with the advantage of less overlap between metabolite
peaks. Nevertheless, 7T MR spectroscopy enabled more accu-
rate detection of N-acetyl aspartylglutamate, taurine, and gly-
cine and possibly other metabolites such as glutamate, gamma-
aminobutyric acid, and myo-inositol, as has been described in
adults.5,6 This feature could be helpful for the diagnosis of met-
abolic diseases and neuronal injury but can also provide infor-
mation about the biochemical development of the neonatal
brain.

In the future, 7T might be particularly helpful to answer spe-
cific questions about the diagnosis or outcome in, for example,
infants with small (perforator) strokes, metabolic diseases, or
unexplained neurologic symptoms, i.e., seizures. The clinical

FIG 4. Examples of images of different patients at 3T (upper row) versus 7T MR imaging (lower row). A and G , MRV at 3T and 7T, respectively,
of a preterm infant at term-equivalent age. B and H, An SWI at, respectively, 3T and 7T of a preterm infant at term-equivalent age. C and I, The
6-week follow-up single-shot T2-weighted image of a term-born infant with a perinatal stroke. The arrows indicate perivascular spaces that
were better visualized at 3T compared with 7T. D and J, A 3-month follow-up MRA at 3T and 7T of a term-born infant with an occipital stroke. E
and K, T1WI (MPRAGE) of a preterm-born infant at term-equivalent age. F and L, An MR spectroscopy spectrum at 3T and 7T of a preterm infant
at term-equivalent age, both with a comparable ROI in the left basal ganglia/thalami region.
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implications and the additional value of 7T in infants should be
investigated in larger 7T MR imaging studies. We did not scan
preterm neonates; the safety and feasibility of 7T MR imaging
in these neonates should also be investigated in the future.

CONCLUSIONS
This pilot study shows, for the first time, that 7T ultra-high-field
MR imaging is feasible in infants. Good-quality images could be
obtained, with some sequences providing additional details com-
pared with 3T. Positioning of the infant in the isocenter of the
coil is important for SAR safety.
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BRIEF/TECHNICAL REPORT
PEDIATRICS

MRI Head Coil Malfunction Producing Artifacts Mimicking
Malformation of Cortical Development in Pediatric Epilepsy

Work-Up
N. Kashani, N. Khan, J.M. Ospel, and X.-C. Wei

ABSTRACT

SUMMARY: We recently observed a type of MR imaging artifact that consistently mimics an abnormal appearance of the cerebral
cortex, leading to initial misinterpretation and repeat scans. The artifact is caused by malfunction of part of the multichannel
phased array head coil and is manifested by irregularity of cortical surface and gray-white matter junctions. The presence of such
an artifact can be confirmed by assessing the background noise of the MR images and checking the coil element status on the MR
imaging operator console.

Evaluation of the morphology of the cerebral cortex in pediatric
neuroimaging is crucial to rule out a malformation of cortical

development. The cortical abnormalities can be subtle, and utili-
zation of multiple-phased array head coils is beneficial.1 Modern
MR imaging scanners often use phased array coils that consist of
multiple detectors, which allow images of high quality.2,3 These
coil elements are placed around the body parts being imaged (Fig
1A). They are usually divided into groups that are, in turn, con-
nected to the system by plugging into the scanner.3 The operators
can view the locations and status of each group of coil elements
on the computer monitors (Fig 1B).

Recently, we encountered a series of incidents in which the 2
anterior groups of coil elements were inadvertently disconnected
from the MR imaging system during patient scanning. This mal-
function could not be eliminated by the scanner operator, neither
could it be identified in the DICOM header. The resulting artifact
occurred exclusively anteriorly and bilaterally and can be mis-
taken for a cortical abnormality. In the first incident, the scan was
interpreted by neuroradiologists as possible polymicrogyria until
a repeat scan 3weeks later showed a normal cerebral cortex,
whereas in the following incidents, the neuroradiologists recog-
nized the artifact, thereby avoiding misdiagnosis.

Case Presentation
Case 1. A 2-week-old term male neonate was admitted with sus-
pected bacterial meningitis. A brain MR imaging was requested to
rule out any complications from meningitis. The MR imaging was
performed (3T Magnetom Vida; Siemens), including 3D MPRAGE
T1WI, axial and coronal FSE T2WI, DWI, gradient-echo T2*-
weighted images, TOF-MRA, and phase-contrast MRV. A 20-chan-
nel head coil was used. A small amount of pus in the trigones of both
lateral ventricles was identified, and bilateral frontal cerebral cortex
surfaces as well as cortical white matter junctions appeared irregular,
while their signal intensities were normal on all sequences. The find-
ings were interpreted as possible polymicrogyria (Fig 2A,–C).

Repeat MR imaging was performed 20days later on the same
scanner with identical sequences and coils. The frontal cerebral cor-
tex now appeared normal, and the previously seen irregular outer
and inner surfaces of the frontal cortex were no longer present (Fig
2E,–G). Therefore, a coil malfunction was suspected. Scanning pa-
rameters of the first scan were then reviewed, and it was noted that
the anterior 2 groups of the coil elements were “off.”

Case 2. In a 4-year-old boy with developmental delay, chromosomal
microdeletion, suspected clinical seizures, and abnormal electroence-
phalogram findings, a brain MR imaging was performed (3D
MPRAGE sequence on the same clinical scanner as in case 1). The
MR imaging technologist noted the irregular surfaces of the frontal
lobes (On-line Fig 1A) and increased background noise in the coil ele-
ments that were at “off” status. A repeat 3DMPRAGEwas performed
after re-plugging the head coil, and the bifrontal cortical irregularity
and background noise were no longer seen (On-line Fig 1C, -D).

Case 3. In an 8-year-old boy with familial Li-Fraumeni syndrome,
MR imaging without contrast was performed to exclude intracra-
nial neoplasms (3T MPRAGE T1-weighted images obtained from
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the same scanner with the same head coil as in cases 1 and 2);
irregular surfaces and gray-white matter junctions were noted on
these scans (On-line Fig 2A). An MR imaging with contrast was
performed 3 days later on another scanner (3T Discovery
MR750w; GE Healthcare) with a 32-channel head coil, and no
cortical irregularity was seen (On-line Fig 2C). The status of the
head coil was checked, and in the first scan, the frontal 2 groups
of the coil elements were at “off” status.

DISCUSSION
Artifacts on MR imaging can mimic pathology and lead to confu-
sion, misdiagnosis, and unnecessary investigations. While some
MR imaging artifacts are caused by patient factors such as motion
of the body and/or internal structures during a prolonged scan,
others can be attributed to the hardware devices used in image
acquisition. Recently in our practice, we observed a peculiar type

of MR imaging artifact on a 3T scanner that causes apparent
irregularity of the cerebral cortex, mimicking an abnormal
appearance of the cerebral cortex and leading to initial misinter-
pretation. This type of artifact was caused by a loosened connec-
tion of the anterior 2 groups of the multichannel head coil. The
authors could not find any description of such an artifact in the
English language literature.

When multichannel head coils are used, the proximity of the
coil elements to the surface of the patient (and ROI) is critical
because the radiofrequency coil depends on the near field to cou-
ple energy from the spin system to the coil elements. When the
radiofrequency coil is away from the ROI, reduced coupling to
the spin system and poor signal-to-noise ratio occur.4 When the
anterior coil elements malfunction, the frontal brain structures
are relatively remote from the functioning posterior receiver coil
elements. Therefore, the anterior portion of the MR images will
have a much lower signal-to-noise ratio, and the frontal lobes of

FIG 1. Picture of a typical multichannel MR head coil (A) shows the positions of the multiple coil elements. A modified screenshot from the op-
erator console of the system (B) shows indicators of the positions of the 4 groups of a 20-channel head coil. Red bars show the position of the
individual groups of head coil elements. The coils 1 and 2 are anterior coils, while the coils 3 and 4 are posterior coils.
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the brain will show apparent irregular surfaces and an irregular
gray-white matter junction. While the malfunction of a coil may
produce substantial artifacts on 1.5T MR imaging scanners, the
artifacts may be considerably more subtle on 3T MR imaging
scanners. On high-field MR imaging, because of the overall high
signal-to-noise ratio, the drop of the SNR may not be severe
enough to alarm the MR imaging technologist about possible
hardware malfunction.

The apparent cortical irregularity simulates malformation of
cortical development. Indeed, we misinterpreted this artifact as a
polymicrogyria in our first patient. Fortunately, the patient had a
repeat MR imaging not long after, and no harm was done to the
patient. MR imaging technologists and radiologists should be vig-
ilant for this type of artifact. Unlike other MR imaging artifacts,
this type of artifact persists and appears on all the sequences of
any acquisition plane if not recognized. The radiologist should
not conclude that the apparent cortical irregularity is not artifac-
tual because the cortical irregularity can be seen on all sequences.
Bilateral and symmetric abnormalities should raise suspicion for
the presence of such an artifact. It can be easily confirmed by
adjusting the window setting of the images and visualization of a
pronounced frontal background noise (Fig 2D and On-line Figs
1B and 2B). The artifact can be corrected by re-plugging the head
coil. Of note, our case series consists of only 3 patients, and the

artifact we described should ideally be confirmed in a prospective
fashion in further patients.
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FIG 2. MR imaging of the brain of case 1 at presentation (A–D) and 20days later (E–H). On the sagittal and axial T1WI (A and B) and the axial T2WI
(C) of the first scan, the cerebral cortices of the bilateral frontal lobes show apparent irregular surfaces and gray-white matter junctions. Because
the irregularity was observed on both T1WI and T2WI and the posterior cerebral cortices have rather smooth surfaces, without knowing the possi-
bility of coil malfunction, we interpreted the findings as possible polymicrogyria. On the sagittal and axial T1WI (E and F) and the axial T2WI (G) of
the follow-up scan obtained only 20days later, the irregularity is no longer present, suggesting that the irregular appearance of the cortex seen
on the first scan is artifactual rather than pathologic. When the window setting was adjusted to evaluate the background noise of the axial T1WI of
the first (D) and follow-up (H) scan, it is obvious that the first scan has pronounced background noise in the frontal part of the image.
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WHITE PAPER

Artificial Intelligence in Neuroradiology: Current Status and
Future Directions

Y.W. Lui, P.D. Chang, G. Zaharchuk, D.P. Barboriak, A.E. Flanders, M. Wintermark, C.P. Hess, and C.G. Filippi

ABSTRACT

SUMMARY: Fueled by new techniques, computational tools, and broader availability of imaging data, artificial intelligence has the
potential to transform the practice of neuroradiology. The recent exponential increase in publications related to artificial intelli-
gence and the central focus on artificial intelligence at recent professional and scientific radiology meetings underscores the impor-
tance. There is growing momentum behind leveraging artificial intelligence techniques to improve workflow and diagnosis and
treatment and to enhance the value of quantitative imaging techniques. This article explores the reasons why neuroradiologists
should care about the investments in new artificial intelligence applications, highlights current activities and the roles neuroradiolo-
gists are playing, and renders a few predictions regarding the near future of artificial intelligence in neuroradiology.

ABBREVIATION: AI ¼ artificial intelligence

Why Should We Care?

All radiologists have by now heard, on the one hand, far-
reaching statements from technology pundits and the main-

stream media about how our jobs will be in jeopardy because of
artificial intelligence (AI) and, on the other hand, the advice that
we should embrace AI as a technology that will empower rather
than replace radiologists. On a practical level, how do we move
ahead? In recent years, interest in how AI may be applied to med-
ical imaging has increased exponentially, reflected in the rapid
rise in publications in AI from �200 peer-reviewed publications
in 2010 to about 1000 in 2019 (Fig 1). Neuroradiology is the most
highly represented subspecialty in these works, accounting for
approximately one-third of all such articles.1 The influence of neu-
roradiology in AI research may be attributable to a variety of
factors: 1) neuroimaging comprises rich, multidimensional, multi-
contrast, and multimodality data that lend themselves well to
machine learning tasks; 2) there are well-established neuroimaging
public datasets including Alzheimer disease with the Alzheimer

Disease Neuroimaging Initiative (ADNI; adni.loni.usc.edu),
Parkinson disease through the Michael J. Fox Foundation (www.
ppmi-info.org/data), stroke with data bases like Anatomical
Tracings of Lesion After Stroke for stroke (ATLAS; https://doi.org/
10.1101/179614), brain tumors with the Tumor Cancer Imaging
Archive (https://www.cancerimagingarchive.net) and the Cancer
Genome Atlas Program (https://www.cancer.gov/tcga); 3) a long
history of quantitative neuroimaging research informs clinical
practice; 4) historically, being at the forefront of imaging innova-
tions may perhaps attract researchers to the subspecialty; and 5)
myriad unsolved problems pertaining to neuroscience and neuro-
logic disease remain.

In sharp contrast with the appealing concept of AI applied to
imaging and the exponential growth of research, mainstream
clinical adoption of AI algorithms remains slow.2 Indeed, a num-
ber of obstacles must be overcome to allow successful clinical
implementation of AI tools. These include not only validation of
the accuracy of such tools but ethical challenges such as bias and
practical considerations such as information technology integra-
tion with other systems, including the PACS and Electronic
Health Records.

Neuroradiologists are well-equipped to partner with AI
experts to provide the expertise to help solve these issues. The
American Society of Neuroradiology (ASNR), the American
Society of Functional Neuroradiology (ASFNR), and their mem-
bers have pledged to become the stewards of the clinical imple-
mentation of AI in neuroradiology. In this article, we will outline
a roadmap to achieve this goal. The common hope is that an opti-
mal implementation of AI for neuroradiology will aid us in
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existing challenges in neuroimaging (eg, by providing quantita-
tive results in a digestible manner, automating postprocessing of
volumetric data, facilitating interpretation of studies with many
images, and so forth) and open new horizons in diagnosis and
treatment of neurologic diseases for which imaging has thus far
played a limited role, such as neuropsychiatric disorders.

Current Clinical AI Portfolio and Emerging Applications in
Neuroradiology Coming Soon to a PACS Near You
The past few years have seen the introduction of a vast portfolio
of AI-enabled clinical applications in neuroradiology by academic
researchers and commercial entities. Given the unprecedented
flexibility and performance of deep learning technology, these
tools span a broad range of categories, including disease detec-
tion, lesion quantification, segmentation, image reconstruction,
outcome prediction, workflow optimization, and scientific dis-
covery. A number of current proof-of-concept, cutting-edge
applications are likely to mature into mainstream, routine use
(Table). In the beginning, workflow optimization tools may pre-
cede deep learning–based computer-aided diagnosis tools to
implementation because of the additional regulatory burden on
algorithms belonging to the latter category. In terms of workflow
optimization, AI algorithms are already being applied to tasks
such as clinical decision support, scheduling, predicting patient
behavior (eg, same-day cancellations or no-show), wait-time
determination,3 protocol aid (eg, flagging of incorrect orders,
enforcement of appropriateness criteria), accuracy of coding, and
enhancing reporting and communication (eg, optimization of
case assignments to neuroradiologists, automatic population of
structured reports, longitudinal tracking of lesions).

Detecting abnormalities on imaging is the usual first thought
when considering AI uses in medical imaging. Primary emphasis
has been placed on identifying urgent findings that enable worklist
prioritization for abnormalities such as intracranial hemorrhage
(Fig 2),4-10 acute infarction,11-14 large-vessel occlusion,15,16 aneu-

rysm detection,17-19 and traumatic brain
injury20-22 on noncontrast head CT.
This paradigm has been promoted, in
large part, by the new accelerated FDA
clearance pathway for computer-aided
triage devices. For disease quantifica-
tion, applications have focused on
estimating the volume of anatomic
structures for Alzheimer disease,23,24

ventricular size for hydrocephalus,25-27

lesion load in disorders such as multi-
ple sclerosis,28-30 tumor volume for in-
tracranial neoplasms,31,32 identification
of metastatic brain lesions,33-35 and ver-
tebral compression fractures.36,37 AI
technology has the potential to ease the
burden of time-consuming and rote
tasks by facilitating 3D reconstructions
and segmentation, identifying small
new lesions, and quantifying longitudi-
nal changes (ie, computer-aided change
detection).

Finally, deep learning is proving to
be remarkably effective in reconstr-
ucting diagnostic-quality images and
removing artifacts, despite extreme
protocol parameters, for example in the
context of rapidly accelerated MR
imaging (Fig 3),38-41 ultralow radiation

FIG 1. Total number of publications from PubMed using search of
“brain” AND [“artificial intelligence” OR “machine learning” OR “deep
learning”] showing exponential growth in AI-related neuroimaging
publications since 1987.

Promising clinical applications of AI in neuroradiology
Applications

Classification of abnormalities (eg, urgent findings such as hemorrhage, infarct, mass effect)
Detection of lesions (eg, metastases)
Prediction of outcome (eg, predicting final stroke volume, predicting tumor type, and
prognosis)

Postprocessing tools (eg, brain tumor volume quantification)
Image reconstruction (eg, fast MR imaging, low-dose CT)
Image enhancement (eg, noise reduction, super-resolution)
Workflow (eg, automate protocol choice, optimize scanner efficiency)

FIG 2. A Regions with Convolutional Neural Networks deep learning approach to intracranial
hemorrhage detection on a noncontrast head CT examination that uses a bounding box
approach to generate a region proposal to focus the AI algorithm. The green box represents suc-
cessful detection of a small, acute subdural hematoma (true-positive), while the red box denotes
no abnormal hemorrhage (a true-negative).
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dose CT or nuclear medicine acquisitons,42 ultralow intravenous
contrast protocols (Fig 4),43 and achieving super-resolution.44

Such techniques are poised to change the potential indications for
long studies such as MR imaging and radiation-heavy studies such
as CT perfusion and open the door to high-fidelity dynamic imag-
ing, particularly suited to deep learning–based reconstructions
based on the redundancy of spatial information with time.
Multiple companies are now applying for FDA clearance for image
denoising45,46 and enhanced-resolution tools that use convolu-
tional neural networks.45

Machine learning tools are facile at incorporating diverse data
into a unified algorithm. These algorithms can be used to combine
noninvasive imaging with clinical and laboratory metrics to facili-
tate outcome prediction. This will extend the practice of neuroradi-
ologists and make us even more critically important in the care
team. Current examples include prediction of molecular signatures
of primary brain tumors such as isocitrate dehydrogenase (IDH)
mutation, 1p/19q codeletion, MGMT promoter, and epidermal
growth factor receptor amplification,47-49 and prediction of human

papilloma virus for head and neck
squamous cell carcinoma.50 Other pre-
dictive end points include estimation of
progression-free or overall survival for
patients with various CNS malignan-
cies,51,52 determination of disease pro-
gression in dementia,53,54 and the risk
of secondary stroke.14 Deep learning
algorithms may facilitate the discovery
of novel disease features. Initial work
focused on supervised and semisuper-
vised techniques to yield machine-cura-
ted atlases of tumor phenotypes34,47-49

as well as novel perfusion maps for core
infarct estimation.13,14 As techniques
develop, future work may incorporate
ensembles of fully unsupervised deep
learning models to study population-
level imaging archives to identify new
dominant disease patterns and pheno-
typic risk factors. Together, applications
such as the ones described here will not
only advance our understanding of
neurologic disease but emphasize the
critical role that imaging will have in
the future of health care.

Integration of AI into
Neuroradiology Practice: Paths of
Least Resistance
The single most important feature of
any software tool to achieve clinical
success is to provide value. Value may
come in many forms: from assisting
with laborious tasks to providing
improved diagnoses to saving time.
Automation of repetitive manual tasks
by technologists, 3D laboratory post-

processing personnel, and radiologists may be especially useful.
Because of regulatory uncertainty in the AI realm, particularly per-
taining to medical applications, practical implementation may
come earlier for those AI algorithms that assist or augment tasks
rather than mimic the radiologist. Other factors important to suc-
cessful algorithm adoption include ease of integration with existing
information technology infrastructure, processing speed, accep-
tance by end-users (whether they are radiologists, referring physi-
cians, or patients themselves), and, of economic import, potential
payer coverage of services. There are challenges to the successful
implementation of AI algorithms into general clinical practice,
made clear by early experiences with models that do not generalize
well to real clinical cases; accuracy/sensitivity/specificity levels,
which may look good in a research article but may not be accepta-
ble in practice; and a potential penalty rather than a gain in time to
interpret model outputs.

Current workflows already incorporate postprocessing tasks
such as 3D visualization. While such tools are not generally based
on machine learning models, they may serve as a roadmap for

FIG 3. Deep learning–based image reconstruction algorithms will pave the way to accelerating MR
imaging acquisitions and reduce scan time; here a deep learning model (A) achieves a high-quality
brain MR imaging reconstruction with 6-fold undersampling, compared with the criterion standard,
fully sampled image (B) (unpublished data courtesy of Yvonne Lui, Tullie Murrell, May 24, 2020).

FIG 4. Deep learning–based model used to generate diagnostic-quality postcontrast MR images
using ultra-low-dose gadolinium.
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future AI algorithms. For example, perfusion analysis for acute
stroke has found a place in the clinical workflow at many medical
centers. Down the line, it seems inevitable that deep learning–
based tools will improve current models on the basis of threshold
methods for analysis. Integration of such AI-based techniques is
already occurring, with the latest suites of tools frommany differ-
ent vendors. In such cases, one can imagine rather seamless
incorporation into existing workflow.

Another point of integration is worklist optimization. A popu-
lar AI neuroradiology application is the use of deep neural net-
works to identify acute hemorrhage on noncontrast brain CT.4-10

Several companies have received FDA approval for competing
tools that identify positive hemorrhage cases and re-prioritize
them on the worklist. Ideally, the benefits would be in reducing
turnaround time for studies with critical findings. In reality, every
neuroradiologist knows that the definition of “critical” is unclear.
Not every brain hemorrhage has the same level of urgency: Not
only are some hemorrhages managed conservatively (eg, small
areas of petechial hemorrhage postinfarct) but some are even
expected findings (eg, postoperative cases). Large hemorrhages for
which immediate triage might be appropriate are often already
flagged in current workflows at the time of scanning by technolo-
gists or even before the study is performed by the referring physi-
cian who asks for a prioritized interpretation. Thus, the true utility
of such prioritization schemes is uncertain. In the prioritization of
one study, another inevitably becomes de-prioritized; the ramifica-
tions of this re-ordering are unclear. Furthermore, the prevalence
of abnormalities in the patient population is important to consider
because this affects the performance of the algorithm. Certain prac-
tice scenarios may lend themselves to situations in which such
tools are more or less useful, for example an AI algorithmmay be a
useful assist for trainees but of limited value in busy hospital-based
practices with low overall turnaround time.

AI tools may be used instead in identifying normal rather
than abnormal. Unanswered questions here include where speci-
ficity thresholds should be set for true-negatives and how to han-
dle potential cognitive biases that may be introduced by
preliminary AI device interpretations. Legal ramifications with
regard to liability remain undefined, akin to the autonomous
automobile industry.55 It may be difficult to persuade the public
to accept AI tool interpretations for important medical determi-
nations unless they are supervised by a medical expert.

Broader applications to consider are AI models applied on
amalgamated data. Compiled statistical data could help docu-
ment the prevalence of risk factors or severity of disease (such as
vascular atheromatous quantification) in populations, potentially
informing insurance reimbursement of health systems in an ac-
countable care environment.

For successful implementation, a host of informatics details
need attention: infrastructure needs, potential cloud-based com-
puting, appropriate handling of protected health information,
backup systems, and monitoring systems. A systematic method for
validation and quality control must be deployed and monitored to
ensure consistent performance and continuous updating of the
algorithm. Entirely new platforms are needed to address these
needs. While there are many works in development, currently there
is little standardization. The Integrating the Healthcare Enterprise

Radiology Technical Committee has published 2 profiles that
attempt to standardize critical aspects of AI processes: AIWorkflow
(https://mailchi.mp/ihe/ihe-rad-tf-supplement-published-pc-2020-
03-30) for Imaging and AI Results (https://mailchi.mp/ihe/ihe-
rad-tf-supplement-published-ti-2020-07-16). These profiles will
help guide the vendors to create both intraoperable and interoper-
able solutions in the future.

Future Role of Neuroradiologists in an AI World
For some, the emergence of AI medical imaging tools engenders
palpable concern for the future of radiology that typically centers
around the threat of increasing automation to job security.56

However, previous experience with automation in medicine tells
a different story. Automated screening of Pap smears using a
neural network was first available in 199257 and has become
more advanced since then. Although the initial promise was that
these tools could identify cases that would no longer require cyto-
pathologist review, final readouts of slides based on software
alone never became widely accepted.57 In fact, a large study
showed increased productivity but not increased sensitivity com-
pared with manual review alone in more than 70,000 cases.58

Similarly, computer-assisted electrocardiography interpretation is
commonplace and has achieved a savings in analysis time for
experienced readers.59 Human expert over-reading remains the
norm. Incorrect computer-assisted interpretations that were not
properly corrected by over-reading physicians have led to mis-
diagnoses and inappropriate treatment.59,60

Thus, the threats of AI to the size of the radiology workforce
may be overstated.56,61,62 Tools to augment performance rather
than replace radiologists are the most likely near-term outlook,
with the benefits of augmentation being many: improved quanti-
fication; reduction in repetitive, rote tasks; and productive alloca-
tion of tasks to radiologists. In the longer term, our field is likely
to be transformed in ways that are difficult to predict. AI is set to
alter many different aspects of practice beyond diagnostic sup-
port. For example, AI is just beginning to be applied to enhance
radiology education by tailoring the presentation of teaching ma-
terial to specifically address the needs and learning styles of indi-
vidual trainees.63 Facilitating our community’s engagement and
comfort level with implementing and using AI models will not
succeed without addressing the evolving needs of AI education.
AI education will need to target learners of all levels frommedical
students to senior practitioners, from tech-savvy to tech-
illiterate.63

HowWeWill Get There?
Leading radiology and imaging informatics organizations have
established parallel AI initiatives in a flurry of enthusiasm for AI.
Initiatives are far-ranging and include developing educational
programs for radiologists, providing areas of synergy between
clinical radiologists and the engineering community, fostering
industry relationships, and providing input into regulatory proc-
esses. Federal effort by the National Institutes of Health includes
sponsoring forums on AI in medical imaging. AI challenges and
dataset curation are being organized by the American College of
Radiology (ACR) and the Radiological Society of North America
(RSNA). As with early adoption of any new technology, parallel
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exploration is necessary on the path toward maturation of the
field. Neuroradiologists in the ASNR and ASFNR are providing
synergistic leadership as evidenced by the successful creation of
an AI workshop that is now part of the annual meetings of both
societies. The ASNR has established an AI Task Force, which is
charged with advising and providing guidance to the society on
this topic. The AI working group provides a forum for interested
members, which includes a dedicated AI study group supported
by the ASNR.

ASNR, the major subspecialty society for neuroradiologists,
seeks to identify key collaborative opportunities for AI in neuro-
radiology, which include influential national and international
organizations and its own subspecialty societies (eg, the ASFNR).
The combined strengths of the ASNR with its focus on state-of-
the-art education and the ASFNR with its emphasis on evolving,
innovative techniques and research form a natural synergy. The
trajectory is clear: 18 oral abstracts and 1 poster on AI at the 2018
ASNR annual meeting; 35 oral abstracts and 9 posters and exhib-
its in 2019; and now 59 oral abstracts and 21 posters and exhibits
in 2020 (Fig 5). Similarly, AI abstracts at the ASFNR annual
meeting have gone from 6.25% to 23.4% of total abstracts in 2
years. Last year saw the inaugural launch of an innovative, hands-
on AI workshop, a major collaborative effort between the ASNR
and ASFNR. This 2-part workshop (the first part at the spring
ASNR annual meeting, the second part at the fall ASFNR annual
meeting) incorporates an ambitious curriculum, including basic
coding to ethical considerations capped by individual year-long
projects by each attendee with formal mentorship. The workshop
was a success in its first year and is currently oversubscribed for
2020.

In addition, neuroradiologists are providing important contri-
butions in several major collaborations toward enriching neuroi-
maging AI resources in the public domain. Here, we summarize a
few of the related activities of major radiologic parent organiza-
tions, the ACR and the RSNA, and discuss how we can support
and partner with their efforts.

1) The ACR Data Science Institute
includes several resources including
an innovative AI-LAB and the Define-
AI Directory. (https://www.acrdsi.
org). The AI-LAB provides simple
browser-based tools empowering radi-
ologists with basic hands-on access to
tools for creating, testing, and validat-
ing machine learning algorithms with-
out requiring extensive programming
background. The Define-AI Directory
contains a list of potential use cases
with the aim of cataloging important
clinical problems that may be good
candidates for potential AI solutions.
The goal is to organize and template
key findings with narrative descriptions
and flow charts to aid developers and
industry in finding AI-based solutions.
Representatives from our societies have
been called on to help develop neurora-

diology use cases for this initiative (https://www.acrdsi.org/DSI-
Services/Define-AI). The ACR offers tools to evaluate algorithm
performance using qualified datasets as an aid in the FDA premar-
ket review process. In the role of the ACR as a liaison to the federal
government, the ACR interacts with the FDAwith the goal of help-
ing to define the evaluation/approval processes for industry to
uphold the standards of patient safety and algorithm performance
while streamlining the review process.

2) The RSNA has succeeded in developing imaging infor-
matics standards by leveraging its relationship to industry part-
ners, for example with the creation of international standards
organizations such as Integrating the Healthcare Enterprise.
Just last year, the RSNA recognized the potential of AI in
neuroradiology and spearheaded an AI challenge for head
CT hemorrhage detection (https://www.kaggle.com/c/rsna-
intracranial-hemorrhage-detection).64 The dataset of more
than 28,000 noncontrast head CT studies from 4 different
organizations was labeled by neuroradiologist volunteers.
More than 1300 teams from around the world competed in
the challenge, and the dataset remains available through the
RSNA as an open-access resource.

3) The Society of Imaging Informatics in Medicine (SIIM) is
less well-known to practicing radiologists, but critically important
to our field. SIIM is devoted to developing and providing educa-
tion for radiology informatics and has primarily nonphysician
members (eg, physicists, engineers, information technology profes-
sionals). It is the certifying body for the imaging informatics pro-
fessionals (Certification for Imaging Informatics Professionals).
SIIM maintains close alliances with broader medical informatics
bodies including the Healthcare Information and Management
Society and the American Medical Informatics Association, creat-
ing an important tie between radiology informatics and medical
informatics more generally. SIIM provides year-long informatics
education through SIIM University and has sponsored AI and
innovation challenges. SIIM currently hosts a separate meeting
devoted to AI, the Conference on Machine Intelligence in Medical

FIG 5. Increasing numbers of oral abstracts and posters in artificial intelligence presented at the
ASNR Annual Meetings in 2018 (Vancouver, British Columbia, Canada), 2019 (Boston,
Massachusetts), and 2020 (Virtual).
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Imaging. This conference brings engineers and imaging experts to-
gether to focus on the problems faced with developing datasets,
creating infrastructure to support machine learning, and clinical
applications. Many of the scientific presentations, workshops, and
hands-on presentations are neuroradiology-related and may be of
interest to ASNR and ASFNRmembers.

As neuroimaging experts, we should be engaged in AI appli-
cations as they relate to neurointerventional radiology, as there
has been considerable effort in stroke imaging. Working with our
partners in vascular neurology and vascular neurosurgery toward
AI applications in neurovascular disease including diagnosis,
patient selection, and treatment is a priority.

One major obstacle to quality medical imaging AI research and
development is the paucity of well-curated imaging datasets.
Quality and diversity of datasets will be important to address train-
ing data biases to develop tools in an ethical and responsible man-
ner.65,66 There is a need to be mindful of health disparities that can
inadvertently be introduced or exacerbated in AI algorithms or
data curation.67 Neuroradiologists can provide tremendous value
by promoting standards of development for multicenter datasets to
address high-profile clinical-use cases derived from our institu-
tional membership and promoting new and additional neuroradi-
ology-focused data science challenges following the lead of
previous challenges led by ASFNR, RSNA, and the Medical Image
Computing and Computer Assisted Intervention Society.
Furthermore, the importance of data sharing and algorithm shar-
ing cannot be stressed enough. If we, as a community, look to AI
as a great opportunity to improve practice, it will be critical to
share resources to derive the greatest benefit.

CONCLUSIONS
The ASNR and ASFNR are poised and ready to contribute to
ongoing effort in meeting the new needs of neuroradiologists in
AI. We will ensure the ethical application of AI and protect
patients’ rights. The combined strengths of our societies in
knowledge, experience, education, research, clinical expertise,
and advocacy place us in the best possible position to influence
and inform the future of the field. While continuing our own
effort, we will actively seek ways to build complementary pro-
grams with others to contribute positively to key neuroradiology-
related AI initiatives nationally and internationally. Conversely,
parent radiology organizations such as the RSNA, ACR, and
SIIM will seek synergies with neuroradiology leaders to tap into
our knowledge, neuroimaging expertise, and commitment to the
future of AI in imaging.

Since the inception of neuroradiology as a subspecialty within
radiology, neuroradiologists have been the champions of emerging
and innovative technologies that have transformed neuroimaging
and patient care. The arrival of artificial intelligence represents
another unique, historic opportunity for neuroradiologists to be
the leaders and drivers of change with the implementation of AI
algorithms into routine clinical practice. There is a wealth of possi-
bilities, from enhanced operational efficiencies to reduce health
care costs and improve access to the prediction of genomics from
brain MR images. Thus, AI will provide neuroradiologists not with
artificial but with augmented intelligence, making us increasingly

indispensable to our patients and the clinical teams with whom we
work.
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LETTERS

Depth-of-Fissure Cerebellar Infarcts in Adults

With great interest, we read the article “Cerebellar Watershed
Injury in Children.”1 The authors described 23 children

with focal signal abnormalities in the depth of cerebellar fissures
and hypothesized watershed injury as their presumed mechanism,
in opposition to “bottom-of-fissure” dysplasia. We have occasion-
ally encountered similar cerebellar imaging findings in children,
and we have also ascribed these to watershed ischemia instead of
cortical dysplasia.

The authors described 4 reasons to hypothesize that the path-
ologic basis for the “depth-of-fissure”MR imaging sign is cerebel-
lar watershed injury rather than a congenital malformation: 1)
location at the deep borderzones, 2) association with supratento-
rial watershed infarcts, 3) restricted diffusion in the acute phase,
and 4) frequent late foliar volume loss with fissural prominence.1

In this letter, we would like to further support this hypothesis by
comparison with the MR imaging appearance of cerebellar infarcts
observed in adults. In 2015, we published the 3D MR imaging pat-
terns of cerebellar infarcts with respect to anatomic boundaries,
including fissures,2 because we had renounced the traditional bor-
derzone classification because of the high interindividual variability
of perfusion territories and thus borderzones.3,4 In essence, in an
anatomic MR imaging study of 138 cerebellar infarcts observed in
70 different patients, we found that the overwhelming majority of
cerebellar infarcts involved the cortex and most often occurred in
the apex of cerebellar fissures; 47% of cortical infarcts involved the
apex of a large fissure, and 11%, of a smaller fissure.2 In larger
infarcts, the apexes of multiple adjacent fissures were seen to be
involved, also in the same way as in children.2 Last and also analo-
gous to the recent MR imaging findings in children, the cerebellar
vermis was seen, in our study, to be spared in.90% of infarcts.2

Although we used the term “apex of a fissure,” this corresponds
to the same typical imaging pattern of bottom-of-fissure or depth-
of-fissure infarct with involvement of the cortex and sparing of the
subjacent white matter. In a postmortem 7T radiologic-pathologic
correlation study, we confirmed the ischemic origin and cortical
predilection of these lesions, typically with only microscopic
changes in the subjacent white matter.5 Finally, in 2 more studies,
we correlated these cortical infarcts with markers of cerebrovascu-
lar disease and vertebral artery stenosis and found that the same
infarcts may demonstrate an atherothrombotic as well as a throm-
boembolic origin.6,7

In conclusion, the depth-of-fissure sign, which is best appreci-
ated in the coronal or sagittal plane, is an easy MR imaging sign
to diagnose cerebellar infarcts in all stages and applies to adults in
addition to children. This interesting similarity between cerebel-
lar infarcts observed in children with watershed injuries com-
pared with adults with arterial thromboembolism may add
evidence to an older hypothesis that hypoperfusion and throm-
boembolism are not mutually exclusive, but rather complemen-
tary and interrelated instead.8
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REPLY

We thank Drs De Cocker and Hendrikse for their interest in
our article “Cerebellar Watershed Injury in Children”1

and acknowledge their extensive contributions to the present
understanding of cerebellar ischemia, particularly of small cere-
bellar infarcts in adults.

Although the proximate pathophysiology of cerebellar
hypoxic-ischemic injury in children and small-vessel throm-
botic or thromboembolic occlusion in adults is likely quite
different, there are many key points highlighted by the
authors’ research that serve to support the conclusions we
make in our article.

First, the authors’ study of the precise anatomic distribution
of small cerebellar strokes highlights the propensity for predomi-
nantly cortical injury in cerebellar ischemia,2 with relative sparing
of the immediate subcortical white matter.

Second, their analysis of embolic infarct patterns supports the
likelihood that the apices of the cerebellar fissures represent the
end zones of perfusion of the penetrating cerebellar arterial
branches.3

Third, the authors’ use of superselective pseudocontinuous ar-
terial spin-labeling to delineate vertebrobasilar end artery perfu-
sion elegantly demonstrates the variability of the cerebellar
vascular territories and their intervening borderzones.4

Taken together, the authors’ conclusions support the supposi-
tion that cerebellar watershed injury would preferentially affect
the foliar gray matter at the depths of the cerebellar fissures along
the borderzones between the large-vessel territories. This pattern
was exactly that observed in our cohort of pediatric patients. In
addition, it helps to further validate the variable distribution of
presumed watershed cerebellar injury in our series.

Last, we appreciate the interesting notion that the authors
raise regarding the possibility of greater overlap between the
underlying pathophysiology of hypoperfusion injury and small
embolic infarcts than is generally appreciated. Although the theory,
as advanced by Caplan and Hennerici5 and Caplan et al6 is largely
supported by examples of overlap in the setting of large-vessel
steno-occlusive disease in adults, the importance of remaining
open to the possibility of similar overlap in children is well-taken.
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LETTERS

Occam’s Razor, Stroke, and COVID-19

We read with great interest the article by Goldberg et al1

reporting a case of coronavirus 2019 (COVID-19)–related
cerebral infarcts in a 64-year-old man with hypertension and evi-
dence of mild, diffuse atherosclerotic disease on brain and neck
imaging. They concluded that manifestations of COVID-19 are
not limited to the respiratory system and that neuroradiologists
should be aware of the associated cerebrovascular disease and its
potential underlying etiologies.

We should like to make some comments on this, in the hope
that they may be of use.

Piacenza was the second most heavily hit Italian city by
COVID-19. This allowed us to evaluate what was going on from a
neurologic point of view. The period that followed the outbreak
declaration witnessed the publication of only a few small case series
of patients with stroke and COVID-19, leaving a scarcity of infor-
mation on stroke in this unknown pathologic scenario. Moreover,
the scientific literature we do have is limited to anecdotal
reports, and anecdotal evidence is generally considered of
limited value because it is collected in a casual or informal
manner and is dependent on personal testimony. Therefore,
we are of the opinion that the hypothesis that there is a
direct “cause-effect” relationship between COVID-19 infec-
tion and stroke occurrence should be further investigated by
prospective and large-volume studies. Despite this draw-
back, the role the thrombophilic state induced by COVID-
19 played and the hypothesis of an increased stoke risk in
infected patients was debated.2,3 Noteworthy is the fact that
pandemic hotspots have an extremely high COVID-19 prev-
alence, allowing the possibility of an incidental association
between infection and neurologic manifestations.

Goldberg, et al1 reported a patient with COVID-19 whose CT
angiography evidenced a segmental high-grade stenosis of the
right proximal internal carotid artery, associated with wall exten-
sive calcifications. In line with Occam’s razor principle,4 “the sim-
plest solution is most likely the right one,” we ask ourselves if it
would not be better to consider that the atheroembolic etiology
from a large-vessel disease would suffice to explain the ischemic
stroke. Moreover, it reports generic evidence of “coagulopathy,”

while neglecting the complexity of the diagnosis of a thrombo-
philic state induced by the presence of antiphospholipid antibody
and anticardiolipin immunoglobulin (aPL). For example, these
aPLs should be persistent (at medium/high titer on$ 2 consecutive
occasions at least 12weeks apart) to have a pathogenic role. Indeed,
the laboratory data they reported fits well into the sphere of an
unspecific laboratory sign of a sepsis, as often occurs without any
pathologic relevance. The hypothesis made that associated activa-
tion of immune and inflammatory pathways led to plaque disrup-
tion and was a source of thrombosis (indeed, probably a free-
floating thrombus) is not supported by further instrumental investi-
gations. Different from carotid duplex sonography, CT angiography
provides only a snapshot image of the thrombus and is unable to
evidence any floating nature (ie, moving in cyclical motion with the
cardiac cycles, attached to the arterial wall).

Our hospital has managed about 900 patients with COVID-19
during the past 2 months, without observing any rare stroke etiol-
ogy or unforeseen high incidence in stroke subtypes.

The only observation was that the stroke severity correlated
with interstitial pneumonia extension, as documented by the
chest CT scan.

We think that applying the rules of the art of healing must be
part and parcel of our profession. However, we must strive for
evidence in the form of international multicenter studies on the
occurrence of different types of cerebrovascular diseases during
the COVID-19 pandemic. Hopefully time will be on our side.
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REPLY:

We thank Morelli et al for their interest in our article and
their feedback.

We think it is important to remember that coronavirus dis-
ease 2019 (COVID-19) was first recognized in December 2019,
only 6months ago.1 Therefore, there will be inherent limitations
to the size, scope, and implications of any research that can occur
in such a truncated period.

In addition, as we acknowledge in our article, the patient
described in our case report died on hospital day 3, before the
completion of a complete laboratory work-up; furthermore, no
postmortem examination was performed.2 So, we agree with
Morelli et al that it will require larger studies of more prolonged
duration to draw definitive causal relationships between COVID-
19 and various disease states, including acute cerebrovascular
disease.

Until such studies occur, we would refer Morelli et al to the
early-but-substantial medical literature that indicates a strong
association between COVID-19 and cerebrovascular disease. This
includes a retrospective study of 214 patients with COVID-19 in
China, which revealed a 5.7% incidence of stroke in severely
affected patients.3 In a case series of 64 patients with severe
COVID-19, three of 13 patients who underwent brain MRIs
demonstrated evidence of ischemic stroke.4 Researchers in New
York City recently published a case series of 5 young patients
(less than 50 years-old) with COVID-19 who presented with
large-vessel stroke during a 2-week period; this represented an
almost 7-fold increase in the frequency of large-vessel stroke seen
in patients in this age group.5 Because severely affected patients
with COVID-19 are often intubated and sedated, the presence of
stroke can be overlooked, and the current estimates of the inci-
dence of stroke may, therefore, be spuriously low.6 Additionally,
Umapathi et al7 reported an association between large-vessel
stroke and the somewhat similar 2004 Severe Acute Respiratory
Syndrome coronavirus (SARS-CoV-1) outbreak. Combined with
the growing literature on coagulopathy in severely affected
patients with COVID-19, we think that dismissing this informa-
tion as anecdotal belies reasonable evidence for a causative associ-
ation between COVID-19 and cerebrovascular disease.8-10

Like Morelli et al, we also subscribe to the principle of Occam's
razor. The patient described in our case report had tested positive
for SARS-CoV-2 sixteen days before admission. Initially, he had a
relatively benign course with mild respiratory symptoms and myal-
gia, and he had no preceding neurologic deficits. Several hours
before admission, however, he developed, nearly simultaneously,
stroke symptoms and respiratory distress, which ultimately led to
CT-confirmed acute respiratory distress syndrome (ARDS) and
hemodynamic instability. We do not think the synchronous timing
of these disparate symptoms is coincidental. Rather, the delayed

onset of both respiratory and neurologic symptoms in COVID-
19 is suggestive of a maladaptive immune response, including
cytokine storm syndrome, resulting in not only ARDS but also
abnormalities in the clotting cascade and endothelial inflamma-
tion.11,12 Therefore, ascribing this patient’s stroke to COVID-19
is entirely consistent with Occam's razor—to do otherwise risks
invoking the Hickam dictum, which is the assignment of multiple
different and independent diagnoses to explain a variety of signs
and symptoms.13
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LETTERS

Acute Common Carotid Artery Bifurcation Thrombus:
An Emerging Pattern of Acute Strokes in Patients

with COVID-19?

We read with great interest the recent article by
Goldberg et al1 entitled, “Cerebrovascular Disease in

COVID-19.” In a patient with coronavirus 2019 (COVID-
19) illness, the authors presented a case of evolving acute
infarcts on CT head examinations at different time points,
as well as high-grade stenosis of the proximal right internal
carotid artery. With regard to the right internal carotid ar-
tery, the authors state, “Given that the patient had evidence
of mild, diffuse extracranial and intracranial atherosclerotic
disease, the high-grade stenosis of the right ICA was
favored to represent atherosclerotic disease; however, acute
thrombus could have a similar appearance.” While the
authors may be correct in their interpretation of the case,
we suspect that carotid thrombosis is a very frequent se-
quela of COVID-19–associated stroke. We have recently
seen cases of acute stroke, in the setting of COVID-19
infection, with imaging features consistent with acute
thrombosis in the ipsilateral common carotid artery bifur-
cation, rather than progression of atherosclerotic disease.

For example, a 53-year-old woman presented to our institution
with increasing confusion, following recent discharge from another
institution, at which COVID-19–related stroke was diagnosed. MR
imaging of the brain performed at the outside institution demon-
strated acute-subacute infarcts in the right frontal and parietal
lobes (not shown). CTA of the head and neck performed at our
institution demonstrated an elongated, eccentric filling defect
spanning a 1-cm segment of the proximal right internal carotid ar-
tery, consistent with intraluminal thrombus (Fig 1). Notably, there
was no other evidence of intracranial or extracranial atherosclerotic
disease. In a second case, a 49-year-old man presented with acute
aphasia and right-sided weakness. CTA of head and neck demon-
strated a left middle cerebral artery M1 occlusion (not shown).
Eccentric filling defects were present along the posterior aspect
of the left common carotid artery bifurcation extending into the

left internal carotid artery, compatible with thrombus (Fig 2). As
in the first case, there was no other evidence of intracranial or
extracranial atherosclerotic disease. The patient tested positive
for COVID-19.

In both cases, the imaging findings at the proximal internal
carotid arteries were suggestive of acute thrombus: elongated
and eccentric filling defects extending into the lumen without
other signs of intra- or extracranial atherosclerotic disease.
Consequently, these cases highlight patients with COVID-19
presenting with acute strokes likely related to ipsilateral com-
mon carotid artery bifurcation acute thrombus.

Growing evidence suggests that COVID-19 is associated
with acute cerebrovascular disease, often in patients who
would otherwise be at low risk for stroke.2 As noted by
Goldberg et al,1 “Systemic infection . . . is associated with
activation of immune and inflammatory pathways leading
to plaque disruption, serving as a source of thrombosis.”
COVID-19 infection may predispose patients to thrombotic
disease involving either the arterial or venous circulations,
secondary to increased inflammation, platelet activation,
endothelial dysfunction, and stasis.3 A recent case report by
Singh et al4 described an urgent carotid endarterectomy in
a patient with COVID-19 with right-sided acute infarcts
and right internal carotid artery stenosis, with duplex so-
nography demonstrating 85% stenosis. During the opera-
tion, perivascular inflammation was noted, and a soft
friable plaque was present on opening the vessel. On histo-
pathology, the plaque demonstrated blood, fibrin, and acute
and chronic inflammation.

Our experience supports other observations of patients with
COVID-19 presenting with acute strokes secondary to acute
thrombus within the ipsilateral common carotid artery bifurca-
tion, possibly as the result of postinfectious inflammatory throm-
bosis formation. We thank Goldberg et al1 for their important
case description. We believe that investigational studies are
needed to evaluate acute thrombus formation at the common ca-
rotid artery bifurcation as a potential cause of acute strokes in
patients with COVID-19.
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FIG 1. Axial (A and B) and sagittal MIP (C) images from a CT angiogram in a patient with COVID-19 with right frontal and parietal acute-subacute
infarcts. There are eccentric filling defects within the right common carotid artery bifurcation extending into the right internal carotid artery
(blue arrows), with creation of a donut sign (yellow arrow). Atherosclerotic changes were not present in the remainder of the intracranial and
extracranial arterial vasculature. Findings are suggestive of acute thrombus.

FIG 2. Axial (A and B) and coronal (C) images from a CT angiogram in a patient presenting with left MCA syndrome and a left middle cerebral ar-
tery M1 occlusion. There are eccentric filling defects within the left common carotid artery bifurcation extending into the left internal carotid
artery. There are eccentric filling defects within the left common carotid artery bifurcation extending into the left internal carotid artery (blue
arrows). Findings are suggestive of acute thrombus.
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LETTERS

Augmented Reality

We read with interest the article by Hirsch et al1 in the
January 2020 issue of the American Journal of

Neuroradiology (AJNR).1 If their results are valid, vertebral augmen-
tation would indeed be a highly efficacious medical procedure.
Unfortunately, given the information presented in their article, one
cannot conclude that vertebral augmentation conveys as strong a
mortality benefit as they state. While we applaud the authors for
highlighting the morbidity and mortality associated with vertebral
compression fractures, we have serious methodologic concerns that
draw into question their conclusions.

Our foremost methodologic concern is that it is unclear on
which article and/or dataset the analysis for this study was based.
The only reference in the Materials and Methods section refers to
an article describing changing augmentation practices with time.

Furthermore, the authors allowed patients to have had their
augmentation procedures up to 1 year after the incident vertebral
fracture, but it is not clear when the “clock started” for measuring
death, the outcome of interest. Is time to death measured from
the incident vertebral compression fracture, or in the augmenta-
tion group, are they measuring from the date of the augmentation
procedure? Only patients surviving up to the augmentation pro-
cedure could have had augmentations; it appears that patients
who died ,1 year following their incident fractures could only
contribute to the nonsurgical management group. This would
result in a survival bias favoring the procedure group. Thus, the
patient populations in each arm were unlikely to have been the
same and could have had differential mortality rates.

It is also unclear how the authors arrived at the actual number
needed to treat. Why did they choose to use the survival curves
and hazard ratios from another article, rather than generating such
curves from their own data with appropriate comparison group
ascertainment? McAlister2 noted that if investigators want to use

the number needed to treat to compare treatments, they must
examine therapies in similar populations with the same condition
at the same stage, using the same comparator, time period, and
outcomes. The implied target population of the article by Hirsch et
al is patients with vertebral compression fractures who would be
considered appropriate for vertebral augmentation.1 However,
they included International Classification of Diseases, Ninth
Revision, Clinical Modification diagnosis codes that would repre-
sent patients highly unlikely to undergo augmentation and who
likely have high rates of mortality. For example, code 805.0 refers
to closed cervical fractures, which are not typically treated with ver-
tebral augmentation. These fractures are commonly traumatic, and
in the elderly age group, they have a 1-year mortality rate of
.30%.3 It is unlikely that these patients would be in either proce-
dural group, yet they contribute to the mortality in the manage-
ment group.

It is unclear which Current Procedural Terminology (CPT)
codes they used to define augmentations and operations. Although
the authors state that they excluded patients who had fusion surgery,
they do not describe their methods for identifying these patients,
and they do not include all of the procedure codes for vertebral aug-
mentation used in their study time period. They are missing CPT
codes 22520–22 for vertebroplasty. In addition, CPT code 22289,
which was included, is for an unlisted spine procedure and is not
specific for vertebral augmentation. At a minimum, they should
have explained why they chose these codes and performed a sensi-
tivity analysis to demonstrate the impact of altering their codes.

Fundamentally, using observational data to infer causation is
problematic.4 The conclusion of this article, “Only 15 patients
need to be treated to save one life at 1 year,” is likely incorrect,
even if all the prior concerns were adequately addressed. If verte-
bral augmentation did impart such a large absolute risk reduction
of death at 1 year, it is likely that this finding would have been
demonstrated in a randomized controlled trial. A previous analy-
sis of individual patients demonstrated that before adjustment for
age, sex, and comorbidities, vertebroplasty was actually associated
with higher rates of mortality compared with no vertebroplasty.5

This observed difference vanished after adjustment, highlighting
the need for careful baseline matching in observational studies,
or, better yet, randomized controlled trials with adequate power
to assess mortality.
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In summary, because of methodologic concerns, we remain
skeptical that there is a mortality benefit of vertebral augmenta-
tion and urge readers to review all of the evidence critically.
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REPLY:

We thank O’Reilly et al for their interest in our article.1 To an-
swer the specific questions posed in their letter, we used

published data from the Medicare dataset on mortality risks for
patients with vertebral compression fracture (VCF) stratified by
kyphoplasty (BKP), vertebroplasty (VP), and nonsurgical manage-
ment (NSM).2 As described in that study, all outcomes, including
death, were measured from the time of diagnosis of the incident ver-
tebral fracture. Hence, the “clock started” at the same time for all
patients. O’Reilly et al also suggested that we should have generated
survival curves and hazard ratios ourselves rather than relying on
data from another article. That would certainly have been the case
had we relied on an article authored by other investigators.
However, because our group analyzed the data and authored the
original article, we, in fact, were able to calculate the summary sur-
vival curves and hazard ratios ourselves. Moreover, in that article, we
adjusted the data for a multitude of variables, including fracture loca-
tion. The authors of the letter highlighted a potential bias favoring
survival for patients in the augmentation procedure group. Belying
that is the fact that previous sensitivity analyses of the Medicare VCF
population have demonstrated improved survival risks for the aug-
mentation over the NSM group that were still observed even when
comparing all patients who survived at 1 year.3,4

O’Reilly et al further suggested that the Current Procedural
Terminology (CPT) codes for VP 22520–22522 were missing from
the analysis and that CPT code 22289 should not have been used for
vertebral augmentation. As described by Ong et al,2 the VP codes
were used to identify these patients. CPT 22289 was also used to
identify BKP procedures before 2006.3,4 This was the code that insur-
ance carriers had required for BKP reimbursement during the period
in question. This would have also only applied to 1 year (2005) of 10
years of data (2005–2014) from which the survival curves and hazard
ratios were determined.2 O’Reilly et al also queried about what spine
fusion codes were used. So as not to become tedious, we refer the
authors of the letter back to the original study details.2

Without question, we acknowledge the limitations of this
analysis of nonrandomized observational data and the biases
present that our group previously attempted to adjust for by
using propensity adjustment strategies. Indeed, we point out
these limitations directly in the discussion of the underlying arti-
cle, stating, “Using large claims-based datasets inherently equates
to a heterogeneous population being analyzed retrospectively.”
However, it is surprising to us that the authors of the letter do not
recognize that the mortality benefit is biologically plausible. First,
NSM carries its own risks, and kyphotic posture is associated
with an elevated risk of mortality.5 The immobility caused by ver-
tebral fractures is also very well-known to lead to increased mor-
tality that rivals or exceeds that of hip fractures.6 Moreover,
opioid treatments for NSM of compression fracture pain were
widespread from 2005 to 2014, and these medications are them-
selves associated with disability and increased risk of death.7

To explore this area further, our group also performed a sys-
tematic review and meta-analysis on the mortality outcomes of
patients with osteoporotic vertebral fractures treated with vertebral
augmentation compared with those treated with NSM that has been
recently published.8 The pooled hazard ratio (HR) across 7 studies
was 0.78 (95% CI, 0.66–0.92; P ¼ .003) in favor of augmentation.
Although heterogeneity was high with an I2 of 68%, the result
remained robust with sensitivity analysis. Moreover, the lower hazard
for mortality has also been independently reported in large
Taiwanese (n ¼ 7097; HR, 0.72; 95% CI, 0.56–0.92; P ¼ .008) and
German studies (n¼ 3607; HR, 0.57; 95% CI, 0.48–0.70; P ,

.001).9,10

Although we believe the mortality benefit of augmentation is
supported by the available evidence, biologically plausible, addi-
tional high-quality evidence is required. We look forward to bet-
ter designed and adequately powered randomized controlled
trials of vertebral augmentation and additional meta-analyses of
individual patient data from randomized trials to further examine
clinically relevant outcomes, including mortality.

REFERENCES
1. Hirsch JA, Chandra RV, Carter NS, et al. Number needed to treat

with vertebral augmentation to save a life. AJNR Am J Neuroradiol
2020;41:178–82 CrossRef Medline

2. Ong KL, Beall DP, Frohbergh M, et al. Were VCF patients at
higher risk of mortality following the 2009 publication of the ver-
tebroplasty “sham” trials? Osteoporos Int 2018;29:375–83 CrossRef
Medline

3. Edidin AA, Ong KL, Lau E, et al. Mortality risk for operated and
nonoperated vertebral fracture patients in the Medicare popula-
tion. J Bone Miner Res 2011;26:1617–26 CrossRef Medline

4. Edidin AA, Ong KL, Lau E, et al.Morbidity and mortality after ver-
tebral fractures: comparison of vertebral augmentation and non-
operative management in the Medicare population. Spine (Phila Pa
1976) 2015;40:1228–41 CrossRef Medline

5. Kado DM, Huang MH, Karlamangla AS, et al. Hyperkyphotic pos-
ture predicts mortality in older community-dwelling men and
women: a prospective study. J Am Geriatr Soc 2004;52:1662–67
CrossRef Medline

6. Cauley JA, Thompson DE, Ensrud KC, et al. Risk of mortality follow-
ing clinical fractures.Osteoporos Int 2000;11:556–61 CrossRef Medline

7. Manchikanti L, Kaye AD, Soin A, et al. Comprehensive Evidence-
Based Guidelines for Facet Joint Interventions in the Management
of Chronic Spinal Pain: American Society of Interventional Pain
Physicians (ASIPP) Guidelines Facet Joint Interventions 2020
Guidelines. Pain Physician 2020;23:S1–27 Medline

8. Hinde K, Maingard J, Hirsch J, et al. Mortality outcomes of verte-
bral augmentation (vertebroplasty and/or balloon kyphoplasty)
for osteoporotic vertebral compression fractures: a systematic
review and meta-analysis. Radiology 2020;295:96–103 CrossRef
Medline

9. Lin JH, Chien LN, Tsai WL, et al. Early vertebroplasty associated with
a lower risk of mortality and respiratory failure in aged patients with
painful vertebral compression fractures: a population-based cohort
study in Taiwan. Spine J 2017;17:1310–18 CrossRef Medline

10. Lange A, Kasperk C, Alvares L, et al. Survival and cost comparison
of kyphoplasty and percutaneous vertebroplasty using German
claims data. Spine (Phila Pa 1976) 2014;39:318–26 CrossRef Medline

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

http://dx.doi.org/10.3174/ajnr.A6721

AJNR Am J Neuroradiol 41:E69–E70 Aug 2020 www.ajnr.org E69

http://dx.doi.org/10.3174/ajnr.A6367
https://www.ncbi.nlm.nih.gov/pubmed/31857326
http://dx.doi.org/10.1007/s00198-017-4281-z
https://www.ncbi.nlm.nih.gov/pubmed/29063215
http://dx.doi.org/10.1002/jbmr.353
https://www.ncbi.nlm.nih.gov/pubmed/21308780
http://dx.doi.org/10.1097/BRS.0000000000000992
https://www.ncbi.nlm.nih.gov/pubmed/26020845
http://dx.doi.org/10.1111/j.1532-5415.2004.52458.x
https://www.ncbi.nlm.nih.gov/pubmed/15450042
http://dx.doi.org/10.1007/s001980070075
https://www.ncbi.nlm.nih.gov/pubmed/11069188
https://www.ncbi.nlm.nih.gov/pubmed/32503359
http://dx.doi.org/10.1148/radiol.2020191294
https://www.ncbi.nlm.nih.gov/pubmed/32068503
http://dx.doi.org/10.1016/j.spinee.2017.05.001
https://www.ncbi.nlm.nih.gov/pubmed/28483705
http://dx.doi.org/10.1097/BRS.0000000000000135
https://www.ncbi.nlm.nih.gov/pubmed/24299715


J.A. Hirsch
Neurointerventional Radiology

Massachusetts General Hospital, Harvard Medical School
Boston, Massachusetts

R.V. Chandra
Faculty of Medicine

Nursing and Health Sciences, Neuroinverventional Radiology
Monash Imaging, Monash Health

Melbourne, Australia

D. Beall
Clinical Radiology of Oklahoma

Edmond, Oklahoma
M. Frohbergh

K. Ong
Exponent Inc

Philadelphia, Pennsylvania

E70 Letters Aug 2020 www.ajnr.org

https://orcid.org/0000-0002-9594-8798
https://orcid.org/0000-0001-7555-2297
https://orcid.org/0000-0001-8340-696X
https://orcid.org/0000-0002-0167-116X
https://orcid.org/0000-0003-0893-0993


LETTERS

The Significance and Challenge of Quantitative
Hemodynamic Study in Moyamoya Disease

We read with great interest the article by Dlamini et al1

regarding the use of blood oxygen level–dependent
(BOLD) MR imaging to predict the ischemic risk in children
with Moyamoya disease (MMD). The authors demonstrated
that idiopathic Moyamoya disease and the presence of steal
are independently associated with ischemic events. We really
appreciate the interesting observation in their conclusion.
Meanwhile, after reading this article, we would like to high-
light 2 important questions that it raises.

First, it is notable that the negative BOLD cerebral-vascular
reactivity (CVR) or the "vascular steal" phenomenon occurs in
93.8% of pediatric MMD patients with ischemic events. This sug-
gests that the appearance of vascular steal represents the failure of
the intracranial vascular autoregulation in MMD. MMD is a
chronic, progressive disease. With the progressive stenosis of the
internal carotid artery and the decrease of intracranial blood sup-
ply, radiologic ischemia could occur. Because of the vascular
autoregulation, the intracranial vessels dilate reflexively to main-
tain cerebral blood flow perfusion. Patients can present no clini-
cal symptoms, called “asymptomatic ischemia.” However, this
persistent chronic vasodilation will lead to the decrease or disap-
pearance of CVR. Under the stimulation of a vasodilator, such as
CO2 or acetazolamide, the blood is redistributed from the area
where vasodilation is most serious to the area where vasodilation
is still possible, namely “steal phenomenon.”2 Therefore, the
occurrence of steal phenomenon indicates the loss of the auto-
matic regulation function of intracranial vessels. Coincidently, in
a recent study,3 when the authors assessed CVR using xenon-
enhanced CT with and without acetazolamide, 40% (77/192) of
the hemispheres showed steal phenomena and all of them were
symptomatic.

Second, across the years, many quantitative techniques for
cerebral blood flow and other hemodynamic parameters have

been developed, such as PET, SPECT, xenon-enhanced CT,
dynamic perfusion CT, MR imaging with dynamic susceptibility
contrast and arterial spin-labeling, and Doppler ultrasonogra-
phy.2 However, all of these technologies have special advantages
and disadvantages. To evaluate the practicability of a new tech-
nology, one must consider factors like invasion, safety, radioactiv-
ity, patient compliance, cost, and so forth. In present study, the
authors adopted a method relying on MR imaging to detect the
blood oxygen level to evaluate the CVR of patients with MMD,
showing a good predictability for both pre- and postoperative is-
chemic events. However, a larger sample size and more clinical
trials are needed to detect the value of the clinical application.
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ERRATUM

In the article “A Practical Review of Functional MRI Anatomy of the Language and Motor Systems” (Hill VB, Cankurtaran CZ, Liu
BP, et al. AJNR Am J Neuroradiol 2019;40:1084–90) the legend for Fig 1 contained an error. The correct legend is the following:

FIG 1. Sagittal 3D-FLAIR image with a superimposed diffusion tensor image of the arcuate fasciculus between the inferior frontal gyrus (pars
opercularis and pars triangularis) (green) and the angular gyrus (red). The frontotemporal segment of the arcuate fasciculus connects the Broca
area at the inferior frontal gyrus with the Wernicke area more posteriorly, traditionally at the posterior-superior temporal gyrus. However, this
connection is variable, and in this case, it is at the angular gyrus/posterior superior temporal area.
The authors regret the error.

http://dx.doi.org/10.3174/ajnr.A6660
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