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Petrobasal vein: A previously unrecognized vein
Diagnostic accuracy of transcranial Doppler and angiographic vasospasm
Thrombectomy for venous sinus thrombosis in vaccine-induced thrombotic

thrombocytopenia
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PERSPECTIVES

Title: Arthur Ravenel Jr Bridge. This bridge spans the Cooper River, connecting Charleston and Mount Pleasant, South Carolina. A cable-stayed bridge, it has won multiple
awards for aesthetics and functionality, a tall order since the history of Charleston and the bridge's predecessors mandated it withstand earthquakes, hurricanes, ship
collisions, increasing traffic loads, and the passage of the largest of ships in this major port. The pedestrian walkway has an extended curved approach providing spectacular
cross-sectional views prior to the exhilarating walk across the bridge. Its design and operation are ecologically praiseworthy. The wattage, height, and operating hours of the
bridge lights, and the use of reflective rather than electric road signs, are intended to minimize adverse impacts on migratory birds and loggerhead hatchling turtles.

Manfred Hauben, MD, MPH, Pfizer Inc and NYU Langone Health, New York City
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REVIEW ARTICLE

Spectrum of Neuroradiologic Findings Associated with

P. Benjamin, ““'S. Sudhakar,

ABSTRACT

Monogenic Interferonopathies

F. D'Arco, ““'U. Lobel, ““O. Carney, ““'C.-J. Roux, ““'N. Boddaert,
C. Hemingway, ““'D. Eleftheriou, and ““K. Mankad
ol — |

SUMMARY: The genetic interferonopathies are a heterogeneous group of disorders thought to be caused by the dysregulated expression of

interferons and are now commonly considered in the differential diagnosis of children presenting with recurrent or persistent inflammatory

phenotypes. With emerging therapeutic options, recognition of these disorders is increasingly important, and neuroimaging plays a vital role. In

this article, we discuss the wide spectrum of neuroradiologic features associated with monogenic interferonopathies by reviewing the literature

and illustrate these with cases from our institutions. These cases include intracerebral calcifications, white matter T2 hyperintensities, deep WM

cysts, cerebral atrophy, large cerebral artery disease, bilateral striatal necrosis, and masslike lesions. A better understanding of the breadth of

the neuroimaging phenotypes in conjunction with clinical and laboratory findings will enable earlier diagnosis and direct therapeutic strategies.

ABBREVIATIONS: AGS = Aicardi-Goutiéres syndrome; ICC = intracranial calcifications; IFN = interferon; SLE = systemic lupus erythematosus; SAVI =
STING-associated vasculopathy of infancy; WMH = white matter hyperintensities

nterferons (IFNs) are a family of cytokines that are induced

through the stimulation of pattern-recognition receptors that
sense pathogen-derived nucleic acids.' They exert their activity
through a complex network of regulatory pathways (Fig 1) for
modulating innate/acquired immunity and resistance to viral infec-
tions.>* These tightly regulated mechanisms protect against inap-
propriate immune activation triggered by endogenous nucleic
acids while maintaining a rapid and effective response to exoge-
nous nucleic acids derived from pathogens.>* The interferonopa-
thies are an expanding group of disorders that are thought to
disrupt this delicate equipoise by overactivation of the IFN
response, resulting in pathology from chronic inflammation.>™ In
their most distinctive form, these diseases are monogenic neuroin-
flammatory disorders of infancy.>

Received April 7, 2021; accepted after revision June 29.
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In 1984, Aicardi and Goutieres® described a disorder with pro-
gressive encephalopathy, CSF lymphocytosis, and neuroradiologic
findings that mimic transplacental infection but test serologically
negative. We now know that this disorder, which we refer to as
Aicardi-Goutiéres syndrome (AGS), is characterized by genetic
mutations that disrupt mechanisms that protect against inappropri-
ate immune activation triggered by endogenous nucleic acids.">*
The subsequent dysregulated expression of IFNs is thought to pro-
mote unwanted inflammatory responses through their pleiotropic
effects.” This interferonopathy hypothesis is supported by the fact
that elevated IFN levels in the CSF and blood have long been
described in patients with AGS."” More recently, upregulation of
interferon-stimulated genes, an “interferon signature,” which can
be detected in peripheral blood, has been reported to be present in
most patients with AGS and other interferonopathies."** As more
mutations in these genes are described, a broad spectrum of pheno-
types with considerable overlap has been revealed, many of which
have prominent systemic manifestations, including inflammatory
vasculopathy and systemic autoimmune disease.>**'° Recognition
of these diseases has become increasingly important not only for
more reliable genetic counseling but because of the emergence of
promising therapeutic strategies.”'"'? Neuroimaging often provides
a valuable clue to the diagnosis of this expanding group of disor-
ders>'"">"!% and will be the focus of this article.

Search Strategy
MEDLINE and EMBASE were searched from inception to week
1 of 2021 using the Ovid online portal. We used the following


https://orcid.org/0000-0002-7361-9571
https://orcid.org/0000-0002-7632-9705
https://orcid.org/0000-0001-7396-591X
https://orcid.org/0000-0001-9844-3464
https://orcid.org/0000-0002-7900-6776
https://orcid.org/0000-0001-9008-548X
https://orcid.org/0000-0003-0991-7774
https://orcid.org/0000-0002-3899-3015
https://orcid.org/0000-0002-5312-2269
https://orcid.org/0000-0001-5979-9337
mailto:philip.benjamin@nhs.net

FIG 1. A highly simplified diagram highlighting key pathways affected in type 1 interferonopathies, in which neuroimaging findings have been
described. The black bars indicate inhibition, and the arrows, activation. ? indicates that the mechanism of IFN induction is unclear. CGAS indi-
cates cyclic GMP-AMP synthase; TBK], TANK-binding kinase 1; IRF3, IFN regulatory factor 3; MAVS, mitochondrial antiviral-signaling protein;
IFNAR, IFN «/ B receptor; JAK], Janus kinase 1; TYK2, tyrosine kinase 2; PSMBS, proteasome subunit 8 type-8; TREX], three prime repair exonucle-
ase 1, RNASE H, ribonuclease H; SAMHDI, SAM And HD domain-containing deoxynucleoside triphosphate triphosphohydrolase 1; IFIH], inter-
feron induced with helicase C domain 1, PNPTI, polyribonucleotide nucleotidyltransferase 1, DNASE2, deoxyribonuclease 2; ACP5, acid
phosphatase 5; ISGI5, interferon-stimulated gene 15; RNU7-1, RNA, U7 small nuclear 1; USPI8, ubiquitin-specific peptidase 18; STAT2, signal trans-
ducer and activator of transcription 2; ER, endoplasmic reticulum; mtDNA, mitochondrial DNA.

keywords: 1) “interferonopathy” (n = 245), 2) “Aicardi-Goutiéres
syndrome” (n = 501), 3) 1 and “intracranial calcification” (n =
10), 4) 1 and “brain” (n = 34), 5) 1 and “neuroimaging”, 5) 2 and
“neuroimaging” (n = 5), and 6) 1 and 2 (n = 79). The abstracts
were reviewed to determine whether the article should be
included. The search was supplemented by searching the bibliog-
raphies of relevant articles.

Monogenic Interferonopathies and Neuroimaging
The Online Supplemental Data provide a list of interferonopathies in
which neuroimaging findings have been described; Fig 1 illustrates
the key pathways involved. Common neuroimaging findings across
the interferonopathies include intracerebral calcifications and T2
white matter hyperintensities (WMH) (Online Supplemental Data).
AGS, the best-described group of interferonopathies, is charac-
terized by mutations in any of several genes (including TREXI,
RNASEH2A/B/C, SAMHDI, ADARI, IFIHI),3 which are involved
in the metabolism of nucleic acids or their recognition." Recent

additions to this are LSM11 and RNU7-1, which encode small nu-
clear ribonucleoproteins, which are key components of the U7 repli-
cation-dependent histone pre-messenger RNA-processing complex,
which is thought to help maintain the structure of nucleosomes,
preventing activation of cyclic GMP-AMP synthase by nuclear
DNA.'

TREXI mutations are associated with a true neonatal presen-
tation (Figs 2 and 3) and, therefore, mimic transplacental infec-
tion.'” Most patients, however, present a little later, with the most
frequent mutations occurring in RNASEH2B (Fig 4).”'® The neu-
roimaging phenotypes continue to expand as these mutations are
better described and more are discovered. For example, intracra-
nial vasculopathy has been described with SAMHDI mutations,"
and bilateral striatal necrosis, with ADARI mutations (Online
Supplemental Data).*

Similar destructive neuroinflammatory conditions have been
documented in genetic disorders in which other components of the
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IFN signaling pathway are affected (Online Supplemental
Data).">"> For example, loss-of-function mutations in ubiquitin-
specific peptidase 18 (USP18), which is a negative regulator of type
I IFN signaling, is also associated with intracerebral calcification
and WMH (Online Supplemental Data)."**!

In some interferonopathies, systemic findings are a more
prominent feature, such as interstitial lung disease in STING-
associated vasculopathy of infancy (SAVI) or skin lesions in
proteasome-associated autoinflammatory syndromes (Online
Supplemental Data). Intracranial calcifications have also been
described in a few of these cases and can, on occasion, provide
an important clue to the diagnosis.

Due to the considerable overlap in the neuroimaging pheno-
types, it is seldom possible to make a diagnosis on the basis of neu-
roradiologic findings alone, and these should always be considered
in conjunction with clinical and laboratory findings (Fig 5).

FIG 2. T2, gradient recalled-echo (GRE) and T1-weighted images of a 9-day-old boy with a TREXT

mutation demonstrating basal ganglia and periventricular calcifications.

Indeed, neuroimaging can sometimes have normal findings, and
the lack of neuroimaging findings, like intracranial calcifications,
does not exclude an interferonopathy, certainly early on in the dis-
ease. In the rest of this article, we describe both characteristic and
more unusual neuroradiologic features associated with interfero-
nopathies, including findings that could lead one to suspect certain
mutations. These include intracerebral calcifications, WMH, deep
WM cysts, cerebral atrophy, large cerebral artery disease, bilateral
striatal necrosis, and masslike lesions.

Intracerebral Calcification

Intracerebral calcifications (ICC) have been reported to be present
in >90% of subjects with AGS.'® ICC are also described in most
other interferonopathies, even when systemic features predominate
such as proteasome-associated autoinflammatory syndromes and
SAVI (Online Supplemental Data).” Calcifications tend to be punc-
tate or linear, reflecting their relation-
ship to microvascular structures. Often
sagittal or coronal reconstructions
make it easier to appreciate the rela-
tionship with the deep, perforating ves-
sels or deep medullary veins/arteries
(Fig 6). The calcifications (Figs 2 and
3) are most commonly symmetric and
seen in the basal ganglia and deep WM
and dentate nuclei of the cerebellum'®
but can be seen throughout the brain.
The morphology of the calcifications
varies from fine/punctate to larger
conglomerates. TREXI mutations are
usually associated with more severe cal-
cifications.'® Neuropathologic studies

FIG 3. CT, SWI, and T2-weighted images of a boy with a TREXT mutation. The upper row shows imaging at 2 months of age, and the lower row,
at 2 years of age. There are periventricular, basal ganglia, brainstem, and cerebellar WM calcifications, which progress with time. Note the inter-
val volume loss with WM rarefaction, most marked in the anterior temporal lobes.
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FIG 4. Al-year-old girl with a RNASEH2B mutation. There are patchy WMH throughout the brain. Symmetric T2-signal abnormality is noted in
the globus pallidus, thalamus, and dentate nucleus. There is global cerebral volume loss. CT confirms basal ganglia calcifications.

FIG 5. A potential route to the diagnosis of monogenic type 1 interferonopathies. The red boxes
contain clinical, laboratory, and imaging findings that lead one to suspect an interferonopathy.
The green boxes contain diagnostic tests performed when a monogenic type 1interferonopathy
is strongly suspected. ESR indicates erythrocyte sedimentation rate; WBC, white blood cells; ISG,
interferon-stimulated genes; TORCH, (T)oxoplasmosis, (O)ther Agents, (R)ubella (also known as
German Measles), (C)ytomegalovirus, and (H)erpes Simplex; mRNA, messenger RNA.

FIG 6. A CT study in axial and sagittal reconstructions shows punc-
tate and linear branching calcifications along the deep perforators in
a 7-year-old boy with a SAMHDI mutation.

show calcifications in the walls of medium/small vessels and peri-
vascular spaces.”*>* One study has suggested that IFNs act directly
on vascular smooth-muscle cells, inducing a calcifying microangi-
opathy.®* The increasing use of MR imaging as the first imaging
technique in clinical practice may reduce the identification or rec-
ognition of intracranial calcifications, but the sensitivity can be

improved by using gradient-echo or
susceptibility-weighted sequences. CT
is recommended in patients in whom
interferonopathies are suspected and
no calcifications are seen on MR

imaging.18

WM Abnormalities

WMH have been described in most
interferonopathies  (Online  Supple-

mental Data) and appear to be the most
common finding in those with a later
disease onset when ICC are less com-

I’IIOII.25

Neuropathologic studies in
AGS show inhomogeneous demyelin-
ation and astrogliosis, which is, again,
supportive of a microangiopathy.”>*
WM involvement is most commonly
diffuse or with a frontotemporal pre-
dominance, but involvement can also
be periventricular or patchy.'® TREXI
mutations are associated with more severe involvement, causing
WM rarefaction in the anterior frontal and temporal lobes and
deep WM cysts.'>'®?® Delayed myelination can be associated with
RNASEH2B mutations (Fig 7) but progresses with time because it is
not a primary disorder of myelination.'® Interferonopathies should
also be considered in patients with MR imaging findings inter-

. . . 182
preted as periventricular leukomalacia.'®*

Brain Volume Loss

The degree of brain volume loss (Figs 3 and 7) depends on
when the patient presents during the course of the disease,
and it can be progressive. It is likely to be due to a combina-
tion of gray and WM volume loss. Although not always
obvious on imaging, the neocortex and cerebellar cortex can
be involved with numerous microinfarcts seen on some neu-
ropathologic studies, which are likely to contribute to brain
volume loss.*>** Pontocerebellar hypoplasia has also been
reported, but this is relatively infrequent and is likely subse-

quent to the supratentorial brain volume loss.'>'%2¢%”
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FIG 7. A 24-week-old boy with a RNASEH2C mutation with WM abnormalities in the frontal and temporal lobes and generalized volume loss.

FIG 8. Lacunar infarct in the right putamen in a 7-year-old boy
with a SAMDHI mutation. The angiogram on the right demon-
strates a Moyamoya-type vasculopathy with occlusion of the
right M1and Al (arrow).

Large Cerebral Artery Disease
Intracerebral large-artery
Moyamoya-type vasculopathy, aneurysms, and stenosis of single

involvement, including stroke,
vessels, has most often been reported with SAMHDI mutations
(Fig 8)''" and less frequently with TREXI mutations.”®
Neuropathology in a patient with a SAMHDI mutation also
showed calcifying microangiopathy,** which suggests a disease
process similar to the that in other interferonopathies (Fig 6).
The reason for the increased frequency of large-vessel disease in
these mutations, however, is uncertain.

Bilateral Striatal Necrosis

Bilateral striatal necrosis has been reported in the context of
ADARI (Fig 9) and PNPTI (Fig 10) mutations in addition to
WMH and ICC.***** Imaging can show bilateral striatal swel-
ling and signal abnormality with cavitation/atrophy on follow-up
imaging. Globus pallidus swelling and signal abnormality can
also be seen (Fig 11). The mechanism remains unclear, and meta-
bolic disorders should be ruled out. These findings can some-
times be seen in a para-/postinfectious setting, and it has been
hypothesized that local neuroinflammation may contribute to
synaptic dysfunction and excitotoxicity.”® Freckle-like skin
lesions are characteristic of ADARI mutations.>

6 Benjamin Jan 2022 www.ajnr.org

Masslike Lesions

Masslike or ring-enhancing lesions have been described in heterozy-
gous C-terminal frameshift mutations in TREXI (causing a disorder
called retinal vasculopathy with cerebral leukodystrophy), which
occur in conjunction with ICC and scattered WMH, though this
disorder tends to present later in life.>* These lesions are often mis-
diagnosed as tumors or as other inflammatory diseases such as sar-
coidosis. Neuropathology can show necrotizing granulomatous
inflammation."" The presence of coexistent neuroimaging features
such as ICC should alert the clinician to the potential diagnosis of
interferonopathy.

Hemorrhage

Deep GM, cerebellar, and intraventricular hemorrhage has been
described in patients with USPI8 deficiency'"*® and TREXI
mutations.'® Although these patients had coexistent coagulopa-
thies, the location of the hemorrhage is reminiscent of that seen
with COL4A1 mutations and could conceivably be due to an
underlying vasculopathy. Subdural and subarachnoid hemor-
rhage has also been reported in patients with a STAT2 mutation,
which disrupts STAT2 interaction with USP18, a key negative
regulator of IFN signaling.**

Some Differential Diagnoses to Consider
Due to the nonspecific nature of the neuroradiologic findings, the
differential diagnosis is wide, including other inflammatory and
neurogenetic disorders. In cases of neonatal presentation, con-
genital infections should first be ruled out. It has been suggested
that “true periventricular” calcification in the ependymal/sub-
ependymal regions is more suggestive of infection.”> Other fea-
tures that make infection more likely include malformations of
cortical development and anterior temporal cysts as seen in con-
genital cytomegalovirus (Fig 12).>

Other conditions known to be associated with an increased
expression of IFN-regulated genes include systemic lupus ery-
thematosus (SLE)* and juvenile dermatomyositis.*” These, how-
ever, tend to present later in life, and systemic features usually
predominate. The most common neuroimaging findings
described with SLE are also of a microangiopathy, including non-
specific focal WMH,>® brain atrophy, intracranial calcifications,
and hemorrhage,® though other inflammatory findings such as



FIG 9. A, Bilateral putaminal signal abnormality in a 4-year-old boy with a confirmed ADARI
mutation. There was no diffusion restriction. B, A different patient also with an ADART mutation
showing cavitation in both putamina.

FIG 10. An 18-month-old girl with a PNTPT mutation with signal abnormality and decreased vol-
ume of both the putamina and globi pallidi. Diffusion restriction is seen in the globi pallidi.

FIG 11. Atypical imaging features in a 4-year-old girl with an ADARI mutation showing a T2 signal ab-
normality and mild diffusion restriction in the globi pallidi bilaterally (arrows), but not in the putamina.

leptomeningeal enhancement, large-
vessel vasculitis, and masslike lesions
have also been described.*

Hyperinflammatory clinical syn-
dromes like hemophagocytic lympho-
histiocytosis should also be considered.
Hemophagocytic  lymphohistiocytosis
can be primary, resulting from genetic
defects or secondary to infection,
malignancy, immunosuppression, or
autoimmune diseases such as SLE.
CNS involvement is common, and the
neuroimaging findings are variable,
including focal/diffuse WMH, perivas-
cular enhancement (particularly in the
posterior fossa), meningeal enhance-
ment, masslike lesions, and hemor-
rhage (Fig 13).*!

Some  leukodystrophies, like
Cockayne syndrome, can have a very
similar appearance with diffuse
WMH and ICC. Unlike AGS, there is
a severe delay or an arrest in myeli-
nation, and the calcifications can be
cortical/leptomeningeal (Fig 14).*

Genetic microangiopathies such as
collagen IV (COL4A1/A2) related dis-
ease can also show similar imaging
findings.”® They are characteristically
associated with porencephalic cysts or
periventricular leukomalacia.*® It has
been suggested that the calcification is
more subtle, involving subependymal/
periventricular regions (Fig 15).*

Calcifications of the cerebral
microvessels are also seen in primary
familial brain calcification, a group of
neurogenetic disorders associated with
diverse motor, cognitive, and psychiat-
ric symptoms.** Calcifications are typ-
ically symmetric, commonly involving
the deep GM structures. The autoso-
mal dominant form can be caused by
mutations in genes encoding phos-
phate transporters (SLC20A2, XPRI)
or platelet-derived growth factor B and
its receptor (PDGFB, PDGFRB). An
autosomal recessive form has been
described with mutations in encod-
ing junctional adhesional molecules
(JAM2, JAM3), myogenesis-regulating
glycosidase (MYORG), and occludin
(OCLN).*® Calcification is more severe
in the autosomal recessive form involv-
ing the subcortical WM. Brainstem cal-
cification may be more common with
MYORG mutations.**
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FIG 12. T2-weighted MR imaging of a 9-day-old girl with congenital cytomegalovirus infection
showing polymicrogyria (white arrow), periventricular calcifications (gray arrow), and anterior

temporal lobe cysts (black arrow).

FIG 13. A 6 month-old girl with perforin-deficient hemophagocytic lymphohistiocytosis. There is
diffuse WM signal abnormality seen on the T2-weighted image and multiple enhancing pseudotu-
moural lesions seen on the T1 postcontrast image (T1 + C) in the left thalamus and posterior tem-

poral and occipital lobes bilaterally.

Some conditions with clinical and
imaging overlap to transplacental infec-
tion may ultimately turn out to be inter-
feronopathies. One such example is
RNaseT2 mutations, which result in loss
of ribonuclease T2 protein function,
causing accumulation of ribosomal
RNA.* RNaseT2 mutation causes cystic
leukoencephalopathy without megalen-
cephaly. The imaging findings are very
similar to those of congenital cytomega-
lovirus infection and are characterized
by anterior temporal lobe cysts and
extensive WM hyperintensities in a nor-
mal-sized brain.

CONCLUSIONS

Neuroimaging is essential in interfero-
nopathies, in which neuroinflamma-
tion is a predominant feature, as in
AGS. Even when systemic features pre-
dominate, neuroimaging can often pro-
vide an important clue to the diagnosis.
However, the spectrum of findings is
wide and should always be considered
in conjunction with clinical and labora-
tory findings. A common feature on
neuroimaging seems to be evidence of
calcifying microangiopathy character-
ized by WMH and ICC, which is best
picked up on susceptibility-weighted
MR imaging sequences or CT, though
large-vessel disease, bilateral striatal ne-
crosis, hemorrhage, and masslike
lesions are also seen with some

FIG 14. A 6-year-old boy with Cockayne syndrome showing subcortical and basal ganglia calcifications on SWI and diffuse WM signal abnormal-

ity seen on the T2-weighted image. There is marked WM volume loss.
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FIG 15. Hemosiderin-lined cavities in the basal ganglia and thalamus and subtle periventricular calcification on CT (white arrows) in a 3-year-old

boy with a COL4AT mutation.

mutations. A CT scan is recommended when type 1 interferonopa-
thies are suspected and no calcifications are seen on MR imaging.
The list of interferonopathies and associated neuroimaging find-
ings will, no doubt, continue to grow as more genotype-phenotype
correlations are identified.

As a common feature, all interferons activate the Janus kinase
signal transducers of activation and the transcription signaling
pathway (Fig 1).*” There are now several encouraging reports, with
Janus kinase inhibitor therapy resulting in a prompt and sustained
recovery, sometimes with an improvement or stabilization in
imaging appearance.'"*>** Reverse-transcriptase inhibitors have
also been shown to reduce interferon signaling in patients with
AGS.*® Clinical trials are currently underway. These promising
new therapeutic strategies make recognition of these disorders all
the more important. As this field continues to grow, neuroimaging
is likely to play an increasing role in diagnosis, monitoring, and
prognostication.
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Glutamine Imaging: A New Avenue for Glioma Management

C.C. Fleischer
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S. Ekici, ““)J.A. Nye, ““S.G. Neill, ). W. Allen, ““'H.-K. Shu, and

ABSTRACT

SUMMARY: The glutamine pathway is emerging as an important marker of cancer prognosis and a target for new treatments. In
gliomas, the most common type of brain tumors, metabolic reprogramming leads to abnormal consumption of glutamine as an
energy source, and increased glutamine concentrations are associated with treatment resistance and proliferation. A key challenge
in the development of glutamine-based biomarkers and therapies is the limited number of in vivo tools to noninvasively assess
local glutamine metabolism and monitor its changes. In this review, we describe the importance of glutamine metabolism in glio-
mas and review the current landscape of translational and emerging imaging techniques to measure glutamine in the brain. These
techniques include MRS, PET, SPECT, and preclinical methods such as fluorescence and mass spectrometry imaging. Finally, we dis-
cuss the roadblocks that must be overcome before incorporating glutamine into a personalized approach for glioma management.

ABBREVIATIONS: ASCT2 = alanine, serine, cysteine transporter 2; "C-Gln = 5-"C-(25)-glutamine; DMI = deuterium metabolic imaging; [*F]-FGIn = 4-[°F]-
(2S,4R)-fluoroglutamine; 2-HG = 2-hydroxyglutarate; IDH = isocitrate dehydrogenase; MSI = mass spectrometry imaging; mTOR = mechanistic target of rapa-

mycin; NMR = nuclear MR; PRESS = point-resolved spectroscopy; TCA = tricarboxylic acid

Abnormal Glutamine Metabolism in Gliomas
liomas are one of the most common types of brain
tumors, and accurate diagnosis relies on imaging and his-
tology." While histology can identify the tumor grade, isoci-
(IDH) mutation
pathologic markers, it requires invasive tissue sampling and is

trate dehydrogenase status, and other
impractical for treatment monitoring. The recent emergence
of treatments targeting cancer metabolism in clinical trials,
combined with poor prognosis particularly for high-grade
gliomas, necessitates new noninvasive metabolic imaging strat-
egies capable of stratifying patients, monitoring treatment
response, and prognostication. Here, we describe the impor-
tance of glutamine in glioma progression and management,
followed by a review of imaging techniques capable of quanti-
fying glutamine concentrations.

A hallmark of many cancers, including gliomas, is metabolic
reprogramming that enables cancer cells to divide quickly and
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evade clearance by remodeling the tumor microenvironment.”
One of the most common examples of reprogramming is the
Warburg effect, evidenced by high rates of glycolysis and lactate
production, even in the presence of oxygen. In addition to high
glucose consumption, gliomas also have increased rates of gluta-
mine intake and require larger stores of glutamine for survival
compared with healthy cells.” Glutamine is an important energy
substrate and carbon source for cancer cells, and glutamine “addic-
tion” is emerging as a hallmark of many cancers.* Glutamine is cat-
abolized to several by-products that aid in cancer proliferation,
including glutamate via glutaminolysis and a-ketoglutarate as an
intermediate of the tricarboxylic acid (TCA) cycle.®> Most primary
World Health Organization grade II and III infiltrating gliomas
and secondary glioblastomas (World Health Organization grade
IV) exhibit IDH mutations that produce 2-hydroxyglutarate (2-
HG) rather than a-ketoglutarate.” Glutamine is also a vital nitro-
gen source for the production of amino acids, nucleotides, fatty
acids, and polyamines necessary for proliferation. Cancer cells
have an increased demand for nitrogen, and large stores of gluta-
mine enable high rates of synthetic biomass generation and TCA
cycle anaplerosis.*

The intake of nutrients including glutamine by noncancerous
cells is limited by growth factors. In cancer cells, increased con-
sumption of glutamine is, in part, facilitated by oncogenic drivers
including Myc and the mechanistic target of rapamycin (mTOR).
Myc increases expression of glutamine transporters, modulates
expression of glutaminase, and activates enzymes involved in
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purine and pyrimidine synthesis.>* Myc-induced metabolic
reprogramming even precedes MR imaging-observable tumor
growth.® Mice with Myc-activated hepatocytes display increased
expression of genes related to glutamine transport and break-
down in the pretumor state, including glutaminase and glutamine
dehydrogenase.® Increased mTOR signaling is commonly associ-
ated with cancer proliferation and can be activated in cancers
with high concentrations of intracellular glutamine mediated
through the alanine, serine, cysteine transporter 2 (ASCT2).”
mTOR stimulates glutaminolysis in cancer cells by increasing the
activity of glutamine dehydrogenase and promoting the break-
down of glutamine into TCA cycle intermediates.*

Glutamine use in cancer cells varies within and between
tumors due to dynamic interactions among the tumor microen-
vironment, oncogenes, tissue type, and nutrient availability.s‘8
Myc-induced differences in glutamine transporters and glutamin-
ase concentrations result in some gliomas accumulating large
stores of glutamine, while others readily catabolize glutamine.”'
Gliomas with high rates of glutamine catabolism exhibit meta-
bolic plasticity, resistance to treatment, and a mesenchymal
phenotype.'! Mesenchymal gliomas in mice have increased gluta-
mine concentrations compared with healthy brain tissue and
nonmesenchymal glioma subtypes.'> These results have been
demonstrated in patients with gliomas using glutamine-based
PET, with high glutamine concentrations observed in progressing
gliomas compared with the surrounding brain tissue or clinically
stable tumors."”” Because mesenchymal subtypes are generally
associated with worse outcomes, glutamine concentrations may
indicate prognosis. Mice treated with chemotherapy show a sig-
nificant decrease in tumoral glutamine concentrations, support-
ing the importance of in vivo glutamine quantification after
treatment."” Increases in glutamine flux, ie, conversion of gluta-
mine to glutamate, have been observed in glioma-bearing mice
treated with temozolomide, a potential explanation for glutamine
decreases following chemotherapy.'* Because inhibiting gluta-
mine metabolism limits cancer growth and promotes antitumor
immunity in the microenvironment," the glutamine pathway
has been identified as a potential marker for progression and

treatment response as highlighted in depth in recent reviews.'®'”

Glutamine as an Emerging Pharmacologic Target

Due to the demonstrated role of glutamine in gliomas, glutamine
metabolism is an emerging pharmacologic target, and several
compounds targeting glutamine intake or enzymes involved in
glutamine catabolism are currently being evaluated in preclinical
and early-stage clinical trials.'® Glutaminase, the primary enzyme
that catabolizes glutamine in cells, is the target of both telaglena-
stat or CB-839 and the small-molecule inhibitor compound 968,
both of which have been shown to decrease glioma growth,
though CB-839 is more specific to glutaminase.'! In vitro studies
of glutaminase inhibition show depletion of treatment-resistant
glioblastoma cells and subsequent reduction of glutamine for
downstream use in the TCA cycle."! Because these inhibitors are
not as effective against gliomas that exhibit a glycolytic pheno-
type,'° identifying patients with high levels of tumoral glutamine
may aid in the prognostication and stratification of patients, par-
ticularly for emerging treatments such as glutamine pathway
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inhibitors. CB-839 is currently being evaluated in a Phase Ib clini-
cal trial in combination with chemotherapy and radiation for treat-
ment of IDH-mutant astrocytomas and anaplastic astrocytomas.'®
A promising glutamine antagonist, 6-diazo-5-oxo-L-norleucin, has
also shown efficacy in inhibiting glutaminolysis in humans."®
While these treatments hold promise, the standard of care treat-
ment for gliomas is maximal surgical excision followed by radia-
tion therapy with concurrent and adjuvant chemotherapy.

Characterizing and Quantifying Glutamine Metabolism
Quantifying glutamine in vivo using translational imaging techni-
ques may be useful in identifying glutamine as a biomarker, stratify-
ing patients for novel therapies particularly inhibitors of glutamine
metabolism, and accelerating translation of emerging treatments to
the clinic. While in vitro experiments are the first step in validating
novel treatments targeting glutamine metabolism, they do not fully
capture the heterogeneity and complexity of the local tumor envi-
ronment."® Metabolic phenotypes depend on dynamic interactions
between cancer cells and surrounding cells, tissue type, nutrient
availability, inflammatory cells, and genetic landscape; in vivo gluta-
mine monitoring is necessary to fully understand its role as a
potential prognostic biomarker. Advances in metabolic imaging
modalities including MRS, PET, SPECT, and emerging preclinical
techniques such as mass spectrometry imaging (MSI) and fluores-
cence imaging facilitate in vivo measurements of glutamine metab-
olism in gliomas. Advantages and limitations of imaging techniques
capable of measuring glutamine are reviewed below within the con-
text of glioma management.

Glutamine Imaging Techniques

'H-MRS. MR imaging is a key diagnostic method for gliomas and
provides anatomic information on tumor size and location. MRS
is a complementary but less used method capable of noninva-
sively quantifying multiple metabolites simultaneously using the
same MR imaging hardware.”” MRS does not require an exogene-
ous contrast agent with the exception of hyperpolarized MRS (see
“Hyperpolarized *C-MRS”) and relies most commonly on en-
dogenous 'H nuclei. Current MRS research in gliomas is largely
focused on detection of 2-HG as a marker for IDH mutations
along with decreased NAA and increased choline, lactate, and lip-
ids.*® Metabolites related to glutamine metabolism can also be
detected using MRS, including glutamine, glutamate, alanine,
and glutathione.”® One advantage of MRS is the ability to use its
ex vivo and in vitro analog, nuclear MR (NMR) spectroscopy, to
identify and evaluate promising biomarkers before clinical trans-
lation. NMR spectroscopy can detect low metabolite concentra-
tions and overlapping peaks not possible with in vivo MRS and
has been used to show that increases in alanine, glutamate, and
lactate correlate with lower survival and higher tumor grade in
intact glioma tissue.”"

In vivo, MRS is capable of quantifying localized metabolite
concentrations as low as ~1mM on the minute timescale
(Fig 1A-C) 22 Tumor concentrations of glutamine measured at 7T
as high as 5.5 mM have been reported in patients with gliomas.®
Glutamine concentrations measured with MRS in normal-appear-
ing contralateral white matter in patients with glioblastoma have
been reported to be ~3.4 mM, significantly higher than in healthy



FIG 1. 'H- and PC-MR spectra of healthy brain and glioma tissue. A, 'H-MR spectrum acquired at 7T using a 3D MR spectroscopic imaging
sequence in a healthy human volunteer. Glutamine and glutamate peak fits are shown in blue and pink, respectively, demonstrating separation
at 7T. B, Structural MP2RAGE image and glutamine metabolite map acquired in the same subject as in A. The Color bar shows metabolite con-
centrations in arbitrary units. C, Structural MP2RAGE image and a glutamine metabolite map acquired in a male patient with glioblastoma
(S1years of age). The Color bar shows metabolite concentrations in arbitrary units. Glutamine concentrations are increased in the tumor region,
indicated by the dark mass in the MP2RAGE image, relative to the rest of the brain. A~C adapted and reprinted with permission from Hingerl
et al?? D, ®C-MR spectrum acquired in a healthy mouse brain at 14.1T after 3 hours of infusion with [1,6-"C]-glucose. E, ®C-MR spectrum acquired
from a tumor-bearing mouse brain after 3 hours of infusion of [1,6-°C]-glucose. Decreased glutamate peak intensities (carbon [C]2, C3, and C4)
and glutamine peak intensities (C2, C3, and C4) are observed compared with healthy brain without tumor (blue arrows). D and E adapted and

reprinted with permission from Lai et al.*°
tamate; Lac, lactate; NAA, N-acetylaspartate.

controls (2.7mM) or patients with low-grade gliomas (2.4 mM),
suggesting the ability of MRS to detect early infiltration in normal-
appearing regions.” Single-voxel MRS (~8 cm?®) and multivoxel
MRS are the most common clinical implementations available on
many MR imaging scanners, but whole-brain MRS has also been
demonstrated in gliomas.”> MRS has been used to quantify
changes in metabolites as a result of metabolic reprogramming,
differentiate proliferative gliomas from brain metastasis, and pre-
dict tumor grade.”>*® Longitudinal "H-MRS studies in patients
with glioblastomas showed that pretreatment increases in gluta-
mine plus glutamate were correlated with tumor proliferation and
poor prognosis.27

While MRS has the benefits of repeatability, lack of ionizing
radiation, and availability at many clinical sites, separating over-
lapping glutamine and glutamate resonances in 'H-MR spectra
acquired at typical clinical field strengths (1.5T or 3T) can be
challenging.”® The commonly used point-resolved spectroscopy
(PRESS) sequence with a TE of 20ms at 3T has been shown to
detect both glutamine and glutamate with quantification compa-
rable with that of spectra acquired on 7T MR imaging scanners;**
however, higher-field-strength scanners facilitate improved sig-
nal-to-noise ratios and better peak separation.”” In vivo studies
using high-field MR imaging scanners have demonstrated signifi-
cantly higher glutamine levels in glioma-bearing mice at the onset
of neurologic symptoms compared with presymptomatic mice.*’
With recent FDA approval of both Siemens (Magnetom Terra)

Ala indicates alanine; Asp, aspartate; GABA, y-aminobutyric acid; Glc, glucose; Gln, glutamine; Glu, glu-

and GE (Signa) 7T MR scanners, MRS has the potential to
become a viable method for routine glutamine imaging.

Further advances in 'H-MRS methods have improved the
detection of glutamine and separation from glutamate peaks.
Chemical exchange saturation transfer, which measures chemical
exchange between bulk water and metabolites, has been shown to
facilitate quantification of glutamate in response to CB-839 treat-
ment in breast cancer,” and glutamine chemical exchange satu-
ration transfer has been used for pH monitoring in animal
models of brain tumors.>* Spectral editing techniques can sepa-
rate overlapping peak resonances in 1D spectra and have been
used to detect y-aminobutyric acid, 2-HG, and glu‘[athione.‘ﬁ’}35
Most spectral editing techniques use J-difference editing to isolate
the signal of interest. For example, a J-modulated spectroscopy
method was shown to separate glutamine from glutamate in spec-
tra acquired at 3T in healthy adult brains.*® Emerging single-step
spectral editing methods have been demonstrated for simultane-
ous quantification of glutamine, glutamate, and glutathione at 7T
in healthy adults.>* Because increased glutamine and glutamate
in gliomas correlate with increased proliferation and glutathione
is implicated in treatment resistance, further evaluation in
patients with gliomas undergoing treatment is warranted.”**
While 2D techniques, including localized correlational spectros-
copy and J-PRESS, have also enabled separation of glutamine
from glutamate,”” long scan times have relegated many 2D
sequences to research applications.
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FIG 2. DMI and PET images of glutamine metabolism in gliomas. A,
T2-weighted FLAIR MR image acquired in a patient with a glioblas-
toma with a tumor in the right frontal lobe. B, DMI maps of the same
section position as in A showing *H-labeled glutamine + glutamate,
with lower concentrations in the tumor region compared with nor-
mal-appearing brain tissue. Color bar is in millimolar units. A and B
reprinted with permission from DeFeyter et al”' and used under the
CC BY-NC license 4.0. C, Tl-weighted MR image with contrast
enhancement acquired in a patient with glioblastoma. The tumor
region is indicated with red arrows. D, 4-["®*F]-FGln PET image acquired
in the same patient as in C, with high uptake in the tumor region (red
arrows) and minimal background uptake. C and D reprinted from
Venneti et al,”® with permission from AAAS.

Hyperpolarized »C-MRS. '>*C-MRS has been used to study the
brain; however, due to low sensitivity from limited natural abun-
dance and a low gyromagnetic ratio, hyperpolarized ">C is required
in vivo. Hyperpolarization increases '*C-signal temporarily via
dynamic nuclear polarization.*® After infusion with a hyperpolar-
ized '>C-labeled substrate, the flux of the labeled substrate to its
metabolic products can be measured (Fig 1D, -E).*° One of the
most commonly studied 'C metabolites is [1-'>C]-pyruvate,
which is catabolized into lactate, alanine, and bicarbonate in cells
and provides a useful tool to monitor the by-products of glycoly-
sis.” [1-"°C]-pyruvate has been used in patients with gliomas to
measure the conversion of pyruvate to lactate, with high rates of
lactate production observed in recurrent tumors.” Hyperpolarized
13C tracers have been developed for glucose, acetate, a-ketogluta-
rate, and glutamine, all of which have demonstrated blood-brain
barrier permeability necessary for hyperpolarized MRS experi-
ments.”® ?C-MRS has been used to assess changes in glutamine
metabolism in response to treatments. Subramani et al'* showed
that glioma-bearing mice injected with [3-">C]-glutamine convert
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glutamine to glutamate at higher rates after treatment with temo-
zolomide. This increase in glutamate was also observed using
"H-MRS on the same mice.'* Similarly, Molloy et al** used
[3—13C]—glutamine and demonstrated an increase in conversion of
glutamine to glutamate in glioma cells in response to a down-
stream inhibitor of glutamine metabolism. These studies highlight
the potential of hyperpolarized >C-MRS studies to monitor gluta-
mine metabolites both for validating 'H-MRS findings and evalu-
ating the response to treatment. While an on-site hyperpolarizer is
required and short T1 relaxation times require rapid imaging for
most °C tracers, *C-MRS facilitates direct measurement of gluta-
mine metabolism without the use of an ionizing tracer.

Deuterium Metabolic Imaging. In vivo deuterium metabolic
imaging (DMI) is an emerging MRS technique that measures *H-
labeled substrates. *H-MRS has been primarily demonstrated to
detect labeled glucose and its metabolic products including gluta-
mine, glutamate, and lactate (Fig 24, —B).‘11 In rats and humans,
DMI has revealed metabolic differences between gliomas and
healthy tissue, with glioma tissue exhibiting lower levels of gluta-
mine plus glutamate and higher levels of lactate and glucose due
to the Warburg effect." While DMI has been used in vivo to
image and quantify glucose metabolism and flux through the
TCA cycle, separation of glutamine and glutamate, even at high
magnetic field strengths, is challenging. Moreover, the gyromag-
netic ratio of *H is ~7 times lower than 'H and requires ingestion
or injection of a *H-labeled substrate. DMI technology is improv-
ing quickly and provides a noninvasive method of quantifying
active metabolism in vivo.*

MRS Limitations and Considerations. MRS, while not standard
clinical practice, is frequently used in patients with gliomas.
Currently, it is most often ordered by clinicians to characterize
increasing enhancement after previous radiation therapy and to
distinguish radiation-induced necrosis from recurrent tumor.
Limitations of MRS include nonstandardized analysis, challenges
with reproducibility, the need for input by the radiologist for voxel
placement, low signal-to-noise ratios, and long acquisition times.
Optimization of in vivo glutamine quantification with MRS, com-
bined with improved postprocessing methods, is an immediate
goal**** Fast, whole-brain MRS to generate spatial glutamine
maps is likely necessary before incorporation of MRS into routine
clinical workflow. Most important, MRS, while FDA-approved, is
still considered investigational by most insurance companies, and
lack of reimbursement has limited widespread clinical implemen-
tation. As more data emerge regarding the value of quantifying
glutamine for gliomas, MRS will be increasingly recognized and
recommended by clinicians and radiologists, possibly working to
counter this issue. For a comprehensive review of clinical MRS, we
direct readers to de Graaf et al*> and Wilson et al.*’

Glutamine PET. FDG-PET has been used clinically for tumor grad-
ing, determining tumor boundaries, and guiding biopsies.*> PET
has high sensitivity and spatial and temporal resolution (3-5mm
on the second timescale); however, specificity is limited by uptake
of FDG in healthy brain as well as tumors.*® A recently developed
glutamine fluoro-analog, 4—[18F]—(28,4R)—ﬂu0r0glutamine (['®F)-
FGIn) has enabled noninvasive imaging of glutamine in gliomas



(Fig 2C, -D)."* Mice and humans with gliomas show high [**F]-
FGln uptake in tumors, and ["*F]-FGln PET may distinguish
actively growing gliomas from stable tumors."® In a study of mice
with gliomas, tumor-to-background ratios of 3.6 were observed,
indicating increased ["*F]-FGln in tumor compared with healthy
tissue.*® A study of 14 patients with cancer metastasis to the brain
showed significantly higher ['*F]-FGln PET activity in the tumor
relative to healthy brain tissue compared with FDG-PET, indicating
the potential utility of glutamine PET.* In a Phase I clinical trial,
["*F]-FGIn PET was able to identify tumors with genetic precursors
to glutamine addiction, including IDH and tumor protein 53 muta-
tions in several cancers including gliomas.*®

Glutamine PET tracers may be advantageous for identifying
gliomas exhibiting glutamine addiction and stratifying patients for
treatment. In mice, gliomas treated with chemotherapy exhibited
significantly decreased ['®F]-FGIn uptake compared with pretreat-
ment tumors."” Similar results were also observed in mice with
breast, colorectal, and lung cancer treated with the V-9302, an in-
hibitor of glutamine transporter ASCT2.* However, pharmacoki-
netic studies indicate that ["®F]-FGln is defluorinated and
metabolized quickly.*® ['®F]-FGIn derivatives have been developed
to improve the stability of the tracers in vivo to address this limita-
tion. ['®F]-fluoroboronoglutamine has improved stability in mice,
though the efficacy in glioma models is yet to be determined.”

In addition to ['®F]-FGln, two dipeptide glutamine PET trac-
ers, [18F]-Gly-(28,4R)4-ﬂuor0glutamine and ['®F]-Ala-(2S,4R)4-
fluoroglutamine, have been developed with improved in vivo sta-
bility. After injection of the tracers in mice with gliosarcomas,
tracers were localized in the tumors and [®F]Ala-(2S,4R)4-fluo-
roglutamine displayed a similar distribution and tumor-to-back-
ground ratio compared with ["®F]-FGln. ['®F]-Ala-(2S,4R)4-
fluoroglutamine may be comparable with the ['*F]-FGln PET
tracer; however, further validation in clinical trials is necessary.”"
In addition to ['®F]-FGln, the 11C—glu‘[amine PET tracer 5-''C-
(25)-glutamine (*'C-Gln) has also been developed. In the first in-
human study, Cohen et al’* evaluated the utility of ''C-Gln in
tracking treatment response to CB-839 as part of a clinical trial
evaluating glutamine inhibitors for treatment of colorectal cancer.
Preliminary results revealed the utility of ''C-Gln in identifying
heterogeneous glutamine uptake by lesions; however, the intrinsi-
cally shorter half-life of ''C-GIn compared with ['*F]-FGIn may
limit its utility. Further comparisons of the in vivo kinetics of
['®F]-FGIn and "'C-Gln tracers in patients with gliomas will be
important for determining the utility of ''C-Gln.

PET Limitations and Considerations. While PET may be useful in
different stages of glioma care because it provides direct and
quantitative information about glutamine metabolism, limita-
tions include the short half-life of labeling isotopes (eg, ''C)
requiring an on-site cyclotron, exposure to ionizing radiation,
and analysis possibly requiring measurements of labeled glucose
or glutamine levels in arterial blood. Many of these limitations
can be overcome by development of glutamine analogues labeled
with longer-lived isotopes (eg, ['°F]) and by using internal refer-
ence regions or image-derived input functions to negate the need
for arterial blood in the analysis. With the advent of large-FOV
PET systems, the increased quantitative sensitivity offered by a

FIG 3. MSI to image glutamine metabolism. Matrix-assisted laser de-
sorption/ionization TOF MSI of glutamine distribution in an ex vivo
human glioma sample (left), with an annotated brightfield image of
the same sample showing the tumor and peritumoral regions (right).
The MSI map shows increased intensity of glutamine in the tumor
regions compared with both peritumoral and nontumoral regions and
is a promising emerging method for imaging glutamine. Arb. unit indi-
cates arbitrary unit. Reprinted with permission from Kampa et al®®
and used under the CC BY license 4.0.

full kinetic analysis will become more accessible in the clinical
environment.” While ['*F]-FGIn and ''C-Gln tracers are not yet
approved by the FDA, FDA approval of amino acid-based PET
tracers support the potential and feasibility of glutamine PET,>*
and preliminary work has shown that these agents can discern
low- from high-grade gliomas.>> Ongoing clinical trials will con-
tinue to elucidate the safety and efficacy of glutamine PET for
gliomas. Further development and validation studies will be
increasingly important as glutamine continues to emerge as a
marker of prognosis and treatment response.

Emerging Methods

Emerging methods for glutamine detection, including MSI, fluo-
rescence imaging, and glutamine SPECT, have shown utility in
characterizing glutamine metabolism in animal models and may
complement clinically integrated methods such as MR imaging
and PET. MSI quantifies the spatial distribution of metabolites
including glutamine by conducting mass spectrometry experi-
ments of thin tissue slices (Fig 3).® MSI of human glioblastoma
samples shows significant increases in glutamine, glutamate, and
lactate in the tumor region compared with peritumoral and non-
tumoral regions.”® Advanced MSI methods including ultra-high-
resolution MSI based on Fourier-transform mass spectrometry
also reveal heterogeneous distributions of metabolites related to
both the TCA cycle and glutamine metabolism in mouse glioblas-
toma tissue.”” Another application of MSI is identifying differen-
ces in the energetics of glioma molecular subtypes in patient-
derived xenografts, which reveal that IDH-mutated gliomas have
abnormal mitochondrial metabolism compared with IDH wild-
type gliomas yet do not have significantly different glutamine or
glutamate levels.® MSI has high molecular specificity and spatial
resolution (submillimeter); however, it is currently performed
only on ex vivo samples, and acquisition times are long (minutes
to hours). While quantifying glutamine in excised tissue is a
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FIG 4. Framework for using glutamine imaging techniques in glioma management. Imaging methods to quantify and measure local glutamine
changes may be useful for diagnosis, identification of metabolic vulnerabilities, patient stratification, and improved treatment monitoring.
Methods currently not integrated into clinical workflows are indicated with italics. MALDI indicates matrix-assisted laser desorption/ionization.

limitation of MSI compared with MR imaging and PET because
excised tissue may undergo degradation before metabolite quantifi-
cation,” its high specificity may be used to validate results from
MR imaging and PET studies. Furthermore, analysis of excised tis-
sue may also aid pathologists and cancer biologists in characteriz-
ing the considerable intratumoral heterogeneity of glioblastoma.*
Fluorescence imaging of glutamine and glutamine transporters
using optical microscopy and spectroscopy is an emerging method
with high spatial resolution (submicron), currently limited to in

vitro studies.®"%

Quantification of glutamine uptake and energy
flux has been demonstrated in brain cancer cells in response to epi-
dermal growth factor receptor treatment.*® Although this technol-
ogy currently analyzes a small number of cells, proof-of-concept
studies to characterize the glutamine response to new treatments
are an important first step to motivate larger in vivo studies. Last,
new glutamine SPECT tracers have been developed and show
promise as clinical tools. Ghoreishi et al** conjugated glutamine to
technetium Tc99m, a commonly used isotope for SPECT. Mice
injected with the nanoconjugate tracer showed significantly higher
radioactivity in lung tumors compared with other organs and high
stability in human serum. While SPECT is clinically integrated and
both fluorescence imaging of glutamine transport and SPECT glu-
tamine tracers are promising, evaluation of these emerging methods
in humans is unexplored.

Discussion and Outlook
Targeting glutamine metabolism for improved outcomes in patie-
nts with gliomas holds clinical promise, particularly as emerging
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pharmacologic treatments targeting glutamine catabolism and
transport have shown efficacy in vivo (Fig 4).® In vivo glutamine
quantification is clinically achievable due to advances in noninva-
sive image acquisition and analysis. Previous studies have shown
that glutamine imaging with 'H-MRS, *C-MRS, and PET has
potential prognostic value because concentrations of glutamine and
its related metabolites are correlated with decreased survival.'>'**
Emerging techniques including MSI and fluorescence imaging may
validate MR imaging and PET findings at the single-cell level.””*>
In the future, multiple strategies may facilitate evaluation of
glutamine as a prognostic marker. The first and most straightfor-
ward strategy is the continued standardization and development
of MRS and PET for glutamine quantification because both
modalities are frequently used in clinical cancer imaging. The sec-
ond is the use of multiparametric approaches, including radio-
mics, to use existing clinical data to improve prediction and
stratification.®” Incorporation of metabolic information, includ-
ing glutamine into radiomics analyses, has been limited; however,
radiomics may facilitate the use of the large amount of imaging
data often untouched in radiologic practice. The final strategy is
advancement of emerging molecular-scale methods, including
those outlined here. Given the high cost and limited availability
of clinical imaging systems particularly in rural areas, develop-
ment of low-cost methods is an important goal for the future.
Although glutamine imaging is still largely in the research and
development stage, monitoring changes in glutamine metabolism
may provide insight into tumor heterogeneity and response to
new therapies, enabling stratification for personalized treatment



plans. The development of new treatment strategies, particularly

pharmacologic compounds targeting the glutamine pathway, will

likely benefit from longitudinal metabolic imaging that includes

quantification of local glutamine concentrations. While outstand-

ing challenges in glutamine imaging must be addressed, including

standardization and, in some cases, FDA approval, there is clear

motivation for the continued investigation and evaluation of glu-

tamine as a promising imaging biomarker of glioma progression,

treatment selection and stratification, and prognosis.
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RADIOLOGY-PATHOLOGY CORRELATION

Cavernous Sinus Vascular Venous Malformation

J.C. Benson, ““K.L Eschbacher,

ABSTRACT

A. Raghunathan, “*'D. Johnson, “’D.K. Kim, and “*). Van Gompel

SUMMARY: Vascular venous malformations of the cavernous sinus have multiple imaging features that can be used to distinguish

them from other entities in the region. Accurate identification of these lesions is essential: Vascular venous malformation lesions

carry considerable risk of intraoperative hemorrhage, so preoperative recognition of vascular venous malformations can greatly

impact the treatment strategies used. Nevertheless, because of their scarcity, many radiologists are unfamiliar with the radiologic

and clinical features of cavernous sinus vascular venous malformations. This article will describe a case of an asymptomatic vascular

venous malformation; outline its imaging, clinical, and pathologic features; and review the relevant literature regarding this

diagnosis.

ABBREVIATIONS: CCM = cerebral cavernous malformation; ISSVA = International Society for the Study of Vascular Anomalies; RBC = red blood cell;

VM = vascular venous malformation

ASO—year—old man with no notable medical history presented
to our institution with a 2-year history of bilateral nonpulsa-
tile tinnitus. The patient’s work-up included an audiogram that
demonstrated asymmetric left-sided hearing loss. This prompted
evaluation with internal auditory canal MR imaging, which inci-
dentally discovered a mass in the left cavernous sinus.

Imaging and Biopsy
The initial MR imaging noted a well-circumscribed mass cen-
tered in the left cavernous sinus, which encroached on the left as-
pect of the sella. The mass encased the left ICA, which was
deviated medially. Intralesional signal was hyperintense on
FLAIR and isointense to gray matter on TIWI. On T2 sampling
perfection with application-optimized contrasts by using different
flip angle evolution (SPACE sequence; Siemens), the lesion was
notably heterogeneous, with a somewhat coarsened texture.
Intralesional enhancement was also heterogeneous (Fig 1).
Initially, the differential for this lesion included meningioma,
schwannoma, and cavernous sinus hemangioma. However, there
was also some concern that this represented a chondroid lesion,
such as a chondrosarcoma. The neurosurgical team was
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consulted, and they planned to resect the mass via a craniotomy
with cavernous sinus exploration. The preoperative stereotactic
CTA revealed findings extremely atypical of chondrosarcoma.
First, the mass lacked an intralesional chondroid matrix. Also,
the adjacent osseous structures appeared remodeled rather than
eroded, suggestive of a benign and long-standing process (Fig 2).

Two additional imaging examinations were then performed
to evaluate the mass for features of a vascular venous malforma-
tion (VM). First, a technetium Tc99m-tagged red blood cell
(RBC) scan was completed, which demonstrated avid radiotracer
accumulation within the mass on delayed images. Then, a
dynamic contrast-enhanced MR imaging was performed, which
demonstrated progressive enhancement of the mass on sequential
images (Fig 3). Altogether, the imaging was highly suggestive of a
VM. The patient ultimately underwent a biopsy of the mass for
pathologic confirmation. Complete resection was not attempted
due to the patient’s preoperative lack of symptoms and the
known favorable response of such lesions to focal treatment with
stereotactic radiation.

Pathology

The biopsy from the left cavernous sinus showed a collection of
predominantly thin-walled, large-caliber, anastomosing vessels
within collagenous stroma. Occasional thick-walled vessels were
present, showing a relatively prominent smooth-muscle layer and
lacking an internal elastic lamina. All vessels were lined by bland
endothelial cells, and no mitotic activity or cytologic atypia was
present (Fig 4). No proliferation of meningothelial cells was
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FIG 1. Initial MR imaging of the lesion demonstrates a well-circumscribed mass (straight arrows) in the left cavernous sinus with hyperintense
signal on FLAIR (A). The left ICA is medialized and encased by the mass (curved arrows). Intralesional signal is notably heterogeneous and coars-
ened on T2 SPACE (B); enhancement is also heterogeneous (C—E). Coronal postcontrast images delineate encroachment of the mass into the
sella, with mild mass effect on the pituitary (asterisks); the infundibulum (dashed arrow) has slightly deviated to the right.

FIG 2. Preoperative CTA (A and B) demonstrates prominent bony remodeling about the margins of the mass (curved arrows). The mass itself is
essentially isodense to the parenchyma (between the short straight arrows). Its inferior border is close to but does not appear to originate
from the petroclival fissure (not shown). Small enhancing intralesional vessels are appreciated (dashed arrow). A subsequent technetium Tc-
99m-tagged RBC SPECT scan (C) shows intense radiotracer accumulation within the mass on delayed images.

present to suggest the presence of a meningioma. There was no
evidence of cartilaginous material or a proliferation of spindle
cells to support the diagnosis of a chondrosarcoma or schwan-
noma. Overall, the histopathologic features were diagnostic of a
cavernous venous malformation."* The diagnosis was cavernous
sinus VM.

Discussion

Cavernous sinus VMs represent rare non-neoplastic entities and
account for 3% of all cavernous sinus lesions.” The lesions over-
whelming occur in women, accounting for up to 94% of cases.
The mean age at the time of diagnosis is 44 years.> Because the
masses tend to be slow-growing, symptom onset is often
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insidious, with gradually progressive headaches, cranial nerve
palsies, hypopituitarism, and proptosis.*® The masses may
enlarge during pregnancy, resulting in symptom exacerbation
that improves after delivery.®

Imaging features of cavernous sinus VMs have been exten-
sively described and largely match those noted in this case. The
masses are well-circumscribed and cause a local mass effect on
adjacent structures. As they enlarge, VMs first displace and later
encase the ICA; the vessel lumen is usually preserved (a schematic
is shown in Fig 5).” CT often shows remodeling of the adjacent
bone, while CTA may show small arterially enhancing intrale-
sional vessels. On MR imaging, the lesions are markedly T2
hyperintense, with intralesional signal approaching that of CSF.?



FIG 3. Dynamic contrast imaging. On precontrast (A) image, the mass is slightly isointense to nearby gray matter. Sequential postcontrast images
(B-D) show progressive filling-in with contrast preferentially going to the periphery of the mass.

FIG 4. Histopathologic examination reveals that the mass is composed of numerous, predomi-
nantly thin-walled, anastomosing vascular channels (asterisk) embedded within delicate collage-
nous stroma. The vessels are predominantly thin-walled, with few vessels showing thickened
muscular walls (arrowhead) (A, original magnification, x40). Higher-power magnification shows
that these abnormal vascular channels are lined with cytologically bland endothelial cells (arrow)
and lack internal elastic laminae (B, original magnification, x100). The specimen is stained with

H&E.

Dural tails have also been reported in some lesions, though they
seem to be rare.® He et al,’ in an assessment of 133 cavernous
sinus lesions (24 were cavernous sinus VMs), found 4 imaging
biomarkers suggestive of VMs: ultra-high intralesional T2 signal,
signal uniformity, infiltration of the sellar region, and dumbbell-
shape. If all 4 characteristics were present, the sensitivity and
specificity of the findings were 87.5% and 96.3%, respectively

Nevertheless, even with these features present, it can be diffi-
cult to confidently distinguish VMs from their closest mimickers:
meningiomas and schwannomas.'® Schwannomas, in particular,
are also often dumbbell in shape."" When large, schwannomas
typically follow the path of the nerves from which they arise.
Schwannomas along the trigeminal nerve, for example, might
extend posteriorly into the adjacent Meckel cave or inferiorly
through the foramen ovale. Meningiomas are usually hypointense
to gray matter on T2—not markedly hyperintense like hemangi-
omas—and often have an associated dural tail that extends along
the ipsilateral tentorium.""

In such cases, dynamic MR imaging can help confirm the diag-
nosis. Like their hepatic counterparts, cavernous sinus VMs dem-
onstrate characteristic centripetal “filling in” of enhancement on

dynamic contrast imaging.'>"* This is
thought to represent a gradual influx of
contrast into the large slow-flow vascu-
lar regions." Still, centripetal enhance-
ment is not universally present. Some
authors have posited that 3 pathologic
subtypes of VMs exist, with notable dif-
ferences in their vascular makeups.'>'®
Per the classification by Yao et al,"” type
A lesions are spongelike with an intact
pseudocapsule, largely composed of
thin-walled sinusoids; type B lesions
have incomplete or absent pseudocap-
sules and contain well-formed vascula-
tures; and type C lesions have features
of both. Regardless of the recognition of
such classifications, histologic differen-
ces may certainly play a role in imaging
differences. For example, lesions with
greater numbers of thin-walled vessels may fill with contrast earlier,
thereby leading to early homogeneous enhancement that is present
on all phases. Smaller lesions, too, may lack centripetal
enhancement."?

If diagnostic uncertainty exists, a nuclear medicine-tagged
RBC scan using technetium Tc99m-labeled RBCs may be used.
Classically, such examinations are used to detect VMs within the
liver. However, prior studies have shown similar accumulation of
technetium Tc99m when used in cavernous sinus VMs."” Labeled
RBC studies typically show photopenia during initial dynamic
phase images. Subsequent slow accumulation of tracer results in
marked intralesional uptake on 30-minute and 3-hour delayed
images.*

The terminology of cavernous sinus VMs deserves explana-
tion. Ever since Virchow first categorized vascular anomalies in
the mid-19th century, the classification of vascular anomalies has
undergone numerous adjustments. Today, the 2014 classification
created by the International Society for the Study of Vascular
Anomalies (ISSVA) is considered the mainstay resource for vas-
cular anomaly classification.'® Unfortunately, however, terminol-
ogy from prior classification attempts has been passed on, often
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FIG 5. lllustration of a cavernous sinus vascular venous malformation
with typical lesion characteristics. The mass has multiple benign char-
acteristics, including remodeling of the adjacent bone and displace-
ment—or encasement—of the ICA without high-grade luminal
narrowing. Reproduced with permission from the Mayo Foundation
for Medical Education and Research, all rights reserved.

as colloquial descriptors of various anomalies. VMs such as the
one seen in this case are often still called “hemangiomas,” both in
the literature and clinical contexts. However, it is more precise to
label such lesions vascular venous malformations.'”

Thus, cavernous sinus VMs should not be confused with intra-
axial cerebral cavernous malformations (CCMs) (often imprecisely
referred to as cavernous hemangiomas or cavernomas). Per the
ISSVA nomenclature, the cavernous sinus VM seen in this case is a
common type of venous malformation and is morphologically dis-
tinct from other subtypes of venous malformations including
CCMs. CCMs are specifically located within the parenchyma of
the brain or spinal cord and have characteristic imaging findings
that are distinct from common venous malformations.'®*

Histologically, the closest comparison with the cavernous VM
in this case would be an AVM. An AVM is composed of variably
sized veins, as well as arteries characterized by identifiable inter-
nal elastic lamina—a finding that was absent in our case." In addi-
tion, some authors suggest that cavernous VMs may have an
associated capsule or pseudocapsule, which may differentiate
these lesions from CCMs.*® However, this finding may represent
reactive changes in the tissue surrounding the malformation
rather than originating from the lesion itself, so it may not be a
reliable indicator of these distinct pathologic entities. Also, as
mentioned above, some authors have noted that not all proposed
subtypes of VMs have a pseudocapsule.

Identification of cavernous sinus VMs on imaging is of
utmost importance because surgical management of the lesions
carries a considerable risk. The lesions are highly prone to hem-
orrhage and are in close anatomic proximity to the ICA and mul-
tiple cranial nerves.® Perioperative mortality from uncontrolled
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bleeding reached 12%-36% in older studies, though recent series
have reported better success.”' > The lesions can also recur.”*
Thus, many physicians opt to treat VMs with stereotactic radio-
surgery, either as a primary treatment strategy or as adjuvant
therapy following surgery.>>*® This has been shown to be suc-

cessful: Lee et al,?’

in a study of 31 patients treated with stereotac-
tic radiosurgery, showed that all patients had >50% lesion-
volume reduction at 6 months. A meta-analysis by Wang et al*®
found that most patients have lesion regression after stereotactic
radiosurgery.

The patient reported here recovered well from his biopsy,
with only minimal double vision when looking downward. He
elected to undergo gamma knife radiosurgery, which was com-
pleted 2months after the biopsy. The patient will be followed
with serial imaging to monitor the treatment response.

Case Summary

1. Cavernous sinus vascular venous malformations have multi-
ple characteristic imaging features, including marked T2
hyperintensity and centripetal filling-in on dynamic contrast-
enhanced MRI. Use of the latter, in suspected cases, can help
avoid a potentially dangerous biopsy.

2. Technetium Tc99m-tagged RBC scans typically demonstrate
intralesional radiotracer accumulation on delayed images.

3. Histologically, cavernous VMs are characterized as a mass-
forming aggregate of venous-type vessels that lack an internal
elastic lamina.

4. Cavernous sinus VMs are notoriously difficult to resect due
to their propensity to hemorrhage. Radiosurgery is a viable al-
ternative and is effective at decreasing lesion volume.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ADULT BRAIN

Development and Practical Implementation of a Deep
Learning—Based Pipeline for Automated Pre- and
Postoperative Glioma Segmentation

E. Lotan, Y.W. Lui
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ABSTRACT

BACKGROUND AND PURPOSE: Quantitative volumetric segmentation of gliomas has important implications for diagnosis, treat-
ment, and prognosis. We present a deep-learning model that accommodates automated preoperative and postoperative glioma
segmentation with a pipeline for clinical implementation. Developed and engineered in concert, the work seeks to accelerate clini-
cal realization of such tools.

MATERIALS AND METHODS: A deep learning model, autoencoder regularization—cascaded anisotropic, was developed, trained, and
tested fusing key elements of autoencoder regularization with a cascaded anisotropic convolutional neural network. We con-
structed a dataset consisting of 437 cases with 40 cases reserved as a held-out test and the remainder split 80:20 for training and
validation. We performed data augmentation and hyperparameter optimization and used a mean Dice score to evaluate against
baseline models. To facilitate clinical adoption, we developed the model with an end-to-end pipeline including routing, preprocess-
ing, and end-user interaction.

RESULTS: The autoencoder regularization—cascaded anisotropic model achieved median and mean Dice scores of 0.88/0.83 (SD, 0.09),
0.89/0.84 (SD, 0.08), and 0.81/0.72 (SD, 0.1) for whole-tumor, tumor core/resection cavity, and enhancing tumor subregions, respectively,
including both preoperative and postoperative follow-up cases. The overall total processing time per case was ~10 minutes, including
data routing (~1 minute), preprocessing (~6 minute), segmentation (~1-2 minute), and postprocessing (~1 minute). Implementation chal-
lenges were discussed.

CONCLUSIONS: We show the feasibility and advantages of building a coordinated model with a clinical pipeline for the rapid and
accurate deep learning segmentation of both preoperative and postoperative gliomas. The ability of the model to accommodate
cases of postoperative glioma is clinically important for follow-up. An end-to-end approach, such as used here, may lead us toward
successful clinical translation of tools for quantitative volume measures for glioma.

ABBREVIATIONS: AR = autoencoder regularization; BraTS = Brain Tumor Segmentation; CA = cascaded anisotropic; CNN = convolutional neural network;
DL = deep learning; ET = enhancing tumor; HGG = high-grade glioma; LGG = low-grade glioma; NC = necrotic core; RC = resection cavity; Tlce = TI post-
contrast; TC = tumor core; WT = whole tumor

here is a growing body of literature suggesting that machine
learning may revolutionize the diagnosis, treatment, and fol-
low-up of patients with gliomas, some of the most difficult malig-
nancies to manage.'” In the near-term, deep learning (DL)
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promises to facilitate rapid and user-independent quantitative tu-
mor segmentation.” There is evidence that accurate delineation of
tumor subregions of enhancement and edema can form the basis
for individualized, precision medicine such as predicting a
response to therapy and survival,” as well as aiding in streamlin-
ing radiation therapy planning.®

Thus far, the literature demonstrates proof of concept, showing
state-of-the-art DL models using convolutional neural networks
(CNNs) with moderately good median and mean Dice scores with
respect to ground truth manual segmentations in the range of
0.74-0.85 and 0.61-0.77, respectively, for enhancing tumor.””
Despite promising initial results, multisequence DL-based auto-
matic glioma segmentation methods have yet to reach clinical
practice, and several barriers to implementation exist."”'*'> Besides
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the requisite testing of models for accuracy and generalizability to
local data," clinical implementation requires end-to-end solutions
with streamlined preprocessing'* and integrated user interfaces as
well as the ability to accommodate postoperative cases.”

All too often, machine learning models are developed isolated
from the intended clinical environment, making it difficult to
later engineer a clinical translation. Here, we present an end-to-
end pipeline for development and implementation of an auto-
matic segmentation tool for both preoperative and postoperative
cases and discuss the strength and challenges of such an approach
to development.

MATERIALS AND METHODS

Data Description

The study was approved by our institutional research ethics com-
mittee. Ground truth MR imaging data of manually segmented
brain gliomas included 335 (259 high-grade glioma [HGG] and
76 low-grade glioma (LGG) preoperative cases from the Brain
Tumor Segmentation (BraTS) 2019 open-access repository and
an additional 102 cases from our local medical center, which
included 62 postoperative (52 HGGs, 10 LGGs) and 40 preopera-
tive (30 HGGs, 10 LGGs) cases. The postoperative cases consist
of follow-up MRIs beginning typically at and beyond 3 months
after initial resection that serve clinically as postoperative base-
lines and that are used to track disease progression/recurrence,
respectively. Any scans performed in the immediate postsurgical
(within 48 hours of surgery) period were not included. Since its
inception in 2012, the BraTS$, organized in conjunction with the
Medical Image Computing and Computer-Assisted Interventions
conferences, has been evaluating machine learning models for
volumetric segmentation of gliomas on brain MRIs. The BraTS
multi-institutional, international dataset, including data from 19
independent institutions, is widely used as a benchmark, contain-
ing manually segmented preoperative HGG and LGG across mul-
tiple vendors and machines.”'>'® The dataset from our local
institution does not overlap the BraTS data (our institution was
not among the sites that originally contributed to the BraTS data-
set) and is composed of histologically confirmed grade II-IV glio-
mas according to World Health Organization criteria (2007 or
2016 criteria, depending on whether the case occurred before or
after 2016). Because these data are separate from the original
BraTS data, we refer here to these data as the local dataset. Each
glioma case consists of 4 different sequences (T1 precontrast, T1
postcontrast [T1ce], T2, and T2-FLAIR). Twenty preoperative
and 20 postoperative cases were randomly selected from the local
dataset for testing. The remainder of 397 cases were randomly
split between training and validation datasets using an 80:20
ratio.

MR Imaging Protocol

Data belonging to the local dataset consisted of imaging
performed on 3T scanners from 3 different scanner types
(Magnetom Skyra, Magnetom Vida, and Magnetom Prisma;
Siemens) and 5 imaging sites from a single vendor (Siemens)
using our local, standard clinical brain tumor preoperative and
postoperative MR imaging protocols consisting of the following
pulse sequence parameters: 1) axial precontrast 2D T1-weighted:

TE = 12 ms, TR = 715 ms, FOV = 256 x 256 mm>, flip angle =
8°, resolution = 1 x 1 mm, section thickness = 5mm; 2) post-
contrast 3D MPRAGE (~5-minute interval between contrast
injection and postcontrast acquisition): TE = 4 ms, TR = 2200
ms, FOV = 256 x 256 mm?, flip angle = 15°, isotropic resolu-
tion =1 x 1 x I mm; 3) 3D T2 FLAIR sampling perfection with
application-optimized contrasts by using different flip angle
evolution (SPACE sequence; Siemens): TE = 325 ms, TR = 6000
ms, FOV = 256 x 232 mm?, flip angle = 120° using isotropic
1 x 1 x 1 mm voxels; and 4) T2-weighted imaging, preoperative
studies including a 3D T2 SPACE: TE = 420 ms, TR = 3200 ms,
FOV = 256 x 232 mm?, flip angle = 120°, isotropic 1 x 1 x 1
mm resolution. For postoperative, follow-up cases, we per-
formed an axial 2D T2-weighted series: TE = 81 ms, TR = 5460
ms, FOV = 320 x 260 mm?, and flip angle = 120° using a noni-
sotropic voxel size of 1 x 1 x 5 mm. This difference was to prac-
tically accommodate existing clinical follow-up brain tumor
protocols.

Manual Segmentation

Ground truth manual segmentation data from BraTS$ were estab-
lished and verified by clinical experts and are described else-
where.”'>!® Ground truth manual segmentation of the 102 cases
comprising the local dataset was performed using ITK-SNAP,
Version 3.6.0 (http://itksnap.org).'” For manual segmentation,
the following subregions were outlined following the established
BraTS protocol: whole tumor (WT), tumor core (TC, which
includes enhancing and nonenhancing portions of tumor as well
as central cystic or necrotic regions), and enhancing tumor (ET).”
Note that for regions defined above, each subsequent region is a
subregion of the previous one, with the following relationships:
WT-TC = volume of peritumoral edema; TC-ET = the sum of
nonenhancing tumor and any necrotic or cystic core (NC). In
addition, we adapted this previously published BraTS segmenta-
tion paradigm to accommodate postoperative scans illustrated by
the equation: TC-ET = nonenhancing tumor + NC + resection
cavity (RC). Thus, the model was trained to derive the following
3 segments: WT, TC, and ET from which peritumoral edema,
TC-ET, and ET can be calculated and presented to the end user.
For manual segmentation, T1 MPRAGE was used for ET, and T2-
FLAIR sequences were used for peritumoral edema as was done
for the BraTS data. Coregistered T1 and T1lce images are used to
differentiate ET from nonenhancing subacute blood products.
Manual segmentations from all 102 cases were reviewed in consen-
sus by 2 board-certified neuroradiologists with Certificates of
Added Qualification and having 10 and 15years of experience.
The average time for manual segmentation of the tumor subre-
gions per each case was approximately 1 hour.

Data Preprocessing

MR imaging volumes were converted to NIfTI format using
“dem2niix” (https://github.com/rordenlab/dem2niix).'"® DICOM
is not typically used directly in machine learning training and con-
version to a NIfTT format is a fairly standard and accepted method
for handling image data because the conversion is lossless and
there are good existing Python libraries for handling NIfTT.
Precontrast T1, T2, and FLAIR MR images were coregistered to
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FIG 1. Summary of network architecture showing the combined use of triple CA-CNN® and autoencoder regularization.” Three networks hier-
archically segment whole tumor (WNet), tumor core (TNet), and enhancing tumor (ENet) sequentially. These are structurally similar, and each
network has a dilated ResNetlike block with the GroupNorm normalization, multiscale fusion, downsampling, and upsampling. ENet uses only 1
downsampling layer. The output of the segmentation decoder has 2 channels followed by a sigmoid for segmentation maps. The AC branch
reconstructs the input image into itself and is used only during training to regularize the shared encoder.

Tlce volume via rigid transformation with 6 df from FMRIB’s
Linear Image Registration Tool (FLIRT; http://www.fmrib.ox.
ac.uk/fsl/fslwiki/FLIRT). When 3D T2 SPACE was not available,
we used only 2D T2. Skull-stripping in the patient’s space was
performed using the Advanced Normalization Tools software
package (ANTS; http://stnava.github.io/ANTs/) with a templ-
ate from the LONI Probabilistic Brain Atlas (LPBA40) to elimi-
nate superfluous data.'” The LPBA40 two dataset is composed
of 40 healthy subjects and their corresponding manually labeled
brain masks.”® Image intensities were normalized to a standard
normal distribution (u = 0, ¢ = 1).

Model Architecture and Postprocessing

Our model architecture fuses key elements from 2 of the top-
ranked BraTS models that have made their source code publicly
available: 1) a cascaded anisotropic CNN (CA-CNN), ranked
number 2 in the 2017 BraTS Challenge;8 and 2) an autoencoder
regularization (AR), ranked number 1 in the 2018 BraTS
Challenge.” These works are attributed originally to research
groups from University College London, United Kingdom, and
NVIDIA Corporation, respectively. We fused the autoencoder
regularization with the cascaded CNN (AR-CA); a summary
overview of the architecture is shown in Fig 1.

The first step in the fused model involves using a framework
combining CA-CNN and an additional branch of variational
autoencoder to reconstruct the input image of a brain glioma for
regularization consistent with the architecture described by
Myronenko.” In addition to the CA-CNN encoder backbone, there
are 2 decoders: 1) a segmentation decoder that generates the seg-
mentation maps for the 3 subregions: WT, TC, and ET; and 2) a
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variation decoder trained to reconstruct the input MR image used
only during the training step. The encoder backbone is composed
of 10 residual blocks with different dilations and 4 fused blocks.
Each of these blocks contains 2 intraslice convolution layers with an
intraslice 3 x 3 x 1 kernel. The input of a residual block is directly
added to the output, encouraging the block to learn residual func-
tions with reference to the input.® The fused block has an interslice
1 x 1 x 3 kernel. Convolution layers with either of these kernels
have C output channels, and each is followed by a batch normaliza-
tion layer and a Parametric Rectified Linear Unit activation layer.
The segmentation decoder upsamples the previous fused blocks,
concatenates them, and produces a final block with 2 channels to
generate the final binary prediction. The WT is first segmented
(WNet); then the bounding box including the WT, which directly
combines the 4 sequences (T1, Tlce, T2, and FLAIR), is used as
multiview fusion input for the TC segmentation (TNet). On the ba-
sis of the obtained bounding box of the TC, the ET (ENet) is finally
segmented. The segmentation results from 3 different orthogonal
views (axial, coronal, and sagittal) are fused by averaging the soft-
max output to achieve higher accuracy for each individual network.
Once the glioma was segmented, postprocessing steps for hole fill-
ing and island removal were performed followed by reconversion
to DICOM. Hole filling fills holes smaller than 3 mm? inside pre-
dicted tumors, while the island removal keeps only tumor compo-
nents with volumes larger than 1/10 for WT, TC, and ET in each of
the cascaded segmentation steps performed (WNet, TNet, and
Enet, respectively). Reconversion to DICOM is performed on T1ce
and FLAIR volumes in the axial plane using SimpleITK (https:/
simpleitk.org/). DICOM metadata are copied from the original cor-
responding series section by section.
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Median and mean Dice scores for AR-CA model and 2 baseline models compared against expert manual segmentations for preoper-

ative and postoperative test glioma cases

Dice Score, Preoperative Cases (Median/Mean [SD])

Dice Score, Postoperative Cases (Median/Mean [SD])

Model WT TC ET WT TC B}
AR-CA 0.91/0.88/0.09° 0.91/0.79/0.23 0.87/0.75/0.27% 0.84/0.83/0.08% 0.86/0.84/0.06" 0.74/0.72/0.12°
CA-CNN?® 0.90/0.85/0.11 0.91/0.83/0.17 0.84/0.70/0.31 0.80/0.80/0.14 0.84/0.81/0.07 0.69/0.67/0.14
AR’ 0.87/0.84/0.09 0.82/0.72/0.12 0.71/0.68/0.21 0.82/0.75/0.14 0.63/0.63/0.2 0.66/0.61/0.16

Note:—TC indicates tumor core, including nonenhancing tumor, necrotic or cystic central regions and, in the case of postoperative cases, the resection cavity.

@ Best-performing model in terms of median Dice scores.

Learning

All models, AR-CA and individual baseline models, were trained
and tested using the same datasets as described above. We applied
data augmentation by flipping and randomly applying volume
center shifting and scaling (factor within 0.9-1.1). We tuned and
optimized network hyperparameters: learning rate, optimization
function, drop-out rate, batch size (number of images simultane-
ously processed during training), number of epochs (full training
cycles), Adam optimizer for gradient descent optimization,*' and
A and patience of the early stop. The early stop is a mechanism to
preemptively stop training when the increase in performance on
the validation set (A) becomes too small for a certain time
(patience). To prevent overfitting, we applied the Parametric
Rectified Linear Units activation function. All calculations were
done on a single NVIDIA Tesla V100 SXM2 32 GB of memory
(https://www.nvidia.com/en-gb/data-center/tesla-v100/). A hyper-
parameter tuning loop typically took ~18hours and was per-
formed using the validation data. Three hundred epochs were
trained by setting the learning rate to 0.001 and the decay rate to
0.01, with a 3-epoch interval to derive the optimal validation Dice
scores. The code was implemented in Python 3.6 with Pytorch 1.2
(https://pypi.org/project/pytorch-pipeline/).

Model Assessment

The accuracy of the output of the DL segmentation model was com-
pared with expert manual segmentation of subregions using the
Dice score and the Jaccard index, and all cases were visually
inspected. The Dice score and Jaccard index are mathematically
related similarity indices [Jaccard index = Dice/(2-Dice)] ranging
between 0 and 1, where 1 corresponds to perfect agreement. The dis-
tributions of the preoperative and postoperative tumor volumes are
given in the Online Supplemental Data. Comparison is made of the
AR-CA model performance on the test dataset against both original
implementations of the CA-CNN and AR as baseline models.

Pipeline Implementation

For clinical implementation of automatic tumor segmentation,
an end-to-end pipeline was constructed to identify and route
the MR imaging DICOM of patients with glioma, perform the
file conversion and necessary preprocessing steps, run the DL-
based model, and push quantitative results to clinical viewing.

RESULTS

The Table and the Online Supplemental Data outline mean and me-
dian Dice scores and Jaccard indices, respectively, in 40 test cases for
the fusion model, AR-CA, and the baseline models CA-CNN and

AR, compared against the expert manual segmentations for WT,
TC, and ET subregions. Preoperative and postoperative cases are
reported separately. In general, there is an overlap in performance
among these approaches in terms of Dice scores for both pre- and
postoperative cases, with the highest mean and median values
achieved using the combination approach in the fusion model com-
pared with the 2 individual baseline models, which inform its main

architecture (Table).®’

Most important, our results were achieved
across different machines across multiple imaging sites (Online
Supplemental Data). Segmentation labels computed by baseline and
AR-CA models compared against ground truth manual segmenta-
tion are shown on representative preoperative and postoperative

test cases in Fig 2.

Pipeline Implementation

An overview of the implementation pipeline framework is shown
in Fig 3. The pipeline operates by using 2 servers: one for data
transmission and the other for inference. The former is responsi-
ble for routing of images to the inference server and pushing its
output back to the PACS. The inference server contains 3 mod-
ules: 1) the preprocessor for image conversion to NIfTT, skull-
stripping, and coregistration among series; 2) segmentation using
the fusion model, AR-CA, to produce segmentation for ET, TC,
and WT; and 3) the postprocessor for tumor ROI volume quan-
tification including island removal and hole-filling operations,
followed by reverse conversion back to DICOM. The overall total
processing time for 1 case was ~10 minutes including data rout-
ing (~1 minute), preprocessing (~6 minutes), segmentation
(~1-2 minutes), and postprocessing (~1 minute).

DISCUSSION
We present an open source, end-to-end pipeline for fully auto-
matic volumetric segmentation of both pre- and postoperative
gliomas and describe the required measures for practical inte-
grated implementation to routine clinical workflow. The AR-CA
model described here is inspired by a fusion of key model ele-
ments from 2 publicly available top-ranked BraTS models that
were designed to segment preoperative gliomas. We retrained on
an enlarged cohort that also included postoperative follow-up
imaging, achieving high performance on both preoperative and
postoperative cases. In fact, this fused model enhanced via hyper-
parameter optimization and data augmentation resulted in higher
Dice scores overall compared with results obtained by individual
original top-ranked BraT$ models.>’

An automatic volumetric approach to measuring tumor bur-
den may offer notable advantages over 1D and 2D methods
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commonly used for glioma measurement and ultimately may
even achieve better performance than manual segmentations.
Indeed, a recent randomized and blinded comparison study using
a data base of 741 glioma cases reported a better qualitative per-
formance of the DL-based segmentation algorithm compared
with human raters, with a mean Dice score of 0.87 for the whole
tumor.”* There is evidence that volumetric measures provide
more accurate and consistent estimation with better prediction of

FIG 2. Segmentation labels computed using the AR-CA model and 2 baseline models for com-
parison, shown here with the ground truth expert manual segmentation on representative preop-
erative (A) and postoperative (B) glioma (at 5-months’ follow-up) test cases. Segmented tumor
regions overlaid on postcontrast 3D MPRAGE and 3D SPACE FLAIR. The blue mask denotes the
whole tumor (peritumoral edema and tumor core); the yellow mask denotes the tumor core
(nonenhancing, necrotic tumor/resection cavity, and enhancing portions of the tumor); and the
red mask denotes the enhancing tumor. Arrows mark areas of overestimation or underestima-
tion of peritumoral edema by the baseline models compared with the AR-CA model and the

ground truth segmentations.

overall survival, especially for HGGs in light of their often com-
plex shape.”>"?® Specifically, postoperative contrast-enhancing tu-
mor volume is strongly associated with overall survival and
progression-free survival in patients with glioblastoma.***’

Until to now, there have been few attempts to use DL to seg-
ment postoperative MR images of patients with gliomas.'*"'>'?
Most of these works do not address identification of the surgical
cavity and achieve maximal Dice scores of 0.65-0.7 for postop-
erative cases. More recently, Ermis et
al,® developed a dedicated DL-based
model for automatic segmentation of
the RC in a cohort of 30 postopera-
tive patients with HGGs. They noted
that the model may be helpful for
postoperative radiation therapy with
effective time-savings, though the
results were still suboptimal com-
pared with human raters. Chang et
al'® developed a DL automatic algo-
rithm based on 3D U-Net architec-
ture for volumetric segmentation of
brain gliomas, which includes 2 sub-
regions: FLAIR hyperintensity and
T1 contrast-enhancing, omitting NC
and RC subregions. They used a
cohort of preoperative (n=293) and
postoperative (n=>54) patients with
gliomas and found high agreement
between manual raters and autom-
atic volumetric segmentation with
reported Dice scores of 0.696 and
0.701 for the enhancing tumor and
peritumoral edema, respectively. In
that work, the surgical cavity was not
segmented. The results of our AR-CA
model outperformed these previously
reported Dice scores and further pro-
vide labeled segmentation of the NC/
RC subregions, which are important
for radiation therapy planning.® Zeng
et al'' used a hybrid generative-dis-
criminative model (GLISTRboost) for
segmentation of pre- and postoperative

FIG 3. Schematic visualization of the implementation pipeline. An end-to-end pipeline was built to automate routing of relevant DICOM series
from the MR imaging scanner through a vendor-neutral archive server to the inference server where preprocessing, automatic segmentation,
and postprocessing tasks are executed. Thereafter, output results are sent back to the PACS for viewing using the data-transmit server again.
Overall total processing time for 1 case is about 10 minutes including data routing (~1 minute), preprocessing (~6 minutes), segmentation (~1-2

minutes), and postprocessing (~1 minute).
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FIG 4. AR-CA segmentation model performance for high-grade gliomas with (right) and without
(left) skull-stripping. T MPRAGE postcontrast (upper) and FLAIR (lower) images are shown. This
example demonstrates how preprocessing steps are necessary to facilitate proper segmentation
with obvious errors in estimating the whole tumor and entirely failing to segment the tumor core

and enhancing tumor subregions.

MR images of patients with gliomas (186 preoperative and 32
postoperative MR images were included). Their results showed
median Dice scores of 0.75 and 0.65 for the preoperative and
postoperative cases, respectively, compared with the reference
segmentation.

Meier et al'? aimed to evaluate the use of a fully automatic
segmentation method, Brain Tumor Image Analysis (BraTumIA;
http://mia-software.artorg.unibe.ch/BraTumIA/) for estimating
the extent of resection and residual tumor volume of contrast-
enhancing tumor after an operation, reporting the segmentation
of the enhancing component without segmentation of the RC.
Although our results overall are promising, we did observe a few
postoperative segmentations with low accuracy, perhaps as a
result of limited resilience of the model to operative artifacts,
such as brain distortion, blood products, and air in the RC. There
were also some cases of periventricular tumors in which portions
of the ventricular system and choroid plexus were mislabelled as
TC and ET, respectively.

Once a pipeline is fully integrated
into the PACS and clinical workflows,
any model improvements and updates
can be made quite readily on the server
without requiring changes in other
components of the pipeline.

Challenges of Model Development
Preprocessing steps exactly analogous
to how data from the BraTS datasets
are processed are used here because the
model is inspired from top performers
on prior BraTS Challenges and the
BraTS dataset in model development.
In addition, preprocessing of DICOM
is almost always necessary for input
into machine learning models because
the current common software libraries
accommodate different image formats,
though generally not DICOM. Such
preprocessing steps are, of course, not
part of any routine clinical image
handling. Such preprocessing steps are
nontrivial, typically rule-based, and
account for ~60% of the total process-
ing time, given the relative speed of in-
ference. Model performance is also
dependent on meticulously reproduc-
ing these steps or their equivalent
(Fig 4).

Another challenge is that publicly
available code repositories variably
include optimization parameters. The
lack of optimization parameters cer-
tainly limits cross-institution adoption.
As we move forward, sharing of opti-
mization parameters is also critical to
facilitate effective sharing of models.

While the BraTS Challenge has
contributed significantly to moving the field forward, ultimately
for clinical use, a model is needed that can handle both preopera-
tive and postoperative cases because longitudinal follow-up and
assessment of postoperative residua are desired. Thus, training
models to handle postoperative cases is necessary to achieve
higher clinical relevance. For postoperative cases, to the best of
our knowledge, there are no publicly available ground truth data-
sets. In performing our own manual segmentations, we also found
inherent difficulties in discrimination between NC versus RC and
ET versus postoperative enhancement. For consistency, our
approach was to label the RC and NC together and also label the
ET and postoperative enhancement together, a method that has
been used previously." While clearly incompletely precise, these
pairs of areas have overlapping intensity characteristics and are
simply not reproducibly segmented manually or otherwise; similar
observations have also been noted by others in the field.'"***

Not only is it important to test and potentially retrain on local
data due to differences in sequence parameters, in attempting to
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FIG 5. AR-CN segmentation model performance in a patient with
left convexity meningioma. Despite reasonably good performance of
the model is this case, the model has not been trained or tested on
this type of pathology and would not be reliably expected to per-
form on such cases.

do so, we also found that sequences used for our local clinical MR
imaging protocols (and likely also true for other imaging centers)
do not necessarily match BraTS imaging sequences. For example,
at our institution, it is not customary to acquire all three 3D pulse
sequences (T1-weighted, T2-weighted, and T2 FLAIR) in every fol-
low-up tumor case due to the long acquisition times associated
with such a protocol, mainly reserved for operative cases for stereo-
taxis. Thus, effective clinical segmentation models need be able to
handle differences in preoperative and postoperative protocols.
The model performance may well have been higher for postopera-
tive cases if we had access to 3D T2 SPACE for training in all cases;
however, with the aim of developing a tool adaptive to its clinical
environment rather than the other way around, we retrained using
our existing clinical protocols achieving 4%-6% improvement in
Dice scores for the different subregions. Most important, once the
pipeline is worked out, model improvements or substitutions or
both are easy to implement. Therefore, continued clinical evalua-
tions of segmentation models should be performed.

Challenges of Implementation

A number of practical challenges were present when mapping
out implementation. Correct routing of studies and series to the
model is required, necessitating mapping from multiple scanners
and sites. Studies were routed on the basis of the type of protocol.
Unfortunately, we have a single protocol for preoperative neuro-
surgical cases that include pathologies different from gliomas (eg,
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meningioma, metastasis, arteriovenous malformation). When
these were input into the model, some of the output was reasona-
ble (Fig 5), though the model is not reliable for these other path-
ologies because it has not been trained or tested on any such
examples. To address this issue, we had to create a discrete proto-
col for presurgical MR imaging with glioma segmentation. Of
note, there is a clinical precedent for specialized protocols such as
this, for example, for the indication of dementia and referrer
requests for quantitative volumetrics of the brain. For series rout-
ing, filtering rules were set up on the basis of series description,
though due to description drift with time and inconsistent nam-
ing convention, this currently requires manual periodic evalua-
tion for updating of rules, and irregularities were encountered
more frequently initially.

Left/right mirror-image flipping occurred in some cases
with one of the 3D sequences. This may have resulted from
scanner differences in terms of setup, defaults, and direction of
scanning. This occasionally prevented proper coregistration,
resulting in nonsense output. Another barrier encountered was
sudden failure of the pipeline, resulting in no studies being
processed. After investigation, it appeared that the mount
between the data transit server and the storage space discon-
nected due to a reboot of one of the servers. Thus, we set up a
notification mechanism when the mount/server was down.
Finally, in ~5% of cases, we encountered inconsistent delays in
routing to the inference node because there was no notification
of completion of image routing and, thus, no clear trigger for
the model to run. Typically, routing to the inference node took
1-2 minutes; however, in about 20% of the cases typically due
to delays on the scanner itself, the delay could be as much as
15-30 minutes. We set a wait-time window on the inference
node of 2 minutes for a new study, looping over all previously
received studies during that day. In aggregate, across all modes
of failure described, approximately 90% of cases yielded useful
segmentation masks. Most important, routing solutions are
likely to benefit from machine learning, possibly DL.*

Toward successful deployment, the need to educate end users
including radiologists, neurosurgeons, and neuro-oncologists
about the strengths and limitations of the tool is paramount.
Tumor segmentations must be reviewed and volume calculations
must not be blindly followed. Over- and underestimation of tu-
mor will occur, and the calculation of a 95% confidence interval
for all measurements is further recommended. One should con-
sider what the output looks like, whether to output directly to the
clinical PACS environment or a separate application. For work-
flow purposes, more often than not, viewing in the PACS is pre-
ferred by clinical radiologists and obviates the need for
navigating complex additional software; however, not all PACS
vendors can accommodate specific output (color, overlays, and
so forth), and sending too many unnecessary, additional series to
the PACS can overwhelm and possibly confuse viewers. In this
case, we sent output segmentations directly to the PACS superim-
posed on SPACE FLAIR and MPRAGE postcontrast in the axial
plane. We avoided complex interactions between the end user
and the segmentation, though a templated macro is added to the
report regarding the accuracy of the segmentation and poor seg-
mentations can be marked in the PACS as such.



Limitations

The postoperative segmentation definitions used here are defined
on the basis of imaging characteristics and do not necessarily
imply that these should dictate specific treatments. We realize
that postsurgical tumors are challenging to detect and parse.
Ground truth manual segmentations are generally considered the
criterion standard for this task; however, they are also known to
have interobserver variability.>’ This tool is not intended as a
classification tool for recurrent tumor and notably does not
incorporate information from diffusion and perfusion MR imag-
ing. We believe that a tool such as the one described here can
help inform follow-up in patients with gliomas by providing
quantitative 3D measures based on the standard imaging pulse
sequences described, though clearly these must be interpreted in
conjunction with the images themselves in addition to any other
available pulse sequences, prior imaging, and, as always, by a
trained radiologist and oncologic care team with knowledge of
the clinical history, treatment regimen, and current presentation.
In addition, postoperative cases are not represented in the BraTS
dataset, so these are derived exclusively from our local dataset,
which is relatively small. Although there are images obtained
from 3 different scanner types (Magnetom Skyra, Magnetom
Prisma, and Magnetom Vida) and 5 imaging sites, these are from
a single institution, represent images from a single vendor, and
are all acquired at 3T. Adoption for use in a different institution
would require testing and possible fine-tuning the model on local
data. In the future, the model would likely benefit from a greater
number of training datasets.

CONCLUSIONS
This study serves as proof of concept of model development coor-
dinated with pipeline implementation for a DL-based model for
automatic volumetric segmentation that can handle both pre- and
postoperative gliomas. Such a unified approach facilitates model
design and training compatible with routine clinical workflow. We
present a model that most importantly accommodates postopera-
tive cases that are clinically important to assess for disease progres-
sion and recurrence. The model fuses key innovations from
available top-ranked source codes with favorable performance
achieved after hyperparameter optimization and discusses the chal-
lenges and limitations of the tool. Such a tool may help finally real-
ize clinical translation of quantitative measures for brain tumors.
Source code can be found at https://github.com/abenpy/
ARCNet.
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Quantifying T2-FLAIR Mismatch Using Geographically
Weighted Regression and Predicting Molecular Status in
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BACKGROUND AND PURPOSE: The T2-FLAIR mismatch sign is a validated imaging sign of isocitrate dehydrogenase—mutant 1p/19q non-
codeleted gliomas. It is identified by radiologists through visual inspection of preoperative MR imaging scans and has been shown to
identify isocitrate dehydrogenase-mutant 1p/19q noncodeleted gliomas with a high positive predictive value. We have developed an
approach to quantify the T2-FLAIR mismatch signature and use it to predict the molecular status of lower-grade gliomas.

MATERIALS AND METHODS: We used multiparametric MR imaging scans and segmentation labels of 108 preoperative lower-grade
glioma tumors from The Cancer Imaging Archive. Clinical information and T2-FLAIR mismatch sign labels were obtained from sup-
plementary material of relevant publications. We adopted an objective analytic approach to estimate this sign through a geograph-
ically weighted regression and used the residuals for each case to construct a probability density function (serving as a residual
signature). These functions were then analyzed using an appropriate statistical framework.

RESULTS: We observed statistically significant (P value = .05) differences between the averages of residual signatures for an isoci-
trate dehydrogenase—mutant 1p/19q noncodeleted class of tumors versus other categories. Our classifier predicts these cases with
area under the curve of 0.98 and high specificity and sensitivity. It also predicts the T2-FLAIR mismatch sign within these cases
with an under the curve of 0.93.

CONCLUSIONS: On the basis of this retrospective study, we show that geographically weighted regression-based residual signa-
tures are highly informative of the T2-FLAIR mismatch sign and can identify isocitrate dehydrogenase—mutation and 1p/19q codele-
tion status with high predictive power. The utility of the proposed quantification of the T2-FLAIR mismatch sign can be potentially
validated through a prospective multi-institutional study.

ABBREVIATIONS: GWR = geographically weighted regression; IDH = isocitrate dehydrogenase; LGG = lower-grade glioma; PDF = probability density function

D iffuse gliomas are rare-but-life-threatening neoplasms char-
acterized by infiltrative tumor growth in the brain. They
have traditionally been classified according to phenotypic sub-
types, including astrocytomas, oligodendrogliomas, and glioblas-
tomas."” The incidence of gliomas has steadily increased with
time, with currently 5.9 cases per 100,000.> Among diffuse glio-
mas, the World Health Organization characterizes low-grade
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Recent genomic studies have resulted in lower-grade gliomas
(LGGs) being categorized on the basis of molecular biomarkers
that are associated with differing prognoses and responses to
treatment."® LGGs are currently classified by the presence/ab-
sence of a mutation in the isocitrate dehydrogenase (IDH)1/IDH2
genes, as well as the presence/absence of codeletion of the 1p and
19q chromosomes (1p/19q)."* IDH mutations are known to
confer improved survival in patients with LGG and potentially
better treatment outcomes."® The presence of the 1p/19q codele-
tion also indicates better survival outcomes as well as increased
sensitivity to specific forms of treatment."*

An imaging phenotype known as the T2-FLAIR mismatch
sign in LGGs has drawn interest as a robust diagnostic tool to
identify a specific molecular subtype of LGGs, namely IDH-mu-
tant 1p/19q noncodeleted astrocytomas.®® This sign is character-
ized by the presence of complete/near-complete hyperintense
signal on T2 TSE (referred to as T2 from here on) and a relatively
hypointense signal on T2-weighted FLAIR (referred to as FLAIR
from here on) except for a hyperintense peripheral rim. The T2-
FLAIR mismatch sign was initially reported by Patel et al® to be a
highly specific marker for IDH-mutant, noncodeleted gliomas
with a positive predictive value of 100% in both the test and vali-
dation sets. These results have been validated by multiple
research groups with high specificity,”*'* and the T2-FLAIR
mismatch sign is now considered a useful and robust imaging
sign.® However, we emphasize that the 100% positive predictive

6,7,9-14 and

value studies were all based on retrospective studies,
the results cannot be directly assumed for a general population.
For example, Johnson et al'? found that T2-FLAIR mismatch
elicits false-positives for IDH-mutant, noncodeleted astrocytomas
in pediatric glioma cases. Additionally, as discussed in Foltyn et
al,'* looser definitions of “mismatch” that do not require com-
plete or near-complete hypointense T2 signal and a hyperintense
peripheral rim on FLAIR may also elicit false-positives.

Analyses of distinct histopathologic and radiologic features of
the brain have been conducted to better understand the physio-
logic context of the T2-FLAIR mismatch. For example, ADC val-
ues computed from diffusion-weighted images were shown to
identify IDH-mutant noncodeleted LGGs with high specificity,
capturing cases in which a T2-FLAIR mismatch was not appa-
rent, in addition to those in which a mismatch was present.'
This study suggests that T2-FLAIR mismatch is also involved in
the pathways that enable the IDH-mutated noncodeleted gliomas
to exhibit increased ADC values compared with other subtypes.'
Aliotta et al'® added that the T2-FLAIR mismatch has substan-
tially higher ADC values and lower relative CBV values compared
with other IDH-mutant noncodeleted cases that do not have a mis-
match. These values are considered well-known prognostic factors
for glioma cases, and ADC has been implicated as a possible proxy
for differences in tumor microenvironment.'> Therefore, although
specific molecular pathway information must be investigated to
better understand the mechanism for the T2-FLAIR mismatch,
there is marked evidence that a mismatch emerges as a special case
of IDH mutation and 1p19/q noncodeletion and confers possible
tumor differences, which could have potential prognostic or pre-
dictive implications in the future. Our discussion of ADC here is to
provide some background on the biologic motivations of our
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work, and we would like to emphasize that our proposed approach
uses only T2 and FLAIR imaging sequences.

Although several studies analyzing the T2-FLAIR mismatch are
available, to our knowledge, this is a first attempt to develop a statisti-
cal framework to detect the T2-FLAIR mismatch from MR images
alone. We hypothesized that a statistical framework should be able to
discriminate among different molecular subtypes of LGGs, including
between IDH-mutant tumors with and without 1p/19q codeletion as
well as the presence of a T2-FLAIR mismatch, even when the charac-
teristic peripheral ring is not visible. Such a framework should allow
the robust analysis of image characteristics that confer discriminative
power that is not easily achieved by human reviewers.

Our proposed statistical framework builds a quantification of
the T2-FLAIR mismatch using patients’ MRIs to build a classifier
for tumor subtypes on the basis of features extracted from the mis-
match quantification. The proposed workflow of our approach is
provided in Fig 1. We use a spatial analysis technique called geo-
graphically weighted regression (GWR)"® in combination with tools
from geometric functional data analysis to quantify the mismatch
between T2 and FLAIR. We refer to our quantification as a residual
signature to differentiate it from T2-FLAIR mismatch. Using
appropriate statistical frameworks (further details in the Materials
and Methods section and the Online Supplemental Data), we
devised permutation-based hypothesis tests to investigate differen-
ces among groups of residual signatures (eg, IDH-mutated versus
IDH wild-type) and built classification models to predict the molec-
ular status of the subjects. This framework of permutation tests and
classification models has also been successfully used for the analysis

of imaging data in the context of diabetic retinopathy.'”'®

MATERIALS AND METHODS

Data

The multimodal MR imaging scans used in this study were
obtained from The Cancer Imaging Archive'® and comprise base-
line preoperative scans from 108 LGG tumors with segmentation
labels generated by an automated algorithm and revised by an
expert board-certified neuroradiologist.”>*' The tumor segmenta-
tion masks were matched across all MR imaging modalities.
Clinical information including IDH status and the 1p/19q codele-
tion status was obtained from supplementary information pro-
vided with the 2016 pan-glioma article.”* The T2-FLAIR mismatch
sign labels for these cases were used from the original publication,’®
which was evaluated by 2 independent neuroradiologists. For these
108 subjects with LGGs, the sample composition for the molecular
characteristics and mismatch signatures are shown in Table 1.

Image Preprocessing

The voxel intensity values for the MR imaging scans are difficult to
compare across subjects due to variation in scanner configurations.
We preprocessed the scans to normalize the intensity values
using a biologically motivated normalization technique called
WhiteStripe (https://cran.r-project.org/web/packages/WhiteStripe/
index.html).”®> White Stripe normalization applies a z score trans-
formation to the whole brain using parameters that are estimated
from the distribution of normal-appearing white matter.” It is
shown to satisfy a set of 7 statistical principles for image normaliza-
tion such as the following: 1) having a common interpretation across


https://cran.r-project.org/web/packages/WhiteStripe/index.html
https://cran.r-project.org/web/packages/WhiteStripe/index.html

FIG 1. Workflow of our proposed approach. We obtained the tumor region from T2 and FLAIR scans using the tumor-segmentation mask. In
step 1, we performed GWR with pixel values from the tumor region in T2 and FLAIR as the response and predictor, respectively. In step 2, a resid-
ual signature (ie, probability density function) was constructed using residuals from GWR. In step 3, we used residual signature-based features

for hypothesis testing and classification models.

Table 1: Sample composition for different molecular characteristics and mismatch signatures®

Groupings

Group 1 Group 2

(A) IDH-mutation status
(B) 1p/19q codeletion status
(C) IDH mutant and Tp/19q noncodeleted versus others
T2-FLAIR mismatch type
(D) In all LGGs
(E) In IDH-mutant LGGs
(F) In IDH -mutant and 1p/19q noncodeleted LGGs

Mutated (n = 83)
Noncodeleted (n = 56)
Noncodeleted (n = 56)

Wild-type (n =22)
Codeleted (n=127)
Others (n =49)

Mismatch (n =11)
Mismatch (n =11)
Mismatch (n =11)

No mismatch (n = 94)
No mismatch (n=72)
No mismatch (n = 45)

? Three subjects were excluded due to missing data. The 6 groupings based on the molecular status and mismatch indicators are indicated as (A)—(F).

locations within the same tissue type, 2) being replicable, 3) preserv-
ing the rank of intensities, 4) having similar distributions for the
same tissues of interest within and across patients, 5) not being influ-
enced by biologic abnormality or population heterogeneity, 6) being
minimally sensitive to noise and artifacts, and 7) not resulting in loss
of information associated with pathology or other phenomena.*®
This normalization is done for both T2 and FLAIR images. In our
analysis, for each subject, we considered only 1 axial section of the
MR imaging scan that had the largest connected component of tu-
mor from the whole tumor region.

Geographically Weighted Regression

GWR is a spatial-analysis technique to study the spatially varying
relationships between the response and covariates in a regression
model.'® Tt is a statistical modeling approach similar to locally
weighted regression used in curve-fitting and smoothing applica-
tions. The local regression parameters in a GWR are estimated by
using subsets of data by appropriately weighting them (on the basis

of proximity) with respect to the location at which the model is
being estimated.

GWR Model. We will explain the GWR model in the context of
our analysis. Consider the T2 and FLAIR MR imaging scans for an
axial section and the corresponding tumor segmentation mask.
We perform GWR within the segmented tumor region with the
pixel intensity values of T2 as the response and of FLAIR as predic-
tors. For each tumor pixel, s = 1,..,n (where n is the total number
of tumor pixels in the MR imaging), the GWR model is given as
ys= B T %85 + &5 with y; and x, being the intensity values of
the tumor pixel s from T2 and FLAIR MR imaging scans, respec-
tively. Here, B, is the intercept, B is the regression coefficient,
and &, is the random error. The spatial location of a tumor pixel is
identified by its corresponding grid coordinates from the axial sec-
tion. We can compute the distance between any pair of tumor pix-
els as the Euclidean distance between the corresponding grid
coordinates. These distances are used as input to a kernel function
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FIG 2. T2 TSE and FLAIR MR images and the magnitude of the residual signatures corresponding
to T2-FLAIR mismatch LGGs. Each row corresponds to an axial section from a patient tumor. The
3 columns represent the T2, FLAIR, and magnitude of the GWR residual for each tumor pixel,

respectively.

to compute weights that capture spatial dependence between the
tumor pixels. For example, the weight corresponding to 2 tumor
pixels in close proximity will be higher compared with the weight
for pixels farther away from each other. These weights are then
used to estimate the GWR model parameters at each tumor pixel s.
Further details about the model formulation and estimation are
provided in the Online Supplemental Data.

GWR Residuals. As an illustration, we consider &, to be the resid-
ual from the GWR model described above. Here, &, can be inter-
preted as the amount of T2 pixel intensity not explained by the
FLAIR pixel intensity through GWR. To quantitatively assess the
mismatch between T2 and FLAIR images, we consider &; for all
the tumor pixels s = 1,..,n and create a representation of the mis-
match. We construct a probability density function (PDF) using
these GWR residuals to quantify the mismatch. This PDF
(referred to as the residual signature) acts as a surrogate for the
mismatch and can be used for subsequent statistical analysis.

Probability Density Functions

The residual signature in our framework is an object of the space
of PDFs. We wanted to have a metric (distance) that measures the
dissimilarity between any 2 PDFs. There are multiple approaches
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to construct such a metric; however,
they pose various computational chal-
lenges.** We considered an equivalent
representation of the PDFs via a square
root transformation,?> which allows a
simple computation of the distance
between any 2 PDFs using the geome-
try of the space of square root transfor-
This
facilitates computation of an average

mations. transformation  also
(or mean) PDF, which provides effi-
cient summarization and visualization,
for the sample of PDFs. Details about
the computation of the distance and
average are provided in the Online
Supplemental Data.

Permutation-Based Hypothesis Test.
We devised a permutation-based hy-
pothesis test to investigate any differ-
ences in the average PDFs of the 2
groups (eg, IDH-mutated versus wild-
type). Thus, we first computed the av-
erage PDFs of the 2 groups and used
the distance between 2 average PDFs
as the test statistic. We created the null
distribution for the test statistic by
randomly permuting the group labels
between the subjects. A P value was
constructed by comparing the test sta-
tistic with the null distribution (details
in the Online Supplemental Data).

Classification. Standard classification
algorithms (eg, logistic regression, probit regression) can be used
when the predictors belong to the Euclidean space. However, in our
case, the data object corresponding to each subject is a PDF (e, the
residual signature). Hence, we used a geometric framework that
maps each PDF to a vector of values via a principal component
analysis for the sample of PDFs (details in the Online Supplemental
Data). Using these Euclidean representations of PDFs (ie, the prin-
cipal component scores), we constructed a probit regression model,
a generalized linear model that models a binary categoric variable
using numeric and/or categoric predictors.

RESULTS

For the 108 subjects with LGGs, we defined 6 different combina-
tions of groups based on their molecular status and the T2-
FLAIR mismatch sign.® The 6 groupings and the corresponding
sample size for each category are shown in Table 1. Three sub-
jects were excluded due to missing data. The residual signature
for each subject was constructed by computing the kernel density
estimate from the GWR residuals.

Figures 2 and 3 show the T2 TSE and FLAIR images and the
pixel-wise GWR residual magnitudes from the tumor region for
3 sample cases with and without mismatch, respectively. We can
see that the GWR residuals in Fig 2 clearly capture the



FIG 3. T2 TSE and FLAIR MR images and the magnitude of the residual signatures corresponding
to no-mismatch LGGs. Each row corresponds to an axial scan from a patient’s tumor. The 3 col-
umns represent the T2, FLAIR, and magnitude of the GWR residual for each tumor pixel,

respectively.

Table 2: P values (and adjusted P values) from permutation-based hypothesis tests to

test for differences between the group averages of the PDFs*

hyperintense rim structure that is
characteristic of a mismatch, whereas
in Fig 3, there is no specific pattern to
the GWR residuals but rather just a
noisy distribution of pixel values over
the tumor area. These images indicate
that in cases with the mismatch, there
is a clear difference in the axial rim
along the boundary of the tumor
between the T2 and FLAIR sequences.

Hypothesis Test Results

For each grouping, we computed the
group averages of the PDFs as described
in the Materials and Methods section.
These group-wise average PDFs are
shown as a figure in the Online
Supplemental Data for each of the 6
groupings (A)-(F). Differences in the
group averages are visually evident
(through the differences in the peaks
and tails) for the groupings (B)-(F) but
not for (A). We performed the permu-
tation-based hypothesis test to evaluate
these differences in the groups and
compute P values as described in the
Materials and Methods section. We
considered 100,000 random permuta-
tions for each test, and the correspond-
ing P values are presented in the second
column of Table 2. We also present the
false discovery rate-adjusted P values to
account for multiple comparisons (ie,
multiple hypotheses tests). From these
results, we see that the average residual

signature (or the average PDF) among

Comparison P Value P Value (adjusted)

(A) IDH-mutation status 46 46 the groups for the groupings (B)~(F)
(B) 1p/19q codeletion status 03 .05 has a small P value (close to .05). This
(C) IDH mutant and Tp/19q noncodeleted versus others .02 .05 provides reasonable evidence against
T2-FLAIR mismatch type the null hypothesis that the average
(D) In all LGGs 03 05 PDFs between the 2 groups are the
(E) In IDH-mutant LGGs .04 .05

(F) In IDH-mutant and 1p/19q noncodeleted LGGs .06 .08 same. This is in agreement with the vis-

?The P values adjusted for multiple comparisons are also presented.

Table 3: Classification results based on leave-one-out cross-val-
idation approach for each of the 6 groupings®

Comparison AUC and 95% ClI Sensitivity Specificity
(A) 0.96 (0.911) 0.88 096
(8) 0.98 (0.94-1) 100 098
(@) 0.98 (0.94-1) 0.98 1.00
(D) 0.81(0.54-1) 0.82 0.94
() 0.82 (0.58-1) 0.82 093
(F) 0.93 (0.84-1) 0.91 091

Note:—AUC indicates area under the curve.
@ These include the AUCs with the corresponding 95% Cls, sensitivity, and specific-
ity. The groupings and comparisons indicated as (A)-(F) are described in Table 1.

ual differences in the average PDFs of
these groupings (Online Supplemental
Data).

Classification Results
We considered the residual signature for each subject as the predic-
tor and built classification models (as described in the Materials
and Methods section) with the corresponding group label as the
response for each of the 6 groupings. We used a leave-one-out
cross-validation approach for prediction, and the results are pre-
sented in Table 3. For example, we considered the grouping (A)
for IDH status, ie, IDH-mutated and IDH wild-type, and obtained
the vector representation of the PDFs by leaving 1 subject out and
predicting the group label for the left-out subject. This process was
repeated across all the subjects by leaving 1 subject out each time.
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We report the area under the curve, its Bonferroni-adjusted 95%
confidence interval, sensitivity, and specificity. The confidence
intervals are Wald-type, which are computed using the DeLong
variance estimator”® using the pROC* package in R statistical and
computing software (http://www.r-project.org/). Using our resid-
ual signatures as predictors, we saw a strong predictive perform-
ance for the groupings (A)-(C) and (F). Specifically, our residual
signatures have strong sensitivity and specificity for the 1p/19q
codeletion status in IDH-mutant LGGs.

DISCUSSION

The T2-FLAIR mismatch sign is a well-validated indicator of IDH-
mutant 1p/19q noncodeleted LGGs. In this study, we quantified
the mismatch as a PDF constructed using the residuals from a
locally (geographically) weighted regression of the T2 pixel inten-
sities on the corresponding FLAIR image. Furthermore, we eval-
uated the utility of this residual signature in identifying various
molecular subtypes of LGGs. We devised a permutation-based hy-
pothesis test to detect significant differences among the average
PDFs of groups on the basis of molecular subtypes of glioma and a
classification algorithm to predict subtype labels of the tumor.

Figures 2 and 3 capture the hyperintense rim structure that is
characteristic of the T2-FLAIR mismatch signature. The visually
observed differences in rim intensity are summarized in a figure
in the Online Supplemental Data; cases having the T2-FLAIR
mismatch have wider tails in their average PDFs than those with-
out. This could be indicative of the high magnitude of residuals
coming from the tumor rim. Given the high specificity of the
mismatch signature to the IDH-mutant 1p/19q noncodeleted
class of gliomas, we compared the residual signature of these
cases with other classes. Most interesting, we observed significant
differences in the average profile of this class of gliomas com-
pared with other subtypes, regardless of their mismatch labels.
Results from the permutation-based hypothesis test agree with
visual differences in mean signatures. Specifically, comparisons
(B) and (C) indicate significant differences in mean residual pro-
files of the IDH-mutated 1p/19q noncodeleted class of tumors.
This result combined with the comparison (F) about differences
within this subclass with and without mismatch indicate the util-
ity of our approach. Our GWR-based approach is able to learn
subtle features from the images that are difficult to discern visu-
ally. These features could potentially serve as sensitive markers
for the IDH-mutant noncodeleted subtype of gliomas. To validate
this hypothesis, we devised a classification algorithm using
Euclidean representations (ie, principal component scores) of the
T2-FLAIR GWR residual signatures.

The features extracted from GWR residuals are highly predic-
tive of major glioma subtypes. Our classifier identifies IDH-
mutated 1p/19q noncodeleted cases with near certainty in com-
parisons (B) and (C), which is better than its performance in
identifying the mismatch within these cases in comparisons (D)
and (E). Our classification model has high sensitivity and speci-
ficity to discriminate the 1p/19q codeletion status in IDH-mutant
LGGs. This observation supports the findings of Patel et al® that
report a 100% positive predictive value in predicting IDH-
mutated astrocytomas by visual inspection in a retrospective
study. Our work, however, builds on this result in several
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important ways. First, our results demonstrate that IDH-mutated
1p/19q codeletion status can be identified in gliomas from the re-
sidual signatures computed using GWR with high areas under
the curve and specificity. Second, our work is not influenced by
any of the inter- and intra-observer variability that is inherent in
visual inspection of the mismatch sign from the MR images. Our
framework is built on quantitative image analysis and rigorous
statistical theory and provides a potentially powerful radioge-
nomic tool for identifying various molecular subtypes of gliomas.
Our results indicate that radiomic features based on a T2-FLAIR
mismatch are highly predictive of the IDH-mutant noncodeleted
glioma subtype and provide a comprehensive quantitative alter-
native to the visually observed mismatch signature.

Furthermore, our statistical framework does not require
advanced computing resources. The GWR model estimation is
the only computationally intensive step in our framework, which,
on average, took about 22.5 seconds per subject to execute. This
time varies with the number of tumor pixels (ie, varying tumor
sizes). Further details about the computation time are provided
in the Online Supplemental Data. Software to implement our
approach can be made available on reasonable request and with
appropriate permissions from the University of Michigan.

CONCLUSIONS

Inspired by the value of the T2-FLAIR mismatch in identifying
molecular subgroups of gliomas, we have developed a fully auto-
mated algorithm for quantifying the extent of mismatch between
T2 and FLAIR scans, given tumor segmentation masks and
extracted features from the T2-FLAIR residual signature that are
strongly predictive of the glioma subtypes. We have shown that
the residual signatures computed from performing GWR can be
used to build classifiers that are potentially highly specific as well
as sensitive to the IDH-mutant 1p/19q noncodeleted class of glio-
mas but need to be tested in a real-world environment through a
prospective multi-institutional study. Visual identification of the
T2-FLAIR mismatch sign is challenging due to its qualitative def-
inition and readout, as well as the low sensitivity in identifying
the IDH-mutant noncodeleted class of gliomas.'* Our approach
builds highly accurate classifiers on the basis of statistically
informed features of the T2-FLAIR mismatch and may be a use-
ful tool in predicting the molecular subtypes in LGGs.
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Hypovascular Cellular Tumor in Primary Central Nervous
System Lymphoma is Associated with Treatment Resistance:
Tumor Habitat Analysis Using Physiologic MRI

S.Y. Jeong, ““).E. Park, ““N. Kim, and “*'H.S. Kim

* =

ABSTRACT

BACKGROUND AND PURPOSE: The microenvironment of lymphomas is known to be highly variable and closely associated with
treatment resistance and survival. We tried to develop a physiologic MR imaging—based spatial habitat analysis to identify regions
associated with treatment resistance to facilitate the prediction of tumor response after initial chemotherapy in patients with pri-
mary central nervous system lymphoma.

MATERIALS AND METHODS: Eighty-one patients with pathologically confirmed primary central nervous system lymphoma were en-
rolled. Pretreatment physiologic MR imaging was performed, and K-means clustering was used to separate voxels into 3 spatial hab-
itats according to ADC and CBV values. Associations of spatial habitats and clinical and conventional imaging predictors with time
to progression were analyzed using Cox proportional hazards modeling. The performance of statistically significant predictors for
time to progression was assessed using the concordance probability index.

RESULTS: The 3 spatial habitats of hypervascular cellular tumor, hypovascular cellular tumor, and hypovascular hypocellular tumor
were identified. A large hypovascular cellular habitat was most significantly associated with short time to progression (hazard ratio,
2.83; P=.017). The presence of an atypical finding (hazard ratio, 4.41; P=.016), high performance score (hazard ratio, 5.82; P =.04),
and high serum lactate dehydrogenase level (hazard ratio, 1.01; P =.013) was significantly associated with time to progression. A pre-
dictive model constructed using the habitat score and other imaging parameters showed a concordance probability index for pre-
diction of time to progression of 0.70 (95% Cl, 0.54-0.87).

CONCLUSIONS: A hypovascular cellular tumor habitat is associated with treatment resistance in primary central nervous system
lymphoma, and its assessment may refine prechemotherapy imaging—based response prediction for patients with primary central
nervous system lymphoma.

ABBREVIATIONS: CE = contrast-enhanced; C-index = concordance probability index; ECOG = Eastern Cooperative Oncology Group; LDH = lactate dehy-
drogenase; MTX = methotrexate; nCBV = normalized cerebral blood volume; PCNSL = primary central nervous system lymphoma; TTP = time to progression

rimary central nervous system lymphoma (PCNSL) represents  lymphomas was recently shown to be highly variable* with regard
P a histologically and immunohistochemically homogeneous  to both the spatial arrangement and composition of cells, including
type of lymphoma.! However, the microenvironment of B-cell  immune and inflammatory cells, blood and lymphatic vascular
networks, and the extracellular matrix. The tumor microenviron-
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FIG 1. Flow chart of patient recruitment.

8 is associated with

prognosis,' whereas a low permeability pattern ”
shorter progression-free survival. However, these previous studies
were limited in their depiction of the spatial arrangement, with a sin-
gle parameter providing unidirectional information on high or low
parametric values. Physiologic MR imaging-based spatial habitat
analysis refers to the parcellation of voxels on the basis of imaging
parameters obtained from physiologic MR imaging of ADC and
CBYV to explain the habitat-based tumor environment. The parcella-
tion of voxels using physiologic parameters enables depiction of
regions of relative hyper- or hypocellularity and relative hyper- or
hypovascularity. The combined spatial information from cellularity-
and vascularity-reflecting physiologic MR imaging parameters will
enable more precise prediction of treatment response,' especially
identification of any tumor fraction with treatment resistance, which
may exhibit high cellularity and low vascularity.

Clustering methods can be applied to measurements of multi-
ple parameters to separate different tumor habitats through par-
cellation.'* We hypothesized that physiologic MR imaging-based
tumor parcellation could potentially provide spatial information
on pretreatment PCNSL and identify regions of treatment resist-
ance in patients with PCNSL. The purpose of this study was to
develop spatial habitat analysis based on multiparametric physio-
logic MR imaging and identify regions associated with treatment
resistance to facilitate the prediction of tumor response after ini-
tial chemotherapy in patients with PCNSL.

MATERIALS AND METHODS

Study Population

This retrospective study was reviewed and approved by the institu-
tional review board of Asan Medical Center (institutional review
board No. 2021-0265), and the requirement for informed consent
was waived. A review of the database of Asan Medical Center identi-
fied 103 patients who were diagnosed with PCNSL between July
2011 and September 2018. The inclusion criteria were as follows: 1)
pretreatment acquisition of 3T MR imaging with a brain tumor pro-
tocol including anatomic MR imaging and physiologic MR imaging

(DWI and DSC perfusion imaging); 2)
histopathologic confirmation of PCNSL
by stereotactic biopsy; and 3) adequate
follow-up examinations (no longer than
2 weeks after completion of all planned
therapy) to determine the treatment
response according to clinicoradiologic
consensus after MTX-based chemother-
apy. Patients were excluded if they were
lost to follow-up visits (n=6), the tu-
mor was surgically resected (n=15), or
any imaging was unreadable (because of
artifacts, n=1). Therefore, 81 patients
were included in this study (age range,
29-80years; mean age, 61.6 [SD,
11.8] years; 43 women). A flow chart of
patient selection is shown in Fig 1.

Clinical Variables and Treatment

Clinical and pathologic data were

retrieved from the medical records.
Baseline characteristics including age, sex, Eastern Cooperative
Oncology Group (ECOG) performance status at diagnosis," initial
tumor volume, mean serum lactate dehydrogenase (LDH) level,
mean CSF total protein, pretreatment imaging characteristics (loca-
tion and presence of atypical findings), and initial posttreatment
response based on a clinicoradiologic examination were collected.

All included patients had a pathologic diagnosis of diftuse large

B-cell PCNSL and received MTX-based induction chemotherapy
following 1 of 3 protocols: 1) MTX only (3-8 g/m*/day; n = 54); 2)
a combination therapy with MTX and procarbazine, lomustine
(CCNU), and vincristine regimen (PCV): procarbazine (0.1-0.2 g/
mz/day)/vincristine (14 mg/mz/week; n=15); or 3) a combination
therapy with MTX, PCV, and rituximab (375 mg/mz/week; n=12).
After the patient was diagnosed with diffuse large B-cell PCNSL,
dexamethasone was used in all patients for supportive care to mini-
mize symptoms due to vasogenic edema or tumor mass effect.

Response Assessment and Outcome Definition

The posttreatment tumor response was assessed according to the
International Primary CNS Lymphoma Collaborative Group cri-
teria'* based on MR imaging, corticosteroid use, CSF cytology,
and slit lamp examination. A complete response was defined as
resolution of contrast-enhancing lesions on follow-up MR imag-
ing and, if indicated, by CSF cytologic analysis (performed if CSF
cytology was positive for malignant cells at the time of diagnostic
staging). A partial response was defined as an interval decrease in
contrast-enhancing lesion volume, and progressive disease was
defined as an interval increase in contrast-enhancing lesion volume
or development of new enhancing lesions on follow-up contrast-
enhanced MR imaging or involvement of the eye or CSF. All fol-
low-up imaging to assess the overall treatment response was
performed within 2 weeks after completion of all planned chemo-
therapy of the first or second cycle. Clinicoradiologic diagnoses of
posttreatment responses were made by consensus between a neu-
rooncologist (Shin-kyo Yoon, with 10 years of experience in
neuro-oncology practice) and a neuroradiologist (Ho Sung Kim,
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FIG 2. The overall process of the deep learning segmentation and tumor habitat analysis. A, Image acquisition, registration, and deep learning
segmentation for a contrast-enhancing lesion (CEL). B, Extraction of ADC and nCBV values from the CEL and voxel classifications based on ADC
and nCBV values. The individual voxels in each cluster are grouped according to their similarities and differences using a K-means clustering algo-
rithm. C, The cluster number is set to 3 to depict 3 different habitats according to the combinations of ADC and nCBV parameters: hypervascu-
lar cellular, hypovascular cellular, and hypovascular hypocellular. D, Voxels are shown as spatial habitats in the original image space. Associations

of pretreatment tumor habitats with TTP were analyzed.

with 18 years of experience in neuro-oncologic imaging) after
complete imaging and medical chart review."> Both complete
response and partial response were used as a composite end point
to define “treatment response,” and both stable disease and pro-
gressive disease were used as a composite end point to define
“treatment resistance.” Time to progression (TTP) was defined® as
the interval between the initiation of induction therapy until docu-
mentation of resistance to induction therapy (MR imaging after 6
cycles or stable disease after at least 2 cycles and progression or
death from any cause), relapse, or death from any cause after hav-
ing achieved a partial or complete response.

MR Imaging Acquisitions

The brain tumor imaging protocol was acquired on a 3T scan-
ner (Ingenia 3.0 CX; Philips Healthcare) and included conven-
tional and advanced sequences, including T2WI, T2-weighted
FLAIR, T1WI, DWI, DSC perfusion imaging, and contrast-
enhanced (CE)-T1WI. The detailed imaging protocols are pro-
vided in the Online Supplemental Data, and the preprocessing
procedures for the DWI and DSC imaging are summarized in
the Online Supplemental Data.

Conventional Image Analysis

All MR images were read by an experienced neuroradiologist (S.Y.
Jeong with 6 years of experience) who was blinded to the clinical
outcomes. Conventional MR imaging parameters included deep or
superficial location and the presence of atypical features of necrosis
or a hemorrhagic component.'*'” A deep location meant involve-
ment of the basal ganglia, corpus callosum, periventricular
areas, brainstem, and cerebellum. A superficial location meant
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involvement of the cerebral hemisphere with the exception of deep
brain structures. The Online Supplemental Data show cases dem-
onstrating atypical findings of PCNSL on conventional imaging.

Deep Learning Segmentation

The overall process of the deep learning segmentation and tumor
habitat analysis is shown in Fig 2. The 3D CE-T1WI of each
patient was registered and resampled into 1 X 1 X 1 mm isomet-
ric voxel sizes. T2WI, ADC, and normalized CBV (nCBV) maps
were then coregistered and resampled to the isovoxel 3D
enhanced T1WTI using rigid transformations with 6 dfin the SPM
package (Version 12; http://www.fil.ion.ucl.ac.uk/spm/).

Deep learning segmentation was performed using an imple-
mentation of a 3D UNet-based method (https://github.com/
MIC-DKFZ/nnUNet)'® applied to the FLAIR and 3D CE-T1WI
using the PyTorch package, Version 1.1 in Python 3.7 (http://
www.python.org). This deep learning segmentation package is
optimized for processing heterogeneous MR imaging results with
various pathologic characteristics. The segmentation process
included identification of contrast-enhancing lesions, necrosis,
and peritumoral edema, with the contrast-enhancing lesions
being chosen for subsequent investigation.

Tumor Habitat Analysis

The final voxel classifications based on ADC and nCBV values
were implemented using a K-means clustering module in the sci-
kit-learn Python package (https://scikit-learn.org/stable/index.
html). The individual voxels in each cluster were grouped accord-
ing to their similarities and differences using a K-means cluster-
ing algorithm with squared Euclidean distances between voxel


http://www.fil.ion.ucl.ac.uk/spm/
https://github.com/MIC-DKFZ/nnUNet
https://github.com/MIC-DKFZ/nnUNet
http://www.python.org
http://www.python.org
https://scikit-learn.org/stable/index.html
https://scikit-learn.org/stable/index.html

Table 1: Patients and imaging characteristics of the PCNSLs
included in this study

Clinical Characteristics (n = 81)

Mean age (yr)
Sex
Male/female
ECOG performance status at diagnosis
(case No) (%)

616 (SD, 11.8)

38/43 (46.9%/53.1%)

1 71(87.7%)

2 2 (2.5%)

3 6 (7.4%)

4 2 (2.5%)
Mean serum LDH level 225.9 (SD, 59.9)
Mean CSF-total protein 107.0 (SD, 103.0)

Initial treatment response (case No) (%)
Treatment response (CR and PR)
Treatment failure (SD and PD)

Imaging characteristics (case No) (%)

64 (79.0%)
17 (21.0%)

Location
Deep? 69 (85.2%)
Hemisphere 12 (14.8%)
Atypical findings® (case No) (%)
Positive 14 (17.3%)
Negative 67 (82.7%)

Note:—CR, complete response; PR, partial response; PD, progressive disease; SD,
stable disease.

?Deep location: thalamus, basal ganglia, corpus callosum, periventricular area,
cerebellum.

® Atypical findings: presence of hemorrhage or necrosis.

intensities as the similarity metric. The cluster number was set to
3 to depict 3 different habitats according to the combinations of
ADC and nCBV parameters, with the intention of avoiding over-
parameterized models'® and producing a model that was easily
explainable. For example, low or high ADC and CBV values
reflected “hyper-/hypovascularity” and “cellularity/hypocellular-
ity,” respectively, and 3 clusters was the lowest number to demon-
strate the biologic differences.

Population-Level Clustering. Three clusters were set using ADC
and nCBV values: Cluster 1 represented hypervascular cellular tu-
mor with high CBV values and low ADC values; cluster 2 repre-
sented hypovascular cellular tumor with low CBV values and low
ADC values; and cluster 3 represented hypovascular hypocellular
tumor with low CBV values and high ADC values. All voxels were
allocated to 1 of the 3 clusters and were displayed as spatial habitats
in the original image space. The parameter value ranges for the
boundary of the spatial habitats were 4.37-4.9x10~®mm?/s for
nCBV and 103-121x10~° mm?/s for ADC.

Statistical Analysis

All results are reported as median with range or 95% CI for con-
tinuous variables and as frequency or percentage for categoric
variables. All statistical tests were 2-sided, and a P value < .05
was considered to indicate statistical significance. Statistical anal-
yses were performed by using R software, Version 3.4.3 (https://
WWW.r-project.org).

The associations between TTP and clinical and conventional
imaging predictors were determined by univariable Cox analysis.
Univariate analyses were performed to analyze the associations of
tumor habitats with TTP using Cox regression or the Kaplan-
Meier method (log-rank test). Hazard ratios indicate the relative

change in hazard incurred by a unit increase in each parameter,
and 20,000 voxels were considered as 1 U in this study.

The Pearson correlation was used to further analyze the corre-
lation of each tumor habitat with the overall tumor burden of the
contrast-enhancing lesion.

To compare clinical predictors, conventional imaging findings,
and tumor habitats, random survival forest analysis was per-
formed. The variable importance of predictors for TTP was calcu-
lated with 10-fold cross-validation using the randomForestSRC
(https://cran.r-project.org/web/packages/randomForestSRC/index.
html) module in R.

Habitat Risk Score. For the significant predictors identified in the
univariate Cox regression, an optimal cutoff for stratifying high-
and low-risk groups was estimated using the maxstat algorithm
in R with 10-fold cross-validation, which ensured unbiased pre-
diction within the sample.” Using this cutoff from the explora-
tory analysis, we developed a habitat risk score to stratify patients
according to risk, with each predictor being assigned a discrete
score of 1 if it was above its cutoff and zero if it was below it.

Prediction Performance for TTP. A model combining the habitat
risk score and clinical and conventional imaging predictors was
created, and its concordance probability index (C-index) was cal-
culated. The performance of the model was quantified with
respect to discrimination and calibration.”! Discrimination was
measured with the Harrell C-index, and calibration was tested
using the version of the Hosmer-Lemeshow test by D’Agostino
and Nam.*

RESULTS

Patient and Imaging Characteristics of the Study
Population

The baseline demographics, clinical characteristics, and conven-
tional imaging characteristics of the study patients and tumors
are summarized in Table 1. All the study patients underwent ini-
tial treatment with MTX-based chemotherapy. The mean dura-
tion between pretreatment MR imaging and the initial
chemotherapy was 4.8 (SD, 5.1) days. The mean follow-up dura-
tion between pretreatment MR imaging and the first posttreat-
ment MR imaging was 50.8 (SD, 27.1) days. No patient died from
treatment-related toxicity.

Clinical and Conventional Imaging Predictors for TTP

The results of the univariate analysis to evaluate clinical and con-
ventional imaging predictors are summarized in Table 2. Among
the potential clinical and imaging predictors, the presence of
an atypical finding (hazard ratio, 4.41; 95% CI, 1.32-14.71;
P=.016), a high ECOG score of 3 or 4 (hazard ratio, 5.82; 95%
CI, 1.07-31.66; P=.04), and a high serum LDH level (hazard ra-
tio, 1.01; 95% CI, 1.00-1.02; P =.013) were significantly associ-
ated with TTP in PCNSL.

Tumor Habitats Associated with TTP

The results of the univariate analysis to evaluate the associations
of the 3 tumor habitats with TTP are summarized in Table 3.
Among the tumor habitats, a large hypovascular cellular habitat
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Table 2: Clinical and imaging predictors associated with TTP in
PCNSL

Variable Hazard Ratio 95% ClI P Value
Age 0.98 0.94-1.03 .55
Atypical finding® 4.41 1.32-14.71 .016
CSF-total protein 1.00 0.99-1.00 .70
ECOG

2 (reference)

3or4 5.82 1.07-31.66 .04
Serum LDH level 1.01 1.00-1.02 .013
Deep location® 175 0.33-9.08 .50

2 Atypical findings: presence of hemorrhage or necrosis.
t’Deep location: thalamus, basal ganglia, corpus callosum, periventricular area,
cerebellum.

Table 3: Exploratory analysis of spatial habitats for predicting
TTP in patients with PCNSL

TTP
Hazard P
Spatial Tumor Habitats Ratio® 95% Cl  Value
No. of voxels (20,000 voxels)
Hypervascular cellular 139 0.29-6.44 29
habitat
Hypovascular cellular habitat 2.83 120-6.65  .017
Hypovascular hypocelluar 2.03 0.58-7.15 .27
habitat
Voxel fraction (%)
Hypervascular cellular 0.88 0.04-2097 .83
habitat
Hypovascular cellular habitat 2.07 0.29-14.83 .46
Hypovascular hypocelluar 0.46 0.05-4.01 .48
habitat
ADC 0.98 0.95-1.01 16
CBV 0.80 0.45-132 38

?Hazard ratios reported here indicate the relative change in hazard that a 10-unit
(20,000 voxels) increase in each imaging parameter incurs.

(20,000 voxels) was significantly associated with a short TTP
(hazard ratio, 2.83; 95% CI, 1.20-6.65; P=.017; Fig 3). No other
tumor habitats or percentages of the tumor habitats were associ-
ated with TTP.

The single physiologic parameters of ADC and CBV showed
no significant association with TTP (P> .05).

The correlations between the overall tumor burden and each
habitat were moderate (hypervascular cellular habitat, r=0.51,
P <.001; and hypovascular hypocellular habitat, r = 0.55, P <.001)
to strong (hypovascular cellular habitat, = 0.81; P < .001).

The variable importance values of the clinical predictors, con-
ventional imaging findings, and tumor habitats are shown in the
Online Supplemental Data. The variable importance of tumor
habitats of the hypovascular cellular habitat (variable importance,
0.0049) was higher than that of age (variable importance, 0.0037)
and lower than that of atypical findings (variable importance,
0.0185).

Risk Stratification Using the Tumor Habitat Score

The optimal tumor habitat cutoff for stratifying patients according
to treatment response and treatment resistance was >9000 voxels
in the hypovascular cellular habitat. This cutoff value stratified
patients according to treatment response and treatment resistance
with a significant difference in the log-rank test (P=.001). Figure 4
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shows the Kaplan-Meier survival curve and the risk table generated
on the basis of the hypovascular cellular habitat. A habitat risk
score based on discrete increments in the hypovascular cellular
habitat was assigned for the patients.

Performance of the Prediction Model for TTP

The results of the prediction of TTP in PCNSL using tumor habitat
and single physiologic MR imaging parameters are summarized in
Table 4. The C-index for prediction of TTP using tumor habitats
was 0.65 (95% CI, 0.52-0.78), which was significantly higher than
that of the single physiologic MR imaging parameters.

A predictive model was constructed using the habitat score,
the presence of an atypical finding, the ECOG score, and the se-
rum LDH level. The C-index of this model combining selected
clinical predictors, conventional imaging predictors, and tumor
habitat for predicting TTP was 0.73 (95% CI, 0.67-0.80), which
was higher than that of models based on clinical predictors only
(C-index, 0.68; 95% CI, 0.54-0.82) or conventional imaging pre-
dictors only (C-index, 0.63; 95% CI, 0.50-0.76). The Hosmer-
Lemeshow test indicated that the model had good calibration
(P>.5). The C-index of the combined model of clinical predic-
tors and conventional imaging predictors for predicting TTP was
0.71 (95% CI, 0.54-0.78), which was slightly lower than the com-
bined habitat score model, but it did not reach statistical signifi-
cance (P=.10).

DISCUSSION

In this study, we demonstrated that in PCNSL, the TTP after initial
chemotherapy could be predicted by physiologic MR imaging—
based tumor habitat analysis. A hypovascular cellular habitat with
both low CBV and ADC values was significantly associated with
treatment resistance, with a large extent of hypovascular cellular
habitat being associated with a short TTP. Furthermore, a model
combining selected clinical parameters, conventional imaging pre-
dictors, and tumor habitat analysis had great predictive power for
identifying treatment resistance to initial chemotherapy.

The tumor microenvironment is composed of both cellular and
molecular components that continuously interact. The tumor
microenvironments in lymphomas are highly variable with regard
to both the spatial arrangement and composition of cells. The tu-
mor microenvironment plays critical roles in the regulation of tu-
mor cell survival, proliferation, and immune escape, which leads to
treatment resistance.>*® Imaging techniques such as texture analy-
sis, fractal analysis, and habitat analysis can quantify these spatial
heterogeneities of microenvironments within tumors,? and in this
study, we used tumor habitat analysis to identify tumor subregions
and then used them to predict treatment resistance. Tumor habitat
analysis, which parcellates similar voxels using a clustering method,
can reflect the heterogeneity of tumor cellularity and vascularity
and identify subregions that can be used to predict the response to
chemotherapy in PCNSL.

A significant inverse correlation exists between tumor cellular-
ity and ADC values,” suggesting that ADC values can be used as a
surrogate marker of tumor proliferation.”*?* ADC values have
shown potential as a prognostic imaging biomarker for the
response to treatment of non-Hodgkin lymphoma.*” In our study,



FIG 3. A, Demonstration of the 3 spatial habitats defined by clustering of voxels using nor-
malized ADC and nCBV maps in a 53-year-old male patient. The hypervascular cellular habitat
(red) shows high nCBV and low ADC, the hypovascular cellular habitat (green) shows low
nCBV and low ADC, and the hypovascular hypocellular habitat (blue) shows low nCBV and
high ADC. The tumor exhibits a large hypovascular cellular habitat (green), and a persistent
enhancing mass was associated with a short TTP after initial chemotherapy. B, Demonstration
of the 3 spatial habitats defined by clustering of voxels using normalized ADC and nCBV
maps in a 57-year-old male patient. The hypervascular cellular habitat (red) shows high nCBV
and low ADC, the hypovascular cellular habitat (green) shows low nCBV and low ADC, and
the hypovascular hypocellular habitat (blue) shows low nCBV and high ADC. The tumor has a
small hypovascular cellular habitat (green) and showed a complete response at 53 days after
initial chemotherapy.

low ADC values in PCNSL with a cel-
lular habitat indicating a high tumor
burden correlated with adverse clinical
outcomes.

CBV measurements obtained using
DSC MR imaging are one of the indi-
rect modalities used to evaluate the
functional vascularity of the tumor
and its oxygenation status,*®** which
are closely related to the response to
chemotherapy or radiation therapy.*
The hypovascular habitat identified in
our study may reflect a hypoxic micro-
environment that is resistant to treat-
ment, with changes in gene and
molecular expression and evolution
toward increased malignancy and an
increasingly aggressive phenotype.”
Furthermore, low CBV values may
represent a decrease in the patent ves-
sels that deliver the chemotherapeutic
agent to the tumor bed, which, there-
fore, induces resistance to treatment.
This is supported in a previous study’’
that found that high CBV values were
associated with a good prognosis with
longer overall survival and progres-
sion-free survival in PCNSL. The
hypovascular cellular habitat showed
the strongest correlation with overall
tumor burden, and it may indicate the
region of tumor core to be treated
rather than the region responding well
to therapy.

Five clinical parameters are well-
known to correlate with a worse prog-
nosis in PCNSL: elevated LDH, age
older than 60 years, poor performance
status, elevated CSF protein, and loca-
tion of tumor within the deep regions
of the brain such as periventricular
regions, basal ganglia, brainstem, and/
or cerebellum.'® The presence of atypi-
cal imaging findings that reflect necro-
sis or a hemorrhagic component is
associated with short TTP.'®'” These
findings also indicate poor tumor per-
fusion and decreased perfusion-related
drug delivery because of necrosis and
hemorrhage within the tumor.*>**

This study has several limitations.
The first is the small sample size
resulting from the rarity of the disease
and the lack of external validation.
Second, the chemotherapy regimens
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FIG 4. Kaplan-Meier analysis of TTP in patients with PCNSL stratified by hypovascular cellular habitat (log-rank, P =.01).

Table 4: Prediction of TTP in PCNSLs according to tumor habitat, ADC, and CBV*

Combination of Clinical,

Combined Clinical and

Conventional Imaging Conventional Tumor Clinical Conventional Imaging
Predictors, and Tumor Habitats Predictors Habitats Predictors Only Predictors Only
C-index 0.73 0.71 0.65 0.68 0.63
95% Cl 0.67-0.80 0.54-0.78 0.52-0.78 0.54-0.82 0.50-0.76
P value Reference .01 .012 .81 62

@ Combined clinical predictors were age, ECOG score, and mean serum LDH level; the conventional imaging predictor was the presence of atypical image findings. P value
refers to the significance in the difference of the C-indices between the combined model and the single model assessed using “CompareC” (https://cran.r-project.org/

web/packages/compareC/index.html) in the R statistical and computing software.

used in this study were not unified. Because there is no consensus
regarding the other agents to be used in combination with MTX,
several combinations of MTX-based chemotherapy were tried.
We did not perform subgroup analysis per regimen because there
were only a small number of patients in each combination regi-
men. Also, although high-dose radiation therapy plus consolida-
tion chemotherapy or radiation therapy or both are used, there is
no consensus on their combination with MTX.>* Our results
should be confirmed by other studies with strict control of the
chemotherapy regimen. Finally, the prediction performance was
not high, with a C-index of only 0.70. Nonetheless, our study
may be meaningful because it demonstrates the heterogeneity of
PCNSL using physiologic MR imaging and the possibility of a
future imaging biomarker-directed therapeutic plan. A well-
designed prospective study is warranted.
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CONCLUSIONS

The analysis of spatial habitats derived from multiparametric
physiologic MR imaging may provide added value for predicting
treatment response after initial chemotherapy. A hypovascular
cellular tumor habitat was associated with treatment resistance in
PCNSL and may be useful for refining imaging-based prediction
for patients with PCNSL before they undergo chemotherapy.
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ORIGINAL RESEARCH
ADULT BRAIN

An Investigation of Water Diffusivity Changes along the
Perivascular Space in Elderly Subjects with Hypertension

). Kikuta, ““K. Kamagata, ““'K. Takabayashi, ““'T. Taoka, ““H. Yokota, “’C. Andica, “’A. Wada, ““'Y. Someya, ““'Y. Tamura,
R. Kawamori, ““’H. Watada, ““'S. Naganawa, and “*'S. Aoki
o.ia
ABSTRACT

BACKGROUND AND PURPOSE: Hypertension may be related to alterations of the glymphatic system, a waste metabolite drainage sys-
tem in the brain. We aimed to investigate analysis along the perivascular space index changes in elderly subjects with hypertension.

MATERIALS AND METHODS: Diffusion-weighted images were acquired from 126 subjects, including 63 subjects with hypertension
(25 men and 38 women; mean age, 72.45years) and 63 age- and sex-matched controls (25 men and 38 women; mean age,
7216 years). We calculated the analysis along the perivascular space index as a ratio of the mean of x-axis diffusivities in the projec-
tion and association areas to the mean of y-axis diffusivity in the projection area and z-axis diffusivity in the association area. The
left, right, and mean analysis along the perivascular space indices of both hemispheres were compared between the hypertension
and control groups using a Mann-Whitney U test. The Spearman correlation coefficient was used to assess the correlation between
the left, right, and mean ALPS indices and blood pressure and pulse pressure.

RESULTS: The left (P=.011) and mean (P =.024) analysis along the perivascular space indices of the hypertension group were signifi-
cantly lower than that of the control group. The left, right, and mean analysis along the perivascular space indices of all subjects
were significantly negatively correlated with blood pressure values (r = —0.200 to —0.278, P=.002-0.046) and pulse pressure val-

ues (r = —0.221 to —0.245, P=.006-0.013).

CONCLUSIONS: Our results are consistent with a model in which hypertension causes glymphatic dysfunction.

ABBREVIATIONS: ALPS = analysis along the perivascular space; HT = hypertension; ISF = interstitial fluid

he glymphatic system is a waste metabolite drainage system
in the brain."” It consists of four sequential anatomic seg-
ments. First, the cerebrospinal fluid (CSF) flows along the peri-
vascular space surrounding the penetrating arteries. Second, the
CSF disperses into the interstitial space and transfers waste
metabolites into the interstitial fluid (ISF) facilitated by
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aquaporin-4 water channels, which form the outer wall of the
perivascular space. Third, the ISF-containing waste metabolites
flow out of the large-caliber draining vein.> Finally, interstitial
solutes exit the brain through meningeal lymphatic vessels, to-
gether with the venous sinuses.* Glymphatic dysfunction leads to
the deposition of toxic waste products, such as amyloid B8 and
tau proteins, which contribute to the pathogenesis of Alzheimer
disease.”” Toxic solute accumulation due to drainage dysfunction
has been demonstrated in normal aging,® traumatic brain injury,’
and stroke."

Hypertension (HT) is a risk factor for Alzheimer disease in the
elderly.'™"® HT involves pathologic alterations of small cerebral
blood vessels and capillaries.'>'* Mestre et al'* found that the peri-
vascular pump is less efficient in hypertensive mice due to dynamic
changes in the vessel wall. Moreover, Mortensen et al'* demon-
strated suppression of glymphatic activity in spontaneously hyper-
tensive rats, which reduced parenchymal waste transport.

On the basis of these findings, we hypothesized that patients
with HT have an impairment of the glymphatic system.
Alterations in glymphatic function due to HT in living human
brains have not been reported to date because of the challenges
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Table 1: Demographic characteristics of the participants®

imaging was performed by an experi-

Control Group HT Group enced neuroradiologist. DWI data were
(n = 63) (n=63) P Values acquired on a 3T MR imaging scan-
Age( e /female) 72‘162(S/D3Y8 51) 72-452(5/[;55-26) 1 ner (Magnetom Prisma; Siemens)
Sex (male/female 5 5 1 . .
Systolic blood pressure (mm Hg) 12355 (5D, 10.09)  143.63 (SD, 14.5]) <.001 with a 64-channel head coil. Echo-
Diastolic blood pressure (mm Hg) 80.30 (SD, 6.85) 88.60 (SD, 9.30) <.001 planar imaging was acquired using a
Average blood pressure (mm Hg) 98.86 (SD, 7.96) 113.76 (SD, 11.37) <.001 b-value of 1000 s/mm’ along 64
Pulse pressure (mm Hg) 67.56 (SD, 12.28) 82.13 (SD, 13.86) <.001 isotropic diffusion gradients in the
Body mass index (kg/m?) 2156 (SD, 2.72) 2376 (SD, 2.55) <.001 anterior—posterior phase-encoding
Hemoglobin Alc (%) 5.83 (SD, 0.67) 5.76 (SD, 0.40) 654 direction with the followin ]
Total cholesterol (mg/dL) 21673 (SD, 49.08)  203.68 (SD, 33.92) 093 § parame
High-density lipoprotein (mg/dL) 63.98 (SD, 13.3]) 64.89 (SD, 15.45) 988 ters: TR= 3300ms; TE = 70ms;
Low-density lipoprotein (mg/dL) 129.89 (SD, 31.54) 119.33 (SD, 30.01) .043 FOV = 229 x 229 mm; matrix size =
Triglyceride (mg/dL) 94.46 (SD, 65.70) 97.17 (SD, 46.48) 415 130 x 130; resolution = 1.8 x 1.8 mm;
Deep white matter hyperintensities section thickness = 1.8 mm; acquisi-
Fazekas scale 116 (SD, 0.48) 1.41(SD, 0.64) 013

?Data are presented as means (SDs).

1* intro-

encountered during in vivo tracer studies. Taoka et al
duced the analysis along the perivascular space (ALPS) method,
which is calculated using DWT as a noninvasive tool to evaluate
the glymphatic system of living humans. This method assumes
that diffusion plays an essential role in fluid transport in the brain
parenchyma. We assessed ALPS index differences between el-
derly subjects with and without HT and evaluated the association

between the ALPS index and blood pressure and pulse pressure.

MATERIALS AND METHODS

This study was approved by the ethics committee of Juntendo
University in November 2015 and was conducted according to
the principles outlined in the Declaration of Helsinki.

Study Participants

The Bunkyo Health Study is a prospective cohort study that has
been running for >10years.'® We recruited elderly subjects 65-
84 years of age who were living in Bunkyo-ku, an urban area in
Tokyo. Our cohort comprised 1629 elderly people. Of these, 160
participants underwent both FLAIR imaging and DWI. All sub-
jects were right-handed and had no history of diabetes (hemoglo-
bin Alc < 6.5%), hyperlipidemia (total cholesterol < 240 mg/dL,
low-density lipoprotein < 140 mg/dL, high-density lipoprotein
> 40mg/dL, and triglyceride < 150mg/dL), or obesity (body
mass index < 25kg/m% Table 1). Subjects with systolic/diastolic
blood pressure of =135/85 mm Hg during their first visit or those
who had a history of using antihypertensive drugs were included
in the HT group. We included 126 elderly participants, including
63 subjects with HT (25 men and 38 women; mean age, 72.45 [SD,
5.26] years) and 63 age- and sex-matched subjects without HT
(controls; 25 men and 38 women; mean age, 72.16 [SD, 5.11] years)
in this study. The demographic characteristics of the study subjects
are presented in Table 1.

MR Imaging Acquisition

We performed FLAIR imaging (TR=11,000ms; TE = 100ms;
TI=2000 ms; section thickness= 5mm) on a 3T MR imaging
scanner (Airis Vento; Hitachi) in all participants. Deep white hyper-
intensity evaluation using the Fazekas scale based on axial FLAIR

tion time= 7 minutes 29 seconds.
Each DWT acquisition was completed
with a b = 0 image. We also acquired
standard and reverse phase-encoded
blipped images with no diffusion weighting (blip-up and blip-
down) to correct for magnetic susceptibility-induced distor-
tions related to echo-planar imaging acquisitions.

DWI Processing

DWI data were processed using the FMRIB Software Library,"”
Version 6.0 (FSL; www.fmrib.ox.ac.uk/fsl). Diffusion-weighted
data were corrected for susceptibility-induced geometric distor-
tions, eddy current distortions, and intervolume subject motion
using the eddy and topup toolboxes. Diffusivity maps of each
subject were acquired in the directions of the x- (right-left, Dxx),
y- (anterior-posterior, Dyy), and z-axes (inferior-superior, Dzz).'®
Dxx corresponds to the direction of the deep white matter vessels
in the periventricular white matter. Considering that the glym-
phatic system runs along these deep white matter vessels, the Dxx
is assumed to partly reflect water diffusivity along the glymphatic
system. Fractional anisotropy maps of all study participants were
also generated and registered to the FMRIB58_FA standard space
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FMRIB58_FA) using FSL’s
Linear Image Registration Tool (FLIRT; http://www.fmrib.ox.ac.
uk/fsl/fslwiki/FLIRT) and nonlinear registration tool (FNIRT;
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT).

ROI Placement

For ROI placement, 1 subject (68-year-old female control par-
ticipant) with minimal head movement (ie, with the smallest
sum of squared difference) was selected. Using this subject’s
color-coded fractional anisotropy map, we manually placed 5-
mm-diameter square ROIs in the projection and association
areas at the level of the ventricle bodies of the left and right
hemispheres (Fig 1). In the projection area, dominant fibers run
in the z-axis direction, perpendicular to both the x- and y-axes,
whereas in the association area, dominant fibers run in the y-
axis direction, perpendicular to both the x- and z-axes. The
resulting ROIs were then registered to the same fractional ani-
sotropy template. Finally, we manually checked the positions of
the ROIs on each participant’s fractional anisotropy image.
Manual corrections were not performed because all ROIs were
correctly placed.
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FIG 1. ROI placement for the calculation of the ALPS index. Square ROIs of 5 x 5mm? were

placed in the projection (pink) and association (yellow) areas.

Table 2: The values of the left, right, and mean ALPS indices in
the HT and control groups®

HT Group Control Group P Value
Left ALPS index 130 (SD, 0.22) 140 (SD, 0.19) on
Right ALPS index 1.32 (SD, 0.18) 1.37 (SD, 0.21) .094
Mean ALPS index  131(SD,019) 139 (SD, 0.19) 024

?Data are presented as means (SDs).

ALPS Index Calculation

The diffusivity values of the x-, y-, and z-axes within the ROIs
were obtained for each participant. The ALPS index was calcu-
lated as a ratio of the mean of the x-axis diffusivity in the projec-
tion area (Dxxproj) and x-axis diffusivity in the association area
(Dxxassoc) to the mean of the y-axis diffusivity in the projection
area (Dyyproj) and the z-axis diffusivity in the association area
(Dzzassoc) as follows:

. __ Dxxproj+Dxxassoc
ALPS index = Dyyproj-+Dzzassoc*

An ALPS index close to 1.0 reflects minimal diffusion along
the perivascular space, whereas higher values indicate greater dif-
fusivity. The left and right ALPS indices and the mean ALPS
index of the left and right hemispheres were calculated.

Statistical Analysis

Statistical analysis was performed using SPSS Statistics, Version
27.0 (IBM). The left, right, and mean ALPS indices of the control
and HT groups were compared using a nonparametric Mann-
Whitney U test. The associations between the left, right, and
mean ALPS indices of all subjects and the values of systolic blood
pressure, diastolic blood pressure, average blood pressure, and
pulse pressure were evaluated using Spearman correlation coeffi-
cients. A P value <.05 was considered statistically significant.

RESULTS

The features of the control and HT groups are summarized in
Table 1. The control and HT groups did not differ significantly in
age, sex, hemoglobin Alg, total cholesterol, high-density lipopro-
tein, or triglyceride values. As expected, the HT group had
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significantly higher (P <.001) systolic,
diastolic, and average blood pressures
and pulse pressures than the control
group. Furthermore, the HT group had
significantly higher body mass index
(P<.001) and Fazekas scale scores
(P<.013) than the control group. In
contrast, the low-density lipoprotein
value of the control group was signifi-
cantly higher than that of the HT group
(P<.043). Nevertheless, all subjects
were without obesity or hyper-low-
density lipoprotein cholesterolemia.
Moreover, we confirmed no white mat-
ter hyperintensities in the ROIs.

The left (P=.011) and mean ALPS
(P=.024) indices of the HT group
were significantly lower than those of
the control group. However, the right
ALPS index did not differ significantly between the HT and control
groups (P=.094). Table 2 shows the left, right, and mean ALPS
index values of the HT and control groups. Figure 2 shows the box
plots of the left, right, and mean ALPS indices between the HT and
control groups. Furthermore, the left, right, and mean ALPS indices
of all subjects were significantly negatively correlated with systolic
blood pressure values (r = —0.202 to —0.263, P=.003-.023), dia-
—0.200 to —0.218,
P=.014-.046), average blood pressure values (r = —0.231 to
—0.278, P=.002-.009), and pulse pressure values (r = —0.221 to
—0.245, P=.006-.013). The scatterplots in Fig 3 show the correla-
tion between the left, right, and mean ALPS indices and systolic

stolic blood pressure values (r =

blood pressure, diastolic blood pressure, average blood pressure,
and pulse pressure values.

DISCUSSION

We evaluated elderly subjects with HT using the ALPS index,
which is a potential biomarker for the assessment of glymphatic
activity in the living human brain. Our results demonstrated that
left and mean ALPS indices in the subjects with HT were signifi-
cantly lower relative to controls, though no significant difference
was observed between the HT and control groups for the right
ALPS index. Our study also found negative correlations between
the left, right, and mean ALPS indices and blood pressure, and
the left, right, and mean ALPS indices and pulse pressure, which
suggest that glymphatic dysfunction is related to HT.

HT increases the risk of cognitive impairment, vascular demen-
tia, and Alzheimer disease in the elderly.1 LI219.20 The accumulation
of toxic solutes such as amyloid B and tau protein in the brain was
shown to be an important neuropathologic mechanism of cognitive
dysfunction in elderly subjects with HT.>” Previous studies have
indicated that the accumulation of waste metabolites causes glym-
phatic dysfunction, which leads to further deposition.'® HT and ar-
teriosclerosis have been shown to lead to pathologic changes in
small cerebral blood vessels and capillaries.'>'* Such abnormalities
contribute to reductions in cerebral blood flow and volume, which
cause white matter hypoperfusion. Moreover, endothelial cell
abnormalities and blood-brain barrier dysfunction may contribute



FIG 2. Boxplots of the left, right, and mean ALPS indices in the HT and control groups.

to white matter impairment. In the present study, although we did
not detect any white matter hyperintensities in the ROIs, the HT
group had more advanced white matter impairment than the con-

1?! demonstrated that blood-brain barrier dis-

trol group. Adler et a
ruption increases the permeability of the vessel wall and mobilizes
inflammatory factors such as macrophages, lymphocytes, and com-
plementary components, which may lead to myelin damage.
Yamamoto et al** also reported dilation of the perivascular space,
accompanied by myelin degeneration and defects in ISF drainage
in cerebral autosomal dominant arteriopathy, with subcortical
infarcts and leukoencephalopathy associated with extensive small-
vessel disease. In addition, Kamagata et al*> reported an association
between arterial stiffness and white matter demyelination using
magnetization transfer saturation imaging. Notably, myelin-rich tis-
sue, such as white matter, has been shown to be more sensitive to
ISF flow obstruction.** Therefore, small-vessel diseases may be
associated with alterations of both white matter microstructure
and drainage function. Furthermore, in small-vessel disease,
because of the difference in the anatomic bifurcation of the left and
right carotid arteries, the left carotid artery is considered more sus-
ceptible to strong pulse pressure directly from the aortic arch, which
increases the likelihood of plaque formations and intima damage
becoming more severe.”> Thus, microangiopathy due to HT in the
left cerebral hemisphere may be more marked than that in the right

cerebral hemisphere. This possibility may explain why the ALPS
indices of the left hemisphere showed a significant difference
between the HT and control groups, which was not observed in the
right hemisphere.

To the best of our knowledge, this is the first study to show
changes in water diffusivity along the perivascular space in living
patients with HT. Previously, the suppression of glymphatic func-
tion has been observed in spontaneously hypertensive rats using
dynamic contrast-enhanced MR imaging,'* which suggested that
hypertensive conditions reduce the effectiveness of arterial pulsa-
tion as a driver of CSF-ISF exchange and impair glymphatic activ-
ity. Using ex vivo fluorescence imaging, Mestre et al'’ also
demonstrated that the perivascular pump is less efficient in hyper-
tensive mice due to changes in vessel wall dynamics. The perivas-
cular pump driven by arterial pulsation is a powerful mechanism
for fluid transport within the brain*® Therefore, the decreased
function of the perivascular pump could lead to a reduction in
glymphatic activity. In line with previous studies in hypertensive
animals, our findings demonstrated the effect of HT on human
glymphatic dysfunction. Our study observed weak correlations
between the ALPS index and blood pressure and the ALPS index
and pulse pressure. Bewick et al”” reported that a weak correlation
with a low R-value can be statistically significant in a large sample
size. We used a relatively large sample size; thus, a weak correlation

AJNR Am J Neuroradiol 43:48-55 Jan 2022 www.ajnr.org 51



FIG 3. Scatterplots. A—C, Correlations between the left, right, and mean ALPS indices and the systolic blood pressure values. D—F, Correlations
between the left, right, and mean ALPS indices and the diastolic blood pressure values. G, Correlations between the left, right, and mean ALPS indices
and the average blood pressure values. /-L, Correlations between the left, right, and mean ALPS indices and the pulse pressure values in all subjects.

is still considered clinically relevant. High pulse pressure reflects an
estimate of the stiffness of the large central arteries, and high blood
pressure results from arteriosclerosis in the peripheral arteries.”®
Such arterial damage may lead to glymphatic dysfunction due to

arterial pulsation and perivascular pump changes."***°
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The clearance of waste metabolites is essential for tissue ho-
meostasis and is mediated by the blood-brain barrier and the
CSF-ISF exchange pathway.’' The glymphatic system is a clear-
ance mechanism associated with CSF and ISF dynamics, as
observed in many tracing studies. Iliff et al' showed that CSF



FIG 3. Continued

enters the brain along the cortical pial arteries by labeling the
CSF via an injection of a fluorescent tracer into the cisterna
magna CSF in mice. CSF dynamics have also been observed using
intrathecal or intravenous injections of gadolinium-based con-
trast agents as tracers.>*>® However, the invasive injection of

gadolinium-based contrast agents carries risks. Intrathecal
administration of high-dose gadolinium-based contrast agents
may cause gadolinium deposition in the globus pallidus and den-
tate nucleus'®" or serious gadolinium encephalopathy, which

includes nausea, dyspnea, subjective chills, delirium, dysarthria,
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spastic pain of the lower extremities, limb ataxia, and gaze-evoked

4244
nystagmus.

Moreover, the tracking method requires several
hours to track the distribution of a tracer in the brain, and moni-
toring glymphatic activity in real-time is challenging.

In contrast, the ALPS index is a noninvasive tool to assess
the glymphatic system using DWI, which has a short acquisit-
ion time. As mentioned previously, the ALPS method is based
on the hypothesis that diffusion plays an important role in fluid
transport in the parenchyma. Fluid transport was believed to be
caused mainly by cardiac pulsatility.'>** However, Smith et al*®
argued against this theory and suggested that diffusion played
an important role in the transport of neurofluids. Several
reports using mathematic modeling have further demonstrated
the involvement of diffusion and advection in fluid transport in
the parenchyma.***” Martinac and Bilston®® showed that diffu-
sion is most likely the primary mechanism that drives fluid
transport into the interstitial space. Taken together, diffusivity
along the perivascular space could, at least in part, underlie
glymphatic activity. Alterations of the glymphatic system in

. . 15,4
Alzheimer disease,'”*®

idiopathic normal pressure hydrocepha-
lus,'® diabetes,*® and Parkinson disease®® have been shown in
living humans using the ALPS method, which is in line with the
findings of studies using gadolinium-based contrast agents as
tracers.>**?! Additionally, Zhang et al>* recently reported that
the ALPS index is significantly associated with the glymphatic
clearance function calculated by glymphatic MR imaging, fol-
lowing intrathecal administration of gadolinium in patients
with small-vessel disease (r = —0.772 to —0.844, P <<.001). The
report strongly supported the clinical use of the ALPS index as a
glymphatic biomarker.

This study has several limitations. First, it consisted of a rela-
tively large number of participants compared with previous stud-
ies using the ALPS index; however, we obtained DWI data from
only a single institution. Future research should include multisite
data to evaluate the clinical utility of the ALPS index. In addition,
given that a slight difference in the subject’s head position can
influence the ALPS index, we encourage investigations evaluating
the influence of head motion on the calculation of the ALPS
index. Second, we did not consider other physiologic statuses
such as perfusion or pulsatile motion of the brain. Finally, Yokota
et al'® showed that the size of the ROI may influence the calcu-
lated ALPS index, in which larger ROIs were more effective than
smaller ROIs. Thus, further studies evaluating different sizes and
shapes of ROIs for calculating the ALPS index are needed.

CONCLUSIONS
Our results are consistent with a model in which HT causes glym-
phatic dysfunction.

ACKNOWLEDGMENTS

We acknowledge Masahiro Abe for his help in data handling and
graphic assistance. Additionally, the authors would like to thank
Enago (www.enago.jp) for the English language review.

Disclosures: Junko Kikuta—RELATED: Grant: Japan Society for the Promotion of
Science Grants-in-Aid for Scientific grant No. 20K16737.* Toshiaki Taoka—
UNRELATED: Grants/Grants Pending: Canon Medical Systems.* Akihiko Wada—

54 Kikuta Jan 2022 www.ajnr.org

UNRELATED: Employment: Juntendo University. Yoshifumi Tamura—UNRELATED:
Employment: Juntendo University. Hirotaka Watada—UNRELATED: Grants/Grants
Pending: Novo Nordisk Pharma, Mitsubishi Tanabe Pharma, LifesScan Japan,
Dainippon Sumitomo Pharma, Kyowa Kirin, Merck Sharp & Dohme; Payment for
Lectures Including Service on Speakers Bureaus: Mitsubishi Tanabe Pharma,
Dainippon Sumitomo Pharma, Sanwa Kagaku, Takeda, Sanofi, Kowa Pharmaceuticals,
Merck Sharp & Dohme, Boehringer Ingelheim, Eli Lilly, Novo Nordisk Pharma.
Shigeki Aoki—UNRELATED: Board Membership: Canon; Expert Testimony: Ono
Pharmaceutical Co; Grants/Grants Pending: Medi-Physics, Daiich Sankyo, GE
Healthcare, Eisai, FUJIFILM Toyama Chemical Co, Guerbet, Comments: grant for
diagnostic radiology from Medi-Physics, Daiich Sankyo, GE Healthcare, Eisai,
FUJIFILM Toyama Chemical Co, Guerbet; Payment for Lectures Including Service on
Speakers Bureaus: Bayer, Canon, FUJIFILM Toyama Chemical Co, Eisai, Guerbet, GE
Healthcare, Medi-Physics, Siemens, Daiichi Sankyo, Comments: payment for lec-
tures/Chair from Bayer, Canon, FUJIFILM Toyama Chemical Co, Eisai, Guerbet, GE
Healthcare, Medi-Physics, Siemens, Daiichi Sankyo. *Money paid to the institution.

REFERENCES
1. Tliff JJ, Wang M, Liao Y, et al. A paravascular pathway facilitates CSF
flow through the brain parenchyma and the clearance of interstitial
solutes, including amyloid beta. Sci Transl Med 2012;4:147ralll
CrossRef Medline
2. Jessen NA, Munk AS, Lundgaard 1, et al. The glymphatic system: a
beginner’s guide. Neurochem Res 2015;40:2583-99 CrossRef Medline
3. Tliff JJ, Lee H, Yu M, et al. Brain-wide pathway for waste clearance
captured by contrast-enhanced MRI. ] Clin Invest 2013;123:1299-
1309 CrossRef Medline
4. Louveau A, Smirnov I, Keyes TJ, et al. Structural and functional
features of central nervous system lymphatic vessels. Nature
2015;523:337-41 CrossRef Medline
5. Faraco G, Park L, Zhou P, et al. Hypertension enhances A 3-induced
neurovascular dysfunction, promotes J3-secretase activity, and
leads to amyloidogenic processing of APP. ]| Cereb Blood Flow
Metab 2016;36:241-52 CrossRef Medline
6. Cifuentes D, Poittevin M, Dere E, et al. Hypertension accelerates the
progression of Alzheimer-like pathology in a mouse model of the
disease. Hypertension 2015;65:218-24 CrossRef Medline
7. Tadic M, Cuspidi C, Hering D. Hypertension and cognitive dys-
function in elderly: blood pressure management for this global
burden. BMC Cardiovasc Disord 2016;16:208 CrossRef Medline
8. Kress BT, Iliff JJ, Xia M, et al. Impairment of paravascular clearance
pathways in the aging brain. Ann Neurol 2014;76:845-61 CrossRef
Medline
9. Plog BA, Dashnaw ML, Hitomi E, et al. Biomarkers of traumatic
injury are transported from brain to blood via the glymphatic sys-
tem. ] Neurosci 2015;35:518-26 CrossRef Medline
10. Rasmussen MK, Mestre H, Nedergaard M. The glymphatic pathway
in neurological disorders. Lancet Neurol 2018;17:1016-24 CrossRef
Medline
11. Rusanen M, Kivipelto M, Levilahti E, et al. Heart diseases and long-
term risk of dementia and Alzheimer’s disease: a population-based
CAIDE study. ] Alzheimers Dis 2014;42:183-91 CrossRef Medline
12. Turana Y, Tengkawan J, Chia YC, et al. Hypertension and dementia:
a comprehensive review from the HOPE Asia Network. | Clin
Hypertens (Greenwich) 2019;21:1091-98 CrossRef Medline
13. Mestre H, Tithof J, Du T, et al. Flow of cerebrospinal fluid is driven
by arterial pulsations and is reduced in hypertension. Nat Commun
2018;9:4878 CrossRef Medline
14. Mortensen KN, Sanggaard S, Mestre H, et al. Impaired glymph-
atic transport in spontaneously hypertensive rats. | Neurosci
2019;39:6365-77 CrossRef Medline
15. Taoka T, Masutani Y, Kawai H, et al. Evaluation of glymphatic system
activity with the diffusion MR technique: diffusion tensor image
analysis along the perivascular space (DTI-ALPS) in Alzheimer’s
disease cases. Jpn ] Radiol 2017;35:172-78 CrossRef Medline
16. Someya Y, Tamura Y, Kaga H, et al. Skeletal muscle function and
need for long-term care of urban elderly people in Japan (the


http://www.enago.jp
http://dx.doi.org/10.1126/scitranslmed.3003748
https://www.ncbi.nlm.nih.gov/pubmed/22896675
http://dx.doi.org/10.1007/s11064-015-1581-6
https://www.ncbi.nlm.nih.gov/pubmed/25947369
http://dx.doi.org/10.1172/JCI67677
https://www.ncbi.nlm.nih.gov/pubmed/23434588
http://dx.doi.org/10.1038/nature14432
https://www.ncbi.nlm.nih.gov/pubmed/26030524
http://dx.doi.org/10.1038/jcbfm.2015.79
https://www.ncbi.nlm.nih.gov/pubmed/25920959
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.04139
https://www.ncbi.nlm.nih.gov/pubmed/25331846
http://dx.doi.org/10.1186/s12872-016-0386-0
https://www.ncbi.nlm.nih.gov/pubmed/27809779
http://dx.doi.org/10.1002/ana.24271
https://www.ncbi.nlm.nih.gov/pubmed/25204284
http://dx.doi.org/10.1523/JNEUROSCI.3742-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25589747
http://dx.doi.org/10.1016/S1474-4422(18)30318-1
https://www.ncbi.nlm.nih.gov/pubmed/30353860
http://dx.doi.org/10.3233/JAD-132363
https://www.ncbi.nlm.nih.gov/pubmed/24825565
http://dx.doi.org/10.1111/jch.13558
https://www.ncbi.nlm.nih.gov/pubmed/31131972
http://dx.doi.org/10.1038/s41467-018-07318-3
https://www.ncbi.nlm.nih.gov/pubmed/30451853
http://dx.doi.org/10.1523/JNEUROSCI.1974-18.2019
https://www.ncbi.nlm.nih.gov/pubmed/31209176
http://dx.doi.org/10.1007/s11604-017-0617-z
https://www.ncbi.nlm.nih.gov/pubmed/28197821

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bunkyo Health Study): a prospective cohort study. BM] Open
2019;9:¢031584 CrossRef Medline

Jenkinson M, Beckmann CF, Behrens TE, et al. FSL. Neuroimage
2012;62:782-90 CrossRef Medline

Yokota H, Vijayasarathi A, Cekic M, et al. Diagnostic performance
of glymphatic system evaluation using diffusion tensor imaging in
idiopathic normal pressure hydrocephalus and mimickers. Curr
Gerontol Geriatr Res 2019;2019:1-10 CrossRef Medline

Aronow WS. Hypertension and cognitive impairment. Ann Transl
Med 2017;5:259 CrossRef Medline

Kario K, Pickering TG. Blood pressure variability in elderly
patients. Lancet 2000;355:1645-46 CrossRef Medline

Adler S, Martinez J, Williams DS, et al. Positive association between
blood brain barrier disruption and osmotically-induced demyelin-
ation. Mult Scler 2000;6:24-31 CrossRef Medline

Yamamoto Y, Thara M, Tham C, et al. Neuropathological correlates
of temporal pole white matter hyperintensities in CADASIL.
Stroke 2009;40:2004-11 CrossRef Medline

Kamagata K, Andica C, Shimada K, et al. Effects of arterial stiffness
on cerebral white matter integrity in the elderly. In: Proceedings of
the Annual Meeting of the International Society for Magnetic Resonance
in Medicine and the Society for MR Radiographers ¢ Technologists,
Virtual; August 8-14, 2020

Joutel A, Corpechot C, Ducros A, et al. Notch3 mutations in
CADASIL, a hereditary adult-onset condition causing stroke and
dementia. Nature 1996;383:707-10 CrossRef Medline

Selwaness M, van den Bouwhuijsen Q, van Onkelen RS, et al.
Atherosclerotic plaque in the left carotid artery is more vulnerable
than in the right. Stroke 2014;45:3226-30 CrossRef Medline
Martinac AD, Bilston LE. Computational modelling of fluid and sol-
ute transport in the brain. Biomech Model Mechanobiol 2020;19:781-
800 CrossRef Medline

Bewick V, Cheek L, Ball J. Statistics review 7: correlation and
regression. Crit Care 2003;7:451-59 CrossRef Medline

Krzesinski JM. Management of high blood pressure in peripheral
arterial disease. Acta Chir Belg 2005;105:560-66 CrossRef Medline
1liff JJ, Wang M, Zeppenfeld DM, et al. Cerebral arterial pulsation
drives paravascular CSF-interstitial fluid exchange in the murine
brain. ] Neurosci 2013;33:18190-99 CrossRef Medline

Hadaczek P, Yamashita Y, Mirek H, et al. The “perivascular pump”
driven by arterial pulsation is a powerful mechanism for the distri-
bution of therapeutic molecules within the brain. Mol Ther
2006;14:69-78 CrossRef Medline

Braun M, IIif J. The impact of neurovascular, blood-brain barrier,
and glymphatic dysfunction in neurodegenerative and metabolic
diseases. Int Rev Neurobiol 2020;154C:413-36 CrossRef

Gaberel T, Gakuba C, Goulay R, et al. Impaired glymphatic perfu-
sion after strokes revealed by contrast-enhanced MRI. Stroke
2014;45:3092-96 CrossRef Medline

Di Chiro G, Knop RH, Girton ME, et al. MR cisternography and
myelography with Gd-DTPA in monkeys. Radiology 1985;157:373—
77 CrossRef Medline

Biceroglu H, Albayram S, Ogullar S, et al. Direct venous spinal reab-
sorption of cerebrospinal fluid: a new concept with serial magnetic
resonance cisternography in rabbits. ] Neurosurg Spine 2012;16:394-
401 CrossRef Medline

Naganawa S, Nakane T, Kawai H, et al. Gd-based contrast enhance-
ment of the perivascular spaces in the basal ganglia. MRMS
2017;16:61-65 CrossRef

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Naganawa S, Nakane T, Kawai H, et al. Age dependence of gadolin-
ium leakage from the cortical veins into the cerebrospinal fluid
assessed with whole brain 3D-real inversion recovery MR imaging.
Magn Reson Med Sci 2019;18:163-69 CrossRef

Naganawa S, Nakane T, Kawai H, et al. Lack of contrast enhance-
ment in a giant perivascular space of the basal ganglion on delayed
flair images: implications for the glymphatic system. Magn Reson
Med Sci 2017;16:89-90 CrossRef Medline

Siebner HR, von Einsiedel HG, Conrad B. Magnetic resonance ven-
triculography with gadolinium DTPA: report of two cases.
Neuroradiology 1997;39:418-22 CrossRef Medline

Ringstad G, Vatnehol SA, Eide PK. Glymphatic MRI in idiopathic
normal pressure hydrocephalus. Brain 2017;140:2691-2705 CrossRef
Medline

Kanda T, Ishii K, Kawaguchi H, et al. High signal intensity in the den-
tate nucleus and globus pallidus on unenhanced T1-weighted MR
images: relationship with increasing cumulative dose of a gadolin-
ium-based contrast material. Radiology 2014;270:834-41 CrossRef
Taoka T, Naganawa S. Gadolinium-based contrast media, cerebro-
spinal fluid and the glymphatic system: possible mechanisms for
the deposition of gadolinium in the brain. Magn Reson Med Sci
2018;17:111-19 CrossRef Medline

Samardzic D, Thamburaj K. Magnetic resonance characteristics and
susceptibility weighted imaging of the brain in gadolinium ence-
phalopathy. ] Neuroimaging 2015;25:136-39 CrossRef Medline

Arlt S, Cepek L, Rustenbeck HH, et al. Gadolinium encephalopathy
due to accidental intrathecal administration of gadopentetate dime-
glumine. ] Neurol 2007;254:810-12 CrossRef Medline

Provenzano DA, Pellis Z, DeRiggi L. Fatal gadolinium-induced
encephalopathy following accidental intrathecal administration: a
case report and a comprehensive evidence-based review. Reg
Anesth Pain Med 2019;44:721-79 CrossRef

Smith AJ, Yao X, Dix JA, et al. Test of the ‘glymphatic’ hypothesis dem-
onstrates diffusive and aquaporin-4-independent solute transport in
rodent brain parenchyma. eLife 2017;6:¢677679 CrossRef Medline
Asgari M, de Zélicourt D, Kurtcuoglu V. Glymphatic solute transport
does not require bulk flow. Sci Rep 2016;6:38635 CrossRef Medline
Koundal S, Elkin R, Nadeem §, et al. Optimal mass transport with
Lagrangian workflow reveals advective and diffusion driven sol-
ute transport in the glymphatic system. Sci Rep 2020;10:1990
CrossRef Medline

Steward CE, Venkatraman VK, Lui E, et al. Assessment of the DTI-
ALPS parameter along the perivascular space in older adults at
risk of dementia. ] Neuroimaging 2021;31:569-78 CrossRef Medline
Yang G, Deng N, Liu Y, et al. Evaluation of glymphatic system using
diffusion MR technique in T2DM cases. Front Hum Neurosci
2020;14:300 CrossRef Medline

Chen HL, Chen PC, Lu CH, et al. Associations among cognitive
functions, plasma DNA, and diffusion tensor image along the peri-
vascular space (DTI-ALPS) in patients with Parkinson’s disease.
Oxid Med Cell Longev 2021;2021:4034509 CrossRef Medline

Jiang Q, Zhang L, Ding G, et al. Impairment of the glymphatic sys-
tem after diabetes. | Cereb Blood Flow Metab 2017;37:1326-37
CrossRef Medline

Zhang W, Zhou Y, Wang J, et al. Glymphatic clearance function in
patients with cerebral small vessel disease. Neuroimage 2021;238:118257
CrossRef Medline

AINR Am J Neuroradiol 43:48-55 Jan 2022 www.ajnr.org 55


http://dx.doi.org/10.1136/bmjopen-2019-031584
https://www.ncbi.nlm.nih.gov/pubmed/31530621
http://dx.doi.org/10.1016/j.neuroimage.2011.09.015
https://www.ncbi.nlm.nih.gov/pubmed/21979382
http://dx.doi.org/10.1155/2019/5675014
https://www.ncbi.nlm.nih.gov/pubmed/31320896
http://dx.doi.org/10.21037/atm.2017.03.99
https://www.ncbi.nlm.nih.gov/pubmed/28706927
http://dx.doi.org/10.1016/S0140-6736(05)72549-6
https://www.ncbi.nlm.nih.gov/pubmed/10821389
http://dx.doi.org/10.1177/135245850000600106
https://www.ncbi.nlm.nih.gov/pubmed/10694842
http://dx.doi.org/10.1161/STROKEAHA.108.528299
https://www.ncbi.nlm.nih.gov/pubmed/19359623
http://dx.doi.org/10.1038/383707a0
https://www.ncbi.nlm.nih.gov/pubmed/8878478
http://dx.doi.org/10.1161/STROKEAHA.114.005202
https://www.ncbi.nlm.nih.gov/pubmed/25228259
http://dx.doi.org/10.1007/s10237-019-01253-y
https://www.ncbi.nlm.nih.gov/pubmed/31720888
http://dx.doi.org/10.1186/cc2401
https://www.ncbi.nlm.nih.gov/pubmed/14624685
http://dx.doi.org/10.1080/00015458.2005.11679781
https://www.ncbi.nlm.nih.gov/pubmed/16438064
http://dx.doi.org/10.1523/JNEUROSCI.1592-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/24227727
http://dx.doi.org/10.1016/j.ymthe.2006.02.018
https://www.ncbi.nlm.nih.gov/pubmed/16650807
http://dx.doi.org/10.1016/bs.irn.2020.02.006
http://dx.doi.org/10.1161/STROKEAHA.114.006617
https://www.ncbi.nlm.nih.gov/pubmed/25190438
http://dx.doi.org/10.1148/radiology.157.2.4048444
https://www.ncbi.nlm.nih.gov/pubmed/4048444
http://dx.doi.org/10.3171/2011.12.SPINE11108
https://www.ncbi.nlm.nih.gov/pubmed/22243405
http://dx.doi.org/10.2463/mrms.mp.2016-0039
http://dx.doi.org/10.2463/mrms.mp.2018-0053
http://dx.doi.org/10.2463/mrms.ci.2016-0114
https://www.ncbi.nlm.nih.gov/pubmed/28123166
http://dx.doi.org/10.1007/s002340050436
https://www.ncbi.nlm.nih.gov/pubmed/9225321
http://dx.doi.org/10.1093/brain/awx191
https://www.ncbi.nlm.nih.gov/pubmed/28969373
http://dx.doi.org/10.1148/radiol.13131669
http://dx.doi.org/10.2463/mrms.rev.2017-0116
https://www.ncbi.nlm.nih.gov/pubmed/29367513
http://dx.doi.org/10.1111/jon.12067
https://www.ncbi.nlm.nih.gov/pubmed/24251880
http://dx.doi.org/10.1007/s00415-006-0439-x
https://www.ncbi.nlm.nih.gov/pubmed/17401744
http://dx.doi.org/10.1136/rapm-2019-100422
http://dx.doi.org/10.7554/eLife.27679
https://www.ncbi.nlm.nih.gov/pubmed/28826498
http://dx.doi.org/10.1038/srep38635
https://www.ncbi.nlm.nih.gov/pubmed/27929105
http://dx.doi.org/10.1038/s41598-020-59045-9
https://www.ncbi.nlm.nih.gov/pubmed/32029859
http://dx.doi.org/10.1111/jon.12837
https://www.ncbi.nlm.nih.gov/pubmed/33556226
http://dx.doi.org/10.3389/fnhum.2020.00300
https://www.ncbi.nlm.nih.gov/pubmed/32922272
http://dx.doi.org/10.1155/2021/4034509
https://www.ncbi.nlm.nih.gov/pubmed/33680283
http://dx.doi.org/10.1177/0271678X16654702
https://www.ncbi.nlm.nih.gov/pubmed/27306755
http://dx.doi.org/10.1016/j.neuroimage.2021.118257
https://www.ncbi.nlm.nih.gov/pubmed/34118396

ORIGINAL RESEARCH
ADULT BRAIN

White Matter Alterations in Spastic Paraplegia Type 5: A
Multiparametric Structural MRI Study and Correlations with
Biochemical Measurements

Y. Liu, ¥'Z. Ye, “¥). Hu, "¥'Z. Xiao, ““/F. Zhang, W. Chen, “*Y. Fu, and ““D. Cao

X. Yang,

ABSTRACT

BACKGROUND AND PURPOSE: In spastic paraplegia type 5, spinal cord atrophy and white matter signal abnormalities in the brain
are the main MR imaging alterations. However, the specific mechanism remains unclear. We explored the microstructural changes
occurring in spastic paraplegia type 5 and assessed the relation between MR imaging and clinical data.

MATERIALS AND METHODS: Seventeen patients with spastic paraplegia type 5 and 17 healthy controls were scanned with DTl and
T1 mapping on a 3T MR imaging scanner. Fractional anisotropy, mean diffusivity, radial diffusivity, axial diffusivity, and T1 values
were obtained using Tract-Based Spatial Statistics and the Spinal Cord Toolbox. Neurofilament light and myelin basic protein in the
CSF were measured. The differences in MR imaging and biochemical data between patients with spastic paraplegia type 5 and
healthy controls were compared using the Student t test.

RESULTS: A widespread reduction of fractional anisotropy values and an elevation of mean diffusivity, T1, and radial diffusivity val-
ues were found in most cervical, T4, and T5 spinal cords; corona radiata; optic radiations; and internal capsules in spastic paraplegia
type 5. A variation in axial diffusivity values was shown only in C2, C6, and the corona radiata but not in the gray matter. The lev-
els of neurofilament light and myelin basic protein were higher in those with spastic paraplegia type 5 than in healthy controls
(myelin basic protein, 3507 [SD, 2291] versus 127 [SD, 219] pg/mL; neurofilament light, 617 [SD, 207] versus 265 [SD, 187] pg/mL;
P <.001). No correlation was found between the clinical data and MR imaging—derived measures.

CONCLUSIONS: Multiparametric MR imaging and biochemical indicators demonstrated that demyelination (mainly) and axonal loss
led to the white matter integrity loss without gray matter injury in spastic paraplegia type 5.

ABBREVIATIONS: AD = axial diffusivity; FA = fractional anisotropy; HC = healthy control; HSP = hereditary spastic paraplegia; MBP = myelin basic protein;
MD = mean diffusivity; NFL = neurofilament light; RD = radial diffusivity; SPG5 = spastic paraplegia type 5; SPRS = Spastic Paraplegia Rating Scale

ereditary spastic paraplegia (HSP) is a neurodegenerative ~ drugs can be attempted,” but the target of drug action remains

disorder characterized by retrograde axonal degeneration of ~ uncertain. Recent evidence has indicated that SPG5 is caused by a
the corticospinal tracts." Spastic paraplegia type 5 (SPG5) is a rare

subtype of HSP for which treatment with cholesterol-lowering

recessive mutation in the oxysterol-7a-hydroxylase gene
CYP7BI, which leads to the accumulation of neurotoxic oxyster-
ols, especially 27-hydroxycholesterol (27-OHC), which was found

to impair the viability of human cortical neurons in SPG5.2™*
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Given that axons in the white matter are known to exert essential
functions in lipid transport,” we hypothesized that patients with
SPG5 might have white matter integrity loss. An improved
understanding of white matter integrity loss patterns (ie, demye-
lination and/or dying-back axonopathy) would be of substantial
clinical relevance for enabling personalized treatment approaches
for patients with SPG5.>”

DTT is a robust method to detect in vivo white matter abnor-
malities. Specifically, radial diffusivity (RD) values can provide a
quantitative evaluation of myelin sheaths, while axial diffusivity
(AD) values support the assessment of axon status.®’ Accordingly,
DTT has been used to evaluate common subtypes of HSP, such as
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SPG4 and SPGI11.1° However, to date, no study has reported
using DTT to assess both the brain and spinal cord of SPG5. One
challenge with the application of DTI to HSPs is that physiologic
motion and susceptibility artifacts in the spinal cord can challenge
DTI quality. T1 mapping, which is relatively less susceptible to arti-
facts, can reflect myelin conditions and could potentially comple-
ment DTI to explore the myelin injury in HSP; the working
principle of T1 mapping exploits the relatively faster relaxation of
myelin water compared with nonmyelin water.'> Moreover, neuro-
filament light (NFL) and myelin basic protein (MBP) in the CSF
are promising biomarkers that can accurately reflect neuroaxonal
loss and myelin damage, respectively.'®'”

In this study, we performed multiparametric structural MR
imaging, including DTT and T1 mapping, to investigate the brain
and spinal cord microstructural alterations in 17 patients with ge-
netically confirmed SPG5 and conducted biochemical measure-
ments to verify observed trends in myelin and axonal damage.
Subsequently, we explored the correlations of these indicators
with clinical manifestations.

MATERIALS AND METHODS

Subject Selection

Participants were prospectively recruited into the registered cohort
spastic paraplegia study (National Clinical Trials: 04006418) from
2019 to 2020. This case-control parallel cohort study received ap-
proval from the local ethical committees (The First Affiliated
Hospital of Fujian Medical University). All the participants agreed
to participate and signed an informed consent form.

Seventeen patients with SPG5 with genetic confirmation were
included (Online Supplemental Data), and 17 age- and sex-
matched healthy controls (HCs) were also recruited for imaging
assessment. Eleven inpatients without neurologic diseases requir-
ing a subarachnoid block in anesthesia served as controls for CSF
biochemical evaluation (Online Supplemental Data).

Clinical and Biochemical Measurements

All participants completed neurologic examinations and CSF col-
lection on the same day as the MR imaging examination. Disease
severity was quantified with the Spastic Paraplegia Rating Scale
(SPRS)."® CSF NFL was measured using Simoa NF-light Advantage
Kits (Quanterix) on a Simoa HD-1 Analyzer instrument. MBP was
measured by a Human MBP DuoSet ELISA (R&D Systems).

MR Imaging Acquisition

All participants underwent an examination on a 3T MR scanner
(Magnetom Skyra; Siemens) equipped with a 20-channel head-
neck coil and a 24-channel spine-array coil. The following
sequences were performed: 1) axial T2WI, T2-FLAIR, and sagittal
3D T1WI covering the whole brain; 2) sagittal 3D-T2WI and 3D-
TIWI covering the cervical and thoracic spinal cord; 3) DTT with
a single-shot echo-planar imaging sequence for both brain and
spinal cord (32 and 20 different gradient directions, respectively);
and 4) a T1-mapping sequence based on B; inhomogeneity-cor-
rected variable flip angle methods for the spinal cord. DTT and
T1 mapping consisted of 2 axial slabs in the spinal cord: cervical
(C2-C7) and thoracic (T1-T5) slabs. The parameters are listed in
the Online Supplemental Data.

Image Processing

MR Imaging Analysis. DWI preprocessing was performed on the
basis of FSL (http://fsl.fmrib.ox.ac.uk/fsl) and the Diffusion Toolkit
(DTK; http://www.trackvis.org/dtk/). The 3D T1WIs were prepro-
cessed using the CAT12 toolbox of Statistical Parametric Mapping,
12 (SPM; http://www.fil.ion.ucl.ac.uk/spm/software/
spm12). Spinal cord images were analyzed on the basis of the

Version

open-source software Spinal Cord Toolbox (Version 4.01; https://
spinalcordtoolbox.com/) (Online Supplemental Data)."®

Brain Image Analysis. The DTI analysis of the brain was per-
formed with Tract-Based Spatial Statistics (TBSS; http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/TBSS). Voxel-based whole-brain white matter
measures (DTT metrics) were assessed with TBSS using FSL 5.0
(http://www.fmrib.ox.ac.uk/fsl).

Voxel-based morphometry analysis was performed to analyze
the alterations in the gray matter using the CAT12 toolbox.

Spinal Cord Image Analysis. Atlas-based analyses of spinal cord
DTI and T1-mapping data were performed. The analysis pipeline
is shown in the Online Supplemental Data. The spinal cord seg-
ments that met the quality control requirements are summarized
in the Online Supplemental Data.

Statistical Analysis. Statistical analyses were performed with
SPSS (Version 26; IBM). The sample size was determined by the
number of eligible patients willing to participate without prospec-
tive calculation. Demographic, clinical, and biochemical variables
were compared between SPG5 and HCs groups by means of
Student ¢ and Pearson x2 tests. Bonferroni adjustment was used
to correct for multiple comparisons. Correlations were analyzed,
counting age and sex as nuisance covariates.

TBSS statistical analysis was performed using a nonparametric
permutation inference tool, FSL Randomize (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/Randomise/UserGuide). DTI metrics were com-
pared between 2 groups using a 2-sample independent ¢ test. A
voxelwise 2-sample ¢ test was conducted to detect the differences
in the gray matter between patients with SPG5 and HCs. The
total intracranial volume of each participant was entered as a
covariate of no interest. Statistical inferences were made at P <
.001 (uncorrected) and for clusters larger than « = 20.

RESULTS

Demographic and Clinical Features

The demographic and clinical data of all participants are shown
in the Table. According to the Harding criteria,* 16 patients had
pure HSP and 1 patient had complicated HSP. All 17 patients
presented with lower limb spasticity and weakness and dorsal col-
umn dysfunction. Sixteen patients had a severely reduced or non-
existent vibration sense in the lower limbs.

The CSF MBP levels and CSF NFL levels in patients with
SPG5 (CSF MBP, 3507 [SD, 2291] versus 127 [SD, 219] pg/
mL, P<.001; CSF NFL, 617 [SD, 207] versus 265 [SD,
187] pg/mL; P <.001) were both higher than those in the
control group. However, the increased degree in MBP was
much higher than that in NFL in patients with SPG5 (com-
pared with controls, the MBP increased by 27.61 [3507/127]
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FIG 1. Images show whole-brain voxel-based analysis. Voxelwise FA, MD, RD, and AD comparisons by TBSS analysis.

folds on average, while the NFL increased only by 2.33 [617/
265] in patients with SPG5). Conventional MR imaging
showed no apparent signal abnormalities in the brain or spi-
nal cord of those with SPG5 or HCs.

Brain MR Imaging Analysis
TBSS Analysis. Compared with HCs, an extensive and bilateral
symmetric reduction of fractional anisotropy (FA) and an

58 Liu Jan2022 www.ajnr.org

elevation of mean diffusivity (MD) and RD were found in the
cerebral peduncles, optic radiation, internal capsules, corona
radiata, corpus callosum, posterior thalamic radiation, cingu-
lum, and superior and inferior longitudinal fasciculi of
patients with SPG5. The areas of elevated RD and MD closely
mirrored the areas featuring reduced FA. However, an eleva-
tion of AD reached a statistically significant level only in the

corona radiata (Fig 1).



Demographic and clinical data of study participants®

Characteristic HC' HC? SPG5 P Value' P Value®
Participants® 7 n 17 >.99° <.0r
Sex® 99¢ 98¢

Men n 8 n

Women 6 3 6
Age (yn)° 29 (SD, 10) (14-49) 39 (SD, 18) (11-69) 30 (SD, 10) (13-49) 93¢ 13
SPRS® 16 (SD, 9) (2-38)

Disease duration (yr)®

18 (SD, 10) (6-37)

1= Healthy controls recruited for imaging assessment, 2 = hospitalized patients requiring subarachnoid block in anesthesia without neurologic disease enrolled as con-

trols for CSF biochemical assessment.

®Data are numbers of participants.

“Pearson y? test.

dStudent t test.

“Data are mean (SD). Data in parentheses are ranges.

Voxel-Based Morphometry Analysis. There were no statistically
significant differences in gray matter volume between patients
with SPG5 and HCs with a less conservative threshold (P <.001,
uncorrected).

Spinal Cord Analysis. Compared with HCs, patients with SPG5
had reduced FA values and elevated RD, MD, and T1 values at the
C2-T5 segments in the white matter, dorsal columns, and bilateral
lateral corticospinal tract. Significant differences of FA, RD, and T1
values in the white matter regions between patients with SPG5 and
HCs were observed in most cervical spinal cords but not in the
thoracic segments, except T4 and T5. In contrast, no evident differ-
ences of AD values were observed in most spinal cord segments,
and marked reduced AD values were found only at specific seg-
ments (eg, C2 and C6) (Fig 2 and Online Supplemental Data).
Notably, no significant differences in DTI metrics or T1 values
were detected in spinal cord gray matter between patients with
SPG5 and HCs (Online Supplemental Data).

Correlation Analysis. No correlations were found between DTI
parameters and disease severity (SPRS scores) or disease duration
using TBSS. DTI or T1 values at all spinal cord segments in
patients with SPG5 did not correlate with the clinical data
(P> .05, after adjustment for multiple comparisons).

DISCUSSION
This prospective study investigated microstructural alterations
occurring in patients with SPG5. First, the FA values of the brain
and spinal cord white matter were reduced diffusely, indicative of
widespread white matter injury in SPG5. Second, the RD, AD, T1
values, and biochemical indicators (NFL and MBP) demonstrated
that the white matter injury pattern of SPG5 was demyelination
(mainly). Third, there were no correlations between the degree of
white matter injury and the clinical data in SPG5.

Although case reports showed scattered high signal intensity

in the cerebral white matter,>"*

our patients with SPG5 demon-
strated a normal appearance on conventional MR imaging (16 of
17 were pure HSP), like the “pure” phenotype HSP that has been
reported without white matter abnormalities.”>?* However,
reduced FA in the brain and spinal cord revealed white matter in-
tegrity loss in patients with SPG5. Meanwhile, corticospinal tract

and dorsal column involvement was consistent with the clinical

symptoms: lower limb spasticity, weakness, and dorsal column
dysfunction. In addition, we noted that the optic radiations were
also affected in SPGS5, though there were no clinical manifesta-
tions. Therefore, SPG5-specific widespread white matter defects
were possibly related to the accumulation of 27-OHC?* rather
than a genetic cause of damage to a specific site. On the basis of
MR imaging, we have demonstrated the clinical feasibility of
treating patients with SPG5 by lowering the pathologically ele-
vated levels of oxysterols.”®

Reduced FA could be caused by axonal loss and/or myelin
breakdown. RD and AD values derived from DTI can, respec-
tively, indicate myelin sheath and axon status.*® Our findings
showed that RD increased in both the spinal cord and brain; AD
values varied in only several cervical spinal cord segments and
brain regions. These findings suggest that the white matter dam-
age in SPG5 was more related to myelin destruction than to axo-
nal loss. Similar to our results, an MR spectroscopy study showed
an elevated mlIns/Cr ratio in the occipitoparietal region in 2
patients, also indicating demyelination in SPG5.* Moreover,
considering the limited stability of spinal cord DTI, we used the
T1-mapping sequence to detect the possible myelin injury.”® A
prolonged T1-relaxation time in the spinal cord may indicate de-
myelination changes in SPG5 to some extent.

Furthermore, the NFL and MBP levels in the CSF were also an-
alyzed to explore the myelin and axonal degeneration in SPG5.
NEL is a component of the cytoskeleton of myelinated axons and
can reflect axonal injury,'® while the MBP holds the layers of mye-
lin together, so quantifying MBP supports the assessment of mye-
lin destruction.'” Significant differences of both NFL and MBP
were found between HCs and those with SPG5. Additionally, the
mean MBP level in the CSF (3507 pg/mL) in our study was much
higher than that in neuromyelitis optica (706 pg/mL) or multiple
sclerosis (106 pg/mL);*® the mean NFL level (617 pg/mL) was
lower than that in Guillain-Barré syndrome (1308 pg/mL)* or
multiple sclerosis (884 pg/mL).31

Thus, our DTI evidence and biochemical measurements to-
gether support the cautious deduction that the copresence of de-
myelination (mainly) and axonal loss resulted in white matter
degeneration in SPG5. On the other hand, no gray matter abnor-
malities were found in the brain or spinal cord, in good agreement
with the results of a previous MR spectroscopy study: no increased
or reduced Cho/Cr ratio in the gray matter of the occipital
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FIG 2. Analysis of DTI metrics and T1values in 4 spinal cord regions. Percentage rates were calculated as follows: (FAspgs — FApc) / FAuc. DC indi-
cates dorsal column; LCST, left lateral corticospinal tract; RCST, right lateral corticospinal tract; WM, white matter.

region.”’” In brief, demyelination in both white matter and pre- We found no correlations between clinical data (disease dura-

served gray matter in patients with SPG5 was consistent with the ~ tion or SPRS scores) and MR imaging metrics. As previously

12,14,32

characteristics of pure HSP as reported in the literature reported,' the ceiling effect may be a good explanation. Patients
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with SPG5 in our study were disabled and had a long disease du-
ration (the mean SPRS of our patients was 16, the mean disease
duration was 18 years); even though neurodegeneration was still
taking place, the correlation analyses failed to capture clinical
deterioration.”> Meanwhile, considering the slowly progressive na-
ture of the disease, white matter injury may be compensated by
neuroaxonal redundancy or adaptative neuroplasticity, which led
to a discrepancy between the functional evaluation of SPG5
patients and DTI structural assessment in SPG5.** Additionally,
cholesterol is a vital component of myelin; we assumed that abnor-
malities in cholesterol metabolism could influence the early devel-
opment of myelin before the degeneration.

Our study had several limitations. First, the interpretations of
AD, RD, and T1 values are still contested.*® Diffusional kurtosis
imaging and neurite orientation dispersion and density imaging
may be the optimal MR imaging techniques to strengthen the find-
ings of this study.*® Second, lumbar puncture is an invasive exami-
nation; the HCs who underwent the MR imaging examinations
were not the same ones who underwent the lumbar puncture to
get the biochemical measurements. Third, the data reliability of
thoracic spinal cord DTI may be a problem in this study, which is
expected to be solved by more sequence improvement.

CONCLUSIONS

Multiparametric structural MR imaging and biochemical meas-
urements revealed that the neurodegeneration progression of
SPG5 was related to white matter integrity loss (demyelination
mainly) rather than neuronopathy. Our identification of the
widespread myelin damage can support the development of
SPG5 treatment regimens in the future.
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Reduced Leukoaraiosis, Noncardiac Embolic Stroke Etiology,
and Shorter Thrombus Length Indicate Good
Leptomeningeal Collateral Flow in Embolic

Large-Vessel Occlusion

T. Hashimoto, “*'T. Kunieda, “*'T. Honda, “*'F. Scalzo, ““'L. Ali, “*).D. Hinman, “’N.M. Rao, ““’M. Nour, ““’M. Bahr-Hosseini,
J.L. Saver, ““R. Raychev, and ““'D. Liebeskind

ABSTRACT

BACKGROUND AND PURPOSE: Acute leptomeningeal collateral flow is vital for maintaining perfusion to penumbral tissue in acute
ischemic stroke caused by large-vessel occlusion. In this study, we aimed to investigate the clinically available indicators of lepto-
meningeal collateral variability in embolic large-vessel occlusion.

MATERIALS AND METHODS: Among prospectively registered consecutive patients with acute embolic anterior circulation large-ves-
sel occlusion treated with thrombectomy, we analyzed 108 patients admitted from January 2015 to December 2019 who underwent
evaluation of leptomeningeal collateral status on pretreatment CTA. Clinical characteristics, extent of leukoaraiosis on MR imaging,
embolic stroke subtype, time of imaging, occlusive thrombus characteristics, presenting stroke severity, and clinical outcome were
collected. The clinical indicators of good collateral status (>50% collateral filling of the occluded territory) were analyzed using
multivariate logistic regression analysis.

RESULTS: Good collateral status was present in 67 patients (62%) and associated with independent functional outcomes at 3
months. Reduced leukoaraiosis (total Fazekas score, 0-2) was positively related to good collateral status (OR, 9.57; 95% Cl, 2.49—
47.75), while the cardioembolic stroke mechanism was inversely related to good collateral status (OR, 0.17; 95% Cl, 0.02-0.87). In 82
patients with cardioembolic stroke, shorter thrombus length (OR, 0.91 per millimeter increase; 95% Cl, 0.82-0.99) and reduced leu-
koaraiosis (OR, 5.79; 95% Cl, 140-29.61) were independently related to good collateral status.

CONCLUSIONS: Among patients with embolic large-vessel occlusion, reduced leukoaraiosis, noncardiac embolism mechanisms
including embolisms of arterial or undetermined origin, and shorter thrombus length in cardioembolism are indicators of good col-
lateral flow.

ABBREVIATIONS: LCS = leptomeningeal collateral status; LVO = large-vessel occlusion

P atients with ischemic stroke caused by the large-vessel occlu-  tissue in acute stroke caused by LVO, acute leptomeningeal collat-
sions (LVOs) of embolic origin often have large initial hypo-  eral flow is vital. Leptomeningeal collaterals are pre-existing, small
perfusion lesions, extensive subsequent infarction, and poor long-  arteriolar anastomoses that cross-connect the distal-most arterioles

term functional outcomes.! To maintain perfusion to penumbral ~ within the crowns of the cerebral arterial trees and provide an al-
ternative route for blood flow to fields supplied by the occluded ar-

. . . 2
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that increasing severity of leukoaraiosis, which is thought to origi-
nate from chronic arteriolosclerosis and chronically reduced deep
cerebral blood flow, is associated with poor leptomeningeal collat-
eral flow.>'® Additionally, factors present at the time of stroke
onset have been reported to be associated with collateral flow sta-
tus, including stroke etiology and mechanism,"'"'*> blood pres-
sure,” and blood glucose levels.>>° Moreover, occlusive thrombus
extent and composition have been suggested to be associated with
the degree of collateral robustness.'>'* Prior research has often not
clearly distinguished between LVOs of embolic and local in situ
atherosclerotic origin in probing associations between collateral
variability and clinical factors. Further research into the potential
indicators of collateral variability in embolic LVOs will improve
our understanding of the collateral system and potentially identify
ways to improve clinical outcomes in embolic LVOs.

CTA, which is widely used in clinical practice, offers the possi-
bility of evaluating acute leptomeningeal collateral status by
assessing the amount of vascular enhancement in the affected
brain regions distal to the occluded artery.”"> In the present
study, we aimed to investigate the clinically available indicators of
CTA-identified acute leptomeningeal collateral flow variability in
embolic LVOs.

MATERIALS AND METHODS

Patients

All patients admitted to our institution with acute ischemic stroke
who underwent acute reperfusion therapy, including thromboly-
sis using IV rtPA and/or endovascular reperfusion therapy, were
prospectively registered in a single comprehensive stroke center
database. For this study, patients were identified in this database,
from January 2015 to December 2019, who met the following cri-
teria: 1) had acute occlusion of the intracranial ICA terminus or
MCA horizontal or insular segments seen on the initial CTA that
was treated by endovascular reperfusion therapy; 2) had a single
LVO; 3) had embolus of cardiac, artery-to-artery, other arterial,
or undetermined origin as the identified stroke mechanism; 4)
underwent NCCT and CTA on admission before acute reperfu-
sion therapy, with evaluable leptomeningeal collateral status
(LCS) and thrombus length; and 5) underwent MR imaging
within 24 hours after admission, permitting robust evaluation of
leukoaraiosis. Acute endovascular reperfusion therapy proce-
dures were performed in accordance with national and institu-
tional guidelines.

Patients with multiple intracranial occlusions were excluded
because multiple occlusions may variably further compromise
LCS and be a confounding factor. For the exclusion of patients
with the intracranial in situ atherosclerotic mechanism of occlu-
sion, patients were considered to have likely in situ occlusion on
postprocedural angiograms under the following conditions: 1) a
residual 50%-99% stenosis after endovascular treatment; or 2)
evidence of intracranial dissection on reperfusion.

This study was overseen by the Research Ethics Committee of
our institution, which approved the performance of the study
without explicit research informed consent because it was a mini-
mal-risk study involving only analysis of clinically acquired data.
All study protocols and procedures were conducted in accord-
ance with the Declaration of Helsinki. The de-identified data that
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support the findings of this study are available from the corre-
sponding author on reasonable request for the purpose of repli-
cating procedures and results.

Clinical Information

The following demographic and clinical characteristics were ana-
lyzed for each patient: sex; age; history of hypertension; history of
diabetes mellitus; history of dyslipidemia; history of premorbid
atrial fibrillation; history of smoking; history of stroke/TIA; pre-
morbid antithrombotic medication; premorbid statin medication;
body mass index; NIHSS score on emergency admission; initial
systolic/diastolic blood pressure; initial glucose, Cr, and blood
urea nitrogen blood levels; stroke subtype; time from last known
well to imaging; occluded target vessel; and ASPECTS from
admission NCCT. The stroke subtypes were determined by
expert stroke neurologists in our institution using the ASCOD
(A, atherosclerosis; S, small-vessel disease; C, cardiac pathology;
O, other causes; and D, dissection) phenotyping scheme, includ-
ing cardioembolic stroke, artery-to-artery embolic stroke second-
ary to extracranial carotid arterial stenosis of >50% due to
atherosclerosis, artery-to-artery embolic stroke secondary to
extracranial dissection, and embolic stroke of undetermined
source. The degree of carotid artery stenosis was confirmed by
DSA during the thrombectomy procedure using the NASCET
criteria. The time of imaging was defined as the time point at
which the first images were acquired for the patient after admis-
sion. The clinical outcome of each patient, measured by the mRS
score at 3 months after admission, was also collected. Favorable
outcome was defined as an mRS score of 0-2 at 3 months.

Imaging Protocols

Institutional NCCT and CTA scans were performed on emer-
gency admission using Somatom Sensation 64-detector series
scanners (Siemens). First, NCCT images were obtained sequen-
tially with the following parameters: FOV, 230 mm; voltage,
120kV; effective current, 250-350 mAs; section collimation,
1.2mm; effective section thickness, 3 mm; and reconstruction
kernels, H40s medium for brain window and H60 for bone win-
dow. Next, CTA was performed with the nonionic monomer
iohexol (Omnipaque; GE Healthcare) at 350-mg iodine/mL.
Contrast-enhanced image acquisition was performed after a sin-
gle-bolus IV injection of 150 mL of contrast medium at a rate of
3-5mlL/s, autotriggered by the appearance of contrast in an ROI
manually placed in the ascending aorta. The vessels were scanned
in helical mode with the following parameters: tube voltage,
120 kV; tube current, 300 mAs; collimation, 0.6 mm; and effective
section thickness, 1 mm. CTA was performed immediately after
the acquisition of NCCT images. In addition, the delayed-phase
contrast-enhanced image acquisition (80 seconds post-CTA con-
trast injection) was obtained using the same parameters used for
CTA in accordance with our institution’s stroke code protocol to
reduce vascular nonopacification and increase the frequency of
the identification of the proximal and distal ends of the occlusive
thrombus.'® In cases in which IV rtPA was administered, patients
were treated after the acquisition of delayed-phase contrast-
enhanced images.



FIG 1. Exemplary cases of an imaging assessment with good (A-D) and poor (E-H) acute leptomeningeal collateral flow. A, CTA shows right
proximal MCA occlusion (arrow) with a collateral score of 3. B, MR imaging shows mild leukoaraiosis with a total Fazekas score of 1. C, Delayed-
phase CTA shows a short occlusive thrombus identified by the filling defect of contrast (between arrowheads, with a tracer tool for measuring
thrombus length). D, NCCT shows an occlusive thrombus with the placement of a single ROI for measuring Hounsfield unit density (outlined
region). E, CTA shows right proximal MCA occlusion (arrow) with a collateral score of zero. F, MR imaging shows severe leukoaraiosis with a total
Fazekas score of 5. G, Delayed-phase CTA shows a long occlusive thrombus identified by the filling defect of contrast (between arrowheacds,
with a tracer tool for measuring thrombus length). H, NCCT shows an occlusive thrombus on multiple slices, with the placement of 2 ROIs for

measuring Hounsfield unit density (outlined regions).

MR imaging was performed within 24 hours after admission
on 1.5T Magnetom Avanto or 3T Magnetom Trio MR imaging
scanners (Siemens). The standard MR imaging protocol included
DWI (TR, 5600 ms; TE, 106 ms; FOV, 255 mm; matrix, 192 x 192;
section thickness, 5mm); FLAIR (TR, 9000 ms; TE, 89 ms; FOV,
220 mm; matrix, 320 x 216; section thickness, 5 mm); and MRA of
the cervical and intracranial vessels.

Imaging Analyses

Imaging data for all patients were independently reviewed by 2
experienced stroke neurologists. Imaging analyses were per-
formed without any knowledge of the clinical findings except for
the side of the stroke lesion.

LCS was assessed on 20-mm CTA MIP images using a scale of
0-3:">'7 0 = absent collateral supply to the occluded vascular terri-
tory; 1= collateral supply filling =50% but >0% of the occluded
vascular territory; 2=supply filling >50% but <100% of the
occluded vascular territory; and 3 =100% collateral supply of the
occluded vascular territory. Rater discrepancies were settled by
consensus discussions. Good LCS was defined as collateral scores
of 2-3.%°

Leukoaraiosis was assessed using FLAIR, and the Fazekas
scale was used to categorize the degree of leukoaraiosis. This scale
divides the WM into periventricular and deep regions, and each
region is given a grade from 0 to 3, depending on the size and
confluence of lesions on MR imaging; a higher score indicates a
greater degree of leukoaraiosis. The examinations were scored in
unaffected hemispheres of the present stroke using all available
slices, rather than the single supraganglionic and single gangli-
onic slices from the original methodology.'® Rater discrepancies
were settled by consensus discussions. The total Fazekas score
was obtained as a grade from 0 to 6 by summing scores from the
periventricular and deep WM lesions.

For the occlusive thrombus signals on imaging, we assessed
thrombus length and thrombus density on CT scans. Horos,
Version 3.3.5, software (http://www.horosproject.org) was used
to reconstruct 2D MPR images in the axial, coronal, and sagittal
planes and measure quantitative values of length and density on
DICOM images. First, the site of occlusive thrombus was identi-
fied on CTA together with the delayed-phase images. The proxi-
mal and distal ends of the thrombus were identified by the filling
defect of contrast on delayed-phase images, and thrombus length
was measured using a tracer tool that traced the profile of the
whole thrombus within the arterial tree in the axial, coronal, and
sagittal planes."” For thrombus involving the bifurcation, only the
longest branch was used for the measurement. The longest length
on any of these planes was set as the thrombus length. Next, the
proximal and distal ends of the thrombus were identified in the
axial plane on NCCT under the guidance of the filling defect of
contrast on delayed-phase images. As support for the detection of
occlusive thrombus, CTA and delayed-phase images were dis-
played simultaneously with the NCCT images. ROIs were man-
ually placed on the whole thrombus on NCCT images, and the
Hounsfield unit density of the thrombus was then measured by
averaging all of the voxels within the ROIs. If ROIs were placed
on multiple slices, the mean value (calculated by averaging all
voxels within all ROIs) was used as the Hounsfield unit density of
the thrombus. For the length and density of each thrombus, the
results of the 2 raters were averaged. Representative cases are
shown in Fig 1.

Histopathologic Analyses of Retrieved Thrombi

We investigated the histopathologic characteristics of the occlu-
sive thrombi using specimens retrieved by thrombectomy, as
reported in Liebeskind et al.'® Fragmented pieces of retrieved
thrombi were collected and fixed in a 10% phosphate-buffered
formalin solution for 1 day. Formalin-fixed specimens were
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FIG 2. Flow diagram of the patients screened, enrolled, and analyzed in the study. ICT indicates internal carotid artery terminus.

embedded in paraffin, cut at 8-um thickness, and stained with
H&E. Histopathologic evaluation was performed without any
knowledge of the clinical and radiographic findings. Stained slides
were scanned at x400 magnification using an Aperio ScanScope
XT digital scanner (Aperio). Image] software (National Institutes
of Health) was used to quantify the percentages of red blood cells,
white blood cells, and fibrin by area. These measurements were
repeated for each fragment of thrombus retrieved from the entire
procedure. When multiple fragments were retrieved for analysis,
the mean values across fragments were used for each constituent.

Statistical Analyses

Statistical analyses were performed using JMP 13.0 software (SAS
Institute). Categoric data are expressed as numbers (percentages),
and continuous data are expressed as medians (interquartile ranges).
Patients’ clinical and radiographic characteristics and the histopa-
thologic characteristics of the thrombi were compared between the
good LCS group (collateral scores of 2-3) and the poor LCS group
(collateral scores of 0-1). For comparisons between 2 groups of
patients, variables were analyzed using the Fisher exact test or
Pearson ) test for categoric data and the Mann-Whitney U test for
continuous data, as appropriate. In the analyses, stroke subtypes
were dichotomized into cardioembolic stroke and other noncardiac
embolic stroke subtypes. The total Fazekas score was further exam-
ined by receiver operating characteristic curve analysis, and the cut-
off value related to good LCS was calculated. A multivariate logistic
regression analysis model, adjusted for sex, age, and variables with
P <05 in the univariate analysis, was built to assess the influence of
clinical factors on good LCS. Subgroup analyses on the group of
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patients with cardioembolic stroke were performed in the same
manner. Interrater reliability for the data before resolving disagree-
ments, as measured by a quadratic weighted Cohen «, was excellent,
with k = 0.87 for LCS and « = 0.81 for the Fazekas score. For all
statistical analyses, values of P <.05 were considered significant.

RESULTS

Patient Characteristics

Among 231 consecutive patients with acute ischemic stroke caused
by ICA terminus or MCA occlusion treated by endovascular reper-
fusion therapy from January 1, 2015, to December 31, 2019, exclu-
sions were for multiple occlusions (3 patients), in situ
atherosclerotic occlusion (7 patients), initial MR imaging instead of
CT as arrival imaging (94 patients), poor quality of CTA (4
patients), inability to visualize the full extent of thrombus (11
patients), and poor quality of MR imaging within 24 hours (4
patients) (Fig 2). Among the 108 patients fully meeting the study
inclusion criteria, 49 patients (45%) were women, the median age
was 76.5 years (interquartile range, 63.3-86 years), and the median
NIHSS score on admission was 18 (interquartile range, 11.25-22)
(detailed characteristics are listed in the Online Supplemental
Data). The occluded vessels were the ICA terminus in 33 patients
(31%), the horizontal segment of the MCA in 57 patients (53%),
and the insular segment of the MCA in 18 patients (17%). Embolic
LVO stroke subtype was most often cardioembolic (82 patients
[76%]), followed by atheroembolic stroke due to extracranial ca-
rotid artery atherosclerotic stenosis (12 patients [11%]). The median
time from last known well to imaging was 104 minutes (interquar-
tile range, 62-379 minutes).



Table 1: Clinical indicators independently associated with good acute leptomeningeal

collateral flow on multivariate analysis

75] years; P<<.001), had higher total
Fazekas scores (3 [2-4] versus 2 [1-3];

OR 95% Cl P Value P=.03), and had, less commonly, a
Female sex 0.59 0.17-1.93 38 good LCS (56% versus 81%; P=.04)
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Table 2: Clinical indicators independently associated with good acute leptomeningeal
collateral flow in patients with cardioembolic stroke on multivariate analysis

NIHSS scores (15 [9-22] versus 19.5
[16.25-25]; P=.002), lower blood glu-
cose levels (6.42 [5.83-7.39] versus 7.28
[6.26-8.26] mmol/L; P=.02), lower

OR 95% ClI P Value total Fazekas scores (2 [1-3.25] versus
Female sex 0.81 0.21-2.87 74 4 [3-5]; P<.001), and shorter occlu-
Age (for 1-year increase) 1.03 0.99-1.09 14 sive thrombus length (10.7 [7.2-14.3]
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Clinical Indicators of Acute Leptomeningeal Collateral Flow
Good LCS (collateral scores of 2-3) was present in 67 patients
(62%) (zero, 8 patients [7%]; one, 33 patients [31%]; two, 51
patients [47%]; and three, 16 patients [15%]). Demographic
and clinical characteristics of the good and poor LCS groups
are shown in the Online Supplemental Data. Patients with
good LCS had lower presenting NIHSS scores (15 [10-22] ver-
sus 19 [16-24.5]; P=.001), a lower incidence of cardioembolic
stroke (69% versus 89%; P =.04), a lower total Fazekas score (2
[1-3] versus 4 [3-5]; P<<.001), and shorter occlusive throm-
bus length (9.8 [6.7-15.6] versus 14.7 [8.7-20.2] mm; P =.01).
There were no significant differences between the 2 groups in
thrombus Hounsfield unit densities or thrombus histopatho-
logic compositions.

In the receiver operating characteristic curve analysis, the
optimal cutoff value for the total Fazekas score related to good
LCS was 2 (area under the curve, 0.81; P<.001; sensitivity,
0.68; specificity, 0.83) (total Fazekas scores of 0-2, thirty-nine
patients [36%]; and 3-6, sixty-nine patients [64%]). Of the 39
patients with total Fazekas scores of 0-2, LCS was poor in only
5 patients.

In the multivariate logistic regression analysis identifying fac-
tors independently associated with good LCS, cardioembolic
stroke subtype was inversely related to good LCS (OR, 0.17; 95%
CI, 0.02-0.87; P=.03), and reduced leukoaraiosis (total Fazekas
scores, 0-2) was positively related to good LCS (OR, 9.57; 95%
CI, 2.49-47.75; P <.001) (Table 1). Favorable clinical outcomes
were achieved more frequently in patients with good compared
with poor LCS (49% versus 16%; P =.006).

Subgroup Analyses of Patients with Cardioembolic Stroke
Of the 82 patients with cardioembolic stroke, 46 patients (56%)
had good LCS (zero, 8 patients [10%]; one, 28 patients [34%];
two, 34 patients [41%]; and three, 12 patients [15%]). Compared
with other patients with noncardiac embolic stroke, patients with
cardioembolic stroke were older (79.5 [68.3-89.3] versus 65 [55—

shorter thrombus length (OR, 0.91 per
millimeter increase; 95% CI, 0.82-0.99;
P=.04), and reduced leukoaraiosis
(OR, 5.79; 95% CI, 1.40-29.61; P=.01) were independently related
to good LCS (Table 2).

DISCUSSION

In the present study, among patients with acute ischemic stroke
caused by LVOs due to embolism, good collateral robustness was
present in >6 of every 10 patients. Independent indicators of
good collateral flow were reduced leukoaraiosis, noncardiac em-
bolism mechanism including embolism of arterial or undeter-
mined origin rather than cardiac embolism, and occlusive
thrombi of substantially shorter length. In addition, in patients
with good collateral flow, neurologic deficits on presentation
were less severe, and independent functional outcomes at
3 months were achieved 3 times more often.

Of the chronic factors in patients’ premorbid vascular risk pro-
files, reduced leukoaraiosis was positively associated with good lep-
tomeningeal collateral flow in embolic LVO. Our finding is in
agreement with those in previous studies.”'® Leukoaraiosis is
thought to originate from small-vessel disease, which is caused by
chronically reduced CBF due to arteriolosclerosis, lipohyalinosis,
and fibrinoid necrosis of the small arteries and arterioles.'” The
leptomeningeal collateral system is also composed of small arteries
and arterioles. Therefore, it is possible that mechanisms causing
leukoaraiosis might also affect the arterioles of the leptomeningeal
collateral system.'® On the other hand, 1 study reported that leu-
koaraiosis had no relationship with the extent of collaterals.”> Our
study differed from that study in an important aspect. Our cohort
contained appropriate numbers of patients with severe leukoaraio-
sis, while almost all the patients had absent or minimal leukoaraio-
sis in the previous study. In contrast, age and vascular risk factors
including a history of hypertension, diabetes mellitus, dyslipide-
mia, smoking, and obesity were not univariately associated with
poor leptomeningeal collateral flow in the present study, though
the severity of leukoaraiosis has been reported to be associated
with several of these parameters, including older age, hypertension,
diabetes mellitus, smoking, and obesity.*"** Our results indicate
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that leukoaraiosis, as a physiologic expression of cumulative small-
vessel injury from multiple risk factors, more strongly correlates
with leptomeningeal impairment. Although leptomeningeal
impairment may also arise, in part, from the joint effect of multiple
vascular risk factors, the chronic small-vessel injury of leukoaraio-
sis itself and its associated chronic mild deep ischemic stress may
be an important contributor to impairing pial collateral recruit-
ment. Leukoaraiosis might, therefore, be an imaging marker of
global cerebrovascular dysfunction and a determinant of leptome-
ningeal collateral variability.

Among the acute factors present at the time of stroke, cardi-
oembolic stroke subtype, rather than other noncardiac embolic
stroke subtypes including embolism of arterial or undetermined
origin, was associated with poor leptomeningeal collateral flow.
Similar findings have been demonstrated in several prior stud-
ies."'"'? However, our study complements the prior studies by
having excluded intracranial atherosclerotic disease and compar-
ing cardioembolic stroke only to other noncardiac embolic
strokes, most often of extracranial atherosclerotic origin.
Atheroembolic stroke is preceded by arterial stenosis that devel-
ops across decades, which may promote cerebral collateral circu-
lation because of the chronic and slowly progressive nature of
cerebral large-vessel hypoperfusion.” In contrast, cardioembolic
stroke usually has an abrupt onset without chronic cerebral large-
vessel hypoperfusion, which may be associated with a paucity of
collateral artery formation and recruitment.?* In addition, com-
pared with patients with other noncardiac embolic strokes,
patients with cardioembolic stroke were older and had higher
total Fazekas scores, which could also impair pial collateral
recruitment caused by small-vessel injury. Thus, the underlying
stroke etiology may be a determinant of leptomeningeal collateral
flow.

Shorter thrombus length was another acute factor associated
with good leptomeningeal collateral flow in cardioembolic stroke.
Few studies have assessed the relationship between occlusive
thrombus characteristics and collateral flow.">'* Theoretically, a
longer thrombus might obstruct more orifices of arteries that
provide collateral blood flow, leading to decreased pial collateral
recruitment to the occluded vascular territory.'* Conversely, col-
laterals may possibly influence thrombus length, and longer
thrombus length may result causally from poor collateral flow
because patients with poor collaterals have an increased stasis
around the occlusive thrombus, leading to thrombus extension."
Previous studies have suggested that shorter thrombus length
may be a consequence rather than a cause of good collateral
flow."> However, further studies using time-series data are neces-
sary to analyze the causal relationships. On the other hand, we
did not identify any relationship between leptomeningeal collat-
eral flow and the histopathologic components of the whole occlu-
sive thrombus. In future studies investigating the relationship
between collateral circulation and the histopathologic compo-
nents of occlusive thrombus, we, therefore, suggest that occlusive
thrombi should be analyzed, if possible, in a manner that differ-
entially assesses the original thrombus component (which comes
from a proximal source) and the new thrombus component
(which forms in situ from the stasis of blood flow around the

original thrombus)."?
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Good leptomeningeal collateral flow after embolic occlusion
was associated with lower NIHSS scores at presentation and
favorable functional outcomes at 3 months. Previous studies have
also reported that more robust CTA collaterals were predicted by
lower NIHSS scores and were associated with better clinical out-
comes.”>*® Poorer leptomeningeal collateral flow has been
reported to be associated with both larger initial infarction size
and larger follow-up infarct progression volumes, leading to
poorer functional outcomes and increased mortality.”® In addi-
tion, poorer collaterals may serve as an indicator of a worse
response to reperfusion therapy and higher rates of intracranial
hemorrhage after reperfusion therapy, which may partly explain
the unfavorable effects of poor collaterals.”” The findings that
patients with good collaterals showed favorable outcomes stress
the need to clarify the clinically useful indicators of good lepto-
meningeal collateral variability, to provide appropriate acute
stroke treatments and improve clinical outcomes in embolic
LVOs. Premorbid leukoaraiosis, underlying stroke etiology, and
occlusive thrombus length may be helpful indicators of acute lep-
tomeningeal collateral flow in clinical practice.

Some limitations of our study should be noted. This was a sin-
gle-center study, and replication in other populations is desirable
to demonstrate generalizability. The power to detect clinical fea-
tures with less marked effects on collateral flow robustness may
have been constrained by sample size, despite the relatively large,
well-studied population examined in our study. In addition, the
multivariate analysis model was built using variables with P <.05
in the univariate analysis due to the modest sample size, and
some potentially relevant factors, such as an occluded vessel site,
might have been excluded from the model. All our patients
underwent the assessment of LCS using single-phase CTA, which
may have led to the underestimation of LCS in the case of delayed
filling in combination with an early acquisition phase.”® Newer
techniques, such as CTA reconstruction from CTP data and mul-
tiphase CTA, make CTA independent of the timing of contrast
administration and scan acquisition and may improve the assess-
ment of LCS.>**°

The criterion standard for assessing LCS is DSA.% However,
multivessel complete DSA is not always performed, and we aimed
to determine features associated with collateral extent on presen-
tation. Although the Fazekas scale was useful to evaluate the
degree of leukoaraiosis, the scale is relatively crude. Measuring
quantitative volumes of WM lesions may allow more accurate
evaluation of leukoaraiosis. While noncardiac rather than cardiac
embolism was associated with good collateral flow, the noncar-
diac embolic stroke subgroup might have potentially contained a
different extent of collaterals according to different stroke etiolo-
gies. We did not analyze the circle of Willis for anatomic variants,
possibly a confounding factor.”

CONCLUSIONS

Among patients with embolic LVOs, good collateral flow is present
in 62% of patients and is associated with better clinical outcomes.
Reduced leukoaraiosis, a noncardiac embolism mechanism includ-
ing embolism of arterial or undetermined origin rather than a car-
diac embolism mechanism, and shorter thrombus length in
cardioembolism are indicators of good collateral flow. These



findings suggest that chronic small-vessel injury as well as an ab-

rupt stroke onset without chronic large-vessel hypoperfusion may

reduce collateral robustness, and they also suggest that improve-

ment of collaterals may protect against thrombus extension.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ADULT BRAIN

Petrobasal Vein: A Previously Unrecognized Vein Directly
Connecting the Superior Petrosal Sinus with the Emissary
Vein of the Foramen Ovale

S. Ide, “*'H. Kiyosue, ““R. Shimada, “'S. Tanoue, ““K. Tokuyama, and “*'Y. Asayama

%

ABSTRACT

BACKGROUND AND PURPOSE: The superior petrosal sinus terminates anteriorly at the cavernous sinus and posteriorly at the trans-
verse sinus. Venous variations directly connecting the superior petrosal sinus and the emissary veins of the foramen ovale are not
well-recognized. We present a connecting vein, provisionally named the petrobasal vein.

MATERIALS AND METHODS: Biplane cerebral angiography of the bilateral internal carotid arteries and the vertebral artery acquired
in 267 patients was retrospectively reviewed by 2 neuroradiologists with special interest in the existence and course of the petro-
basal vein.

RESULTS: The petrobasal vein was observed to lie anterior-posteriorly on the superior surface of the petrosal bone and connected
to the midportion of the superior petrosal sinus and the emissary veins of the foramen ovale in 41 patients (15%) and sides (7.9%);
it drained into the pterygoid plexus. The petrobasal vein was observed on VAG in 21 patients, on ICAG alone in 8 patients (9 sides),
on both VAG and ICAG in 12 patients, and on ICAG in 1 patient. In the patients in whom the petrobasal vein was visualized on the
ICAs, the superficial middle cerebral vein drained into a combination of the pterygoid plexus via the emissary veins of the foramen
ovale and the superior petrosal sinus.

CONCLUSIONS: The petrobasal vein, an unknown vein directly connecting the superior petrosal sinus and the emissary veins of
the foramen ovale and draining into the pterygoid plexus, can occasionally be identified on cerebral angiography as a variant drain-
age route from the cerebellum and brainstem veins and/or from the superficial middle cerebral vein. The petrobasal vein is
thought to be a remnant of the primitive tentorial sinus.

ABBREVIATIONS: dAVF = dural AVF; EVFO = emissary vein of the foramen ovale; ICAG = internal carotid angiography; PBV = petrobasal vein; PTS = prim-
itive tentorial sinus; SMCV = superior middle cerebral vein; SPS = superior petrosal sinus; VA = vertebral artery; VAG = vertebral angiography

he superior petrosal sinus (SPS) is an important venous sinus

that receives venous blood from the cerebellum and brain-
stem, and it drains posteriorly into the transverse sinus and ante-
riorly into the cavernous sinus. Some variations in the SPS,
including the absence of either termination to the cavernous
sinus or the transverse sinus, disconnection between the anterior
and posterior parts of the SPS, and absence of the SPS, have been
reported."” The SPS occasionally receives a variant type of the su-
perficial middle cerebral vein called the sphenopetrosal vein.>*
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The emissary vein of the foramen ovale (EVFO), a major emis-
sary vein at the middle cranial fossa, connects medially to the cav-
ernous sinus and laterally to the middle meningeal vein.>® It runs
inferiorly through the foramen ovale and joins into the pterygoid
plexus and/or the pharyngeal plexus. It also receives the superfi-
cial middle cerebral vein in individuals with a type of variant ter-
mination, the so-called sphenobasal vein. Blood from the SPS can
drain into the cavernous sinus, and in some individuals, the SPS
drains into the EVFO. There is another potential route indirectly
connecting the SPS to the EVFO. The petrosquamous sinus, a
rare remnant of the embryologic emissary vein, arises from the
transverse sinus near the confluence with the SPS and runs ante-
riorly in the petrosquamous fissure or in an intraosseous canal at
the most lateral part of the petrous bone to join the EVFO or the
retromandibular vein through the postglenoid foramen.”® It is
generally thought that there is no direct connection between the
SPS and the EVFO. However, we observed on cerebral angiogra-
phy a previously unrecognized venous channel that directly


https://orcid.org/0000-0001-8535-5019
https://orcid.org/0000-0003-3305-8316
https://orcid.org/0000-0001-5539-4973
https://orcid.org/0000-0001-8813-8108
https://orcid.org/0000-0002-5807-4067
https://orcid.org/0000-0001-6495-4821
mailto:idesat@oita-u.ac.jp

FIG 1. Schematic drawing of the potential venous pathway between
the SPS and the EVFO. Two known routes include the medial route
through the cavernous sinus (CS) and the lateral route through the
petrosquamosal sinus (PSqS) and the middle meningeal sinus (MMS).
There is another unknown route running on the superior surface of
the petrosal bone connecting directly between the EVFO and the
SPS (red dotted line). PV indicates petrosal vein; IPS, inferior petrosal;
TS, tentorial sinus.

FIG 2. Lateral view on left vertebral angiography in the venous phase
showing a venous channel (arrows) arising from the midportion of
the SPS that runs anterior-inferiorly to join the EVFO. It is provision-
ally named the PBV.

connects the SPS to the EVFO and serves as a drainage route for
normal cerebral venous blood or as a potential access route to in-
tracranial lesions, such as dural AVFs (dAVFs) (Figs 1-3); this
vein is referred to as the petrobasal vein (PBV) in this article.

MATERIALS AND METHODS
This study was approved by the local ethics review board, which
waived the requirement for written informed consent due to its ret-
rospective nature. We retrospectively reviewed cerebral angiogra-
phy images acquired at our institution (Oita University Hospital)
from May 2015 to January 2018. After excluding patients with
lesions affecting cerebral venous drainage and/or with suboptimal
angiography imaging quality mainly due to motion artifacts, 267
sets of biplane cerebral angiographic images of the bilateral inter-
nal/common carotid and vertebral arteries were retrospectively
reviewed by 2 neuroradiologists with special interest in visualization
and the course of the PBV. The PBV was defined as a venous struc-
ture directly connecting the midportion of the SPS and the EVFO.
3D rotational angiography in the venous phase, CT angiogra-
phy, and 3D T1 contrast-enhanced MR images were also
reviewed when available. 3D rotational angiography was per-
formed for selected patients who had brain tumors to depict
detailed anatomic relationships of the tumors with adjacent ve-
nous structures before an operation, who had spontaneous hem-
orrhage with an unknown origin, and who were suspected of
having venous abnormalities, including developmental venous
anomalies. The patients included 111 men and 156 women, and
the average age of the patients was 57.9 years. The included
patients had various underlying diseases; there were 91 patients
with brain or head and neck tumors, 80 patients with cerebral
aneurysms, 54 patients with cerebral artery stenosis, 17 patients
with dAVFs, 12 patients with cerebral arteriovenous malforma-
tions, 7 patients with spontaneous subarachnoid or cerebral hem-
orrhage, and 6 patients with other diseases. All angiographic
procedures, including biplane DSA and 3D rotational angiogra-
phy, were performed using biplane angiography equipment
(Infinix VB; Toshiba Medical). For biplane angiography, the
injection volume and rate in the ICA, common carotid artery,
and vertebral artery (VA) were 8-9 mL at 4-4.5 mL/s, 9-10 mL at
4.5-5mL/s, and 6-7 mL at 3-3.5 mL/s, respectively.

For 3D rotational angiography, the injection volume and rate
were 18-24 mL at 3-4 mL/s in the ICA and 18-21 mL at 3-3.5mL/
s in the VA. The raw 3D rotational angiography data were trans-
ferred to a workstation (Ziostation; Ziosoft), and 3D and multipla-
nar reconstruction images consisting of 0.3- to 1-mm-thick
sections obtained at a 0.5-mm interval were reconstructed.

RESULTS

Visualization of the PBY

The PBV was identified on 42 sides in 41 patients (7.9% and
15%) and was identified on vertebral angiography alone in 21
patients, on carotid angiography alone in 8 patients (9 sides), and
on both vertebral and internal carotid angiography in 12 patients.
The PBV originated at the anterior aspect of the midportion of
the SPS and ran anteriorly to join the EVFO when it was visual-
ized on vertebral angiography (Fig 4). In patients in whom the
PBV was visualized on carotid angiography, the superior middle
cerebral vein (SMCV) showed a combined type of sphenobasal
and sphenopetrosal vein that drained into the 2 terminations of
the EVFO and the SPS; additionally, the PBV formed part of the
SMCV between the EVFO and the SPS (Fig 5). Among 21
patients in whom the PBV was visualized on vertebral
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FIG 3. A case of a dAVF involving the SPS with a drainage route via the PBV. A, Lateral view on right internal carotid angiography shows a dAVF
fed by multiple feeders from the meningohypophyseal trunk. The dAVF drains retrogradely via the various petrosal veins into the cerebellar
cortical veins and the lateral mesencephalic vein. There is another drainage route via the PBV (arrows) into the emissary vein of the foramen
rotundum. B, Axial MPR images based on rotational angiography of the right ICA show the dAVF involving the SPS. A drainage route (white
arrow) via the PBV arising from the anterior aspect of the SPS to the EVFO is noted. C, Selective venography via a microcatheter shows transve-
nous introduction of the microcatheter into the petrosal vein via the PBV. Thereafter, the dAVF was completely occluded by transvenous
embolization.
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FIG 4. PBV visualized on vertebral angiography alone. A, Lateral view on left vertebral angiography in the venous phase shows
the PBV (arrows) from the superior petrosal sinus at the confluence of the petrosal vein. The PBV runs anterior-inferiorly to
join the emissary vein of the foramen ovale. Axial (B) and sagittal (C) MPR images based on rotational angiography of the right
VA show the PBV (arrows) from the anterior aspect of the SPS. It runs anteriorly on the superior surface of the petrosal bone to

join the EVFO.

FIG 5. Internal carotid angiography showing the PBV as part of the drainage route of the superfi-
cial middle cerebral vein (combined type of the sphenobasal and the sphenopetrosal veins).
Frontal (A) and lateral (B) views on left internal carotid angiography in the venous phase show the
combined sphenobasal and sphenopetrosal drainage type of the SMCV. The PBV (arrows) com-
poses part of the termination of the SMCV between the EVFO and the SPS. Axial (C, next page)
and sagittal (D, next page) MPR images based on rotational angiography of the left ICA show the
PBV (arrows) running anterior-posteriorly between the midportion of the SPS and the EVFO. The
SMCYV joins the EVFO.

angiography alone, the SMCV termi-
nated in the cavernous sinus on 10
sides, in the EVFO in 6 patients, and
in the transverse sinus in 1 patent, and
the SMCV was absent in 2 patients.

Course of the PBY

The PBV lies anterior-posteriorly on
the superior surface of the petrous bone
and connects posteriorly to the anterior
aspect of the SPS near the termination
of the petrosal vein. Additionally, it
runs inferiorly and anteromedially on
the middle fossa to the foramen ovale
to join the EVFO. The EVFO runs
downward through the foramen ovale
and joins the pterygoid plexus.

DISCUSSION

It is generally believed that no direct
connection exists between the SPS and
EVFO; however, in this study, we
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FIG 5. Continued
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FIG 6. Schematic drawing of the embryologic development of the SPS, EVFO, and SMCV. A, Lateral view of an embryo at 18-26 mm in crown
rump length. ADpxS indicates anterior dural plexus stem; PHS, primary head sinus; OV, otic vesicle; pSOV, primitive superior ophthalmic vein;
pMax, primitive maxillary vein; DPV, dorsal pharyngeal vein; MDpxS, middle dural plexus; STV, superficial telencephalic vein; Met, metencephalic
vein; IPS, inferior petrosal sinus; V, trigeminal nerve; VDV, ventral diencephalic vein. The dotted lines indicate regressed parts of the ADpxS and
PHS. The dorsal part of the MDpxS forms the posterior part of the SPS in the future. The peritumoral venous ring surrounds the trigeminal
nerve, and it connects the distal and proximal portions of the prootic sinus (proOS). B, View a few weeks after that shown in A. DTV indicates
deep telencephalic vein; V3, mandibular nerve; Met, metencephalic vein; PSS, petrosquamosal sinus; FO, foramen ovale; CS, cavernous sinus;
SOV, superior ophthalmic vein. The anterior part of the MDpxS and inferior ramus of the paratrigeminal venous ring disappear, and the remnant
of the superior ramus of the venous ring and the residual posterior portion of the MDpxS form the primary SPS. The DPV runs along the V3,
which connects with the pterygoid venous plexus through the FO to become the EVFO. C, View just before or after birth. The PTS deviates
inferomedially (red arrows) to the middle cranial fossa close to the FO secondary to further development of the temporal lobe. D, Common ve-
nous system type in adults. The PTS is further deviated medially (red arrows) and fuses to the CS, and the SMCV and uncal vein (UV) drain into
the CS. The midportion of the PTS fuses to the primary SPS. A remnant of the posterior part of the PTS becomes the lateral and/or medial ten-
torial sinus. The metencephalic vein becomes the petrosal vein. E, The PBV combined with the sphenobasal vein. In this type, the anterior and
midportions of the PTS remain at the middle cranial fossa and fuse to the EVFO. Venous blood from the SMCV drains into the EVFO and the
SPS via the PBV. Venous blood from the SPS can also be drained via the PBV into the EVFO, depending on the pressure gradient. F, The PBV
alone. In this type, the midportion of the PTS remains alone at the middle cranial fossa. The anterior part fuses to the CS. Venous blood from
the SMCV drains into the CS. Venous blood from the SPS partially drains via the PBV into the EVFO.
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found that a connection between the SPS and the EVFO, known
as the PBV, can be demonstrated in 15% of patients on cerebral
angiography. The PBV has been unnoticed for a long time, prob-
ably due to its small size and the fact that it overlays other veins
such as the inferior temporal vein on biplane angiography.
Furthermore, the PBV runs on the surface of the petrosal bone;
therefore, it can be hidden by the petrosal bone in areas with
hyperdensity on CT angiography unless careful attention is paid
toit.

During embryologic development, the SPS and EVFO are
formed through a complicated process.® In the early embryonic
period, veins in the primitive brain initially drain by the primitive
dural venous plexuses through the 3 anterior, middle, and poste-
rior dural plexus stems into the primary head sinus. The primary
head sinus also receives blood from the orbital and nasopharyn-
geal areas by the primitive maxillary vein and dorsal pharyngeal
vein. According to the development of the brain, the anterior
dural plexus stem disappears and the primary head sinus between
the middle and the posterior dural plexus stem regresses due to
enlargement of the trigeminal ganglion and otic vesicle; new dor-
sal drainage pathways develop through the transverse-sigmoid
sinuses. The stem of the middle dural plexus becomes the prootic
sinus. The remnant of the primary head sinus and prootic sinus
forms the lateral part of the cavernous sinus and wing, the dorsal
pharyngeal vein becomes the EVFO, and the emissary vein of the
foramen Vesalius anastomoses with deep facial tributaries of the
primitive maxillary vein.® The EVFO also drains the middle me-
ningeal sinus. The posterior part of the SPS develops as a drain-
age route of the metencephalic vein, becoming the petrosal vein.
The metencephalic vein joins the distal portion of the stem of the
middle dural plexus. The primitive tentorial sinus (PTS) drains
into the anastomotic dural plexus between the anterior and mid-
dle dural plexuses during the same period.

A few weeks later, a venous ring surrounding the trigeminal
nerve develops, and it connects the distal portion and proximal
portion of the prootic sinus (Fig 64).° The anterior part of the
middle dural plexus and inferior ramus of the peritrigeminal ve-
nous ring regresses and disappears due to further development of
the trigeminal nerve and the otic vesicle. The remnant of the
superior ramus of the venous ring and the residual posterior por-
tion of the middle dural plexus stem form the primary SPS (Fig
6B). The PTS receives the superficial and deep telencephalic
veins, and the ventral diencephalic vein (in the future, these
become the SMCV and uncal vein) initially joins the anterior
dural plexus stem and then drains into the transverse sinus after
regression of the anterior dural plexus stem. The PTS deviates
medially and stretches due to the development of the temporo-
occipital lobes (Fig 6C). Finally, it connects and fuses to the lateral
portion of the primary cavernous sinus. The midportion of the
PTS fuses with the primary SPS' and further evolves to constitute
the final form of the cavernous sinus and the SPS (Fig 6D).

There are some variations in the termination of the SMCV
due to the incomplete fusion of the PTS to the cavernous sinus
and the SPS. Two types of the variations are well-known. One is
the sphenobasal vein in which the SMCV drains into the EVFO
and the pterygoid plexus through the foramen ovale. Another is
the sphenopetrosal vein, which drains into the SPS or the
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transverse sinus.” Osborn® reported that a combination of the 2
major variations was occasionally observed on cerebral angiogra-
phy, in which the vein drains into both the EVFO and the SPS or
the transverse sinus (Fig 6E). In our study, all patients in whom
the PBV was visualized on carotid angiography demonstrated ter-
mination of the SMCV into either the EVFO or SPS; this appears
to confirm the concept that the PBV is formed by incomplete
fusion of the midportion of the PTS to the SPS and the cavernous
sinus (Fig 6F).

Regarding the clinical relevance of the PBV, the PBV itself
functions as an accessory or a main drainage route from the cere-
bellum and brainstem via the SPS; it also composes a part of the
termination of a variant of the SMCV from the cerebral hemi-
sphere. Furthermore, it can potentially serve as a collateral path-
way of the cerebellar and brainstem venous systems in patients
with sinus occlusion of the SPS or the transverse-sigmoid sinus.
When a dAVF is present, the SPS and adjacent venous sinuses
can serve as a drainage pathway, as shown in Fig 3. Additionally,
the PBV can potentially be used as a transvenous access route to
the SPS via the pterygoid plexus. Furthermore, knowledge of the
detailed vascular anatomy and variations of the middle cranial
fossa, including the PBV, may be important for potentially gain-
ing access to the undersurface of the temporal lobe and the tri-
geminal nerve to perform endovascular neuromodulation and
stimulation in the diagnosis and future endovascular treatment of

epilepsy and trigeminal neuralgia.'®"?

Limitations

The PBV can be obscured by overlapping tributes on 2D angiog-
raphy. We also reviewed 3D angiography, CT angiography, and
3D T1 contrast-enhanced MR images in addition to the 2D angi-
ography when available. However, there were some cases eval-
uated by 2D angiography alone. We carefully reviewed
angiographic images and eliminated the doubtful cases if possi-
ble. However, there is a potential risk of overdiagnosis of the PBV
for such cases.

CONCLUSIONS

The PBV, an embryologic remnant of the PTS that is interposed
between the SPS and EVFO, may occasionally be seen in the ve-
nous phase on carotid or vertebral angiography and may be con-
sidered a transvenous therapeutic access route in selected
indications.

ACKNOWLEDGMENTS
We would like to thank Drs Hisaya Hiramatsu and Mika Kamiya
for providing an interesting case.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES
1. Shimada R, Kiyosue H, Tanoue S, et al. Superior petrosal sinus: he-
modynamic features in normal and cavernous sinus dural arterio-
venous fistulas. AJNR Am ] Neuroradiol 2013;34:609-15 CrossRef
Medline


http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/January%202022/0488.pdf
http://www.ajnr.org
http://dx.doi.org/10.3174/ajnr.A3252
https://www.ncbi.nlm.nih.gov/pubmed/22954738

. Matsushima K, Ribas ES, Kiyosue H, et al. Absence of the superior
petrosal veins and sinus: surgical considerations. Surg Neurol Int
2015;6:34 CrossRef Medline

. Tanoue S, Kiyosue H, Okahara M, et al. Para-cavernous sinus ve-
nous structures: anatomic variations and pathologic conditions
evaluated on fat-suppressed 3D fast gradient-echo MR images.
AJNR Am ] Neuroradiol 2006;27:1083-89 Medline

. Osborn AG. Craniofacial venous plexuses: angiographic study. AJR
Am ] Roentgenol 1981;136:139-43 CrossRef Medline

. Leonel LC, de Sousa SD, Liberti EA. Topographic and microscopic
anatomical description of the emissary sinus of foramen ovale in
adult humans. Clin Neurol Neurosurg 2018;169:77-85 CrossRef
Medline

. Shapiro M, Raz E, Nossek E, et al. Dural venous system: angio-
graphic technique and correlation with ex vivo investigations. |
Neurointerv Surg 2021 Mar 16. [Epub ahead of print] CrossRef
Medline

10.

11.

12.

. San Milldn Ruiz D, Gailloud P, Yilmaz H, et al. The petrosquamosal

sinus in humans. J Anat 2006;209:711-20 CrossRef Medline

. Padget DH. The development of cranial venous system in man

from the view point of comparative anatomy. Contr Embryol
1957;36:81-89

. Butler H. The development of certain human dural venous sinuses.

J Anat 1957;91:510-26 Medline

Rajah G, Saber H, Singh R, et al. Endovascular delivery of leads and
stentrodes and their applications to deep brain stimulation and
neuromodulation: a review. Neurosurg Focus 2018;45:E19 CrossRef
Medline

Shaparin N, Gritsenko K, Garcia-Roves DF, et al. Peripheral neuro-
modulation for the treatment of refractory trigeminal neuralgia.
Pain Res Manag 2015;20:63-66 CrossRef Medline

Dumot C, Sindou M. Trigeminal neuralgia due to neurovascular
conflicts from venous origin: an anatomical-surgical study (con-
secutive series of 124 operated cases). Acta Neurochir (Wien)
2015;157:455-66 CrossRef Medline

AINR Am J Neuroradiol 43:70-77 Jan 2022 www.ajnr.org 77


http://dx.doi.org/10.4103/2152-7806.152147
https://www.ncbi.nlm.nih.gov/pubmed/25745589
https://www.ncbi.nlm.nih.gov/pubmed/16687548
http://dx.doi.org/10.2214/ajr.136.1.139
https://www.ncbi.nlm.nih.gov/pubmed/6779561
http://dx.doi.org/10.1016/j.clineuro.2018.03.018
https://www.ncbi.nlm.nih.gov/pubmed/29635105
http://dx.doi.org/10.1136/neurintsurg-2020-017237
https://www.ncbi.nlm.nih.gov/pubmed/33727412
http://dx.doi.org/10.1111/j.1469-7580.2006.00652.x
https://www.ncbi.nlm.nih.gov/pubmed/17118059
https://www.ncbi.nlm.nih.gov/pubmed/13475149
http://dx.doi.org/10.3171/2018.4.FOCUS18130
https://www.ncbi.nlm.nih.gov/pubmed/30064310
http://dx.doi.org/10.1155/2015/482652
https://www.ncbi.nlm.nih.gov/pubmed/25848844
http://dx.doi.org/10.1007/s00701-014-2330-3
https://www.ncbi.nlm.nih.gov/pubmed/25604274

COMMENTARY

Cerebral Veins: A New “New Frontier”’

he article by Ide et al' in this issue of the American Journal of
Neuroradiology has significant relevancy from both theoretic
and practical perspectives.

The cerebral venous system develops through a series of com-
plex stages, some that remain incompletely understood.” In the early
embryo (5-8 mm), a continuous primitive venous plexus drains the
brain through 3 stems (anterior, middle, and posterior). Around
the 11- to 14-mm stage, lateral dural sinuses develop, which drain
the brain through primitive pia-arachnoid vessels. By the 17- to 20-
mm stage, posterior (sigmoid, tentorial, and marginal) sinuses are
formed, while the 2 anterior components of the primitive venous
plexus start to involute and form the prootic sinus (a stem of the
middle dural plexus that connects to the posterior plexus via the sig-
moid sinus). At the 40-mm stage, the cavernous sinuses form as
medial extensions of the prootic sinus, which is continuous with the
inferior petrosal sinus; laterally, the prootic sinus anastomoses with
a primitive temporal emissary vein to form the petrosquamous
sinus. By the 60- to 80-mm embryonic stage, while the posterior
(sigmoid, transverse, tentorial) sinuses move backward to their per-
manent configuration, the otic capsule promotes the development
of the superior petrosal sinus, while the prootic sinus remains con-
tinuous with the petrosquamous sinus. Laterally, the petrosquamous
sinus and prootic sinus remnants are later destined to involute as
diploic veins, which drain meningeal structures via the foramen
ovale. Medially, the primitive tentorial sinus also involutes after the
superior petrosal sinus has formed and is connected to the cavern-
ous sinus. Variations may occur as a result of incomplete involution
of those venous structures, lateral and medial.

Comparative anatomy among species reveals that major evo-
lutionary variations exist in the cranial venous anatomy, espe-
cially in primates’ In primitive primates, cerebral venous
drainage is mainly through the postglenoid emissary vein, which
receives the cranio-orbital and petrosquamous sinuses in a con-
figuration that is recognized as the orbitotemporal venous
sinuses. In higher primates and humans, while the orbitotempo-
ral sinuses persist as the middle meningeal venous network, the
petrosquamous sinus generally involutes or becomes intradiploic.
Remnants of the orbitotemporal sinuses are occasionally encoun-
tered in the form of a persistent petrosquamous sinus,* a venous
sinus of Kelch,” which runs through the superior orbital fissure
and connects the superior ophthalmic and middle meningeal
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veins to the transverse sinus, or a sinus of Hyrtl,® which connects
the sphenoparietal sinus to middle meningeal veins in the fora-
men spinosum.

Therefore, the article by Ide et al' sheds new light on the em-
bryology of the human cerebral venous system with the descrip-
tion of what likely represents a previously unrecognized remnant
of orbitotemporal connections of the primitive prootic sinus.

Indeed, an important contribution to our understanding of
human cerebrovascular embryology, this work has also consider-
able practical implications. Proper knowledge of venous anatomic
variations may minimize misdiagnoses of vascular lesions and,
more important, may help prevent surgical complications of
hemorrhage, thrombosis, or venous infarction.

Similarly, the spread of infections from the middle ear to the
intracranial venous system has been reported to only occur with
the presence of an abnormal petrosquamous sinus.* The same
would be expected with periorbital infections and the rare persis-
tent sinuses of Kelch of Hyrtl. Recognition of such predisposing
pathways of intracranial spread of disease may prompt earlier,
more aggressive treatment.

It has been suggested by Miyachi et al” that emissary veins con-
tribute to the pathophysiology of dural arteriovenous fistulas
(DAVFs). Emissary veins, along with their companion emissary
arteries within skull base or transdiploic foramina, may be exposed
to inflammation (from adjacent infection or trauma), which may
lead to angiogenic stimuli and the opening of physiologic postcapil-
lary arteriovenous shunting, all resulting in dural sinus or cortical
vein DAVFs. The emissary vein of the foramen ovale may, there-
fore, have a role in triggering cavernous sinus fistulas, and the pet-
robasal vein described in the article may further promote the
extension of arteriovenous shunting to the superior petrosal sinus
and possibly the tentorium (which does not receive emissary veins).

Endovascular therapy has become the preferred treatment
option for DAVFs, having virtually replaced surgery or radiosur-
gery in most specialized centers. The transvenous approach to
embolization is becoming increasingly favored over the transarte-
rial approach, which is associated with a higher incidence of com-
plications of cerebral ischemia or cranial neuropathy. Increasingly,
more precise knowledge of the cerebral venous anatomy allows
treating more complex lesions, including with the use of open sur-
gical access when needed.®



Similarly, transvenous endovascular therapy of brain AVMs is
increasingly used and is increasingly successful as definitive ther-
apy in skilled hands, with expected improvements in technique
and extension in indications.”

Another practical area to benefit from sound anatomic under-
standing of cerebral venous anatomy is the field of neuromodula-
tion, which is expected to take off in major ways. Decades of
experience with implantable cardiac electronic devices (cardiac
defibrillators and permanent pacemakers) have definitely estab-
lished the safety of intravenous wiring. More recently, technologic
advances in signal transmission through increasingly miniaturized
transvenous devices have opened the path to intracranial neuro-
modulation, considering the immediate proximity of eloquent
brain regions to various venous structures. Applications of neuro-
modulation that are currently well underway include epilepsy
monitoring, neurostimulation in various indications (including
epilepsy), motor control of exoskeletons and robotic limbs in para-
lyzed patients, and the enabling of speech paradigms on the basis
of text or even thought in patients after a stroke.'’ In the same
“vein,” transvenous catheter-based ablation for epilepsy is pre-
dicted to allow treating epilepsy in “the same way as cardiac
disturbances.”"!

A novel treatment for communicating hydrocephalus cur-
rently under prospective multicenter evaluation involves the
transvenous implantation of a miniaturized 1-way valve allowing
CSF to drain directly from the cerebellopontine angle cistern into
the jugular vein. This device (eShunt System; CereVasc), or some
improved version of it, is expected to obviate the need for exten-
sive surgical placement of ventriculoperitoneal shunts in many
patients.'>*?

The cerebral venous system may be currently considered the
“new frontier” in neuroscience therapeutics with the convergence
of major advances in technology, vascular access, and our
increased understanding of the anatomy. In that regard, the arti-
cle by Ide et al" is also a useful contribution.
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ORIGINAL RESEARCH
INTERVENTIONAL

Transcranial Doppler Velocities and Angiographic Vasospasm
after SAH: A Diagnostic Accuracy Study

T.E. Darsaut, “/M.B. Keough, ““’ AM. Chan, ““'B. Farzin, ““').M. Findlay, ““ M.M. Chow, ““'M. Chagnon, ‘). Zehr, “*G. Gevry, and
J. Raymond
x =

ABSTRACT

BACKGROUND AND PURPOSE: After aneurysmal SAH, transcranial Doppler is commonly used to monitor cerebral vasospasm. The
diagnostic accuracy of transcranial Doppler flow velocity values in detecting angiographic vasospasm in patients requiring urgent
endovascular intervention has not been established.

MATERIALS AND METHODS: We performed a retrospective analysis of a consecutive series of patients with aneurysmal SAH who
underwent transcranial Doppler (index test) within 24 hours of conventional angiography (reference test). The judgment of 33%,
50%, and 66% degree of vessel narrowing on angiography was independently established by multiple neuroendovascular clinicians.
Vessel-specific per-segment and per-patient transcranial Doppler velocities were studied using receiver operating characteristic
curves, the Youden index, and minimal acceptable sensitivity models. Optimal mean flow-velocity thresholds were explored to cal-
culate sensitivity and specificity using a per-patient judgment of vasospasm of at least 50% angiographic narrowing in any large ar-
terial segment except Al.

RESULTS: In 221 patients, vasospasm was found in 15%, 8%, and 4% of arteries when the degree of reference angiographic luminal nar-
rowing was 33%, 50%, and 66%, respectively. Mean flow velocities were significantly higher in vasospastic segments (P=.001), but per-
segment exploratory analyses yielded unsound mean flow velocity thresholds. The Youden and minimal acceptable sensitivity models
proposed mean flow velocity thresholds of approximately 160 cm/s for the anterior circulation and 80 cm/s for the posterior circulation
in the per-patient diagnosis of angiographic vasospasm (=50%), yielding a sensitivity of 80%-90% (95% Cl, 0.77-0.96), but with a corre-
sponding specificity of 50% (95% Cl, 0.40-0.56).

CONCLUSIONS: In this study, a threshold transcranial Doppler mean flow-velocity value that would accurately diagnose =50%
angiographic vasospasm remained elusive.

ABBREVIATIONS: MFV = mean flow velocity; ROC = receiver operating characteristic; TCD = transcranial Doppler

he use of transcranial Doppler (TCD) ultrasonography in the
detection and management of patients at risk of vasospasm
after intracranial aneurysm rupture has been studied by many
groups since its introduction in 1982." " The appeal of this non-
invasive test is that unlike conventional angiography, it can be
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performed daily at the bedside in the intensive care unit, alerting
clinicians that medical or endovascular interventions may be
indicated to prevent delayed cerebral infarction. The use of TCD
monitoring has been recommended by expert societies.'>'> The
diagnostic accuracy of TCD in the diagnosis of vasospasm is im-
portant to verify because false-negative studies could result in
vasospasm-related infarctions only found on CT when it is too
late to intervene, and false-positives could lead to inappropriate
interventions, including unnecessary premature or repeat cathe-
ter angiographies or even unnecessary angioplasty. Yet the diag-
nostic accuracy of TCD remains uncertain despite multiple
previous studies, including 2 meta-analyses.>*

There are a number of fundamental problems that became
evident as the literature was reviewed. These problems have
remained unsolved since the very early days of vasospasm
research and include the following: 1) Although some boundaries
are commonly mentioned, such as <120 (absent vasospasm)
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and >200 cm/s as indicative of severe vasospasm, no mean flow
velocity (MFV) threshold value has been shown to accurately
diagnose clinically significant angiographic vasospasm with a sen-
sitivity and specificity at the arterial segment level; 2) there is no
accepted definition of the degree of vessel narrowing sufficient to
be considered a clinically significant angiographic vasospasm;
and 3) there is no recognized method to assign a vasospasm score
at the individual patient level. Other problems with previous
studies include the following: limiting the analyses of perform-
ance to a particular arterial segment (often M1), failing to verify
the reliability of the angiographic gold standard,'>'® failing to
clearly define the intended role of the index test, and unclear
methodology.'* The most important problem is that many
reports used an angiographic threshold that was too low to define
vasospasm (33% or 25% luminal diameter reduction). While the
degree of luminal diameter reduction necessary for clinically rele-
vant restrictions in blood flow is not known with certainty, it is at
least 50%.'7'® Previous studies have commonly tried to deter-
mine the sensitivity and specificity of TCD in detecting any
degree of angiographic vasospasm, even though some degree of
vasospasm is almost always found after substantial subarachnoid
bleeding." Such studies may have designated many patients with
clinically irrelevant angiographic vasospasm as true-positives. A
more pertinent role of TCD would be the identification of
patients who may need urgent medical or endovascular interven-
tion to reverse vasospasm or prevent infarction.

At our institution (University of Alberta Hospital), TCD is
routinely used to monitor all patients with SAH during the vaso-
spasm risk period (days 3-12 post-SAH). Furthermore, conven-
tional angiography is also routinely performed 5-9days after
aneurysm treatment to confirm aneurysm occlusion and assess
the presence of vasospasm. All patients are included in a prospec-
tive database. These data, covering 10years of clinical practice,
give us the opportunity to study anew the accuracy of TCD veloc-
ity measurement, this time not for the diagnosis of any degree of
vasospasm but more specifically to detect patients who may
require timely conventional angiography and possibly endovas-
cular intervention.”

The main objective of this work was to study the diagnostic ac-
curacy of various TCD flow-velocity values in the diagnosis of
=50% angiographic vasospasm severe enough to consider conven-
tional angiography and endovascular treatment when confirmed.

MATERIALS AND METHODS

Literature Review

The full-text English- and French-language articles included in
the initial and updated meta-analyses of 2001° and 2018'* on
diagnostic accuracy of TCD were examined independently by 2
authors (A.M.C. and T.E.D.), and the reported degree of vessel
narrowing used in each source article was extracted.

Diagnostic Accuracy Study
Institutional ethics approval was obtained for this study
(Pro0080185). This work is reported according to the Standards
for Reporting of Diagnostic Accuracy Studies.”!

We attempted to address some of the shortcomings of previous
studies by detailing the methodology we used, by clarifying the

purported role of the index test (to detect vasospasm severe enough
to justify angiography and endovascular rescue), by exploring 3
degrees of severity of vasospasm, by verifying the reliability of the
reference test, by including all arterial segments (except Al) in the
analysis, and by providing a definition of “vasospasm” at the indi-
vidual patient level.

Patients

This retrospective study included consecutive adult (=18 years of
age) patients with nontraumatic SAH hospitalized at the University
of Alberta Hospital from January 2007 to December 2017. Patients
with SAH are monitored by TCD during the vasospasm risk period
(days 3-12), and conventional angiography is routinely performed
5-9 days after aneurysm treatment. Conventional angiography may
have been repeated in response to a concerning increase in TCD
velocities or in the event of a new neurologic deficit. For the pur-
pose of this study, each patient was represented by a single TCD-
angiography pair of examinations: Patients were included when
TCD MFV values were acquired on the same day as conventional
angiography. Patients were excluded when the angiographic study
did not include the left and right ICAs and at least 1 vertebral artery
injection (see the flow chart, Fig 1). We did not record how patients
were treated medically or study the effects of treatment on TCD
velocities or angiographic determinations.

Transcranial Doppler (Index Test)

TCD readings (MFVs) were obtained daily or every other day
starting on post-SAH day 3 and continuing until day 12 by the
same dedicated sonographer (14 years of TCD experience at the
beginning of this study interval) using a PMD 100 or 150 TCD
system (Spencer Technologies) from 2007 to 2012, and a ST3 sys-
tem (Spencer Technologies) from 2013 to 2017. Cases were not
excluded when only 1 or 2 vessel segments could not be insonated
(n=25). One MFV value was acquired per vessel segment (ICA,
M1, Al, and basilar artery), with results reviewed by a vascular
neurologist and recorded in a prospectively maintained case log.

Angiographic Vasospasm (Reference Test)

Severe vasospasm was defined as =50% reduction in the diameter
of the proximal intracranial arteries, as adjudicated by at least 14/
17 (80%) interventionists independently rating catheter angio-
grams without knowledge of the TCD values. In a consensus ses-
sion, 2 senior authors (T.E.D. and J.R.) reviewed the additionally
identified cases of severe vasospasm as the number of raters
agreeing on a verdict was lowered 1 reader at a time from 17/17
to 11/17 (65% of raters), while remaining blinded to TCD values.
The result of this consensus session was that 14/17 readers pro-
vided the optimal collection of cases, and it was determined that
only those cases would be considered correctly flagged by the tri-
age TCD test. The reliability of the gold standard angiographic di-
agnosis of severe vasospasm in the same series of patients has
previously been reported."> Briefly, for each patient, clinicians
were provided with anterior-posterior projections for 3 injections
(right ICA, left ICA, and vertebral artery) and asked to visually
judge the degree of vessel narrowing for each arterial segment at the
level of the supraclinoid ICA, M1, Al, and basilar artery (7 arterial
segments). The thresholds were as follows: none/mild vasospasm:
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FIG 1. Flow chart of patients included in the diagnostic accuracy study.
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<33% vessel narrowing; moderate vas-
ospasm: 33%-50% vessel narrowing;
severe vasospasm: >50% vessel narrow-
ing, according to a modified scheme
used at our institution.® Raters were not
provided with any clinical information
concerning the case and were blinded
to the scores given by other partici-
pants. Severe vasospasm was predefined
as a 50% reduction in luminal diameter,
but the effects of reducing this thresh-
old to 33% were also examined. The
scores provided were based on simple
visual inspection of the degree of lumi-
nal narrowing. Four clinicians were also
asked to evaluate the same permuted
portfolio using a 66% vessel narrowing
threshold. This time 66% severe vaso-
spasm was adjudicated when 3 of 4
raters independently agreed.'®

Definition of TCD MFV Thresholds
MFV thresholds were studied in 3 dif-
ferent ways: 1) by performing receiver
operating characteristic (ROC) curves
and exploring the velocities corre-
sponding to the Youden index (maxi-
mizing sensitivity and specificity); 2) by
examining the sensitivity and specificity
of fixed-threshold MFV values (110,
120, 130, 140, 150, 160 cm/s); and 3) by
exploring the threshold velocities corre-
sponding to a minimal sensitivity of
80%, 85%, 90%, and 95% in diagnosing
50% angiographic vasospasm.

Per-Arterial Segment and Per-
Patient Analyses
The distribution and diagnostic accu-
racy of TCD MFV values were first
studied at the level of arterial segments
(each patient contributed 7 arterial seg-
ments) using means and ROC curves.
A per-patient diagnosis of vaso-
spasm was then defined when any 1
segment (or more) excluding Al was
adjudicated at a 50% degree of narrow-
ing. Here, TCD was conceived as a “tri-
age test” to detect patients who might
benefit from conventional angiography
and endovascular interventions: A true-
positive TCD verdict was then adjudi-
cated at the patient level when any seg-
ment (except Al) reached a certain
velocity, even if that velocity concerned
a different segment than the one judged



FIG 2. Mean flow velocities for patients with and without vasospasm, defined as 33% (A), 50% (B), and 66% (C) vessel narrowing. MFV thresholds
for anterior and posterior circulation vessels are shown (dashed lines). Note that for all individual arterial segments, MFVs were significantly
higher for spastic vessels. Four asterisks indicate P < .0001; 2 asterisks, P < .01; T asterisk, P << .05. Error bars represent 95% confidence intervals.

to be 50% narrowed by angiography. A true-negative TCD verdict
was adjudicated when no segment reached that velocity and no seg-
ment on angiography was perceived to have <<50% narrowing in
diameter. Analyses were repeated using 2 other angiographic
thresholds (33% and 66%).

Statistical Analysis

All analyses were performed by statisticians (M.C., J.Z.) using
STATA, Version 16.0 (StataCorp) and SPSS, Version 26 (IBM)
with a significance level set at .05.

This study used all patients who fit the selection criteria without
formally calculating the sample size necessary to test a prespecified
hypothesis. Mean TCD velocities for each segment in nonsevere
and severe vasospasm at the 3 different thresholds were compared
using the Student ¢ test. For each of the 7 segments, ROC curves
were generated and the MFV at which sensitivity and specifi-
city were optimized using the Youden index was determined.
Corresponding sensitivities and specificities with 95% CIs were
reported. We constructed Gaussian curves for patients with and
without vasospasm at each of the 3 thresholds for visual compari-
son of the overlap of the curves, looking for fixed sensitivity values
of 80%, 85%, 90%, and 95%. To evaluate the diagnostic accuracy of
various TCD flow-velocity values, we selected 4 predefined levels of
sensitivity (80%, 85%, 90%, and 95%). ROC curves were generated
to define threshold MFVs for the diagnosis of severe vasospasm for
each of the anterior circulation (bilateral ICA and M1 segments)
and posterior circulation (basilar segment) arteries. The corre-
sponding specificities were then determined. Actual sensitivities
and specificities with 95% Cls are reported. Per-patient determina-
tions (yes/no) of a correct TCD judgment of severe vasospasm was
considered when these MFV thresholds of either the anterior or
posterior circulation were exceeded.

RESULTS

Literature Review

The meta-analyses on the diagnostic accuracy of TCD identified
36 source articles published between 1984 and 2013.>'* Two
articles in Japanese were excluded, leaving 34 English- or French-
language reports for full-text analysis (Online Supplemental
Data). Thirty-one of the 34 (91%) articles included in the system-
atic reviews were diagnostic accuracy studies that compared the
TCD index test with a reference test. Twenty-four of 31 (77%)
diagnostic accuracy studies reported on anterior circulation

velocities only, while 2 (6%) focused exclusively on posterior cir-
culation vasospasm, with 5 (16%) reporting both.

The percentage of luminal narrowing on conventional angiog-
raphy used as the reference test was =50% in 8/31 or 26% of
articles [no threshold: 13 articles (42%); 20%—-25% luminal nar-
rowing: 8 articles (26%); 30%-33%: 2 articles (6%); 50%: 7 articles
(23%); 75%: 1 article (3%)]. Reported MFV thresholds to diag-
nose vasospasm in the anterior circulation ranged from 90 to
180 cm/s and 60 to 95cm/s for the posterior circulation. There
were no reports regarding a per-patient judgment of vasospasm
using a luminal narrowing threshold of at least 50%.

Diagnostic Accuracy Study

The flow chart of patients included in the diagnostic accuracy
study is shown in Fig 1, and the characteristics of the 221 patients
with SAH are available in the Online Supplemental Data.

Per-Segment Analyses

We first compared the MFV's of arterial segments with or without
angiographic vasospasm, defined according to 33%, 50%, and
66% narrowing thresholds (Fig 2).

The proportion of arterial segments judged to be vasospastic
decreased with increasing angiographic thresholds (15%, 8%, and
4% of segments for >33%, 50%, and 66% vessel narrowing,
respectively). The MFVs of vasospastic segments were signifi-
cantly higher for all segments (P=.001). MFVs of basilar seg-
ments were significantly lower than those of anterior circulation
arterial segments (P =.001).

The ROC curves of the TCD MFV values in the diagnosis of
50% vasospasm for each arterial segment (without prespecifying
a threshold velocity) are available in the Online Supplemental
Data. The areas under the curve and the MFVs corresponding to
the Youden index (which optimizes sensitivity and specificity)
are summarized in Table 1.

This data-dependent method of exploring optimal velocities to
diagnose angiographic vasospasm provided clinically unsound
results (ie, widely discrepant threshold velocity values for the right
and left ICAs [154 and 109 cm/s], and also for right and left M1 seg-
ments [157-124 cm/s]), whereas similar results would be expected.

Per-Patient Analyses
We then examined ROC curves and the sensitivity and speci-
ficity of various predefined threshold velocity values (when
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Table 1: Per-arterial segment TCD MFVs corresponding to Youden index optimizing sensitivity and specificity in detecting 50% vasospasm

MFV Threshold (cm/s) Sensitivity (95% Cl) Specificity (95% Cl) AUC (95%Cl)
Right ICA 154 0.86 (0.56-0.98) 0.86 (0.81-0.90) 0.88 (0.81-0.95)
Left ICA 109 1.0 (0.68-1.0) 0.69 (0.63-0.76) 0.90 (0.84-0.96)
Right M1 157 0.73 (0.56-0.90) 0.82 (0.76-0.87) 0.84 (0.75-0.92)
Left M1 124 0.92 (0.73-0.99) 0.65 (0.58-0.72) 0.85 (0.78-0.91)
Basilar artery 98 0.75 (0.51-0.81) 0.81(0.76-0.87) 0.84 (0.73-0.95)

Note:—AUC indicates area under the curve.

FIG 3. Sensitivity, specificity, and the Youden number at various pos-
sible mean flow velocity cutoffs for anterior circulation arterial seg-
ments. This data-driven method of analysis shows that the best MFV
cutoff is close to 160 cm/s. Data for posterior circulation segments
are not shown.

reached in any anterior circulation segment in the same
patient) in the diagnosis of severe vasospasm at the patient
level (defined as 50% narrowing in any segment). Figure 3
shows that low-velocity thresholds are sensitive but poorly
specific; when velocities reach 160 cm/s (the velocities with
the highest Youden number), the specificity reaches 70%, but
sensitivity decreases below 80%.

The distributions of the maximal velocity found in any
segment of the anterior circulation in patients categorized
with or without vasospasm (any segment) according to the 3
angiographic thresholds are shown in Fig 4, along with corre-
sponding ROC curves and areas under the curve (results for
basilar segments are not shown). The overlap between
patients with and without vasospasm increases with sensitiv-
ity. Optimal velocities corresponding to a minimal sensitivity
of 80% (along with the corresponding specificity and 95%
confidence intervals) are summarized in Table 2. Optimal
MFYV threshold values for a minimal sensitivity of 80% in the
diagnosis of 50% angiographic vasospasm were 164 cm/s (an-
terior circulation segments) and 80 cm/s (basilar artery). Yet,
the specificity remained low (56%-71%).

DISCUSSION

This study shows that high MFVs are closely associated with
severe angiographic vasospasm. Nevertheless, TCD MFVs did
not perform well when tested at the individual patient level to tri-
age patients who showed angiographic vasospasm that might
require urgent treatment: Using relatively high-threshold MFV
values (such as 160 cm/s) would still unnecessarily send patients
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for cerebral angiography 50% of the time yet would still risk miss-
ing 10%-20% of patients with vasospasm (=50%) sufficient
enough to be at risk of cerebral infarction.

Our results differ from those of many of the studies collected
in the most recent systematic review (2018), which showed TCD
to be specific (90%) but not sensitive (67%).M

However, many of the included studies examined the per-
formance of TCD when TCD played a different role; most
used low MFV values (in the range of 120 cm/s) to identify
patients with much lower gold standard angiographic
thresholds for the diagnosis of vasospasm (=25% narrow-
ing). As revealed by the reported expected prevalence of 70%
of vasospasm, these studies were designed to assess the accu-
racy of TCD in diagnosing any degree of vasospasm, no mat-
ter the clinical relevance."* We are unsure of the added value
of a diagnostic test that identifies any degree of vasospasm in
patients with a high pretest probability of any vasospasm
(70%). The more important role for TCD in this context
should rather be to accurately identify patients who could
eventually be rescued with induced hypertension or endo-
vascular treatment. Unfortunately, the clinical benefit of
medical or endovascular interventions has not been rigor-
ously verified.”>*

One fundamental problem is that angiographic vasospasm
itself is not a well-defined disease. It is rather a test finding that
is vaguely associated with delayed cerebral ischemia, but the
relationship between angiographic vasospasm and clinical out-
comes is uncertain. Furthermore, there is no well-accepted defi-
nition of angiographic vasospasm at the arterial segment or per-
patient level, and the reliability and clinical significance of the
gold standard itself is, at best, ques'[ionable.ls’16 In such circum-
stances, the diagnostic accuracy methodology we have used may
not be the best way to assess the value of TCD monitoring in
the prevention of delayed cerebral ischemia.** With so much
uncertainty at so many levels, we need to seek a scientific way to
make progress.

The problem may call for an entirely different approach
regarding how diagnoses are determined. Other medical special-
ties confronted with uncertain threshold values have recently
addressed decades-old diagnostic controversies using pragmatic
trial methodology.”> We believe progress in this field would also
be possible by designing randomized trials that test the value of
TCD monitoring, angiography, and endovascular intervention
in the prevention of delayed cerebral ischemia after SAH.

This study has several limitations. The patients and the
TCD values were prospectively collected, but angiograms were
retrospectively analyzed for the purpose of this study. TCD
was performed by a single expert technician (patients



examined by other technicians or neurologists were excluded).
While TCD is used to monitor patients during a period at risk
of vasospasm, for each patient a single examination was retained
for comparison with the same-day angiogram. We did not exam-
ine various other TCD indices (such as Lindegaard ratios®®) nor
attempt to identify patients with rising MFV's across time, which

FIG 4. Per-patient analysis of the diagnostic accuracy of TCD. Distributions of the maximal mean
flow velocity found in any segment of the anterior circulation with or without vasospasm accord-

could have led to different results.® We also did not examine the
effects of diagnoses on patient outcomes.

This study assessed a snapshot comparison of TCD values and
an angiographic verdict within 24 hours; it does not consider the
way TCD results of each patient were judged in real-time or how
they were used for clinical decisions and subsequent management.

In this analysis, we considered

TCD a triage test to identify whether

individual patients should undergo

gold standard
angiographic criterion itself was previ-

angiography. The

ously shown to be poorly repeatable,
and we had to arbitrarily fix a thresh-
old (14/17 raters) to provide a final
verdict necessary to proceed with a
diagnostic-accuracy study.”> We chose
to call true-positive per-patient TCD
verdicts whenever the TCD threshold
was exceeded in any segment in the
same patient—even if it was not the
correct segment found narrowed on
catheter angiography. This evaluation
of the diagnostic accuracy of TCD
could be considered too generous.
Finally, the methods we used to
explore the threshold velocities that
would maximize sensitivity and speci-
ficity are known to overestimate the
diagnostic accuracy of the index test.*'

CONCLUSIONS

There is a general correlation between
blood flow velocity increases and
angiographic vasospasm. Thus, TCD
findings can alert clinicians to the pos-
sibility of vasospasm and to the need
for careful patient assessment and ex-
amination for the development of
neurologic findings. However, a
threshold MFV value that can accu-
rately distinguish patients with or
without =50% angiographic narrow-
ing remains elusive.

ing to thresholds of 33% (A), 50% (B), and C) 66%. The 80% sensitivity line is labeled.

Corresponding ROC curves are presented in A, B, and C". Note the large amount of overlap of

the curves despite acceptable areas under the curve (AUCs).

Disclosure forms provided by the authors are
available with the full text and PDF of this
article at www.ajnr.org.

Table 2: Per-patient TCD MFV thresholds for various minimal sensitivities in detecting 50% vasospasm

Predefined MFV Threshold (cm/s)*

Minimum Sensitivity ICA or M1 Basilar Artery Sensitivity (95% Cl) Specificity (95% Cl)
80% >164 >80 0.86 (0.72-0.94) 0.64 (0.56-0.71)
85% >160 >61 0.90 (0.77-0.96) 0.48 (0.40-0.56)
90% >126 >60 0.94 (0.82-0.98) 0.37 (0.30-0.45)
95% >95 >56 0.96 (0.85-0.99) 0.24 (0.18-0.31)

?Severe vasospasm was determined when 1 threshold was exceeded.

AINR Am J Neuroradiol 43:80—-86 Jan 2022 www.ajnr.org 85


http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/January%202022/0665.pdf
http://www.ajnr.org

REFERENCES

1.

10.

11.

12.

86

Aaslid R, Markwalder TM, Nornes H. Noninvasive transcranial
Doppler ultrasound recording of flow velocity in basal cerebral
arteries. ] Neurosurg 1982;57:769-74 CrossRef Medline

. Gonzalez NR, Boscardin WJ, Glenn T, et al. Vasospasm probability

index: a combination of transcranial Doppler velocities, cerebral blood
flow, and clinical risk factors to predict cerebral vasospasm after
aneurysmal subarachnoid hemorrhage. | Neurosurg 2007;107:1101-12
CrossRef Medline

. Krejza J, Kochanowicz J, Mariak Z, et al. Middle cerebral artery spasm

after subarachnoid hemorrhage: detection with transcranial color-
coded duplex US. Radiology 2005;236:621-29 CrossRef Medline

. Lindegaard KF, Nornes H, Bakke SJ, et al. Cerebral vasospasm after

subarachnoid haemorrhage investigated by means of transcranial
Doppler ultrasound. Acta Neurochir Suppl (Wien) 1988;42:81-84
Medline

. Lysakowski C, Walder B, Costanza MC, et al. Transcranial Doppler

versus angiography in patients with vasospasm due to a ruptured
cerebral aneurysm: a systematic review. Stroke 2001;32:2292-98
CrossRef Medline

. Okada Y, Shima T, Nishida M, et al. Comparison of transcranial

Doppler investigation of aneurysmal vasospasm with digital sub-
traction angiographic and clinical findings. Neurosurg 1999;45:443-
49; discussion 449-50 CrossRef Medline

. Proust F, Hannequin D, Langlois O, et al. Causes of morbidity and

mortality after ruptured aneurysm surgery in a series of 230 patients:
the importance of control angiography. Stroke 1995;26:1553-57
CrossRef Medline

. Vora YY, Suarez-Almazor M, Steinke DE, et al. Role of transcranial

Doppler monitoring in the diagnosis of cerebral vasospasm after
subarachnoid hemorrhage. Neurosurg 1999;44:1237-47; discussion
1247-38 CrossRef Medline

. Wardlaw JM, Offin R, Teasdale GM, et al. Is routine transcranial

Doppler ultrasound monitoring useful in the management of subar-
achnoid hemorrhage? ] Neurosurg 1998;88:272-76 CrossRef Medline
Weir B, Grace M, Hansen J, et al. Time course of vasospasm in man.
J Neurosurg 1978;48:173-78 CrossRef Medline

Sebastian J, Derksen C, Khan K, et al. Derivation of transcranial
Doppler criteria for angiographically proven middle cerebral ar-
tery vasospasm after aneurysmal subarachnoid hemorrhage. |
Neuroimaging 2013;23:489-94 CrossRef Medline

Diringer MN, Bleck TP, Hemphill JC 3rd, et al; Neurocritical Care
Society. Critical care management of patients following aneurys-
mal subarachnoid hemorrhage: recommendations from the
Neurocritical Care Society’s Multidisciplinary Consensus
Conference. Neurocrit Care 2011;15:211-40 CrossRef Medline

Darsaut Jan 2022 www.ajnr.org

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Edmonds HL Jr, Isley MR, Sloan TB, et al. American Society of
Neurophysiologic Monitoring Society  of
Neuroimaging joint guidelines for transcranial Doppler ultrasonic
monitoring. ] Neuroimaging 2011;21:177-83 CrossRef Medline
Mastantuono JM, Combescure C, Elia N, et al. Transcranial Doppler
in the diagnosis of cerebral vasospasm: an updated meta-analysis.
Crit Care Med 2018;46:1665-72 CrossRef Medline

Darsaut TE, Derksen C, Farzin B, et al. Reliability of the diagnosis
of cerebral vasospasm using catheter cerebral angiography: a sys-
tematic review and inter- and intraobserver study. AJNR Am ]
Neuroradiol 2021;42:501-07 CrossRef Medline

Letourneau-Guillon L, Farzin B, Darsaut TE, et al. Reliability of CT
angiography in cerebral vasospasm: a systematic review of the lit-
erature and an inter- and intraobserver study. AJNR Am ]
Neuroradiol 2020;41:612-18 CrossRef Medline

Weir B. Vasospasm: does it cause infarction and poor outcome? |
Neurosurg 2020;134:1006-11 CrossRef Medline

Young DF. Fluid mechanics of arterial stenoses. | Biomech Eng
1979;101:157-75 CrossRef

Dorsch NW, King MT. A review of cerebral vasospasm in aneurys-
mal subarachnoid haemorrhage, Part I: incidence and effects. |
Clin Neurosci 1994;1:19-26 CrossRef Medline

Rosenwasser RH, Armonda RA, Thomas JE, et al. Therapeutic
modalities for the management of cerebral vasospasm: timing of
endovascular options. Neurosurg 1999;44:975-79; discussion 979-80
CrossRef

Bossuyt PM, Reitsma JB, Bruns DE, et al; STARD Group. STARD
2015: an updated list of essential items for reporting diagnostic ac-
curacy studies. BMJ 2015;351:h5527 CrossRef Medline

Frontera JA, Fernandez A, Schmidt JM, et al. Defining vasospasm af-
ter subarachnoid hemorrhage: what is the most clinically relevant
definition? Stroke 2009;40:1963-68 CrossRef Medline

Wang LS, He W, Zhang HQ, et al. Comparison of transcranial color
Doppler sonography without and with contrast enhancement for
detection and characterization of intracranial aneurysms. ] Clin
Ultrasound 2012;40:535-39 CrossRef Medline

Rutjes AW, Reitsma JB, Coomarasamy A, et al. Evaluation of diag-
nostic tests when there is no gold standard: a review of methods.
Health Technol Assess 2007;11:iii, ix-51 CrossRef Medline

Hillier TA, Pedula KL, Ogasawara KK, et al. A pragmatic, random-
ized clinical trial of gestational diabetes screening. N Engl ] Med
2021;384:895-904 CrossRef Medline

Lindegaard KF, Bakke SJ, Sorteberg W, et al. A non-invasive Doppler
ultrasound method for the evaluation of patients with subarachnoid
hemorrhage. Acta Radiol Suppl 1986;369:96-98 Medline

and American


http://dx.doi.org/10.3171/jns.1982.57.6.0769
https://www.ncbi.nlm.nih.gov/pubmed/7143059
http://dx.doi.org/10.3171/JNS-07/12/1101
https://www.ncbi.nlm.nih.gov/pubmed/18077946
http://dx.doi.org/10.1148/radiol.2362031662
https://www.ncbi.nlm.nih.gov/pubmed/16040918
https://www.ncbi.nlm.nih.gov/pubmed/3055838
http://dx.doi.org/10.1161/hs1001.097108
https://www.ncbi.nlm.nih.gov/pubmed/11588316
http://dx.doi.org/10.1097/00006123-199909000-00005
https://www.ncbi.nlm.nih.gov/pubmed/10493365
http://dx.doi.org/10.1161/01.str.26.9.1553
https://www.ncbi.nlm.nih.gov/pubmed/7660397
http://dx.doi.org/10.1227/00006123-199906000-00039
https://www.ncbi.nlm.nih.gov/pubmed/10371622
http://dx.doi.org/10.3171/jns.1998.88.2.0272
https://www.ncbi.nlm.nih.gov/pubmed/9452235
http://dx.doi.org/10.3171/jns.1978.48.2.0173
https://www.ncbi.nlm.nih.gov/pubmed/624965
http://dx.doi.org/10.1111/j.1552-6569.2012.00771.x
https://www.ncbi.nlm.nih.gov/pubmed/23163812
http://dx.doi.org/10.1007/s12028-011-9605-9
https://www.ncbi.nlm.nih.gov/pubmed/21773873
http://dx.doi.org/10.1111/j.1552-6569.2010.00471.x
https://www.ncbi.nlm.nih.gov/pubmed/20331498
http://dx.doi.org/10.1097/CCM.0000000000003297
https://www.ncbi.nlm.nih.gov/pubmed/30080684
http://dx.doi.org/10.3174/ajnr.A7021
https://www.ncbi.nlm.nih.gov/pubmed/33509923
http://dx.doi.org/10.3174/ajnr.A6462
https://www.ncbi.nlm.nih.gov/pubmed/32217551
http://dx.doi.org/10.3171/2020.7.JNS202551
https://www.ncbi.nlm.nih.gov/pubmed/33126209
http://dx.doi.org/10.1115/1.3426241
http://dx.doi.org/10.1016/0967-5868(94)90005-1
https://www.ncbi.nlm.nih.gov/pubmed/18638721
http://dx.doi.org/10.1097/00006123-199905000-00022
http://dx.doi.org/10.1136/bmj.h5527
https://www.ncbi.nlm.nih.gov/pubmed/26511519
http://dx.doi.org/10.1161/STROKEAHA.108.544700
https://www.ncbi.nlm.nih.gov/pubmed/19359629
http://dx.doi.org/10.1002/jcu.21911
https://www.ncbi.nlm.nih.gov/pubmed/22457239
http://dx.doi.org/10.3310/hta11500
https://www.ncbi.nlm.nih.gov/pubmed/18021577
http://dx.doi.org/10.1056/NEJMoa2026028
https://www.ncbi.nlm.nih.gov/pubmed/33704936
https://www.ncbi.nlm.nih.gov/pubmed/2980623

ORIGINAL RESEARCH
INTERVENTIONAL

Parent Artery Straightening after Flow-Diverter Stenting
Improves the Odds of Aneurysm Occlusion

M. Piotin

K. Janot, ““R. Fahed, "' A. Rouchaud, “*K. Zuber, “*'G. Boulouis, “*'G. Forestier, “’C. Mounayer, and

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial stents for the treatment of aneurysms can be responsible for parent artery straighten-
ing, a phenomenon with potential consequences for aneurysmal occlusion. We aimed to evaluate parent artery straightening fol-
lowing flow-diverter stent placement in patients with intracranial aneurysms and explored the association between parent artery
straightening and subsequent aneurysm occlusion.

MATERIALS AND METHODS: All patients treated with flow-diverter stents for anterior circulation aneurysms located down-
stream from the carotid siphon between January 2009 and January 2018 were screened for inclusion. Parent artery straighten-
ing was defined as the difference (a—f) in the parent artery angle at the neck level before (« angle) and after flow-diverter
stent deployment (3 angle). We analyzed the procedural and imaging factors associated with parent artery straightening and
the associations between parent artery straightening and aneurysmal occlusion.

RESULTS: Ninety-five patients met the inclusion criteria (n =64/95 women, 67.4%; mean age, 54.1 [SD, 11.2] years) with 97 flow-di-
verter stents deployed for 99 aneurysms. Aneurysms were predominantly located at the MCA bifurcation (n=44/95, 44.4%).
Parent artery straightening was found to be more pronounced in patients treated with cobalt chromium stents than with nitinol
stents (P=.02). In multivariate analysis, parent artery straightening (P=.04) was independently associated with aneurysm occlusion
after flow-diverter stent deployment.

CONCLUSIONS: The use of flow-diverter stents for distal aneurysms induces a measurable parent artery straightening, which
is associated with higher occlusion rates. Parent artery straightening, in our sample, appeared to be more prominent with
cobalt chromium stents than with nitinol stents. This work highlights the necessary trade-off between navigability and par-
ent artery straightening and may help tailor the selection of flow-diverter stents to aneurysms and parent artery
characteristics.

low-diverter stents are an interesting treatment option for
selected patients with intracranial aneurysms."* Their efficacy
to obtain aneurysm occlusion depends notably on the incident
angle of blood flow through the flow-diverter stents into the an-
eurysm sac,” which directly correlates with parent artery anat-
omy. In patients with aneurysms located in the carotid
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siphon,* flow-diverter stents have been shown to straighten
the parent artery after deployment, and the straightening
may independently be associated with higher aneurysm
occlusion rates. Yet, this effect has not, to date, been
explored in patients with more distal aneurysms, their parent
vessels being less subjected to local constraints and, in turn,
a likely more important susceptibility to deformation.
Indeed, vessel anatomy is constrained by the local osseous
environment in the siphon, whereas vessels located in the
Sylvian cisterns or more distally at the surface of the brain
are more prone to anatomic changes under external or inter-
nal constraint.

In a retrospective study, we aimed to measure parent artery
straightening after deployment of flow-diverter stents in patients
with intracranial aneurysms located beyond the carotid siphon
and to assess whether parent artery straightening is associated
with aneurysm occlusion.
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FIG 1. Measurement of parent artery straightening. Angles were
measured at the intersection of 2 lines drawn from the neck center
in the axis of the proximal and distal segments of the parent artery.
« is the angle measured before stent placement, and B is the angle
measured after stent deployment. Preoperative (1) and postopera-
tive (2) drawings.

MATERIALS AND METHODS

Ethics

The study protocol was approved by the local ethics committee at
Rothschild Foundation Hospital. In line with regulations in
France where the study was conducted, the institutional review
board waived the need for patients’ signed consent. Patients were
informed that they could refuse the use of their data.

Data Sharing
Data will be made available on reasonable request by a qualified
investigator after institutional review board approval.

Population

All patients treated with flow-diverter stents for intracranial
aneurysms located beyond the carotid siphon between January
2009 and January 2018 were included. At our institution, flow-di-
verter stents are used as an alternative to coiling or an operation
for the treatment of complex aneurysms, including giant, fusi-
form, or wide-neck lesions. Flow-diverter stents are not used in
the context of suspected mycotic lesions. Posterior circulation
aneurysms, fusiform aneurysms, ruptured aneurysms, aneurysms
without available images, and those treated with >1 flow-diverter
stent or previously treated by stent placement were excluded.

Treatment

Endovascular treatment was performed with the patient under gen-
eral anesthesia. All patients received systemic heparinization during
the procedure. Four different flow-diverter stent devices were avail-
able: 2 cobalt chromium stents, the Pipeline Embolization Device
(PED; Medtronic) and the Surpass FD (Stryker Neurovascular) and
2 nitinol stents, the Silk (Balt Extrusion) and the Flow-Redirection
Endoluminal Device (FRED; MicroVention). Concomitant coiling
was sometimes performed during the same procedure at the discre-
tion of the operators.

Antiplatelet Therapy

In the postoperative period, all treated patients received dual-
antiplatelet therapy by aspirin and clopidogrel for 3 months
(except for one who received aspirin combined with ticagrelor)
followed by monotherapy using aspirin alone.
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Clinical and Imaging Follow-up

Patients were assessed by a first cerebral angiogram at 6-
12 months and a second cerebral angiogram at 36 months, then
by brain MR imaging.

Data Collection and Analysis

All clinical and imaging data were retrieved from electronic medi-
cal records. The parent artery angle was measured at the intersec-
tion of the central lines of the proximal and distal portions of the
parent vessel to the center point of the parent artery facing the an-
eurysm neck, before and after stent deployment and at first follow-
up (Fig 1). Parent artery straightening was defined as the difference
between the postdeployment angle () and the initial angle ().
Two independent physicians blinded to the angiographic outcome
of the aneurysm performed these measurements on DSA working
projections. The postdeployment angle used for analyses was the
mean of both raters’ measurements. Discrepancies of >10° of par-
ent artery straightening were resolved by consensus. Aneurysm
occlusion was evaluated using the O’Kelly-Marotta grading scale
based on the DSA images.’

Statistical Analysis

Continuous variables were reported as mean (SD), with extreme
values and categoric variables as number and percentage.
Agreement between readers for angle measurements was deter-
mined using the interclass correlation coefficient and a 95% confi-
dence interval. For complete aneurysm occlusion, univariate,
logistic regression models were used to test the association,
whereas a univariate linear regression model was used for factors
associated with parent artery straightening. Variables with P < .20
in univariable analysis were included in a multiple logistic regres-
sion model for occlusion and a multiple linear regression model
for the parent artery straightening angle. Backward variable selec-
tion was used to select the independent predictors of complete
occlusion and postdeployment angle. P<.05 was considered sig-
nificant. The interaction term “parent artery straightening x stent
type” may allow us to understand whether the effect of parent ar-
tery straightening varies within stent type. All statistical analyses
were performed using JMP Pro 14 (SAS Institute, 1989-2019).

RESULTS

Study Cohort Characteristics

Ninety-five patients were included in the present study (64 women,
67.4%; mean age, 54.1 [SD, 11.2] years) for a total of 99 aneurysms
located downstream from the carotid siphon treated with 97 flow-
diverter stents, including 45 aneurysms (45.5%) previously treated
with coils. All aneurysms were saccular and measured 6.1 (SD,
5.0) mm in maximal diameter and 3.9 (SD, 2.1) mm at the neck.
Fifty-two aneurysms were treated using a cobalt chromium stent
(PED, Surpass) (52.5%) and 47, using a nitinol stent (Silk, FRED)
(47.5%). Detailed cohort characteristics are shown in Table 1.

Parent Artery Straightening

The mean postdeployment angle () was significantly superior to
the initial angle () (141.6° [SD, 24.8°] versus 124.1° [SD, 64]%
P< .001).



Table 1: Comparison of demographic, angiographic, and treatment characteristics between complete occluded and incomplete

occluded aneurysms®

All Aneurysms (n = 99) Complete Occlusion (n = 64) Incomplete Occlusion (n = 20) P Value
Age (yr) (mean) 541 (SD, 112) 53.8 (SD, 10.8) 543 (SD, 10.4) 76
Sex, M/F 31 (31.3%)/68 (68.7%) 18 (28.1%)/46 (71.9%) 9 (45%)/1 (55%) 26
Follow-up (mo) (n = 84) 23.9 (SD, 16.3) 24.2 (SD, 15.0) 22.9 (SD, 20.2) 27
Previous treatment 45 (45.5%) 28 (43.8%) 13 (65%) 16
Aneurysm location 62
MCA 44 (44.4%) 25 (39.1%) 12 (60%)
AcomA 27 (27.3%) 20 (31.3%) 5 (25%)
Al 2 (2.0%) 2 (31%) 0
A2 2 (2.0%) 2 (31%) 0
Pericallosal 24 (24.2%) 15 (23.4%) 3 (15%)
Aneurysm size (mm)
Neck 3.9 (SD, 2.) 3.6 (SD, 2.1) 43 (SD, 2.0) .06
Diameter 61(SD, 5.0) 61(SD, 5.7) 6.5 (SD, 3.5) 14
Concomitant coiling 15 (15.2%) 9 (14.1%) 2 (10%) 1
Flow-diverter stent
Length (mm) 16.9 (SD, 3.9) 165 (SD, 3.8) 18.2 (SD, 4.3) 42
Type .004
Nitinol 47 (47.5%) 26 (40.6%) 16 (80%)
Cobalt chromium 52 (52.5%) 38 (59.4%) 4 (20%)
Angle of parent artery
Initial angle () 124.1° (SD, 64.0°) 118.3° (SD, 29.8°) 122.7° (SD, 28.1%) 58
Postdeployment angle 1416° (SD, 24.8°) 146.0° (SD, 21.8°) 135.9° (SD, 24°) 2
(B)
Parent artery 3.8°(SD, 21.6°) 27.7 (SD, 22.6) 13.3° (SD, 12.3%) <.001

straightening (8-a)

Note:—AcomaA indicates anterior communicating artery; Al, proximal segment of the anterior cerebral artery; A2, distal segment of the anterior cerebral artery.
“Data are presented as mean (standard deviation, SD) for continuous variables and absolute number (percentage of column total) for discrete variables.

FIG 2. Distribution of angles of parent artery straightening and association with aneurysmal
occlusion. A, Shadowgram distribution of parent artery straightening. B, Stacked histograms of

In univariate analysis, stent type
(P=.02) and initial angle («) (P <.001)
were significantly associated with parent
artery straightening. There was no asso-
ciation with patient sex, age, previous
embolization, aneurysm location, aneu-
rysm size, and associated coiling. The
initial angle («) (P = .01) and stent type
(P<.001) remained associated inde-
pendently with parent artery straighten-
ing (Online Supplemental Data). Figure
3 and the Online Supplemental Data
show illustrations of parent artery
straightening  following flow-diverter
stent placement.

the proportion of patients with complete occlusion in bins of increasing parent artery straighten-

ing (offset = 0, width = 25°).

The mean follow-up angle was further significantly increased
compared with the postdeployment angle 8 (148.7°[SD, 20.3°];
P <.001), with a mean first DSA follow-up time of 8.5 (SD, 4.3)
months. According to the criteria of Cicchetti et al.® interobserver
agreement was considered good for all 3 measurements, with
interclass correlation coefficient values of 0.64 (0.40-0.75) for the
initial angle (&), 0.65 (0.46-0.78) for the postdeployment angle
(B),and 0.70 (0.53-0.83) for the follow-up angle, respectively.

Parent artery straightening was common, with a median par-
ent artery angle reduction of 17° (interquartile range, 8.25°-33°)
(see Fig 2 for a complete distribution).

Factors Associated with

Aneurysm Occlusion

Fifteen patients with 15 aneurysms
(15.2%) were lost during follow-up, leaving 84 aneurysms for this
analysis. Complete occlusion (O’Kelly-Marotta score D) was
observed in 64 aneurysms (76.2%) at follow-up, with a mean
follow-up duration of 23.9 (SD, 16.3) months. In univariate analysis,
cobalt chromium stents (P =.004) and higher parent vessel straight-
ening (B—a) (P < .001) were associated with complete aneurysm
occlusion (Table 1). After adjustment, parent artery straightening
(P=.036), stent type (P=.02), and aneurysm neck (P <.001) were
independently associated with complete aneurysm occlusion. The
interaction term between stent type and parent artery straightening
was not significant (P =.055), meaning that there was no varying
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FIG 3. Comparison of vascular geometry modifications in 2 treatments of MCA aneurysms. The second flow-diverter stent deployment appears
to modify the vascular anatomy (E-G) more than the first flow-diverter stent (A—C). Angiogram controls show complete aneurysm occlusion
with the second flow-diverter stent (H) compared with the first-flow diverter (D) stent. A and E, Preoperative angiogram. B and F, Angiogram af-
ter stent placement. C and G, Unsubtracted view after stent deployment. D and H, First angiogram follow-up. « indicates the angle measured

before stent placement; 3, the angle measured after stent placement.

Table 2: Multivariable analysis of aneurysm occlusion
determinants

Multivariate Analysis, P
Variables aOR (95% Cl) Value
Aneurysm neck (mm) 0.57 (0.38-0.87) <.001
Stent type: chromium cobalt 2.13(1.26-11.93) .020
Parent artery straightening 1.04° (1.01°-1.17°) .036
Initial angle () 0.95°(0.91°-1.02° 401
Parent artery straightening x 0.99 (0.94-1.02) .055

stent type®

Note:—aOR indicates adjusted odds ratio.
Anteraction term.

influence of parent artery straightening according to stent type.
Detailed results are shown in Table 2.

DISCUSSION

These results suggest that flow-diverter stents deployed beyond
the carotid siphon modify the anatomy by inducing straightening
of the parent artery, and parent artery straightening, in turn,
favors higher rates of aneurysm occlusion. This result brings
additional insight into the mechanisms at play after flow-diverter
stent placement during aneurysm healing. It also suggests that
while the distal navigability of a flow-diverter stent is highly
desired for procedural success, it may come at the cost of lower
parent artery straightening and lower odds of aneurysmal occlu-
sion in aneurysms located beyond the carotid siphon.

Previous studies have reported failure rates as high as 17% af-
ter flow-diverter treatment in distal aneurysm locations,? and
mechanisms of occlusion failure still remain poorly understood.

Some animal studies have suggested that flow-diverter stent
treatment was more effective when deployed in a straight artery
than in a curved artery”” Our study also suggests that this
straightening phenomenon goes on after deployment, because
follow-up angles were significantly superior to immediate

90 Janot Jan 2022 www.ajnr.org

postdeployment angles.* In addition to its effects on the incident
angle of blood flow into the aneurysm sac, this straightening
effect could improve aneurysm occlusion through other mecha-
nisms: It might influence the wall apposition of the flow-diverter
stents,'” and it could also improve the “scaffolding” effect for
reconstruction of the aneurysmal neck'' and promote arterial
remodeling in a more favorable geometric configuration. It is,
nonetheless, hypothesized that despite the flow-diverting effect,
flow-diverter stents inducing important parent artery straighten-
ing may, in part, correct the geometric configuration that was
involved in aneurysm development in the first place.
Hemodynamic factors indeed play an important role in the

pathogenesis of cerebral aneurysms.'> Gao et al'?

reported vascular
geometric consequences of single conventional stent placement:
Angular remodeling was more pronounced using the stiffer closed-
cell-like flow-diverter stents. Our study demonstrates that flow-di-
verter stent placement in the distal artery straightens parent artery
geometry like conventional stents, which has already been theoreti-
cally described in a computational fluid dynamics study."* The he-
modynamic efficiency of a flow-diverter stent is related to several
parameters, including the porosity and metal coverage of the stent,
but intra-aneurysmal hemodynamic changes are also affected by
the curvature of the parent artery."*'® When the aneurysm is devel-
oped on the convex wall of a curvature, cells of flow-diverter stents
are more widely opened than when the artery is straightened, with
a higher mesh density and increased flow diversion."”

Ishii et al'® reported that in stent-assisted coiled aneurysms,
angular change induced by stent placement may affect aneu-
rysm recanalization rates during follow-up more than coil pack-
ing density. Also, Funakoshi et al'>*° showed, in a cohort of 255
aneurysms, that distal aneurysms located in the ICA bifurcation,
MCA, or anterior communicating artery develop in parent ves-
sels that are not fixed by osseous structures, have characteristics
such as small diameters and thin vessel walls, and can be more
mobile. Progressive thrombosis is more often observed in these



distal aneurysms treated by stent-assisted coiling; aggressive
coiling may appear futile in these cases.

Our results suggest that parent artery straightening could be
more important with cobalt chromium flow-diverter stents than
with nitinol flow-diverter stents, probably due to the mechanical
properties of their respective components. Nitinol is an alloy
composed of near-equal parts of nickel and titanium, which
exhibit unique properties: superelasticity and shape memory.
Cobalt chromium is stronger than stainless steel, so a cobalt
chromium stent can have similar strength with thinner
braids.?"'?? In the multivariable model, we indeed showed
that cobalt chromium stents were associated with a 2-fold
increase in subsequent aneurysm occlusion, and the interac-
tion term between stent type and parent artery straightening
attained near-significance (P=.055), implying that the
degree of parent artery straightening might differ between
both stents, which is substantiated by the analysis of parent
artery straightening determinants. Most important, there are
many other mechanical characteristics that differentiate these
types of stents (such as navigability); therefore, our findings
do not imply that one type of flow diverter stent is superior to
the other. Indeed, our analysis was focused on aneurysms
that are not constrained by osseous structures due to their
distal situation. In these anatomic locations, increased navi-
gability is a highly desirable characteristic of flow-diverter
stents, and we cannot exclude a confounding by indication,
which led to more distal/complex aneurysms being treated
with nitinol stents in our sample.

Of interest, while software is currently being used to simu-
late the behavior of a stent after its deployment to help in
planning treatment and choosing stent size,”® these tools
assume that the vessel is a rigid, not deformable structure.
Our results suggest that this approach might be misleading,
at least for arteries beyond the circle of Willis, and there is
room for incorporating parent artery straightening in this
software to facilitate placement and postdeployment manage-
ment in more complex cases.

Our study has several limitations due to its retrospective na-
ture and the small number of patients included. Also, the angle
measurements were made on 2D angiographic images, and mea-
surement performed on 3D acquisitions might be more precise
and could have shown different results.

CONCLUSIONS

In patients with intracranial aneurysms located beyond the
carotid siphon, flow-diverter stent placement induces parent
artery straightening, a phenomenon found in our sample to
be associated with higher rates of subsequent aneurysmal
occlusion. This feature may be of importance for device-
selection planning in patients scheduled for elective flow-di-
verter stent placement and may need to be considered in
future studies investigating the efficacy of flow-diverter stents
to better comprehend the healing process of aneurysms.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Interrater Agreement and Detection Accuracy for Medium-
Vessel Occlusions Using Single-Phase and
Multiphase CT Angiography

J.M. Ospel, ““F. Bala, “’R.V. McDonough, ““O. Volny, N. Kashani, ““’W. Qiu, “/B.K. Menon, and ““’M. Goyal
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ABSTRACT

BACKGROUND AND PURPOSE: Accurate and reliable detection of medium-vessel occlusions is important to establish the diagnosis
of acute ischemic stroke and initiate appropriate treatment with intravenous thrombolysis or endovascular thrombectomy.
However, medium-vessel occlusions are often challenging to detect, especially for unexperienced readers. We aimed to evaluate
the accuracy and interrater agreement of the detection of medium-vessel occlusions using single-phase and multiphase CTA.

MATERIALS AND METHODS: Single-phase and multiphase CTA of 120 patients with acute ischemic stroke (20 with no occlusion, 44
with large-vessel occlusion, and 56 with medium-vessel occlusion in the anterior and posterior circulation) were assessed by 3 read-
ers with varying levels of experience (session 1: single-phase CTA; session 2: multiphase CTA). Interrater agreement for occlusion
type (large-vessel occlusion versus medium-vessel occlusion versus no occlusion) and for detailed occlusion sites was calculated
using the Fleiss k with 95% confidence intervals. Accuracy for the detection of medium-vessel occlusions was calculated for each
reader using classification tables.

RESULTS: Interrater agreement for occlusion type was moderate for single-phase CTA (k = 0.58; 95% Cl, 0.56—0.62) and almost per-
fect for multiphase CTA (k = 0.81; 95% Cl, 0.78-0.83). Interrater agreement for detailed occlusion sites was moderate for single-
phase CTA (k = 0.55; 95% Cl, 0.53-0.56) and substantial for multiphase CTA (k = 0.71; 95% Cl, 0.67-0.74). On single-phase CTA,
readers 1, 2, and 3 classified 33/56 (59%), 34/56 (61%), and 32/56 (57%) correctly as medium-vessel occlusions. On multiphase CTA,
48/56 (86%), 50/56 (89%), and 50/56 (89%) medium-vessel occlusions were classified correctly.

CONCLUSIONS: Interrater agreement for medium-vessel occlusions is moderate when using single-phase CTA and almost perfect
with multiphase CTA. Detection accuracy is substantially higher with multiphase CTA compared with single-phase CTA, suggesting
that multiphase CTA might be a valuable tool for assessment of medium-vessel occlusion stroke.

ABBREVIATIONS: EVT = endovascular treatment; LVO = large-vessel occlusion; mCTA = multiphase CTA; MeVO = medium-vessel occlusion

Medium—vessel occlusions (MeVOs) are defined as occlu-  segments of the posterior cerebral artery.'! MeVOs account for
sions of the M2 and M3/4 segments of the MCA, A2 and

A3/4 segments of the anterior cerebral artery, and P2 and P3/4

approximately 25%-40% of all acute ischemic strokes, and
although they have traditionally been thought to cause only
minor symptoms, MeVO strokes frequently result in disabling
deficits.>* This outcome has led to a paradigm shift in treatment:
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Furthermore, 2 randomized trials, ESCAPE-MeVO and DISTAL,
are being planned to generate level 1A evidence for EVT in
MeVO stroke (personal communication: Mayank Goyal, Marios-
Nikos Psychogios, oral communication). The prerequisite for
conducting these trials and for appropriate treatment of MeVOs
is accurate and reliable MeVO detection and distinction between
MeVOs and large-vessel occlusions (LVOs). However, MeVOs
are missed in up to one-third of cases.” Furthermore, distinguish-
ing MeVOs from LVOs is not always straightforward because
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various definitions for the borders between the M1 and M2 seg-
ments exist.® The same holds true for the anterior and posterior
cerebral arteries. Multiphase CTA (mCTA) is a dynamic imaging
method in which an arch-to-vertex CTA is obtained in a manner
identical to single-phase CTA. The same contrast bolus is then
used to obtain 2 additional series during the peak-venous and
late-venous phases, covering only the intracranial vasculature
from the skull base to the vertex (Online Supplemental Data).
The delayed washout on the second and third phases in the vas-
cular territory downstream to the occlusion may help to improve
detection accuracy and interrater agreement for MeVOs.

In this study, we aimed to compare interrater agreement and
detection accuracy for MeVOs using single-phase CTA and
mCTA.

MATERIALS AND METHODS

Patient Sample

This study was approved by the local institutional review board at
the University of Calgary. Data are from the Precise and Rapid
Assessment of Collaterals Using Multi-Phase CTA in the Triage
of Patients with Acute Ischemic Stroke for IV or IA Therapy
(PRove-IT) study (clinicaltrials.gov identifier: NCT02184936).
PRove-IT was a prospective multicenter cohort study that en-
rolled 595 patients who presented with symptoms of acute ische-
mic stroke. Patients were included if they presented to the
emergency department with symptoms consistent with acute is-
chemic stroke, were older than 18 years of age, and had mCTA
and CT perfusion performed within 12 hours of symptom onset
and before recanalization therapy. Exclusion criteria were intra-
cranial hemorrhage at baseline NCCT, previous sizeable stroke in
the ipsilateral hemisphere, mRS > 2 at baseline, estimated creati-
nine clearance of <60 mL/min, contrast material allergy or other
contraindications for iodinated contrast, and estimated life
expectancy of <1 year.” The enrollment period was July 2012 to
October 2016. For this study, a sample of 120 patients (20 with
no occlusion, 44 with LVO, and 56 with MeVO in the anterior
and posterior circulation) was randomly chosen. The proportions
of patients with MeVOs in relation to LVOs and scans without
occlusions were chosen so that they approximately reflected the
distribution of occlusions in the PRove-IT study.

Imaging

We exclusively used baseline CTA imaging in this study. The first
CTA phase consisted of an arch-to-vertex coverage (CTA head
and neck and conventional single-phase CTA). This first phase
was used for the single-phase CTA reading session and was fol-
lowed by skull base-to-vertex coverage for the second (peak ve-
nous) and third (late venous) phases of an mCTA acquisition. All
3 phases were available in the mCTA reading session. Detailed
mCTA acquisition parameters have been published previously.”
Axial images with 1-mm overlap and multiplanar axial, coronal,
and sagittal reconstructions with 3-mm thickness, 1-mm inter-
vals, and 1-mm overlap for the first phase were obtained, along
with axial minimum intensity projections for all 3 phases with
24-mm thickness and 4-mm intervals, available for the readers.
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Image Analysis

Three blinded readers (a general radiologist with 4 years of expe-
rience and 2 neuroradiologists with 7 and 2 years of experience)
interpreted the images in 2 separate reading sessions. In the first
session, only single-phase CTA (ie, the first CTA phase with
arch-to-vertex coverage) was available. In the second session, all
3 mCTA phases were available. Readers were informed that the
set of cases included patients with LVO and MeVO in the ante-
rior and posterior circulation as well as cases without any occlu-
sion, but they did not know the distribution of occlusions and
occlusion locations. They were blinded to all other baseline imag-
ing, follow-up imaging, and clinical information. Occlusion sites
were captured as either no occlusion; intracranial internal carotid
artery occlusion; M1, M2, or M3/4 segment MCA occlusion; A1,
A2, or A3/4 segment anterior cerebral artery occlusion; or P1, P2,
or P3/4 segment posterior cerebral artery occlusion. Detailed def-
initions of vessel segments and borders between them as they
were used in this study are shown in the Online Supplemental
Data. Besides these detailed occlusion sites, occlusions were also
grouped into no occlusion versus LVOs (occlusions of the ICA,
M1, Al, or P1 segments) versus MeVOs (occlusions of the M2/3/
4, A2/3/4, or P2/3/4 segments). The reference standard was set by
an independent core lab (M.G., interventional neuroradiologist
with 24 years of neuroimaging experience), with all imaging in-
formation (baseline noncontrast head CT, mCTA, CT perfusion,
and follow-up imaging) as well as clinical information being
available.

Statistical Analysis

Interrater agreement for occlusion type (LVO versus MeVO ver-
sus no occlusion) and for detailed occlusion sites was assessed
using the Fleiss « for multiple raters'® with respective optimism-
corrected bootstrapped 95% confidence intervals. According to
common convention, k <0 was interpreted as poor agreement;
Kk =0-0.2, as slight agreement; xk =0.21-0.40, as fair agreement;
k =0.41-0.60, as moderate agreement; x =0.61-0.80, as sub-
stantial agreement; and « =0.81-1, as almost perfect agree-
ment."" The accuracy of MeVO detection overall and for each
MeVO occlusion site was calculated for each reader using classifi-
cation tables. All analyses were performed in STATA, Version
15.1 (StataCorp).

RESULTS

A total of 120 cases were included in the study, among them 20
with no visible occlusion, 44 LVOs (22 intracranial ICA occlu-
sions, 2 vertebral artery occlusions, 1 basilar artery occlusion, 18
M1 occlusions, and 1 P1 occlusion), and 56 MeVOs (21 M2
occlusions, 12 M3/4 occlusions, 5 A2 occlusions, 4 A3/4 occlu-
sions, and 14 P2 occlusions).

Interrater Agreement

Interrater agreement for occlusion type was moderate for single-
phase CTA (k=0.58; 95% CI, 0.56-0.62) and significantly
improved to excellent agreement when mCTA was used (k = 0.81;
95% CI, 0.78-0.83). Interrater agreement for detailed occlusion sites
(see the Online Supplemental Data for detailed definitions) was



FIGURE. Proportion of MeVOs that were correctly classified as MeVOs (green), misclassified as LVOs (yellow), and misclassified as no occlusion
(red) on single-phase and multiphase CTA, stratified per occlusion site. A, Proportions for M2, M3/4, A2, and A3/4 MeVOs. B, Proportions for P2

MeVOs. sp-CTA indicates single-phase CT angiography.

moderate for single-phase CTA (k = 0.55; 95% CI, 0.53-0.56) and
substantial for mCTA (k =0.71; 95% CI, 0.67-0.74).

Accuracy of MeVO Detection

Classification tables for the 3 readers on single-phase CTA and
mCTA are shown in the Online Supplemental Data. On single-
phase CTA, readers 1, 2, and 3 classified 33/56 (59%), 34/56
(61%), and 32/56 (57%) MeVOs correctly as such. Most of the
misclassified MeVOs on single-phase CTA (21/23 [91%], 16/22
[73%], and 22/24 [92%]) were erroneously classified as “no occlu-
sion,” while only very few were mistaken for LVOs. On mCTA,
48/56 (86%), 50/56 (89%), and 50/56 (89%) MeVOs were classi-
fied correctly, and most misclassified MeVOs (6/8 [75%], 4/6
[67%], and 5/6 [83%]) were misclassified as no occlusion. The
Figure shows the proportion of MeVOs that were correctly classi-
fied as MeVOs, misclassified as LVOs, and misclassified as no

occlusion on single-phase and multiphase CTA, stratified per
occlusion site.

DISCUSSION

Interrater agreement for occlusion sites in this study was mod-
erate when using single-phase CTA and almost perfect with
mCTA. The accuracy of MeVO detection for all 3 readers ranged
between 57% and 61% on single-phase CTA and improved to
86%-89% with mCTA.

In the past, it was thought that MeVO strokes resulted in rela-
tively favorable clinical outcomes due to their more distal occlusion
location and smaller ischemic tissue volume compared with LVOs.
However, data from large, prospective cohort studies and a pooled
meta-analysis from randomized trials showed that only half of the

patients with MeVOs achieve a good functional outcome at
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90 days with current best medical management.'** Together with
the high efficacy and safety of EVT in LVO stroke, this finding has
led many physicians to routinely offer EVT for MeVO stroke."™®

To offer the appropriate treatment, it is, however, necessary that
MeVOs are quickly and reliably identified on imaging. Missing a
MeVO on baseline imaging can lead to a delayed diagnosis or mis-
diagnosis, which may result in a patient not receiving intravenous
thrombolysis or not getting transferred to a comprehensive stroke
center for EVT. It may also cause misclassification of the patient’s
symptoms as a stroke mimic and, as a consequence, failure to initi-
ate appropriate stroke work-up and secondary stroke-prevention
measures. Unfortunately, recent data suggest that this scenario is
not an uncommon one: Fasen et al’” retrospectively reviewed 520
single-phase CTA studies of patients with clinically confirmed acute
ischemic stroke and found that M2 occlusions, which are arguably
the most easily detectable MeVOs, were 5 times more likely to be
overlooked compared with LVOs and were missed in up to one-
third of cases. Misses were most common when non-neuroradiolo-
gists and trainees interpreted the scans.”

We have recently commented on the potential value of mCTA
in improving MeVO detection."”” Indeed, our study showed an
excellent interrater agreement and substantially higher detection
accuracy for MeVOs with mCTA compared with single-phase
CTA, suggesting that mCTA could be a valuable tool for MeVO
detection. Innovative mCTA display formats, such as color-coded
time-variant mCTA maps or mCTA tissue-level perfusion maps,
may be able to facilitate MeVO detection even further, but they are
not widely available yet.'>'®

Given the complexity in the anatomic definition of MeVOs
(for example, there are different ways to define the border
between the M1 and M2 segments of the MCA®), one may sus-
pect that some MeVOs will be misclassified as LVOs. This is par-
ticularly problematic because establishing high-level evidence for
MeVO EVT in randomized trials requires an accurate, reliable,
and reproducible MeVO definition as part of the trial inclusion
criteria. However, in our study, most misclassified MeVOs were
not mistaken for LVOs but rather erroneously classified as no
occlusion, suggesting that the problem of distinguishing MeVOs
from LVOs is only a minor one and confirming that the MeVO
definition that was previously suggested by our group' and has
been used in the current study could potentially be used as a
randomized trial inclusion criterion. Furthermore, detection of
occlusion of any kind will lead to the correct diagnosis of acute is-
chemic stroke and trigger appropriate treatment with IV throm-
bolysis and potentially EVT; in other words, mistaking an MeVO
as an LVO is not as fatal as missing it altogether.

The added radiation dose of 1.0 mSv for the 2 additional
phases that are obtained in multiphase CTA slightly increases the
mean effective dose for a CT-based acute ischemic stroke imaging
protocol from 7.0 to 8.0 mSv, and it is generally deemed accepta-
ble, given the severity of the condition.”

Limitations

This study has limitations. First, there is controversy about the
exact anatomic definition of the M1 versus the M2 segment, and
the situation is arguably even more complex in the anterior and
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posterior cerebral arteries, in which anatomy is even more
variable '7 and includes variants such as an azygos anterior cere-
bral artery and fetal origin of the posterior cerebral artery.
Nevertheless, this variability simply reflects the clinical reality,
and some disagreement in distinguishing MeVOs versus LVOs is,
therefore, expected. Second, we chose to compare single-phase
CTA with mCTA because they are closely related in their acquisi-
tion technique, have identical contrast doses and comparable
radiation doses, and can be performed without any postprocess-
ing software.” We did not include other imaging modalities such
as CT perfusion or MR imaging and are, therefore, not able to
comment on the value of these imaging modalities for MeVO
assessment. Third, not all MeVO sites were represented in this
study; for example, we could not include any cases of P3 occlu-
sion simply because they did not occur in our dataset. Fourth, the
readers in this study relied exclusively on single-phase CTA and
mCTA to assess occlusion sites and did not have access to any
other imaging or clinical information, while in a real-world sce-
nario, the reader will almost always have access to clinical infor-
mation and baseline noncontrast CT. However, one could argue
that access to this information may, if anything, have improved
the readers’ performance. Last, distinguishing between MeVOs
and LVOs, which was part of the current study, while being crit-
ically important for randomized MeVO trials, may be only of
limited usefulness in clinical practice once the safety and efficacy
of MeVO EVT has been proven.

CONCLUSIONS

Interrater agreement for MeVOs is moderate when using single-
phase CTA and almost perfect with mCTA. The accuracy of
MeVO detection is higher with mCTA compared with single-
phase CTA, suggesting that mCTA might be a valuable tool that
allows reliable diagnosis of MeVO stroke.
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CLINICAL REPORT
INTERVENTIONAL

Mechanical Thrombectomy for Treatment of Cerebral
Venous Sinus Thrombosis in Vaccine-Induced Immune
Thrombotic Thrombocytopenia

H.S. Chew, ““'S. Al-Ali, ““'B. Butler, K. Nader, ““'S. Chavda, and “*'S. Lamin
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D. Rajapakse,

ABSTRACT

SUMMARY: Reports of a rare form of cerebral venous sinus thrombosis with profound thrombocytopenia have emerged following
introduction of the adenovirus-vectored coronavirus disease 2019 (COVID-19) vaccines. Between March and June 2021, seven cases
of refractory vaccine-induced immune thrombotic thrombocytopenia were referred to our institution for mechanical thrombec-
tomy. The condition of 1 patient deteriorated during interhospital transfer, and the remaining 6 underwent successful recanaliza-
tion. No procedure-related adverse events were reported. At the time of this writing, 3 patients have been discharged with a good
functional outcome (mRS 0-1), one required rehabilitation for mild dysarthria and vocal cord palsy (mRS 3), and 2 have died due to
severe mass effect. Our anecdotal experience suggests that endovascular therapy may be safe and effective in reducing thrombus
burden in selected cases of postvaccination cerebral venous sinus thrombosis.

ABBREVIATIONS: COVID-19 = coronavirus disease 2019; CVST = cerebral venous sinus thrombosis; HIT = heparin-induced thrombocytopenia; ICH = intra-

cerebral hemorrhage; PF = platelet factor; VITT = vaccine-induced immune thrombotic thrombocytopenia

accine-induced immune thrombotic thrombocytopenia

(VITT), also known as thrombosis with thrombocytopenia
syndrome, is a rare disorder of immune-driven thrombosis and
thrombocytopenia linked to coronavirus disease 2019 (COVID-
19) vaccines, which use adenoviral vectors to deliver the spike
protein—-producing genes. Initially reported after the AstraZeneca
COVID-19 vaccination in Europe, similar cases also occurred af-
ter receipt of Janssen/Johnson & Johnson COVID-19 vaccines in
the United States." The condition shares a mechanism similar to
that of spontaneous heparin-induced thrombocytopenia (HIT),
without heparin exposure as a trigger. HIT is a highly prothrom-
botic condition that develops 4-10 days after heparin exposure,
leading to widespread platelet activation triggered by formation
of antibodies against the platelet factor (PF)-4 complex. As with
HIT, individuals with VITT also produce similar antibodies that
bind to platelets via the Fc 7y RIIA receptors. It remains unclear
which component of the vaccine is responsible for the production
of anti-PF-4 antibodies.”
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As of June 30, 2021, the UK regulators received 399 reports of
major thromboembolic events following AstraZeneca COVID-19
vaccination. There is a high predilection for cerebral venous sinus
thrombosis (CVST), affecting more than one-third of reported
cases (142, 35.6%), with a higher incidence in younger adult groups
(average, 46 years of age).” Review of recent cases has prompted
the Joint Committee on Vaccination and Immunisation to recom-
mend that those younger than 40 years of age in the UK be offered
an alternative COVID-19 vaccine.*

There are no robust clinical data at the time of this writing to
inform treatment of VITT. The British Society for Haematology
issued guidance based on the experience of managing initial cases
and alternative similar conditions. Estimates to date suggest that
patients who develop CVST are more likely to have a fatal out-
come with conventional treatment.” The aim of this case series
was to report our experience with mechanical thrombectomy in
the management of severe postvaccination CVST.

MATERIALS AND METHODS

Seven confirmed cases of VITT presenting with refractory CVST
were referred to our institution for consideration of endovascular
treatment between March 16 and June 10, 2021. Symptom onset
ranged between 10 and 14 days after receiving at least 1 dose of the
AstraZeneca vaccine. Systemic anticoagulation and immune-mod-
ulation therapy had been initiated before patients were accepted
for intervention. Of the 6 patients with intracranial bleeds, 5 pre-
sented with reduced Glasgow Coma Score and required intubation
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FIGURE. A, Axial CT of the head of patient 1 demonstrates focal ICH in the right frontal lobe with acute sulcal blood. B, Anterior-posterior view
of a selective injection confirms extensive filling defects in the superior sagittal, left transverse, and sigmoid sinus. C, Complete recanalization of

the left transverse and sigmoid sinuses after the final pass.

before interhospital transfer. The only patient without intracerebral
hemorrhage (ICH) was accepted for treatment on the basis of evi-
dence of clot extension on serial imaging.

Technical Details

Venous access was obtained by inserting an 8F short sheath into
the right femoral vein, followed by navigating a 90-cm Neuron
Max long sheath (Penumbra) to the sigmoid sinus. A large-bore
reperfusion catheter was advanced into the superior sagittal sinus
over a Velocity microcatheter (Penumbra). Clot extraction was
performed with a 6-mm-diameter stent retriever along with con-
current suction through the reperfusion catheter at the clot face.
The process was repeated until successful recanalization of the ve-
nous sinus was achieved (Figure).

The procedure was performed without reversing the anticoa-
gulation therapy. Nearly all our patients had platelet counts lower
than the safe threshold recommended for high-risk interventional
procedures (50 x 10°/1).° Several precautionary measures were
taken to minimize the risk of hemorrhagic complications. The
intracatheter heparin flush was switched off when the catheter
system engaged the thrombus to keep the total amount of heparin
infusion to a minimum. Selective ICA injection to assess cerebral
capillary filling and venous drainage was not performed because
this would require an additional arterial puncture. For the first 2
cases, the femoral short sheath was sutured to the skin and
removed at the bedside 24 hours later to avoid groin hemorrhage.
In subsequent cases, the short sheath was replaced with a Vascath
catheter to facilitate plasma exchange therapy. Intrasinus throm-
bolysis was avoided due to the uncertain effect of thrombolytic
agents in the presence of platelet-activating antibodies.

RESULTS

The mean age of patients was 40 years (range, 26-49 years). The
male/female ratio was 4:3. The median interval from vaccination
to admission was 12 days (range, 10-14 days). One female patient
was on oral contraceptives. No other thrombotic risk factors were
identified. Five patients (71%) had reduced Glasgow Coma Score

at the time of referral, and three (43%) presented with mass effect
and midline shift on imaging before endovascular therapy. Six of
7 patients were found to have severe thrombocytopenia (< 50 -
% 10°/L) on admission (range, 11-91 x 10°/L). Two patients with
platelet counts lower than 20 x 10°/L developed a purpuric skin
rash and hematuria resembling immune thrombocytopenic
purpura.

The condition of 1 patient deteriorated during interhospital
transfer despite neuroprotective measures. Repeat CT imaging on
arrival showed global cerebral edema far too advanced for any
interventional procedures. The remaining 6 patients underwent
successful endovascular therapies. Thrombectomy was performed
with the patient under general anesthesia in 4 patients and local
anesthesia with conscious sedation in the other 2. The mean pro-
cedural time was 100 minutes (range, 80-145 minutes). On aver-
age, 5.7 passes were made per patient (range, 4-7 passes).

Treatment Outcome
Satisfactory recanalization was achieved in all except 1 patient in
whom the posterior segment of the superior sagittal sinus showed
partial recanalization at the end of the procedure. No procedure-
related adverse events were recorded. Two patients underwent
decompressive craniectomy following endovascular treatment. In
the first case, mechanical thrombectomy and decompressive crani-
ectomy were performed in the same session because the head CT
on admission demonstrated severe mass effect with midline shift.
The second patient developed progressive lobar ICH and worsen-
ing mass effect, despite successful clot retrieval. Decompressive cra-
niectomy was performed within 12hours post-endovascular
treatment. At the time of this writing, 3 (50%) patients were dis-
charged with a good functional outcome (mRS 0-1), one (16.6%)
required rehabilitation for mild dysphasia and vocal cord palsy
leading to swallowing difficulty (mRS 3), and two (33.3%) died due
to severe mass effect. Both patients who died following thrombec-
tomy showed ICH with a midline shift on the initial head CT.

No reclotting of the superior sagittal sinus was identified on
follow-up imaging. Recurrent transverse and sigmoid sinus
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thromboses were confirmed in 2 patients. In the first case, the
thrombus completely resolved on subsequent imaging. The sec-
ond patient received prophylactic platelet transfusion before
decompressive craniectomy and developed refractory thrombo-
cytopenia warranting multiple sessions of plasma-exchange
therapies. Repeat CT venography showed absent venous flow in
the left transverse sinus and sigmoid sinus without further clot
extension. Both patients made a good recovery.

DISCUSSION

VITT is a newly described syndrome characterized by thrombo-
sis, thrombocytopenia, and markedly raised serum D-dimer lev-
els. Symptom onset ranges from 5 to 30 days after initial exposure
to adenovirus-vectored vaccines.>” On the basis of the current
UK data, the condition appears to affect patients of all ages
and both sexes, with no clear signal of risk factors. Most
developed CVST after receiving the first dose of the
AstraZeneca vaccine; however, a small number of cases
occurred after the second dose. Typical laboratory features
included a platelet count of <150 x 10°/L, D-dimer levels of
>4000 mcg/L, and low serum fibrinogen levels. Positive find-
ings on the PF-4 antibody enzyme-linked immunosorbent
HIT assay are required to confirm the diagnosis.

There is no evidence-based advice on the treatment of post-
vaccine CVST due to the novelty of the vaccines. The Expert
Haematology Panel recommends commencing intravenous im-
munoglobulin and systemic anticoagulation with non-heparin-
based anticoagulants in all suspected cases while awaiting a con-
firmatory diagnosis. Because the syndrome mimics HIT, all forms
of heparin, including heparinized saline flushes, are best avoided
until further evidence becomes available. Patients on treatment
should have serial platelet counts to monitor disease activity and
treatment response. Early use of plasma exchange is recom-
mended in those with platelet counts lower than 30 x 10°/L, who
often have high levels of circulating anti-PF-4 antibodies. Repeat
plasma exchange may be required if platelet recovery is slow.

Both arterial and venous thromboses at multiple organ sites
have been reported. However, a significant proportion of patients
with VITT developed thrombosis in the cerebral venous sinus
system. This group of patients is more likely to have a poor out-
come, with a tendency toward rapid progression to life-threaten-
ing hemorrhage and relevated intracranial pressure. Of 213 cases
of postvaccination CVST reported to the European Medicines
Agency,® 49% of patients in the AstraZeneca group who devel-
oped refractory CVST died compared with a 13% death rate in
standard CVST.” A web-based survey involving all departments
of neurology in Germany reported an 18.3% mortality rate
among patients with CVST within 1 month from the administra-
tion of the first dose of COVID-19 vaccines.'® In the US series,
ICH occurred <48 hours after admission, and the median time
from admission to death was 1 day.' Similar observations can be
made in our cohort: All fatal cases developed intraparenchymal
hemorrhage in <12hours after the first head CT with normal
findings and died within 48 hours after hospitalization.

The mechanism responsible for rapid deterioration following
the onset of ICH is not fully understood. This may be partly
attributed to severe thrombocytopenia associated with VITT. A
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recently published prospective study involving 294 patients in the
UK identified the baseline platelet count and the presence of ICH
as being independently associated with death.'" A mortality rate
of 73% was observed among those who presented with platelet
counts below 30 x 10°/L and ICH. The risk/benefit ratio of anti-
coagulation therapy needs to be carefully balanced in patients
with severe thrombocytopenia. Switching to a low-dose anticoa-
gulant may be appropriate when the platelet count is lower than
30 x 10°/L. Platelet transfusion for correction of thrombocytope-
nia is likely to fuel further thrombosis and, therefore, should only
be considered in life-threatening hemorrhage. The location of the
thrombosis also appears to have a significant impact on patient
outcomes. In our series, 3 of 4 patients who presented with com-
plete occlusion of the superior sagittal sinus had bilateral ICH
leading to fatal outcomes.

Decompressive craniectomy may be life-saving in the pres-
ence of a raised ICP and impending brain herniation.'” In cases
in which neurosurgical intervention is indicated, prophylactic
platelet transfusion and reversal of systemic anticoagulation are
essential in preventing a catastrophic perioperative bleed."
Patients should be monitored closely for signs of clot propagation
following decompressive surgery.

Role of Mechanical Thrombectomy

Because most published data come from small case series, there is
limited knowledge about the appropriate indications and timing
of endovascular treatment in standard CVST. A systemic review
of 185 cases of mechanical thrombectomy published in 2015
showed that 60% of patients had a pretreatment ICH and 40%
were comatose.” A recently published multicenter, randomized
blind-ended trial involving 67 patients between 2011 and 2016
reported that mechanical thrombectomy with standard medical
care did not improve functional outcome in patients with severe
CVST." The investigators, however, acknowledged that future
studies using different methods of patient selection and endovas-
cular techniques may identify better patient outcomes. In the ab-
sence of convincing evidence, endovascular intervention is
largely reserved for severe CVST not responding to conventional
therapy.'

Nearly all patients in our series had developed an intracranial
bleed by the time referrals were made. Within 48 hours after hos-
pitalization, 3 died due to severe mass effect, including the one
whose condition deteriorated during interhospital transfer. The
sample size of this case series is too small to determine whether
endovascular therapy has a positive effect on the treatment out-
come of refractory CVST. Given the high probability of rapid
progression to life-threatening ICH, we recommend transferring
patients presenting with heavy clot burden and severe thrombo-
cytopenia to a tertiary center for consideration of early plasma-
exchange therapy and endovascular treatment when there is evi-
dence of clinical or radiologic deterioration. For those who are
clinically stable on admission, judicious use of CT/MR venogra-
phy may detect silent clot propagation before the collateral path-
ways become overwhelmed.

Our anecdotal experience suggests that mechanical thrombec-
tomy can be safely performed without prophylactic platelet trans-
fusion and reversal of anticoagulation treatment. Recent



advancements in catheter-tracking technologies and stent re-
triever designs improve the rate of recanalization in patients with
acute stroke. New-generation stent retrievers tend to be less stiff
compared with older devices (eg, AngioJet; Boston Scientific),
allowing the operator to complete procedures with higher degrees
of recanalization within shorter timeframes. Most commercially
available stent retrievers and reperfusion catheters are designed
for arterial thrombectomy. Purpose-built devices with larger
diameters to match the caliber of venous sinus systems may
improve the recanalization rate at challenging locations such as
sigmoid sinuses and jugular bulbs.

CONCLUSIONS

Management of VITT-induced CVST requires multidisciplinary
care with joint input from hematology, neurology, neuroradiol-
ogy, and neurosurgery. These patients are best managed at neuro-
science centers with access to neurointerventional and neuro-
surgical expertise. There is currently insufficient data to assess the
efficacy of endovascular treatment in vaccine-induced CVST due
to the rarity of the condition. Mechanical thrombectomy is effec-
tive in achieving a rapid reduction in clot burden while awaiting
immune-modulation therapy to neutralize platelet-activating
antibodies. As new evidence emerges, treatment recommenda-
tions are expected to change. Our anecdotal experience suggests
that mechanical thrombectomy is a relatively safe treatment tech-
nique with a high degree of angiographic recanalization. When
appropriate expertise is available, early mechanical thrombec-
tomy can be considered in patients with VITT with severe throm-
bocytopenia and heavy clot burden to alleviate raised intracranial
pressure.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
INTERVENTIONAL

4D Flat Panel Conebeam CTA for Analysis of the
Angioarchitecture of Cerebral AVMs with a Novel Software
Prototype

F. Keil, A. Birkhold, ““’M. Kowarschik, “*'S. Tritt, and “*'). Berkefeld

s =

A. Bergkemper,

ABSTRACT

BACKGROUND AND PURPOSE: Time-resolved 3DRA (4D-DSA) and flat panel conebeam CTA are new methods for visualizing the
microangioarchitecture of cerebral AVMs. We applied a 4D software prototype to a series of cases of AVMs to assess the utility
of this method in relation to treatment planning.

MATERIALS AND METHODS: In 33 patients with AVMs, 4D volumes and flat panel conebeam CTA images were recalculated from
existing 3D rotational angiography data. The multiplanar reconstructions were used to determine intranidal arteriovenous branching
patterns, categorize them according to common classifications of AVM angioarchitecture, and compare the results with those from
2D-DSA.

RESULTS: 4D flat panel conebeam CTA showed angioarchitectural features equal to or better than those of 2D-DSA in 30 of 33
cases. In particular, the reconstructions helped in understanding the intranidal microvasculature. Fistulous direct arteriovenous con-
nections with a low degree of arterial branching (n =22) could be distinguished from plexiform arterial networks before the transi-
tion to draining veins (n=11). We identified AVMs with a single draining vein (n=20) or multiple draining veins (n=10).
Arteriovenous shunts in the lateral wall of the draining veins (n=22) could be distinguished from cases with increased venous
branching and shunts between corresponding intranidal arteries and veins (n =11). Limitations were the time-consuming postpro-
cessing and the difficulties in correctly tracing intranidal vessels in larger and complex AVMs.

CONCLUSIONS: 4D flat panel conebeam CTA reconstructions allow detailed analysis of the nidal angioarchitecture of AVMs.
However, further improvements in temporal resolution and automated reconstruction techniques are needed to use the method
generally in clinical practice.

ABBREVIATIONS: AV = arteriovenous; CB = conebeam; fP = flat panel; 3DRA = 3D rotational angiography

mbolization as an interventional treatment option for cerebral

AVMs requires a detailed understanding and accurate classifi-
cation of the angioarchitecture of the nidus and its arterial and
venous environment. On the basis of angiographic findings, we
can separate arterial feeders from the nidus and the draining
veins. MR imaging can show the anatomic location of the AVM
and help to differentiate a compact from a diffuse nidus with nor-
mal brain tissue between the malformed vessels.
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Arterial branches terminating in the nidus are distinguished
from small feeders as side branches of arteries passing the nidus
and supplying the brain parenchyma beyond."> Concerning the
intranidal branching patterns, direct fistulous transitions between
arteries and draining veins are differentiated from plexiform arte-
rial networks before the shunt zone." Single or multiple draining
veins connected with the superficial or deep venous system are
described as well as features like high flow (shunt volume), vari-
cose enlargement, or stenosis of the draining veins. Perinidal arte-
rial networks are regarded as separate from the nidus. Pre-,
intranidal, or venous aneurysms could be associated with the
AVM 24

Most of these angioarchitectural features are detectable by
means of 2D-DSA with high spatial and temporal resolution.
However, overlapping vessels on DSA projection images may
obscure details of the intranidal microvasculature. Vessel overlaid
on projection images can be reduced by superselective angiogra-
phy after catheterization of the nidus with a microcatheter. Due
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to its invasiveness and need for general anesthesia, superselective
angiography is hardly applicable for pretherapeutic diagnostic
purposes. In most instances, it is used during embolization proce-
dures immediately before the injection of embolic agents,*

Since the A Randomised Trial of Unruptured Brain
Arteriovenous Malformations (ARUBA) proved high com-
plication rates of AVM therapy,” we have to ask whether our
pretherapeutic understanding of AVM anatomy is good
enough for planning safe and effective treatment. With
increasing efficacy of embolic agents like Onyx (Covidien)
for transarterial or transvenous AVM embolizations, exact
visualization of the transition zone between arteries and
veins in different nidal compartments becomes essential to
achieve a controlled occlusion of the shunt. Accidental
occlusion of arteries supplying normal brain or occlusion of
the draining vein without control over the arterial part of the
nidus must be avoided.®

There is a lack of publications concerning clear pathoanatomic
descriptions of the intranidal microvasculature. Considerable dis-
agreement between different reviewers concerning the extent and
type of the nidus has been described.” On the basis of MR imaging
and DSA, current grading systems use rather simple criteria with-
out detailed analysis of the angioarchitecture.'>"'

According to the described limitations of DSA and superselec-
tive angiography, we have to think about new imaging approaches:
3D rotational angiography (3DRA) and derived flat panel CT
reconstructions, MR imaging, MRA, and CTA have no temporal
resolution, and anatomic details may be missed due to overlapping
of arteries and veins. In a pilot study, we showed that multiplanar
reconstructions from time-resolved 3DRA (4D-DSA) data sets
may have the potential for more detailed analysis of arteriovenous
(AV) shunts."?

Use of a new software prototype for 4D reconstruction prom-
ised an improved visualization of the consecutive filling of arteries
and veins. It was the aim of this study to analyze a variety of
AVMs to determine whether 4D-DSA and flat panel conebeam
CTA (4D-fPCBCTA) reconstructions with the novel software pro-
totype could better visualize angioarchitectonic features of AVMs.
Furthermore, we wanted to know whether 4D findings met the
above-mentioned AVM classification criteria and to discuss the
additional value for treatment planning compared with 2D-DSA.

MATERIALS AND METHODS

The novel software prototype was used to recalculate 4D-DSA
volumes and 4D-fPCBCTA reconstructions from existing 3DRA
data sets obtained during diagnostic angiography of patients with
AVMs, which was part of our routine protocol for diagnostic
work-up. The study protocol was approved by ethics committee
of the Department of Medicine, University Hospital of the
Goethe University.

For this retrospective study, we analyzed 38 data sets of con-
secutive patients with cerebral pial AVMs and indications for
pretherapeutic 3DRA obtained between 2016 and 2019. All 4D
reconstructions with sufficient image quality were included into
this study. We excluded data sets with movement artifacts (n = 3)
or incomplete examinations (n = 2).

3DRA was obtained on a modified Artis zee biplane angiogra-
phy system (Siemens) using an increased 260° rotation angle of
the frontal C-arm during a scan time of 12seconds, which is
intended to capture both arterial inflow and venous outflow.
Acquisition consisted of 2 runs (a native run without contrast
and a fill run with contrast) with 304 projection (0.85°/frame)
images. In the second run, an x-ray delay of 2 seconds after auto-
matic injection of a bolus of 20 mL of nonionic contrast material
(iopromide, Ultravist 300; Bayer HealthCare) with a flow of
3 mL/s was used.

4D reconstructions (time-resolved 3D-DSA, 4D-DSA) were
calculated after digital subtraction on a dedicated workstation
(syngo X Workplace VD20; Siemens) with the use of a new soft-
ware prototype developed by Siemens, comprising an additional
postprocessing step compared with a version described in a first
pilot study.” In this step, a physically motivated, plausibility-
based flow constraint on the 4D reconstruction process required
that a certain vessel segment can only be contrast-enhanced
under certain conditions to reduce artifacts of incorrect/nonphy-
siologic vessel enhancement (due to vascular overlap).

4D-DSA uses the temporal information of 3DRA for recon-
struction of 3D volumes at any given time point during the scan
time. For evaluation and comparison with 2D-DSA, we used vol-
ume-rendering data sets with a display of virtual DSA images in ar-
bitrary projections including a “working projection” showing the
best feeding arteries, nidus, and draining veins (Fig 3). To reduce
the overlay, we analyzed multiplanar reconstructions in 3 standard
planes (coronal, sagittal, transversal) and a working projection to
demonstrate intranidal, arterial, and venous branching patterns.
Section thicknesses were chosen between 2.5 and 6.5 mm, depend-
ing on vessel diameters and degree of branching at the transition
zone to the draining veins. The time points with the best display of
intranidal vessels and veins were selected according to a cine loop
of 100 reconstructed 3D volumes during the scan time.
Assessment of the arterial part was favorable during the first 3 sec-
onds; display of the veins was best at the end of the loop.

To determine the anatomic location of the AVM, we used MR
imaging or fusion images between 4D-fPCBCTA reconstructions
and MR imaging."

We started the analysis with evaluation of 4D-fPCBCTA find-
ings without consideration of 2D-DSA images or reports.
Comparison with 2D-DSA images was performed in a second
step without additional consideration of 3D-fPCBCTA recon-
structions. All data sets, including 2D-DSA, were re-evaluated by
a consensus by 2 reviewers.

The AVM:s were characterized by following criteria:

¢ Anatomic location: superficial, deep, posterior fossa; sulcal,
parenchymal, mixed

e Size of the nidus: = 3/=6cm /> 6 cm

¢ Venous drainage: superficial/deep

e Spetzler-Martin grade

e Rupture status.

Angioarchitectonic features were evaluated according to 4D
volumes and 4D-fPCBCTA data:

o Arterial feeders: number, terminal, en passage, mixed
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FIG 1. Schematic drawing of 4D-fPCBCTA findings in cases of AVMs to characterize different types of intranidal AV shunts and intranidal
branching patterns (modified according to the classification of Houdart et al®).

¢ Nidus arterial: fistulous with single or multiple direct connec-
tions to a draining vein with no or a low degree of arterial
branching versus a plexiform arterial network prior to the
transition into the draining vein

e Nidus venous: single-versus-several draining veins/degree of
venous branching with confluent collectors

e Shunt type: sidewall/corresponding arterial and venous branches

¢ Draining veins: single, multiple, deep, superficial, venous ste-
nosis, varicose enlargement, venous aneurysm

¢ Associated aneurysms: feeding artery/intranidal/venous.

In 5 patients treated by transarterial embolization, it was possible
to compare 4D reconstructions with corresponding superselective
angiograms. Due to the retrospective character of this study, the
results of superselective catheterization were known to the reviewers.

RESULTS

Thirty-three 4D-DSA data sets from 33 patients, 18 men and 15
women with a mean age of 40 years (range, 18-77 years), fulfilled
the inclusion criteria and were evaluable. Online Supplemental
Data show the AVM characteristics.

Online Supplemental Data: AVM Characteristics
4D-fPCBCTA and 2D-DSA. Angioarchitectonic features were
evaluable on 4D-fPCBCTA reconstructions in all 33 cases.
Twenty-six of 33 data sets were evaluable in all aspects. In 7 cases,
we had problems separating the arterial and venous portions of
the shunt zone due to overlapping of the angiographic phases.
With 1 exception of a patient with a very small fistulous AVM,
which was difficult to detect on MPR, this problem occurred in
the analysis of high-flow AVMs with several feeders and tortuous
draining veins that were difficult to follow on multiplanar recon-
structions. Four of the total of 7 difficult to reconstruct AVM's
were Spetzler-Martin grade III and IV. However, the other
AVM's with Spetzler-Martin grade IIT and 4 could be evaluated
without particular difficulty.
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Simple features such as the number and course of arterial
feeders and draining veins could be detected on 2D-DSA. In
16 of 33 AVMs, intranidal angioarchitecture was adequately
evaluable with 2D-DSA. In the remaining 17 cases, the
reviewers found that 4D-fPCBCTA provided additional find-
ings regarding the intranidal vasculature that was obscured
on projection images. In all cases, MR imaging or fusion
images of MR imaging and 4D-fPCBCTA were needed to
describe the exact anatomic location of the nidus and its
relationship to the surrounding brain or CSF spaces.

Terminal and En Passage Feeders. Most of the AVMs had a lim-
ited number of 1-3 arterial feeders (n=25). Multiple feeders
were detected in 8, and extensive perinidal networks of pial
arteries, in 6 cases. Twenty AVMs were supplied by a single artery
or several arteries terminating in the nidus. Feeders en passage
passing the AVM with small side branches to the nidus were visi-
ble in 8, and mixed patterns, in 5 cases, mostly in cases with
parenchymal AVMs (Fig 3).

Intranidal Branching Patterns and Shunt Zone. 4D-fPCBCTA
reconstructions detected fistulous connections with direct transi-
tion between intranidal arteries and draining veins and a low
degree of arterial branching as a dominant pattern in 22 of 33
cases. In 11 patients, we observed plexiform arterial networks
before the connection to the draining veins. AV shunts in the
sidewall of the draining veins without or with only a few (up to 3)
confluent venous branches were dominant in 19 AVMs. Shunts
between corresponding arterial and venous branches of the nidus
predominated in 14 AVMs with higher degrees of arterial and ve-
nous branching.

In AVMs with a single draining vein, fistulous shunts in the
sidewall were detected in 15 of 24 cases. In 8 further cases with
confluent branches to a single draining vein, the shunts occurred
between corresponding arterial and venous branches. In 9
AVMs, we observed several draining veins with both types of AV



FIG 2. 4D-fPCBCTA reconstructions of the intranidal shunt zone to demonstrate different types of transitions between arterial and venous
parts of the nidus in clinical cases: A, small AVM with several direct fistulas (small red arrows) between the feeding artery passing the nidus (large
red arrow) to the sidewall of the draining vein (blue arrow). No arterial or venous branching. B, Multiple direct fistulas (small red arrows) to the
sidewall of the tortuous draining vein (large blue arrow). Note the perinidal connections between the feeding arteries (red hashtag) in multiple
fistulas, sidewall of Fig 2B. C, A plexiform arterial network (red asterisk) before multiple small shunts to the sidewall of the draining vein (blue
arrow). D, Multiple fistulous connections between lenticulostriate arteries and corresponding branches of the thalamostriate vein in a basal gan-
glia AVM. E, A loose network of arterial branches with transition into corresponding venous branches connected to the compartmental draining
vein (blue asterisk and arrow). F, A mixed pattern with multiple direct fistulas to the sidewall of the draining vein in the upper part of the nidus
(small red arrows). A plexiform network of arterial branches with corresponding venous branches to a venous confluence (blue asterisk) con-

nected to the draining vein (blue arrow) in the lower part of the nidus.

transitions (sidewall and confluent collecting venous branches).
With the exception of 3 small fistulous AVMs with simple direct
connections between the feeding arteries and veins without arte-
rial and venous branching, mixed types between fistulous and
plexiform arterial branching patterns and shunt types were
observed (Table). Figure 1 shows a schematic drawing of 4D-
fPCBCTA reconstructions of the different branching patterns;
Fig 2 shows corresponding illustrative cases.

In 7 AVMs, different compartments with separate feeding
branches and draining veins could be distinguished. Figure 3
shows a 3-compartment AVM with different branching patterns
of the transitions between feeding arteries and draining veins. In
this and 4 other cases, 4D-fPCTA analysis of the nidal

angioarchitecture corresponded well to the findings of superse-
lective angiograms before embolization (Fig 4).

Associated Aneurysms

AVM-associated pre- or intranidal aneurysms were detected
in 5 cases (Online Supplemental Data). All aneurysms identi-
fied with 2D-DSA were also visible on 4D-DSA reconstruc-
tions. However, a targeted search is necessary to identify
small intranidal aneurysms, aneurysms on the venous side, or
fusiform aneurysms in the prenidal course of a feeder. Figure
4 shows a typical example with an intranidal aneurysm close
to the transition between the arterial part of the nidus and the
compartmental draining vein.
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FIG 3. Angioarchitecture of the shunt zones of an AVM with a multicompartmental nidus. A, Fusion image between MR imaging and 4D-
fPCTA shows a right, parietal, superficial AVM in a sulcus and adjacent parenchyma. B, 4D-volume data set presented in a virtual DSA
mode with a “working projection” shows 3 main arterial feeders to the upper part of the nidus (red arrow) and to the middle (red dot-
ted line) and lower (orange dotted line) compartments of the nidus. C, 4D-fPCBCTA reconstruction demonstrates the upper arterial
feeder terminating in a plexiform arterial network before transition into the compartmental draining vein (blue arrow). D, Intranidal
course of the main arterial feeder terminating in the middle compartment of the nidus (red dotted line, see also B and F). Intranidal ar-
terial branching (red asterisk) with an arterial network and multiple small shunts in the sidewall of the draining vein (blue arrows). E, An
other feeder passes the nidus (orange dotted line), giving off multiple side branches (small red arrows) connected to the arterial net-
work of the nidus. F, 4D analysis corresponds well with 2D-DSA, with the main feeder terminating in the nidus (red dotted line). G,
Superselective angiogram confirms the branching point to the arterial network (red asterisk). H, Occlusion of the compartment and the

compartmental draining vein after injection of Onyx. The remaining nidus is fed by the upper feeder.

DISCUSSION

Our study confirmed findings from a first pilot project and
showed that the application of 4D-DSA and 4D-fPCBCTA recon-
structions for detailed analysis and classification of AVM is feasi-
ble. Compared with our first study,'* the new software prototype
provides an improved time-resolved visualization and facilitates
separation between arterial and venous parts of the nidus.
However, in complex AVM morphologies with several arterial
feeders and draining veins, it was still difficult to follow the ves-
sels and separate the arterial from the venous part of the nidus.
As in any imaging approach for the analysis of AVM angioarchi-
tecture, the 4D technique has limitations in the resolution of
complex, overlapping vascular structures.

The simultaneous visualization of arteries and veins was not
only a consequence of the AV shunt but also due to the overlap
of the angiographic phases due to the scan time of 12 seconds and
the requirement for a prolonged contrast bolus injected during
>6seconds to fill and visualize small vessels. Nevertheless, our
method succeeded in selecting a suitable working projection and
time of best filling of the nidus on virtual DSA reconstructions.
Details of intranidal angioarchitecture could be visualized on
time-resolved fPCBCTA MPRs in the working projection and in
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the 3 standard planes with variable section thicknesses and win-
dow settings, to reduce the complexity and overlay of vessels out-
side the nidus,

4D technique with the reconstruction options showed advan-
tages over conventional angiographic imaging: It was possible to
obtain most of the information from time-resolved reconstruc-
tions of a single 3DRA run. Our kind of 4D data analysis pro-
vided a more detailed display of the angioarchitecture of the
nidus than previous publications dealing with less complex fea-
tures like the number of arterial feeders, the size of the nidus,
the presence of associated aneurysms, and the number of
draining veins.'*'® Beyond these findings, we could add
more information for a detailed description of the transition
between feeding arteries and the nidus, branching patterns
within the shunt zone, and intranidal compartments with
corresponding feeders and draining veins. Our findings met
the criteria of AVM classifications and descriptions of the
angioarchitecture in the literature."*°

Thus 4D-DSA reconstructions could differentiate between ar-
terial feeders terminating in the nidus and feeders en passage
from an artery passing the AVM for supply of normal brain tissue
distal to the nidus. Mixed patterns and different lengths between



the origin and target of terminal feeders suggest that there is no
strong separation between the 2 entities but a continuum between
single terminal feeders with a longer distance between the last
visible side branch and the nidus and AVMs fed by multiple
short-distance side branches of an artery passing the nidus (en
passage), with the clinical consequence that embolization with
fluids is more difficult and complete obliteration of the nidus less
likely.'” The presence of pial networks of collaterals between dif-
ferent feeding arteries has been described as perinidal angiopathy
with difficulty separating the increased number and density of
vessels from the nidus itself."®

Concerning the intranidal branching patterns, classifica-
tions distinguished between fistulous and plexiform compart-
ments.'® 4D-fPCBCTA with thin slices could assign nidal
compartments to one of these patterns. However, we fre-
quently detected mixed patterns, and it was difficult to distin-
guish tortuous intranidal branches from real networks with
anastomotic channels between adjacent vessels. Pure plexi-
form or simple AV fistulas were rarely seen. Our findings

FIG 4. Posterior fossa AVM in an 18-year-old woman with cerebellar hemorrhage. A and B, Virtual
DSA and sagittal reconstructions of fused images between MR imaging and 4D fPCTA show an
intranidal aneurysm (red arrows). C, Axial MPRs demonstrate the origin of the aneurysms from the
branches of the small nidus just proximal to the transition into the draining vein (blue arrow). D,
Corresponding findings by superselective angiography. E, Occlusion of the aneurysm after tar-
geted embolization. Note the diffuse nidus with a low degree of branching and dominance of sin-

gle microfistulous channels.

Intranidal branching pattern and venous drainage

represent rather a continuum with lower-to-higher degrees of
branching and network formation before the AV shunt.
Houdart et al®> proposed a classification for AV shunts
according to the branching pattern: Arteriovenous fistulas
with direct connections between arteries and a draining vein
were distinguished from AV fistulas with arterial branching
before transition into the draining vein and AV fistulas with
corresponding branches on the venous site.

This classification provides a nomenclature that is also ap-
plicable to the description of 4D-fPCBCTA findings (Fig 1
and Table).

Venous drainage into one or several draining veins was
also complex and resembled normal venous anatomy in the
corresponding region. In most of our cases, 4D-fPCBCTA
reconstructions were helpful in identifying the course of the
compartmental draining vein and the arterial inflow to the
AV shunt. These findings became important for prethera-
peutic planning of transvenous embolization of AVMs,
demanding control of the arterial inflow and an exact defini-

tion of the venous target and shunt
zone.®
Details of the confluence of ve-
nous branches to the main draining
veins were obscured by overlay of
other nidal structures or a tortuous
course of the draining veins, but
time-consuming analysis taking
between 30 and 60 minutes gave at
least an impression of venous anat-
omy, which was coincident with
DSA findings and superselective
angiography in selected cases.

We that

pathologies like associated aneur-

found flow-related
ysms and venous pathologies like
stenosis or varicose enlargement
can be detected quite reliably by
4D-DSA, similar to findings in
other studies.'*'*

Concerning the display of all
angioarchitectonic features, 4D-DSA
and fPCTA provide more informa-
tion compared with other angio-
graphic imaging modalities. Thus,
planning of interventional, surgical,
and radiosurgical treatment may ben-
efit from improved characterization
of the nidus and the shunt zone.
Conventional 2D-DSA showed most

Dominant Arterial Branching Pattern

Dominant Shunt Type

Venous Drainage Direct Fistulas Plexiform Network Sidewall AV Branching
Single draining vein (n = 24) 17 7 15 8
Several draining veins (n =9) 5 4 4 6
Total (n = 33) 2 l 19 14
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of the findings with the advantage of better temporal resolution
and separation between the angiographic phases. At the current
stage of development of 4D technology, DSA projection images
are still needed as complementary information. 4D with the
advantage of displaying the volumes at any time point in any pro-
jection may help avoid DSA series in multiple projections or high
frame rates. The main disadvantage of DSA was the overlay of
vascular structures on projection images. Further prospective and
multicentric studies are necessary to assess whether additional
oblique 2D-DSA projections can be omitted without loss of diag-
nostic quality.

With the use of subtraction, soft-tissue contrast is not
shown in 3D and 4D reconstructions. Therefore, display of
gray and white matter gyri and sulci of the brain is not possi-
ble. Soft-tissue reconstruction algorithms for the mask are
available and may also be used for C-like fPCBCT images.
Currently, the resolution for soft-tissue details like the differ-
entiation between gray and white matter is less than that with
multislice CT or MR imaging. Therefore, MR imaging or
fusion images between 4D-fPCBCTA and MR imaging
became necessary for the exact localization of the AVM nidus
and its relationship to the brain parenchyma and adjacent
CSF spaces in our study.

Our study had several limitations:

1) The retrospective character with a limited number of 33
consecutive cases may be associated with a risk of bias towards
certain AVM types and locations.

2) The analyses and ratings were performed with awareness
of the findings of other imaging modalities. To demonstrate
the validity of the new method, further prospective studies
with blinded reviewers are necessary. At the current stage of
software development, analyses were still time-consuming
and difficult to standardize, especially in larger AVMs with
complex angioarchitecture. Automated vessel-tracking algo-
rithms and slice selection according to fused volumes
between MRI and 4D-fPCTA should be developed to facili-
tate the determination of the AVM site and angioarchitec-
tonic features.

3) According to our institutional rules, 3DRA in patients with
AVM was only indicated if treatment was considered. This prac-
tice explains a predominance of small, ruptured AVMs in our
sample, which is probably not representative.

4) In AVMs with feeders from different arterial territories,
the analysis of 4D data obtained by injection of 1 feeder may
not cover all compartments of the nidus. Image fusion could
put the data from several 4D-DSA volumes together, with the
disadvantage of increasing radiation exposure.

5) Details of the shunt zone could be confirmed by super-
selective angiography. In our sample, this information was
only available in selected patients who underwent superselec-
tive embolization.

6) Despite suggestions to establish a standardized report-
ing terminology,” there is still a lack of validated categories
for a description of angioarchitecture details. 4D-fPCBCTA
reconstructions are able to display the continuum between
known subtypes and may contribute to in vivo evaluation of
this complex disease.
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CONCLUSIONS

4D-DSA reconstructions are superior to 2D-DSA for display-
ing pathoanatomic details concerning angioarchitecture and
classification of cerebral AVMs. At the current stage of devel-
opment, DSA projection images and MR imaging are still
needed as complementary diagnostic tools. Future 4D-
fPCBCTA may play an important role as tool for prethera-
peutic assessment of brain AVMs as well as a research tool
for display of the intra- and perinidal microvasculature.
Further standardization of postprocessing and improvement
of fPCTA MR imaging fusion are necessary for further stud-
ies with blinded reviewers.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Symptomatic and Asymptomatic Chronic Carotid Artery
Occlusion on High-Resolution MR Vessel Wall Imaging

M. Wan, ““L. Yan, "*'Z. Xu, **Z. Hou, ““K. Kang, ““R. Cui, “*Y. Yu, "“*). Song, “*F.K. Hui, “*Y. Wang,
Z. Miao, ““X. Lou, and ““N. Ma
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ABSTRACT

BACKGROUND AND PURPOSE: Chronic carotid artery occlusion remains a poorly understood risk factor for subsequent stroke,
and potential revascularization is dependent on understanding the anatomy and nature of the occlusion. Luminal imaging cannot
assess the nature of an occlusion, so the internal structure of the occlusion must be inferred. The present study examines the sig-
nal characteristics of symptomatic and asymptomatic carotid occlusion that may point to management differentiation.

MATERIALS AND METHODS: We prospectively recruited patients who were diagnosed with chronic carotid artery occlusion
defined as longer than 4 weeks and confirmed by DSA. All patients underwent high-resolution MR vessel wall imaging examinations
after enrollment. Baseline characteristics, vessel wall imaging features, and DSA features were collected and evaluated. The vessel
wall imaging features included segment involvement, signal intensity, contrast enhancement, and vessel wall thickness. The sympto-
matic and asymptomatic chronic carotid artery occlusions were compared.

RESULTS: A total of 44 patients with 48 lesions were included in this study from February 2020 to December 2020. Of the 48
lesions, 35 (72.9%) were symptomatic and 13 (27.1%) were asymptomatic. There was no difference in baseline and DSA features. On
vessel wall imaging, C1 and C2 were the most commonly involved segments (91.7% and 68.8%, respectively). Compared with symp-
tomatic lesions, asymptomatic lesions were more often isointense (69.2%) in the distal segment (P =.03). Both groups had diffuse
wall thickening (80% and 100%).

CONCLUSIONS: Signal characteristics between those with symptomatic and asymptomatic carotid artery occlusions differ in a stat-

istically significant fashion, indicating a different structure of the occlusion.

ABBREVIATIONS: CCAO = chronic carotid artery occlusion; VWI = vessel wall imaging

Chronic carotid artery occlusion (CCAO) accounts for 6.5%
of ischemic strokes.! CCAO may present as an incidental
finding in asymptomatic patients, or it may present clinically as a
TIA or a severe disabling stroke. The annual risk of TIA or ische-
mic stroke of asymptomatic CCAO is estimated to be between
2% and 8%.”* The risk of stroke recurrence in symptomatic
CCAO is 8% at 30 days, 10% at 1 year, and 14% at 5 years.”
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CCAO may cause ischemic stroke due to an embolism from
the occluded segment, compromised hemodynamics, and a mix-
ture of both embolic and hemodynamic factors.® The role of
hemodynamics in patients with symptomatic and asymptomatic
CCAO has been demonstrated in previous studies.*” The biology
and architecture of the occluded segment of a CCAO remain
unclear. Conventional imaging modalities including CTA, MRA,
ultrasonography, and DSA can evaluate the structural and hemo-
dynamic functional information of nonoccluded vessels but can-
not provide sufficient information about the features of vessel
segments with no substantial flow. High-resolution MR vessel
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wall imaging (VWI) has been widely used in atherosclerotic dis-
eases of the carotid and intracranial arteries.* "' VWI can deter-
mine plaque size, intraplaque hemorrhage, large lipid core, and
intraluminal thrombus and can evaluate dissection flaps and sub-
intimal plaque.'* In addition, 3D VWI with variable flip angles
can offer imaging with improved longitudinal coverage in a
shorter imaging time.'>'* VWTI has been reported to be practica-
ble and accurate in the diagnosis of CCAO.">'® VWTI for CCAO
can provide more information and direct visualization of the
occluded segment, such as segment involvement, signal intensity,
enhancement characteristics, and vessel wall thickness. However,
few studies have focused on the characteristics of the occluded
segment of CCAO on VWL Therefore, we conducted this study
to assess the differing imaging characteristics between sympto-
matic and asymptomatic CCAO.

MATERIALS AND METHODS

Study Population

This was a prospective study, approved by the institutional review
board of the hospital. Informed consent was obtained from all
patients or their representatives before enrollment. Patients
admitted to the Department of Interventional Neuroradiology of
Beijing Tiantan Hospital and the Department of Neurology of
The First Affiliated Hospital of Zhejiang University who had
been diagnosed with carotid artery occlusion by sonography,
CTA, or MRA were selected. Carotid artery occlusion by sonog-
raphy, CTA, or MRA was defined as 100% cross-sectional trunca-
tion of the vessel lumen. “Chronic” was defined as the patient
having a carotid occlusion diagnosis for >4 weeks, confirmed by
DSA, with TICI grade 0.'"®'® All patients underwent DSA and
VWI examinations after enrollment. The symptomatic CCAO
group comprised patients who were admitted due to anterior ip-
silateral ischemic events in the territory of the occluded vessel.
The asymptomatic CCAO group was patients diagnosed with ca-
rotid artery occlusion incidentally during the course of routine
clinical care. Ischemic events included ischemic stroke and TIA
on the ipsilateral hemisphere or retinal artery. The exclusion cri-
teria were the following: 1) contraindications to VWI or DSA ex-
amination; 2) near-occlusion or pseudo-occlusion confirmed by
DSA; 3) intracranial chronic carotid artery occlusion; and 4) car-
dioembolic risk factors.

Data Collection

Baseline data including sex, age, body mass index, atherosclerotic
risk factors, antithrombotic agents taken before and after diagnosis
of CCAO, history of radiation, and time of the ischemic event onset
were collected. Risk factors were defined as the following: hyperten-
sion defined as a history of hypertension or the patient taking any
hypotensive drugs; diabetes mellitus defined as a history of diabetes
mellitus, the patient taking any hypoglycemic agents, or a glycosyla-
ted hemoglobin level of =7%; hyperlipidemia defined as a history
of hyperlipidemia or receiving lipid-lowering treatment; and coro-
nary artery disease defined as a history of myocardial infarction or
angina pectoris. Smoking was defined as current smokers or a
smoking history. VWI and DSA features were recorded. On VWI,
features of segment involvement, signal intensity of the occluded
segment, contrast enhancement, and vessel wall thickness were

evaluated. On DSA, the imaging features of the vascular stump and
the level of the distal reconstitution were also evaluated.

Vessel Wall Imaging

VWI was performed on a 3T Magnetom Trio MR imaging scanner
(Siemens) or a 3T Discovery MR750 scanner (GE Healthcare) with
a head/neck coil. The 3D T1-weighted turbo spin-echo sequences
on the Magnetom Trio MR imaging scanner were obtained with the
following parameters: TR/TE = 760/15ms, section partial Fourier
factor = 0.75, turbo factor = 60, echo spacing= 4.52ms, parallel
imaging acceleration = 3. The FOV was 240 x 220 X 172 mm
(Foot-Head x Anterior-Posterior x Right-Left), and the voxel size
was 0.54 x 0.54 x 0.54 mm. The 3D T1-weighted turbo spin-echo
sequences on the Discovery MR750 were obtained with the follow-
ing parameters: TR/TE= 675/21 ms, echo-train length = 24, echo
spacing = 7.5ms, bandwidth = 62.50kHz, phase and HyperSense
acceleration (GE Healthcare) = 2, FOV = 180 x 180 mm
(Superior-Inferior x Right-Left). The pixel size was 0.6 x0.6 mm,
and the section thickness was 0.8 mm. Other MR imaging scans
included 3D TOF MRA, T2-weighted imaging, and contrast-
enhanced T1-weighted imaging. Images were reconstructed using
the Reformate tool in the Advantage Workstation 4.5 (GE
Healthcare) or the D multiple planer reconstruction tool in the
Siemens workstation.

DSA Imaging

All DSA studies were performed by 2 experienced interventional
neuroradiologists with >10 years’ experience each. During angi-
ography, the bilateral common carotid arteries and bilateral ver-
tebral arteries received contrast injections in the anterior-
posterior and lateral projections, respectively.

Imaging Analysis
All MR images were reviewed separately by a neuroradiologist with
6years’ experience and a neurologist with 8 years’ experience who
were blinded to clinical and medical information. A third reader
was used to resolve disagreements in assessing the segment involve-
ment. We divided each ICA into 7 segments (C1-C7) according to
the classification of Bouthillier et al.?° To measure signal intensities,
we placed ROIs at the occluded segment on the coronal T1-
weighted turbo spin-echo sequences, with maximal size and adja-
cent sternomastoid muscle by the consensus decision of the 2 inves-
tigators. Signal intensity was categorized as hypointensity (less than
the signal intensity of the adjacent sternocleidomastoid muscle),
isointensity (equal to that of the adjacent sternocleidomastoid mus-
cle), hyperintensity (more than that of the adjacent sternocleido-
mastoid muscle), and heterogeneous intensity (a mix of the above).
The occluded segment was divided into the origin segment
(origin of the ICA) and the distal segment (beyond the origin of
the ICA) to assess the signal intensity separately. Contrast
enhancement was determined by comparing pre- and postcon-
trast T1-weighted images focused on the intraluminal thrombus.
Vessel wall thickness was evaluated by T1-weighted turbo spin-
echo sequences in the petrous ICA. The petrous ICA was divided
into proximal, middle, and distal segments for measuring vessel
wall thickness. Diffuse wall thickening was defined as a mean
wall thickness of >1.5mm.*" Time intervals between the last
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FIG 1. Stump condition: tapered stump (A), blunt stump (B), no stump (C)

Table 1: Baseline data of patients with asymptomatic and symptomatic CCAO

RESULTS

Patient Characteristics

Overall, a total of 44 patients with 48
lesions were included in this study from
February 2020 to December 2020: 22
(50.0%) in Beijing Tiantan Hospital and
22 (50.0%) in The First Affiliated
Hospital of Zhejiang University. Of the
44 patients, 35 (79.5%) were sympto-
matic and 9 (20.5%) were asymptomatic.
In symptomatic patients, 32 patients had
ischemic stroke (29 ipsilateral hemi-
spheres and 3 retinal arteries) and 3
patients had experienced TIA (1 ipsilat-
eral hemisphere and 2 retinal arteries).
One (2.0%) patient had a history of radi-

Asymptomatic  Symptomatic P ation. Baseline characteristics are shown
(n=9) (n =35) Value in Table 1; there was no difference in
Male (No.) (%) 8 (88.9) 34 (97.) 37 baseline characteristics between sympto-

Age (mean) (yr)
Body mass index (mean)

59 (SD, 13.35)
2530 (SD, 3.49)

Hypertension (No.) (%) 7(77.8)

Diabetes mellitus (No.) (%) 3(333)

Hyperlipidemia (No.) (%) 7 (77.8)

Coronary artery disease (No.) (%) 1(11.0)

Smoker (No.) (%) 4 (44.4)

Antithrombotic treatment before diagnosis of (M)
CCAO (No.) (%)

Antithrombotic treatment after diagnosis of 3(33.3)
CCAO (No.) (%)

History of radiation (No.) (%) 0 (0.0)

Time intervals between DSA and VWI (median)
(IQR) (days)

1(1,2.5)

6051(SD, 1146) 73
24.40 (SD, 3.12) 46

matic and asymptomatic patients. The
time intervals between DSA and VWI

212 gj;i Zgg were 1day (interquartile range, 1-2.5
28 (80.0) >.99 days) in the asymptomatic group and
3(8.6) >.99 2days (interquartile range, 1-4 days) in
15 (42.9) >.99 the symptomatic group (P=.74).
8 (22.9) 75
18 (514) 55 Comparison between Symptomatic
and Asymptomatic CCAO
1(2.9) >.99 DSA showed no difference in stump
2(1,4) 74 morphology and the level of distal col-

lateral reconstitution between the 2

Note:—IQR indicates interquartile range.

ischemic event onset to VWI were divided into 4 stages (<7days,
7-30 days, 30-90 days, and =90 days). The difference in signal in-
tensity across the 4 time points was evaluated.

DSA images were reviewed by the 2 operators. According to
the contrast filling within the ICA from the common carotid ar-
tery and the shape, the morphology of the carotid stump was
categorized as tapered, blunt, and no stump (Fig 1). The level of
the distal collateral reconstitution was defined as the most proxi-
mal site visible at the distal end of the occlusion, divided into

proximal or distal cavernous segments.

Statistical Analysis

We performed statistical analysis using SPSS software, Version 20.0
(IBM). Normal distribution measurement data were expressed as
mean (SD), while skew distribution data were expressed as median
and interquartile range. Counting data were expressed in frequen-
cies and percentages. We compared baseline data of symptomatic
and asymptomatic patients. DSA features and VWTI features were
compared between those with symptomatic and asymptomatic
CCAO. The Student ¢ test (normal distribution) or Mann-Whitney
U test (skewed distribution) and the y? test or Fisher exact test
were used according to the situation. P < .05 was considered a stat-
istically significant difference.
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groups (Online Supplemental Data).
On VWI, C1 and C2 were the most
commonly involved segments in both
symptomatic CCAO (97.1% and 68.6%) and asymptomatic CCAO
(76.9% and 69.2%). Two patterns of signal intensity were detected
in the origin segment (isointensity and heterogeneous intensity).
There were 7 (20.0%) instances of isointensity and 27 (77.1%) of
heterogeneous intensity in symptomatic CCAO (Fig 2). There were
5 (38.5%) instances of isointensity and 5 (38.5%) of heterogeneous
intensity in those with asymptomatic CCAO (P=.15). Three pat-
terns of signal intensity were detected in the distal segment (hyper-
intensity, isointensity, and heterogeneous intensity). There was a
higher prevalence of isointensity (69.2%) in the asymptomatic
CCAO compared with the symptomatic CCAO (P=.03) group.
There were 14 patients (15 lesions) with contrast-enhanced scans.
Nine scans in 13 patients with symptomatic CCAO were demon-
strated to be contrast-enhanced, as well as 2 scans in 2 patients with
asymptomatic CCAO (P =.95). Both patients with symptomatic,
and asymptomatic CCAO had a high prevalence of diffuse thicken-
ing of the vessel wall (80% and 100% respectively).

Difference in Signal Intensity at Different Stages of
Symptomatic CCAO

In symptomatic CCAO, both the origin segment and distal seg-
ment showed no difference at the following 4 stages: <7 days, 7-
30 days, 30-90 days, and =90 days (Tables 2 and 3).



FIG 2. An adult man who presented with blurred vision for Tmonth and right-limb weakness for 10 days. On DSA, the occluded segment is from Cl (B)
to C6 (A). On VWI, 3D Tl-weighted turbo spin-echo sequences show that the occluded segment is Cl1 (arrow) to C6 (arrow) (C). The signal intensity of
the distal segment in a elliptical region-of-interest (ROI) (D), and the signal intensity of the origin segment is heterogeneous intensity in a elliptical ROI (E).

Table 2: Difference in signal intensity at the origin segment of symptomatic CCAO at
different stages

Hyperintensity Isointensity Hypointensity Heterogeneous P
(n=0) (n=7) (n=0) Intensity (n =27) Value
<7 days 0 (0.0) 0 (0.0) 0 (0.0) 5(14.7) .69
(No.) (%)
7-30 days 0 (0.0) 4 (57.) 0 (0.0) 16 (47.1)
(No.) (%)
30-90 days 0 (0.0) 2(28.) 0 (0.0) 10 (29.4)
(No.) (%)
=90 days 0 (0.0) 1(14.3) 0 (0.0) 3(8.8)
(No) (%)

Table 3: Difference in signal intensity at the distal segment of symptomatic CCAO at dif-
ferent stages

on VWI than DSA, and a tiny lumen
could be seen beyond the occluded
segment on VWI but was considered
occluded on DSA (Fig 3).

DISCUSSION

The present study demonstrates that
asymptomatic CCAO lesions have a
higher prevalence of isointensity com-
pared with symptomatic CCAO lesions.
The most common occluded segments
in CCAO lesions were C1 and C2. Most
of the CCAO lesions had diffuse thick-

Hyperintensity Isointensity Hypointensity Heterogeneous P ening of the vessel wall on VWI, so

(n=9) (n=14) (n=0) LRGSR VWI may provide detailed characteriza-

<?,32);S(°/) 2(222) 1) 0(00) 2(16.7) 29 tion of the occlusion for patients with
7-30 days 2(222) 6 (42.9) 0(0.0) 8 (67.7) CCAO.

(No.) (%) VWI for the diagnosis of CCAO has
30-90 days 4 (44.4) 4 (28.6) 0 (0.0) 2 (16.7) been reported to have high accuracy
>$3’l)(f) 1) 3 (214) 0(0.0) 0(0.0) and sensitivity using DSA as a refer-

(No) (%) ' ’ ’ ' ence.'>*>? A few studies have focused

on the signal intensity of the occluded
segment of the CCAO. Previous studies
have reported a higher prevalence of
heterogeneous intensity at the begin-
Comparison of DSA with VWI ning of the occluded segment and a 47.5% presence of high signal

The accuracy of VWI for the diagnosis of total CCAO was 100%. intensity in the occluded segment.'” Atherosclerosis is the major
The level of occlusion differed between DSA and VWI, with a con-  cause (about 70%) of CCAQO, and most lesions are located at the or-
sistency rate of 27.1%. Most of the lesions were shown to be shorter igin of the ICA.** The deterioration of the atherosclerotic plaque
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FIG 3. An adult woman who presented with dizziness for 2months. On DSA, the occluded segment is from C1 (B) to C7 (A). On VWI, 3D TI-
weighted turbo spin-echo sequences show that the occluded segment was C2 (arrow) to C4 (arrow), and C1 did not have total occlusion
(arrowheads, C). The signal intensity of distal segment is isointensity in a elliptical region-of-interest (ROI) (D). The origin segment showed a tiny
lumen (arrowhead), in a circular ROl which was considered an occluded segment on DSA (E).

leads to occlusion of the carotid artery and formation of the intra-
luminal thrombus within the distal segment. The signal intensities
of the origin and distal segments are usually different. It is difficult
to describe the whole occluded segment with uniform signal inten-
sity. In this study, we divided the occluded segment into 2 parts to
evaluate the signal intensity: the origin segment (the origin of the
ICA) and the distal segment (distal C1 and above). Heterogeneous
signal intensity was frequently encountered in the origin segment,
but there was no difference between the 2 groups. The most com-
mon signal intensity in the distal segment was isointensity in
asymptomatic lesions, which was not the case in symptomatic
lesions (P =.03).

Cerebral hemorrhage can be chronologically divided into differ-
ent stages by MR imaging: hyperacute, acute, early subacute, late
subacute, and chronic stage.*>*° Intraplaque hemorrhage of athero-
sclerosis on high-resolution MR imaging is also chronologically di-
vided into fresh, recent, and old stages.”” We proposed that the
signal intensity of the distal segment may vary with time, similar to
the signal intensity of cerebral hemorrhage and intraplaque hemor-
rhage. We selected different time intervals from the last onset of
symptoms to the VWI examination in reference to cerebral hemor-
rhage and intraplaque hemorrhage. However, there was no differ-
ence in signal intensity at different time points. The same
phenomenon has been observed in studies about intracranial large-
vessel arterial occlusion.”® The reason may be that the exact time of
the CCAO is uncertain and there is spontaneous recanalization and
reformation of the thrombus in the occluded segment.

In this study, all the lesions in the asymptomatic group and
80% in the symptomatic group had a diffuse thickening of the

14 Wan Jan 2022 www.ajnr.org

vessel wall. In a previous study, diffuse wall thickening in the pet-
rous ICA was correlated with proximal ICA steno-occlusive dis-

ease.29

With the increasing degree of stenosis, diffuse wall
thickening became severe (present in 1.4%, 5.3%, 5.9%, and 80.4%
of ipsilateral proximal ICAs, respectively, in patients with stenosis
of 1%-49%, 50%-69%, 70%-99%, and total occlusion, respec-
tively).” The probable cause is edema of the vessel wall due to
long-term ischemia. Nutrients of the intima and inner media are
supplied by diffusion from the lumen, and the adventitia is sup-
plied by the vasa vasorum.* The vasa vasorum often arose directly
from the lumen of the carotid artery and the arterial branching
points.” When the carotid artery was occluded, the vessel wall lost
its nutrient supply and edema occurred.

DSA remains the criterion standard for the diagnosis of vas-
cular disease; it can evaluate structural and hemodynamic func-
tional information but cannot provide information on the vessel
wall. VWT has been widely used in atherosclerosis of the carotid
artery for its sufficient black-blood effects, excellent scan effi-
ciency, high isotropic resolution and signal-to-noise ratio, and
large spatial coverage.’>*> Compared with DSA, VWI can pro-
vide more information about the occluded segment. In this study,
72.9% of occluded segments detected by VWI were shorter than
those detected by DSA. A previous study also found a similar
result.'® The tiny lumen can be observed beyond the occluded
segment on VWI, but it was considered occluded on DSA. We
hypothesize that this was a pseudo-occlusion caused by collapse
of the vessel wall due to inadequate compensatory proximal and
distal blood flow. Endovascular interventional therapy has
become a major treatment for CCAO. The stump condition and



distal ICA reconstitution on DSA are important factors affecting
successful recanalization.®® It is necessary to identify the true
occluded segment, and VWI may provide more information to
help improve the success rate of recanalization.'®

There were some limitations of this study. First, the MR imag-
ing scanner was different in the 2 centers. Second, 3D TI-
weighted turbo spin-echo sequences were used to evaluate
occluded segments without additional flow suppression, possibly
affecting the evaluation of slow blood flow in the proximal-to-dis-
tal occluded segments. Third, 9 patients included in the asymp-
tomatic group were detected occasionally, so selection bias may
exist. Due to the small sample size, the findings in the present
study need to be interpreted with caution. Fourth, only a portion
of patients underwent enhanced scans, possibly not fully demon-
strating the characteristics of the occluded segment. Finally, the
conclusion of this study needs to be confirmed by a larger
amount of data research in the future.

CONCLUSIONS

VWI can provide further insight into the occluded segment of
CCAO. The signal intensity was demonstrated to be different
between symptomatic and asymptomatic CCAO.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
HEAD & NECK

Percutaneous CT-Guided Core Needle Biopsies of Head and
Neck Masses: Review of 184 Cases at a Single Academic
Institution, Common and Special Techniques,

Diagnostic Yield, and Safety

R.W. Jordan, “D.P. Shlapak, “).C. Benson, ““F.E. Diehn, “*D.K. Kim, ““V.T. Lehman, ““’G.B. Liebo, ““’A.A. Madhavan,
J.M. Morris, ““'P.P. Morris, “*').T. Verdoorn, and ““’C.M. Carr
=
ABSTRACT

BACKGROUND AND PURPOSE: Percutaneous CT-guided core needle biopsies of head and neck lesions can be safely performed
with vigilant planning. This largest-to-date single-center retrospective study evaluates multiple approaches with consideration of
special techniques and examines the histopathologic yield.

MATERIALS AND METHODS: Retrospective review of CT-guided core biopsies of head and neck lesions from January 1, 2010, to
October 30, 2020, was performed. We recorded the following: patient demographics, sedation details, biopsy needle type and size,
lesion location and size, approach, patient positioning, preprocedural intravenous contrast, proceduralists’ years of experience,
complications, and pathology results.

RESULTS: One hundred eighty-four CT-guided core biopsies were evaluated. The initial diagnostic yield was 93% (171/184). However,
of 43/184 (23%) originally “negative for malignancy” biopsies, 4 were eventually positive for malignancy via rebiopsy/excision, result-
ing in a 2% false-negative rate and an adjusted total diagnostic yield of 167/184 (91%). Biopsies were performed by 16 neuroradiolo-
gists with variable experience. The diagnostic yield was essentially the same: 91% (64/70) for proceduralists with <3 years’
experience, and 90% (103/114) with >3 years’ experience. The diagnostic yield was 93% (155/166) for lesions of >10 mm. The diagnos-
tic yield per biopsy needle gauge was the following: 20 ga, 81% (13/16); 18 ga, 93% (70/75); 16 ga, 90% (64/71); and 14 ga, 91% (20/22).
There were 4 asymptomatic hematomas, with none requiring intervention.

CONCLUSIONS: Percutaneous CT-guided core needle biopsies are safe procedures for superficial and deep head and neck lesions
with a high diagnostic yield. Careful planning and special techniques may increase the number of lesions accessible percutaneously

while minimizing the risk of complications.

ABBREVIATIONS: CNB = core needle biopsy; FNA = fine-needle aspiration; H&N = head and neck; SCC = squamous cell carcinoma

An estimated >54,000 new cases of oral cavity and pharyngeal
cancer and 44,280 new cases of thyroid cancer will be diag-
nosed in the United States in 2021, not including head and neck
(H&N) lymphomas, salivary gland tumors, and other less com-
mon malignancies.'

If not apparent on direct visualization, H&N lesions often
require image-guided biopsy. Prior studies have shown higher
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diagnostic yields of image-guided core needle biopsy (CNB) versus
fine-needle aspiration (FNA), including parotid, submandibular,
and sublingual gland lesions, as well as cervical lymphadenopa-
thy.”> Additionally, supplementary FNA during lymph node CNB
might not contribute to an actionable diagnosis in cases of
lymphoma.®

Several standard approaches to H&N CT-guided CNB are
used, including subzygomatic, paramaxillary, retromandibular, an-
terior, lateral, and posterior approaches.” " These are illustrated in
Fig 1. A recently published review of 27 CT-guided CNBs by
Hillen et al'* demonstrated the effectiveness and safety of these
procedures for H&N lesions. However, large studies evaluating the
diagnostic yield and safety profile of CT-guided H&N CNBs with a
variety of locations and lesion sizes are lacking. In this study, we
sought to review and describe our institution’s experience with
CT-guided CNB of H&N lesions, with emphasis on the diagnostic
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FIG 1. Common biopsy approaches to H&N lesions at different levels of the suprahyoid (A) and
infrahyoid neck (B). Note that to avoid the parotid gland, one should use a retromandibular
approach for more inferior retropharyngeal, parapharyngeal, pharyngeal mucosal, and masticator
space lesions; more superior lesions are better accessed via paramaxillary and subzygomatic
approaches. Reprinted with permission of Mayo Foundation for Medical Education and Research,
all rights reserved. PG indicates parotid gland; T, tumor; LT, lingual tonsil.

and histopathologic yields and attention to target lesion and nee-
dle-gauge size, approach, safety profile, and special techniques.

MATERIALS AND METHODS
Patient Selection and Enrollment
This was a Health Insurance Portability and Accountability Act-
compliant retrospective study, approved by the institutional
review board. Informed consent was waived.

Our radiologic database was searched to identify all CT-guided
H&N biopsies from January 1, 2010, to October 30, 2020. Search
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terms including “CT biopsy,” “CT-
guided biopsy,” and “CT neuro biopsy”
were autopopulated in our reporting
template. This search yielded 1211
results. Inclusion criteria were biopsy
with CT guidance, core biopsy, and loca-
tion in the H&N. Biopsies outside the
H&N (including the calvaria and spine)
and FNAs were excluded. Ultimately,
184 core biopsies from 174 patients were
included in the final study cohort.

Imaging and Clinical Review
Intraprocedural CT images, procedure
reports, clinical follow-up notes, and pa-
thology reports were reviewed by a neu-
roradiology fellow. For each biopsy
case, the following data were collected
(if available): patient demographics, bi-
opsy needle gauge and brand, sedation
type, biopsy approach, gantry tilt,
patient positioning, anatomic space of
the target lesion, maximal dimension of
the lesion in the axial plane, procedural-
ists’ years of experience, administra-
tion of pre- and intraprocedural con-
trast, histopathology, and complications.
Intraprocedural CT images, reports,
and the next patient encounter were
reviewed for evaluation of procedure-
related complications.

CT Imaging Parameters

A standard optimized dose protocol was
used for all CT-guided core biopsies,
using spiral CT with 1-second rotation
time, 0.9 pitch, 120 kV(peak), 130 mAs,
with an average volume CT dose index
of 17.52 mGy for the planning phase.
For the actual biopsy i-Sequence, 3 or 6
slices were used with 2.4- or 4.8-mm sec-
tion thickness per the proceduralist’s
preference, with a 0.5-second rotation
time, 120 kVp, 80 versus 40 mAs, and a
CT dose index of 8.28 versus 4.14 mGy
per scan, respectively (2.4- versus
4.8- mm section). Reduced dose protocols were used in the pediatric
population. Preprocedural CT with contrast when necessary was per-
formed according to routine neck CTA or CT soft-tissue neck proto-
col with iohexol contrast (Omnipaque 350 or Omnipaque 300; GE
Healthcare) and “trigger of aorta,” and 80-second delay, respectively.

Special Techniques

Preprocedural and Intraprocedural IV Contrast. The use of IV
contrast is not uncommon for deep H&N biopsies and allows
planning the safest approach to avoid major vascular structures
(Fig 2A-F and Fig 3D). Additionally, IV contrast can make the



FIG 2. Common approaches used in the current series biopsy. A, A paramaxillary approach targeting a 1.9-cm partially cystic right retropharyngeal
lymph node (yellow star). Left, Preprocedural contrast-enhanced CT (venous phase) to better visualize the right ICA (red arrow) and better assess
lesion margins due to peripheral enhancement. Right, Intraprocedural CT with a 14-ga needle trough through the lesion (part of the cystic component
was initially aspirated). The styloid process (green arrow) is a useful landmark because it is immediately anterior to the ICA. Recurrent human papillo-
mavirus (HPV) + SCC. This approach is commonly used to access retropharyngeal, parapharyngeal, pharyngeal mucosal, masticator, and deep parotid
space lesions. B, A retromandibular approach in a patient in a prone position targeting a 1.1-cm partially cystic left retropharyngeal lymph node (yellow
star). Left, Contrast-enhanced CT (venous phase) to better visualize the left ICA (red arrow), vertebral artery (pink arrow), and internal jugular (I)) vein
(blue arrow) and highlight more solid lesion portions. Right, Intraprocedural CT with a 16-ga needle trough through the solid portion of the lesion. The
Cl transverse process (green arrow) is a useful landmark because it “marks a safe pass” between the vertebral artery posterior to the needle and the
ICA/|) vein anteriorly. Recurrent HPV + SCC. This approach can be used for more inferior retropharyngeal, parapharyngeal, pharyngeal mucosal, masti-
cator, and deep parotid lesions, as well as sublingual, submandibular, perivertebral, and carotid space lesions. C, Anterior approach targeting a 3.4-cm
partially cystic nodule at the tracheoesophageal groove (yellow star). Left, Preprocedural contrast-enhanced CT (venous phase) to opacify the left
common carotid artery (red arrow) and vertebral artery (pink arrow) and delineate the solid component of the target lesion. Right, Intraprocedural
CT with an 18-ga needle trough through the solid component of the lesion. A partially visualized esophageal stent (green arrow) is a useful landmark
showing the approximate location of the infiltrated esophagus, lateral to the stent. Recurrent SCC. This approach is used with a neutral supine posi-
tion for more midline anterior neck lesions such as the visceral space, level VI, and the supraclavicular lymph nodes. D, A subzygomatic approach tar-
geting an infiltrating left masticator space mass seen on MR imaging (left image, yellow star). Middle, Preprocedural contrast-enhanced CT (venous
phase) to opacify the left internal maxillary artery (red arrow). Right, Intraprocedural CT with an 18-ga needle trough through the infiltrating lesion
with the biopsy device clearly posterior to the expected location of the internal maxillary artery in correlation with the middle image. Recurrent SCC
with perineural spread. By far, masticator space lesions are the most common targets for this approach.

lesion more conspicuous and help direct the biopsy toward more To our knowledge, the use of intraprocedural contrast during
solid components of a cystic/necrotic mass, potentially increasing ~ H&N lesion core sampling has not been reported, though intra-

the diagnostic yield (Fig 2B, -C, and -F). procedural contrast-enhanced CT was recently described for the
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FIG 2. Continued E, Submandibular approach targeting diffuse soft-tissue thickening in the sublingual space, hypermetabolic on PET/CT (left image,
yellow star). Middle, Preprocedural contrast-enhanced CT (venous phase) to localize and avoid vascular structures (red arrows). Right, Intraprocedural
CT with an 8-ga needle trough through the lesion with the biopsy device clearly anterior to the expected location of the prominent vessels in correla-
tion with the middle image. Adenoid cystic carcinoma. This approach offers access to the sublingual and submandibular spaces, level IA and IB lymph
nodes, and potentially retropharyngeal/parapharyngeal lesions; however, it would require gantry tilt and/or neck manipulation. F, Posterior approach
with the patient in a prone position targeting the more posterior component of the bilobed 5.3-cm partially cystic mass in the left perivertebral space.
Left, Preprocedural contrast-enhanced CT (venous phase) to localize the ICA (red arrow) and delineate solid components of the mass (yellow star).
Right, Intraprocedural CT with a 14-ga needle trough through the solid portion of the lesion. Metastatic papillary thyroid carcinoma. Perivertebral and
carotid space lesions and level V lymph nodes are most accessible with this approach, usually with the patient in a prone position. G, A lateral
approach targeting a right-level IIB 15-cm lymph node seen on the routine contrast-enhanced soft-tissue neck CT (left image, yellow star).
Preprocedural contrast was not obtained because prior soft-tissue neck CT (left image) showed that the ICA (red arrow) and the |J vein (blue arrow)
can be well-visualized with at least a 7-mm fat plane between vessels and target lesion. Note the postoperative right carotid endarterectomy clip
(green arrow) and an additional smaller metastatic lymph node (black star) too close to the vessels. Right, Intraprocedural CT with a 16-ga needle
trough through the target. Metastatic small-cell carcinoma. This approach is commonly used to access levels II-V and sometimes level V and the su-
praclavicular lymph nodes.

RESULTS
Patient Demographics and Periprocedural Details
One hundred seventy-four patients with 184 CT-guided CNB

procedures were included in the final cohort. Eight patients

evaluation of the completeness of renal mass ablation.'”> While
this is not a standardized technique at our institution, depending
on the proximity of the critical vascular structure to the target

lesion, proceduralists can choose to slowly infuse IV contrast dur-

ing lesion sampling to continuously opacify and visualize adja- ~ Underwent 2 biopsies, and 1 patient, 3 biopsies. The mean

cent vessels (Fig 4). patient age at the time of the biopsy was 60 years (range, 2—

86 years); 70 (38%) were female. All procedures were per-

Gantry Tilt and/or Neck Flexion/Extension. Modern CT scan- formed by a total of 16 board-certified and board-eligible fel-

ners allow gantry tilting to provide variable degrees of angle access lowship-trained neuroradiologists. A trainee (resident or

to approach deep lesions while bypassing vascular and osseous struc-
tures, which otherwise would be difficult to avoid. Neck flexion/
extension can partially compensate for gantry tilt because steep gan-
try tilt considerably narrows the working space for the proceduralist
within the CT scanner bore (Fig 3C).
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fellow) assisted in 95/184 (52%) cases.

Moderate sedation was administered in 145 cases (79%); general
anesthesia, in 23 cases (13%); and only local anesthetic, in 16 cases
(7%). A 14-ga core biopsy needle was used in 22 cases (12%); 16 ga, in
71 cases (39%); 18 ga, in 75 cases (41%); and 20 ga, in 16 cases (9%).



FIG 3. Less commonly used biopsy approaches. A, Preauricular approach targeting a 4.2-cm expansile left mandibular lesion with an extraosseous
soft-tissue component on MR imaging (left image, yellow star). No preprocedural contrast was administered given the size of the lesion and the
lack of proximity of the crucial neurovascular structures. Right, Intraprocedural CT with a 16-ga needle trough through the lesion. Plasmacytoma.
This approach is used for superficial lesions in the masticator or superficial parotid space, particularly when a zygoma is partially destructed. B, A
suprazygomatic approach targeting hypermetabolic on PET/CT 15-cm right suprazygomatic masticator mass (left image, yellow star). Middle,
Preprocedural contrast-enhanced CT (venous phase) to delineate the lesion (yellow star) that enhances more than background tissues. Right,
Intraprocedural CT with a 16-ga needle trough through the expected location of the lesion in correlation with bony landmarks and previous con-
trast enhancement on the middle image. Recurrent adenoid cystic carcinoma. This approach is essentially exclusively used for superficial suprazygo-
matic masticator space (temporal fossa) lesions. C, Submental approach targeting diffusely heterogeneously enhancing on MR imaging left
sublingual/floor of the mouth soft-tissue (left image, yellow star). Middle, Intraprocedural scout CT image showing patient positioning and a cranial
gantry tilt of 15° (red line, biopsy plane after 15° gantry tilt) to bypass a mental protuberance. Right, Intraprocedural axial CT with a 14-ga needle
trough through the expected location of the target (yellow star). Preprocedural contrast was not administered due to regional vasculature paucity
in correlation with prior imaging. Recurrent adenoid cystic carcinoma. Sublingual space and floor of the mouth lesions can be accessed via this
approach; to avoid the mental protuberance, cranial gantry tilt and/or substantial neck extension might be needed. D, A retromastoid approach
with the patient in the prone position targeting a 2.6-cm left retropharyngeal mass (left image, yellow ellipse), encasing the ICA on preprocedural
limited CTA (red arrow). Right, intraprocedural CT with a 16-ga needle advanced between mastoid tip and the Cl anterior arch (right image, green
arrows); these osseous landmarks align a safe trajectory into the lesion portion posterior to the ICA in correlation with preprocedural CTA.
Recurrent human papillomavirus + SCC. This approach can be used for more lateral retropharyngeal and anterior perivertebral lesions. E, A trans-
osseous approach targeting an enhancing 2.5-cm left masticator mass expanding the mandibular canal on MR imaging (left image, yellow star).
Right, Intraprocedural CT scan with a 16-ga needle traversing the buccal cortex of the mandibular ramus. Preprocedural contrast was not adminis-
tered given lack of critical regional vasculature in correlation with MR imaging. Recurrent adenoid cystic carcinoma with inferior alveolar perineural
spread. This approach can be used to access lesions along the inner cortex of the mandible and zygoma.
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FIG 4. A, PET/CT with hypermetabolic left retropharyngeal 6-mm lymph node (yellow arrow). B, This lesion is centrally cystic/necrotic on fol-
low-up contrast-enhanced CT (yellow arrow) and immediately medial to the ICA (red arrow). C, Intraprocedural CT without contrast with an 18-
ga needle advanced via a paramaxillary approach anterior to the target retropharyngeal lymph node (yellow arrow) and medial to the expected
location of the unopacified ICA (red arrow). Before further needle advancement, 60 mL of Omnipaque-300 was slowly infused at a rate of
0.6 mL/s to continuously opacify the ICA (red arrows) for adequate visualization before (D) and during (E) lesion sampling (yellow arrows).
Pathology reported poorly differentiated metastatic carcinoma in a patient with a history of oropharyngeal human papillomavirus + SCC.

Table 1: Biopsy approaches

Approach No. %
Paramaxillary® 43 23%
Retromandibular® 30 16%
Anterior® 24 13%
Subzygomatic® 21 %
Submandibular® 20 1%
Posterior® 18 10%
Lateral® 14 8%
Preauricular 5 3%
Submental 4 2%
Suprazygomatic 3 2%
Retromastoid 1 1%
Transosseous 1 1%
Total 184 100%

#More common techniques.

A Temno Evolution core biopsy device (Merit Medical) was
used in 167 cases (91%); a Mission Disposable Core Biopsy
Device (Bard, BD), in 4 cases (2%); and Stryker Bone Biopsy
Kit Needle (Stryker) and SuperCore Semi-Automatic Biopsy
Instrument (Argon Medical Devices) were both used in 1 case
each. Device type was not specified in 11 cases (6%).

Complications

Minor complications (asymptomatic hematomas) were observed
in 4 (2%) cases, none requiring intervention. Manual compres-
sion was held for 10-15minutes, and follow-up CT was per-
formed in the procedure room before the patient was transferred
to the postprocedural care unit.
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Patient Positioning, Approach, and Intraprocedural
Considerations

Patients were positioned supine in 139 (76%), prone in 23 (13%),
and in a lateral decubitus position in 22 cases (12%). The H&N
position remained relatively neutral in most cases of supine posi-
tioning, with the head usually slightly turned to the contralateral
side of the lesion.

To optimize access to the target lesion, the gantry was
tilted in 14/184 cases (8%). IV contrast was administered for
the preprocedural CT in 114/184 cases (62%). While both
protocols were used (arterial and venous phase, per proce-
duralist), the venous phase seemed more optimal, allowing
assessment of all 3 major components of the biopsy: target
lesion (particularly the solid component in cases of partially
cystic/necrotic lesions) and major venous and arterial vascu-
lature, because major arteries are usually still adequately
visualized even in the venous phase.

A total of 12 different approaches were used in our cohort,
listed in Table 1 along with the number of cases for each approach.

Target Lesion Details

Target lesion size measured in the longest dimension on axial
images ranged from 5 to 75 mm (mean, 24 mm). Anatomic spaces
of the lesions are summarized in Table 2.

Diagnostic Yield and Histopathologic Biopsy Results

Of 184 core biopsies, 13 were nondiagnostic (7%), with an initial diag-
nostic yield of 93%. However, of 43/184 (23%) biopsies originally neg-
ative for malignancy, 4 were eventually positive for malignancy via



Table 2: Target lesion space

Head and Neck Space No. %

Masticator 36 20%
Parotid 24 13%
Cervical lymph nodes® 23 13%
Retropharyngeal 23 13%
Sublingual 19 10%
Perivertebral 14 8%
Pharyngeal mucosal 13 7%
Visceral® 9 5%
Parapharyngeal 6 3%
Carotid 6 3%
Submandibular 4 2%
Other® 4 2%
Transpatial 3 2%
Total 184 100%

? Cervical lymph node levels 1=Vl and supraclavicular.

®Biopsies involving the supraglottic larynx, glottis, subglottic larynx, tracheo-
esophageal groove, and thyroid gland.

“Biopsies of the periorbital region, anterior maxilla, preauricular, postauricular,
and intramuscular regions.

Table 3: Follow-up of “negative for malignancy” biopsies

Patients’ Characteristics and Lesion Management No. %
Initially “negative for malignancy” biopsies 43/184  23%
Patients with a known malignancy 29/43  68%
Rebiopsied/excised 7/29 20%
Ultimately +malignancy 4/7 57%
Stable/resolved (mean f/u time: 32 mo, 17/29 59%
2-120 mo)
No f/u 5/29 17%
Patients without known malignancy 14/43 32%
Rebiopsied/excised 5/14 36%
Ultimately + malignancy 0/5 0%
Stable/resolved (mean f/u time: 25.6 mo, 7/14 50%
1-72 mo)
No f/u 2/14 14%
Total false-negative rate 4/184 2%

Total diagnostic yield 167/184  91%

Note:—f/u indicates follow-up.

rebiopsy/surgical excision, resulting in a 2% false-negative rate and an
adjusted diagnostic yield of 167/184 (91%). The diagnostic yield was
93% (155/166) for lesions of >10 mm in the greatest axial dimension,
but for lesions of =10 mm, the yield was only 67% (12/18).

Biopsies were performed by 16 neuroradiologists with variable
experience. The diagnostic yield was essentially the same: 91% (64/
70) for proceduralists with =3 years and 90% (103/114) with
>3 years’ experience. The diagnostic yield per biopsy needle gauge
was as follows: 20 ga, 81% (13/16); 18 ga, 93% (70/75); 16 ga, 90%
(64/71), and 14 ga, 91% (20/22). Although we as a practice try to
use the largest needle size (smallest gauge) safely possible to get the
most tissue, ultimately the choice of the needle gauge was up to the
proceduralist, understandably resorting to thinner needles in cases
of challenging anatomy (eg, retropharyngeal/carotid/parapharyng-
eal space and close ICA proximity), but not necessarily in cases of
smaller lesions.

Histopathology results are summarized in the Online
Supplemental Data. Eighty-six of 184 (47%) lesions were malig-
nant: 23/86 (27%), reflecting primary malignancy; 36/86 (42%),
local recurrence; and 27/86 (31%), metastases.

Eighty-five of 184 (46%) lesions were benign, including 43/85
(51%) reported as samples negative for malignancy containing re-
gional tissues.

Of these 43 biopsies initially negative for malignancy, 4/43
(9%) were ultimately positive for malignancy after rebiopsy/exci-
sion. Follow-up of biopsies negative for malignancy is summar-
ized in Table 3. Finally, of 13 nondiagnostic biopsies, 3/13 (23%)

were ultimately positive for malignancy after rebiopsy/excision.

DISCUSSION

Our study of 184 CT-guided CNBs of H&N lesions represents
the largest-to-date single-center retrospective review. This study
confirms a very high diagnostic yield of 91% with a low false-neg-
ative rate of only 2%. These results in such a large sample with 16
operators with different experience levels are clinically important,
suggesting that the described techniques would be generalizable
across multiple medical centers. Additionally, on the basis of our
large sample size, these procedures are clinically useful because
they can be performed safely and efficiently, delivering a timely
diagnosis and expediting appropriate treatment while avoiding
much more invasive surgical excisional biopsies and with a much
higher diagnostic yield than FNAs, especially in cases of unusual
etiology 2 #1617

Our diagnostic yield of 91%, including a 2% false-negative
rate, is concordant with several prior, though much smaller sam-
ple studies (each with <30 patients), which showed a diagnostic
yield of 73%-100%.'>' 41512

In addition to being the largest-to-date single-center cohort of
CT-guided CNBs of H&N lesions, our study demonstrates a
wider variety of biopsy approaches, including transosseous, and
provides an extensive morphologic and histologic assessment of
184 lesions. We also describe a novel technique of intraproce-
dural IV contrast to improve the safety profile through continu-
ous opacification of the adjacent vessels immediately prior to and
during lesion sampling in cases of proximity of the vessels to the
target lesion.

Our study, in addition to its retrospective design, has a
potential limitation of selection bias for lesions that were chal-
lenging/inaccessible to excisional or ultrasound-guided biopsy,
whether core or FNA. Our institution preferentially performs
CT-guided core needle biopsies of H&N lesions as opposed to
CT-guided aspiration, with the latter reportedly having up to an
88% concordant diagnostic yield based on the largest study of
216 patients by Sherman et al,'® in 2004. We also preferentially
perform CT-guided CNBs of the superficial H&N lesions as
opposed to ultrasound-guided CNB, though Haldar et al,’ in
2015, reported a very high diagnostic yield (96%) of ultrasound-
guided CNB of 313 parotid neoplasms with only 2 samples
being false-negatives (versus 44% and 3 samples, respectively, in
120 parotid ultrasound-guided FNAs).

Aiken, in 2020,"” published a great commentary addressing
a practical approach to the triage of H&N biopsies at a major
academic institution, which usually starts with FNA and then
shifts to core biopsy if directed by the cytopathologist’s real-
time feedback. We do agree that FNA will usually suffice to
diagnose cervical nodal metastasis or recurrence for most
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common pathologies such as SCC or thyroid carcinoma, and
CNB as opposed to FNA is mostly based on our institutional
preference. FNAs are, indeed, often the first step in cases of
obvious cervical lymphadenopathy and are not uncommonly
performed by our ear, nose, and throat group with ultrasound
guidance during the patient encounter. However, cases of
impalpable cervical lymphadenopathy and smaller nodes
(eg, <1.5cm) without apparent abnormal morphology on CT
would go straight to CT-guided CNB to avoid discrepancies
between CT and ultrasound imaging modalities and to maxi-
mize the diagnostic yield.

Further prospective studies with high volumes of CT-guided
biopsies of H&N lesions could focus on direct comparison of CT-
guided core biopsies with FNAs in a variety of anatomic spaces,
particularly of more challenging smaller lesions of <10mm in
retropharyngeal and parapharyngeal spaces.

CONCLUSIONS

Our largest-to-date single-center retrospective study of 184
CT-guided core needle biopsies of H&N lesions confirms
that these procedures can be performed safely with a high
diagnostic yield by operators with variable experience. In
addition to gantry tilt and preprocedural IV contrast admin-
istration for vessel and target lesion mapping, continuous
intraprocedural IV contrast infusion during lesion sampling
can significantly facilitate the procedure and increase the
safety profile.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
PEDIATRICS

Regional Differences in Gamma-Aminobutyric Acid and
Glutamate Concentrations in the Healthy Newborn Brain

S.K. Basu, “*'S. Pradhan,

ABSTRACT

S.D. Barnett,

M. Mikkelsen,
C.A. Lopez,

KJ. Kapse, ““/J. Murnick,
AJ. du Plessis, and

J.L. Quistorff,
C. Limperopoulos

o=

BACKGROUND AND PURPOSE: Gamma-aminobutyric acid and glutamate system disruptions may underlie neonatal brain injury.
However, in vivo investigations are challenged by the need for special 'H-MR spectroscopy sequences for the reliable measurement of
the neurotransmitters in this population. We used J-edited 'H-MR spectroscopy (Mescher-Garwood point-resolved spectroscopy) to
quantify regional in vivo gamma-aminobutyric acid and glutamate concentrations during the early postnatal period in healthy neonates.

MATERIALS AND METHODS: We prospectively enrolled healthy neonates and acquired Mescher-Garwood point-resolved spectroscopy
spectra on a 3T MR imaging scanner from voxels located in the cerebellum, the right basal ganglia, and the right frontal lobe. CSF-cor-
rected metabolite concentrations were compared for regional variations and cross-sectional temporal trends with advancing age.

RESULTS: Fifty-eight neonates with acceptable spectra acquired at postmenstrual age of 39.1 (SD, 13)weeks were included for analysis.
Gamma-aminobutyric acid (+ macromolecule) (2.56 [SD, 0.1]) i.u., glutamate (3.80 [SD, 0.2]), Cho, and mins concentrations were highest in
the cerebellum, whereas NAA (6.72 [SD, 0.2]), NAA/Cho, Cr/Cho, and Glx/Cho were highest in the basal ganglia. Frontal gamma-aminobu-
tyric acid (1.63 [SD, 0.1]), Glx (4.33 [SD, 0.3]), Cr (3.64 [SD, 0.2]), and Cho concentrations were the lowest among the ROIs. Glx, NAA, and Cr
demonstrated a significant adjusted increase with postmenstrual age (8 = 0.2-0.35), whereas gamma-aminobutyric acid and Cho did not.

CONCLUSIONS: We report normative regional variations and temporal trends of in vivo gamma-aminobutyric acid and glutamate
concentrations reflecting the functional and maturational status of 3 distinct brain regions of the neonate. These measures will
serve as important normative values to allow early detection of subtle neurometabolic alterations in high-risk neonates.

ABBREVIATIONS: J-DIFF = J-edited difference spectrum; GABA = gamma-aminobutyric acid; GABA+ = GABA with macromolecules; Glu = glutamate; GSH
= glutathione; MEGA-PRESS = Mescher-Garwood point-resolved spectroscopy; NDI = neurodevelopmental impairment; NS = not significant; PMA = post-

menstrual age; TEA = term-equivalent age

G amma-aminobutyric acid (GABA) and glutamate (Glu) are
principal neurotransmitters and play a critical role in fetal
and neonatal brain development.! Microstructural disruptions of
neurotransmitter systems have been reported following preterm
birth in animal and ex vivo human studies.>” Subtle disruptions
may play a role in neurodevelopmental impairments (NDIs)
observed in surviving premature infants even without structural
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brain injury on conventional neuroimaging at term-equivalent
age (TEA).* Recent advances in "H-MR spectroscopy, including
J-edited Mescher-Garwood point-resolved spectroscopy (MEGA-
PRESS), have allowed detection of the otherwise overlapped
GABA and glutamate signals.>® However, the application of these
techniques to the neonate has been limited by technical chal-
lenges, including motion during nonsedated scans, suboptimal
tissue segmentation and correction using adult algorithms, and a
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FIG 1. Voxel locations of ROIs: cerebellum (A), right basal ganglia (B), and right frontal lobe (C).

lower SNR from a limited voxel volume in the small neonatal
brain, to name a few.” 1!

Important knowledge gaps remain in our understanding of
the normal temporal trajectory of in vivo GABA and glutamate
concentrations during the critical perinatal transition and early
postnatal maturation, which, in turn, limit the ability to detect
abnormalities following premature birth."' Animal and adult
human studies have characterized the temporal trajectories of
brain metabolites, their regional and sex-based variations, and
the influence of mode of delivery; early postnatal studies, how-
ever, are currently limited.'*'® Conventional neonatal "H-MR
spectroscopy allows measurement of NAA and Cr (markers of
neuronal integrity and metabolic activity), Cho (lipid mem-
brane component), and mIns (cytoplasmic osmotic agent).
Neonatal brain injury has been associated with lower NAA,'”'®
and simultaneous GABA and glutamate measurements would
allow in vivo neurotransmitter-specific interrogation of the
developing brain.”'%!®

To fill these critical knowledge gaps, we measured in vivo
GABA+ and GIx concentrations from MEGA-PRESS spectra
acquired from voxels placed in 3 ROIs: namely, the cerebellum,
the right basal ganglia, and the right frontal lobe in healthy neo-
nates. The cerebellum is known to play a regulatory-inhibitory
role and accounts for most GABA and glutamatergic neurons in
the human brain. The cerebellum matures rapidly during late
gestation, with extended neurogenesis through infancy; and its
parenchymal injury is associated with NDI in preterm infants."
The basal ganglia are involved in sensorimotor organization
and include an array of nuclei with glutamatergic and
GABAergic neurons, and due to their high metabolic activity,
they are vulnerable to the hypoxia-ischemia associated with pre-
mature birth.! Finally, the frontal lobe is evolutionarily recent,
mediates cognitive and executive function, but is relatively less
mature in neonates."

We hypothesized that these 3 critical brain ROIs would
have distinct profiles of GABA+ and Glx as well as other
metabolite concentrations in healthy neonates. We also
hypothesized that NAA, Cr, and Glx would increase with
advancing age (postmenstrual age [PMA]), whereas Cho (and
GABA+) would remain relatively stable.'>'®'*?° We sought
to investigate the influence of postnatal age (weeks of life), sex,
and mode of delivery on the neurometabolic profile of the neo-
natal brain.
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MATERIALS AND METHODS
Participants

Healthy neonates born after 36 com-
pleted weeks of gestational age were
prospectively enrolled between 2018
and 2020 in observational multimodal
neuroimaging cohort studies. Neonates
with known genetic syndromes, central
nervous system anomalies, brain injury
on MR imaging, or congenital infec-
tions were excluded. Clinical data were
collected through medical record review
and parental questionnaires. All studies
Children’s
National Hospital review board and conducted in accordance with

were approved by the

relevant guidelines and regulations. Written informed consent was
obtained from the parents of each study participant.

MR Imaging and "H-MRS Acquisition

Enrolled infants underwent a TEA MR imaging during natural
sleep using the feed and swaddle technique on a 3T Discovery
MR750 MR imaging scanner (GE Healthcare). Anatomic images
were acquired using a T2-weighted 3D Cube (GE Healthcare; 3D
FSE) sequence with the following parameters: section thickness =
I mm, section spacing = Omm, TR = 2500ms, TE = 64.7-
89.9 ms, flip angle = 90°, orientation = superior/inferior, number
of slices = 120, matrix = 160 x 160. "H-MR spectroscopy data
were acquired from voxels placed in 3 ROIs: a 20 x 15 x 15 mm®
voxel centered on the white matter of the right frontal lobe, a
20 x 20 x 20 mm® voxel centered on right basal ganglia, and a
25 % 15 x 10 mm? voxel placed in the middle of the cerebellum
(Fig 1). The MEGA-PRESS sequence was acquired using TE =
68 ms, TR = 2000 ms, spectral width = 5000 Hz, 4096 points, and
256 signal averages. Frequency-selective editing pulses (16-ms du-
ration) were placed at 1.9 ppm during ON and 7.5 ppm during
OFF acquisitions, respectively. J-edited difference (J-DIFF) spectra
were generated by subtracting the OFF spectrum from the ON
spectrum (composite J-DIFF and OFF spectra are shown in Fig 2)
for each acquisition. Eight unsuppressed water averages were
acquired for concentration referencing.

'H-MR Spectroscopy Data Pre- and Postprocessing
The pre- and postprocessing methods detailed previously” included
frequency and phase correction*' using the OFF and ON spectra to
generate the J-DIFF spectrum. Each OFF and J-DIFF spectrum was
analyzed using LCModel (http://www.cmodel.com/) to measure
metabolite concentrations using the unsuppressed water signal as
an internal reference”®> The LCModel outputs were visually
screened for artifacts, and only those with a full width at half maxi-
mum of =15Hz and an SNRof =3 for the OFF spectra and an
SNR of =2 for the DIFF spectra were included for further analysis.
GABA measurements from MEGA-PRESS spectra included
contribution from coedited resonances from unspecified macromol-
ecule resonances at 3 ppm and hence are represented as GABA+.°
Analysis in the LCModel was performed using SPTYPE = MEGA-
PRESS-3 without inclusion of quantification of the macromolecule


http://www.lcmodel.com/

FIG 2. Composite 'H-MR spectroscopy PRESS OFF and J-DIFF spectra for all 3 ROIs. Composite spectra from the 3 ROl voxels show the mean
(solid line) and SD (shaded area) of all spectra included in the analysis. The spectra were acquired on a 3T scanner with TE = 68 ms, TR =2000
ms, number of signal averages = 256, and the editing pulses at 1.9 and 7.5 ppm. RBG indicates right basal ganglia; RF, right frontal lobe.

peak in the analysis. Hence, the GABA+ results reported corre-
spond 1:1 to the GABA basis function scaled to the water peak.
Concentrations of Glu, glutamine, Glx, NAA, Cho, Cr, glutathi-
one (GSH), and mIns were measured from the OFF spectra
LCModel output. All metabolite concentrations are reported in
international units. We accepted Cramer-Rao lower bound confi-
dence intervals up to 50% for NAA, Cho, and Cr and up to 100%
for other metabolites due to their lower concentrations, an a priori

. . . . C s 7,19.23,24
decision consistent with previous publications.

Tissue Segmentation and Correction for Voxel
Composition

The 3D T2 Cube images were automatically segmented using
Draw-EM (https://github.com/MIRTK/DrawEM) and manually
corrected in ITK-SNAP (www.itksnap.org) to measure global
and regional brain volumes. The Gannet code (https://github.
com/richardedden/Gannet3.1) with modifications to use seg-
mented images exported from ITK-SNAP was used to generate
voxel masks and was coregistered with segmented structural
images to measure the voxel tissue fractions of CSF, GM, and
WM.% Due to the intricate cerebellar folia, we segmented the cer-
ebellar voxel into either GM + WM or CSF (ie, 2 tissue classes).
Because intrinsic differences in metabolite levels between the GM
and WM remain undetermined in the neonatal population,® we
used a composite GM + WM tissue fraction for CSF correction
using the following equation:

Metah()litecorrected = me + (fGM +fWM)

This approach assumes that there are negligible metabolite
levels in the CSF and that GM and WM contribute equally to the
metabolite signal in the spectra,® effectively a CSF correction.

Statistical Analysis

Baseline characteristics of the cohort are presented as mean (SD)
or frequency (percentage). Descriptive analyses of 'H-MR spec-
troscopy acquisition parameters and metabolite measurements,
group (sex and mode of delivery), and regional comparisons were
performed using nonparametric tests (ie, median, inter-quartile
range, Wilcoxon Mann-Whitney test, and Kruskal-Wallis
ANOVA, respectively). Spearman correlations were performed to
investigate the relationships between metabolites and gestational
age at birth, PMA, and postnatal age on the day of MR imaging.
Linear mixed models were used to examine differences in metab-
olite concentrations among the 3 ROIs, adjusted for PMA. Post
hoc ROI tests were conducted using contrasts. Potential con-
founding from clinical variables with previously reported (sex)’
or biologically plausible (mode of delivery)'' associations with
brain metabolites or neonatal outcomes was examined. Separate
mixed-regression models were used to investigate the influence
of PMA (model 1, adjusted for sex and mode of delivery) and
postnatal age (model 2, adjusted for gestational age, sex, and
mode of delivery) on metabolites on the day of MR imaging.
Analyses were conducted using SAS 9.4 (SAS Institute). P
values = .05, two-tailed, were statistically significant. Sample size
calculation and adjustment for multiple comparisons were not
performed due to the descriptive nature of the study.

RESULTS

Descriptive Characteristics of the Cohort

Fifty-eight term control neonates born at a mean gestational age
of 39.1 (SD, 1.3) weeks and birth weight of 3278 (SD, 464) g were
included. Neonates underwent nonsedated MR imaging between
38.6 and 48.7 weeks’ PMA, and their postnatal age ranged from
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0.7 to 8.9 weeks. Baseline characteristics of the cohort are detailed
in Table 1.

Voxel Characteristics

The median voxel volume was largest for the cerebellum
(8.0cm?). All ROI voxels were composed <10% by CSF propor-
tion on average, with the highest gray matter proportion (99%) in
the right basal ganglia (Online Supplemental Data).

Measured Raw and CSF-Corrected Metabolite
Concentrations

Of the 58 neonates included, 51 cerebellar, 36 right basal ganglia,
and 48 right frontal spectra met quality inclusion criteria and raw
(_r) metabolite concentration, and ratios are reported for them
(Online Supplemental Data). We were able to determine tissue
composition for 38/51 cerebellar, 30/36 basal ganglia, and 38/48
frontal lobe voxels and report CSF-corrected metabolite concen-
trations for them (Online Supplemental Data). Raw metabolite
concentrations were not used for subsequent analyses (Tables 2
and 3). However, all metabolite ratios (from 51 cerebellar, 36

Table 1: Baseline clinical parameters (n=58)*

Clinical Parameters

GA at birth (wk) 39.1(SD, 1.3)
Birth weight (g) 3278 (SD, 464)
Female sex 28 (48%)
Race

African American 8 (15%)

White 35 (65%)

Others 11 (20%)
Singleton gestation 60 (100%)
Apgar score at 5 min (in median) 9(9)
Vaginal delivery 31(57%)
Maternal age (yr) 35.4 (SD, 5.6)
PMA at MR imaging (wk) 43.1(SD, 2.4)
Postnatal age at MR imaging (wk) 3.9 (SD, 2.1)

Note:—GA indicates gestational age.
?Data are means and frequency. (%) unless otherwise noted.

basal ganglia, and 48 frontal voxels) were included for regression
analysis because CSF-correction factors cancel out for the ratios.

Adjusted for PMA (Table 2), cerebellar GABA+, Glu, gluta-
mine, Cho, mIns, and GSH concentrations were the highest
among the 3 ROIs, whereas NAA and Glx/Cho were the lowest.
NAA concentrations and the ratio of NAA/Cho, Cr/Cho, and
Glx/Cho were highest in the basal ganglia. The frontal lobe had
the lowest GABA +, Glx, Cr, Cho, and GSH concentrations.

Association of Sex, Race, and Mode of Delivery with
Metabolite Concentrations

Sex, race, and mode of delivery were not associated with signifi-
cant differences in metabolite concentrations. Female neonates
had lower right frontal lobe GABA+ (mean, 1.57 [SD, 0.4] i.u.
versus 1.74 [SD, 0.5]) i.u. concentrations compared with males,
but they were not statistically significant (NS).

Correlation of Metabolite Concentrations with Age
Spearman correlations of GABA+ concentrations with PMA,
gestational age at birth, and postnatal age did not demonstrate
significant correlations (Spearman p < 0.2, P = NS), except for
positive trends in the frontal lobe with PMA (p = 0.34, P=.08)
and postnatal age (p = 0.35, P=.07) (Fig 3). NAA, Cr, Glu,
NAA/Cho, and Cr/Cho positively correlated with PMA
(Spearman p = 0.5-0.7, P<.01) across all ROIs. Glx and Glx/
Cho correlated positively with PMA (p = 0.4-0.5, P <.01) and
postnatal age (p = 0.3-0.4, P<<.01) in the basal ganglia and the
frontal voxels, but not in the cerebellum. Cho concentrations in the
cerebellum and frontal lobe increased with PMA with a lower slope
(p ~ 0.3-0.5, P<.03), but not in the basal ganglia. Cho concentra-
tions did not increase with advancing postnatal age (<.3, NS).

Relationship between Brain Metabolites and PMA and
Postnatal Age

Multivariable regression analyses did not show any significant
changes in GABA+ concentrations or ratios with age (Table 3).
Basal ganglia Glx/Cho and NAA/Cho increased with PMA as well

Table 2: Regional difference in metabolite concentrations adjusted for PMA®

Pair-Wise Comparisons (P Value)

Cerebellum Right Basal Ganglia Right Frontal Lobe C vs RBG Cvs RF RBG vs RF
Metabolites
GABA-+ 2.56 (SD, 0.1) 2.25 (SD, 0.]) 163 (SD, 0.]) 1.04 1<.001 1<.001
Glx 5.95 (SD, 0.2) 5.68 (SD, 0.3) 433 (SD, 0.3) NS 1<.001 1<.001
NAA 3.84 (SD, 0.)) 672 (SD, 0.2) 431(SD, 0.2) 1<.001 1.05 1<.001
cr 6.67 (SD, 0.1) 6.72(SD, 0.2) 3.64 (SD, 0.2) NS 1<.001 1<.001
Cho 3.08 (SD, 0.1) 233 (SD, 0.)) 1.88 (D, 0.1) 1<.001 1<.001 1<.001
Glu 3.80 (SD, 0.2) 378 (SD, 0.2) 3.07 (SD, 0.2) NS 1.006 1.02
Gln 2.55 (SD, 0.]) 1.95 (SD, 0.2) 172 (SD, 0.2) 1.005 1<.001 NS
GSH 189 (SD, 0.1) 123 (SD, 0.1) 1.05 (SD, 0.]) 1<.001 1<.001 NS
mins 8.02 (SD, 0.3) 510 (SD, 0.3) 6.05 (SD, 0.3) 1<.001 1<.001 L.017
Metabolite ratios
GABA+/Cho 0.85 (SD, 0.4) 0.97 (SD, 0.0) 0.86 (SD, 0.4) 1.03 NS NS
Glx/Cho 197 (D, 0) 2,53 (SD, 0.]) 2.26 (SD, 0.]) 1<.001 1.004 1.026
NAA/Cho 1.31(SD, 0.0) 3.00 (SD, 0.1) 2.34 (SD, 0.0) 1<.001 J<.001 1<.001
Cr/Cho 218 (SD, 0.0) 2.96 (SD, 0.]) 1.96 (SD, 0.0) <001 1<.001 1<.001
GABA+/Glx 045 (SD, 0.2) 039 (SD, 0.0) 041(SD, 0.2) NS NS NS

Note:—1 indicates higher than; |, lower than; C, cerebellum; RBG, right basal ganglia; RF, right frontal lobe; GLN, glutamine.
@ Metabolites are marginal means (SD, standard error, in international units) adjusted for PMA. Metabolites are the following: n = 38 for the cerebellum, n = 30 for the right basal
ganglia, and n = 38 for the right frontal lobe. Metabolite ratios are the following: cerebellum (n = 51), right basal ganglia (n = 36), and left frontal lobe (n = 48).
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Table 3: Association of PMA and postnatal age with metabolites adjusted for clinical factors®

Right Basal Ganglia Right Frontal Lobe

Age Parameter Cerebellum (3, P Value) (B, P Value) (B, P Value)
Metabolite
GABA+ Model 1°: PMA (wk) 0.02, NS 0.02, NS 0.06, 1
Model 2 postnatal age (wk) —0.01, NS 0.10, NS 0.09, NS
Glx PMA 0.25, .09 0.22,.003 0.3, .005
Postnatal age 0.03, NS 0.15, .13 0.14, NS
Cr PMA 0.29,.002 0q,.n 0.20, <.001
Postnatal age 0.15, NS 0.06, NS 0.4, .06
Cho PMA 0.06, .095 0.02, NS 0.05, .016
Postnatal age 0.03, NS 0.01, NS 0.03, NS
NAA PMA 0.22,.002 0.23, <.001 0.36, <.001
Postnatal age 014, .1 0.17, .06 0.27,.007
Metabolite ratios
Glx/Cho PMA 0.02, NS 0.10,.003 0.09, .02
Postnatal age —0.02, NS 0.08, .038 0.06, NS
GABA+/Cho PMA —0.01, NS 0.02, NS 0.02, NS
Postnatal age -0.02, NS 0.02, NS 0.03, .10
NAA Cho PMA 0.05, .001 0.13, <.001 0.13, <.001
Postnatal age 0.04, .04 0.08, .002 0.10, <.001
Cr/Cho PMA 0.05, <.001 0.05, .12 0.06, <.001
Postnatal age 0.02, .14 0.06, .13 0.05, .015
GABA+/Glx PMA -0.02, NS -0.02, .1 —0.01, NS
Postnatal age (wk) 0.00, NS —0.01, NS 0.00, NS

“Metabolites are the following: n = 38 for the cerebellum, n = 30 for the right basal ganglia, and n = 38 for the right frontal lobe. Metabolite ratios were the following:

cerebellum (n = 51), right basal ganglia (n = 36), and left frontal lobe (n = 48).
® Linear regression model 1: adjusted for PMA, sex, and mode of delivery.

€Linear regression model 2: adjusted for postnatal age, gestational age, sex, and mode of delivery.

FIG 3. Temporal trajectories of metabolites with postmenstrual age. R indicates right.

as postnatal age. Glx concentrations increased with PMA (NS for
the cerebellum). NAA and NAA/Cho increased with PMA across
all ROIs. Cho concentrations in the frontal lobe increased with
PMA, but not with postnatal age in any of the ROIs.

DISCUSSION

We report, for the first time, normative data on regional in vivo
varjations of GABA and glutamate concentrations and their
cross-sectional temporal trajectory during the early postnatal pe-
riod. We observed distinct regional metabolic profiles in relation-
ship to PMA and postnatal age, which may reflect differential
maturational states and postnatal stimulation in the healthy neo-
nate brain.

Our normative data from 3 ROIs of 58 healthy neonates are the
largest cohort reported to date and will provide references for future
investigations of alterations in neonates at risk of brain injury. The
previous largest study, including 25 term neonates, reported higher

right frontal GABA+ concentrations compared with preterm neo-
nates.” Temporal increases in basal ganglia Glx and stable GABA+
concentrations during infancy were reported in preterm neonates,
without data from term controls."” One study including both term
and preterm neonates reported higher GABA+ and Glx concentra-
tions in the thalamus compared with anterior cingulate cortex,
which lost statistical significance after tissue correction.®

We demonstrated that all metabolites except GABA+ posi-
tively correlated with advancing PMA, which likely reflects
increasing metabolic activity of maturing neurons, dendrites, syn-
apses, and glial cells (Fig 3). The stable GABA+ concentrations

1 12,16 and

observed are consistent with those in previous anima
clinical studies in preterm infants.””'® Consistent with previous
studies,'®'® Cr concentrations increased significantly with PMA,
whereas Cho remained relatively stable; hence, metabolite/Cho
ratios are preferable markers of metabolic changes during early

postnatal life. The duration of extrauterine exposure (postnatal
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age) demonstrated a significant positive correlation with basal
ganglia GIx/Cho, perhaps indicating neuronal stimulation.

We found that NAA, NAA/Cho, Cr/Cho, and Glx/Cho
(markers of neuronal integrity and metabolic activity) were high-
est in the basal ganglia, reflecting their relatively higher functional
activity (Table 2). Also, the significant increase in Cr and Glx/
Cho (NAA increase NS) within the basal ganglia with postnatal
age (Table 3) indicates their metabolic and functional activity in
response to extrauterine motor-sensory stimulation. Conversely,
right frontal GABA+, Glx, and Cr concentrations were the low-
est, consistent with their relative developmental immaturity in
neonates. Cerebellar GABA+ and Glx concentrations were the
highest, reflecting their dense neuronal composition. Cho, a
marker of cell membrane turnover, was also highest in the cere-
bellum, perhaps inferring exuberant dendritic maturation as well
as ongoing postnatal neurogenesis, as previously described in the
human cerebellum. Glu, GSH (a cellular redox substrate), and
mlns (cytoplasmic osmotic agent) were highest in the cell-dense
cerebellum. The observed regional differences remained consist-
ent for both raw and CSF-corrected metabolite concentrations.
This finding may be due to the low CSF fraction of the voxels and
that differences in gray-versus-white matter contributions to the
metabolites could not be segregated.

Although not statistically significant, the lower right frontal
GABA+ concentration in female neonates (Table 3) agrees with
findings in a recent report in preterm infants.” We did not
observe any significant relationship of mode of delivery with re-
gional metabolite concentrations, perhaps due to the delay in
scan time (median, 4 weeks) after birth.

Although our study findings are strengthened by nonsedated
scans in a modest size cohort of healthy neonates during early
postnatal life, there are several limitations. The observed corre-
lation of metabolite concentrations with PMA or postnatal age
is cross-sectional and not longitudinal. Our tissue-correction
strategy was limited to the CSF content of the voxel and
assumed equal gray and white matter metabolite contributions.
Neonatal algorithms and segmentation maps are needed for
metabolite measurements adjusted for gray matter proportion
from a neonatal brain voxel because adult algorithms may not
reflect the many structural and maturational changes in the neo-
natal brain. Our data meet the quality parameters recommended
in recent expert consensus statements,”****” though one-fifth
of the spectra had to be excluded due to motion or low SNR, in-
herent challenges with neonatal acquisitions.""

Regional differences in '"H-MR spectroscopy acquisition
parameters like voxel size and SNR (Online Supplemental
Data) may also influence these measurements, though if con-
tributing, they would affect all metabolite measurements and
would be nullified for metabolite ratios. The metabolite con-
centrations are expressed in international units due to their de-
pendence on acquisition parameters and are not generalizable
in terms of absolute concentrations across studies using differ-
ent parameters. Interpretations need to consider that GABA+
has contributions from various macromolecules, whereas Glx
has contributions from glutamine. Similarly, Glu, glutamine,
and GSH measurements are not optimal from an unedited
PRESS acquisition at 3T due to poor spectral resolution, and
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adult studies have used higher magnetic field strengths,
STEAM, or dedicated J-editing sequences. Despite these limi-
tations, our study provides normative data and highlights re-
gional differences and the influence of age on the metabolic
milieu of the neonatal brain, which will aid in identification of
alterations in disease states like neonatal encephalopathy or
prematurity.

CONCLUSIONS

We report regional profiles of in vivo GABA+ and glutamate
concentrations consistent with maturation and metabolic activity
in the healthy neonatal brain. We also report increasing Glx,
NAA, and Cr concentrations, but stable GABA and Cho concen-
trations during the neonatal period. The normative metabolic
references may provide important, currently unavailable data
that will allow detection of early metabolic and neurotransmitter
alterations in neonates at high risk of NDI, even without signifi-
cant structural brain injury.
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Feasibility and Added Value of Fetal DTI Tractography in the
Evaluation of an Isolated Short Corpus Callosum:

Preliminary Results

A.-E. Millischer, “*D. Grevent, P. Sonigo, N. Bahi-Buisson, ““’I. Desguerre, ““'H. Mahallati, J.-P. Bault, T. Quibel, ““’S. Couderc,
M.-L. Moutard, E. Julien, V. Dangouloff, B. Bessieres, V. Malan, T. Attie, L.-J. Salomon, and ““’N. Boddaert
=

ABSTRACT

BACKGROUND AND PURPOSE: Prognosis of isolated short corpus callosum is challenging. Our aim was to assess whether fetal DTI
tractography can distinguish callosal dysplasia from variants of normal callosal development in fetuses with an isolated short corpus
callosum.

MATERIALS AND METHODS: This was a retrospective study of 37 cases referred for fetal DTI at 30.4 weeks (range, 25-34 weeks)
because of an isolated short corpus callosum less than the 5th percentile by sonography at 26 weeks (range, 22-31 weeks).
Tractography quality, the presence of Probst bundles, dysmorphic frontal horns, callosal length (internal cranial occipitofrontal
dimension/length of the corpus callosum ratio), and callosal thickness were assessed. Cytogenetic data and neurodevelopmental
follow-up were systematically reviewed.

RESULTS: Thirty-three of 37 fetal DTIs distinguished the 2 groups: those with Probst bundles (Probst bundles+) in 13/33 cases (40%)
and without Probst bundles (Probst bundles—) in 20/33 cases (60%). Internal cranial occipitofrontal dimension/length of the corpus
callosum was significantly higher in Probst bundles+ than in Probst bundles—, with a threshold value determined at 3.75 for a sensi-
tivity of 92% (95% Cl, 77%-100%) and specificity of 85% (95% Cl, 63%-100%). Callosal lipomas (4/4) were all in the Probst bundles—
group. More genetic anomalies were found in the Probst bundles+ than in Probst bundles— group (23% versus 10%, P =.08).

CONCLUSIONS: Fetal DTI, combined with anatomic, cytogenetic, and clinical characteristics could suggest the possibility of classify-
ing an isolated short corpus callosum as callosal dysplasia and a variant of normal callosal development.

ABBREVIATIONS: CC = corpus callosum; FA = fractional anisotropy; fDTI = fetal DTI; fMRI = fetal MR imaging; ICOFD/LCC = internal cranial occipitofron-
tal dimension/length of the corpus callosum; ISCC = isolated short corpus callosum; IQR = interquartile range; PB = Probst bundles; SCC = short corpus

callosum

he corpus callosum (CC) is the midline commissural white
matter tract that connects the 2 cerebral hemispheres. It
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continues to grow throughout pregnancy and even throughout
infancy.1 At the end of the first trimester, it takes on its usual
curvilinear shape.” Improvements in fetal sonography have led
to a wide range of diagnoses of callosal abnormalities, from
complete callosal agenesis to partial agenesis, thick and thin cor-
pus callosums, and hypoplasia of the corpus callosum, recently
summarized as callosal dysplasia.” The characterization of these
anomalies relies primarily on biometric criteria of length or
thickness.

Short CC (SCC) represents the most frequent anomaly.
Although all parts of the CC should be present by 22 weeks’ gesta-
tional age, exuberant axonal growth continues until 2 months af-
ter birth* and final remodeling is achieved by 3 years of age.’
Changes in developmental maturity are readily noted in the cor-
pus callosum, and interindividual variations can be observed,
particularly involving the body and isthmus.®” In such cases, the
prenatal anatomic integrity of these short corpus callosums can-
not be assured, and prenatal counseling is, therefore, challenging.
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The prognosis in patients with callosal dysplasia is not clear. It
may be associated with varying degrees of neurodevelopmental
delay, which are more severe if additional brain anomalies are
present. Neurodevelopmental outcome of a short CC in the fetus
is uncertain, and its significance is not well-established.®®

Postnatal MR imaging is widely used to characterize corpus
callosal dysplasia. Among the MR imaging sequences used, DTI
enables the reconstruction of normal and abnormal fiber bundles
(fiber-tracking or tractography). Its application in complete or
partial CC agenesis and CC hypoplasia, and a thin CC has shown
the consistent presence of Probst bundles (PB).° These abnormal
bundles, oriented anterior-posteriorly, are thought to result from
the lack of transverse decussation within a dysplastic corpus
callosum.' '

Similar to findings in postnatal imaging, PB may also be iden-
tified using DTI tractography in the prenatal period.'>'* This
additional presence of PB can be used to differentiate CC dyspla-
sia from other forms of isolated short corpus callosum (ISCC)
without PB and normal findings on genetic testing, which might
reflect variants of normal callosal development. To avoid the di-
lemma of which callosal biometric curves to rely on, we used the
internal cranial occipitofrontal dimension/length of the corpus
callosum (ICOFD/LCC) ratio to define a SCC compared with the
normal index (2.35 [SD, 0.11])."°

Therefore, the purpose of this study was 2-fold: first, though it
has already been illustrated in 16 cases previously by Kasprian et
al,'® to routinely assess the feasibility of visualizing the presence or
absence of PB in fetal MR imaging (fMRI) DTI tractography on a
larger cohort, and second, to assess its added value in differentiat-
ing CC dysplasia from variants of normal callosal development.

MATERIALS AND METHODS
Study Design
This study was a retrospective review in 2 tertiary level fetal medi-
cine referral centers (Necker Hospital and Poissy Hospital, Paris,
France) in a 4-year period from November 2016 to January 2020.
We retrospectively analyzed all fMRI studies of fetuses referred
for an SCC. The inclusion criteria were fetal imaging of a single
pregnancy with a CC length below the 5th percentile according
to the reference charts of Achiron and Achiron” for which the in-
tegrity of the morphology could not be guaranteed by the refer-
ring fetal imaging radiologists in our center. The exclusion
criteria were complete agenesis of the CC, an SCC associated
with other brain anomalies on MR imaging, or incomplete data.
Data were obtained from the medical records and included
maternal history and prenatal history (sex, genetic testing,
Toxoplasma gondii, other agents, rubella, cytomegalovirus [ToORCH
serology; Bio-Rad]). Postnatal outcomes included pathologic
records when termination of pregnancy was performed, follow-up
of neurologic development by the Denver Developmental Screening
Test,'” and postnatal MR imaging including tractography.

fMRI Examinations

MR imaging was performed on 1.5T MR imaging units (Optima
MR 450w 1.5T, GE Healthcare, or Aera 1.5T, Siemens) using a
phased-array body coil. The patients were placed in a supine or

lateral decubitus position. No maternal sedative or contrast
agents were used.

Neuroanatomic Imaging

MR imaging protocol included 3 planes adjusted in real time and
customized to the head of each fetus (coronal, sagittal, and axial)
with a balanced half Fourier-acquisition single-shot turbo spin-
echo HASTE sequence (TR/TE, 4000/86; matrix, 256 x 256; flip
angle, 125°; signal average, 1; section thickness, 3 mm; section
gap, 30%).

Anatomic Measurements

CC length was systematically evaluated using the ICOFD/LCC
ratio compared with the normal index (2.35 [SD, 0.11])."* The
length of the CC was measured in the midsagittal plane from the
most anterior aspect of the genu to the most posterior aspect of
the splenium. The ICOFD was measured on the same plane; the
calipers were placed on the internal calvarial borders, along the
same line that was used to measure the length of the CC.

For dysmorphic features, the presence or absence of an ever-
sion of the frontal horns (Steer horn or Viking Helmet appear-
ance) and colpocephaly was reported systematically.

Callosal thickness was systematically measured in the mid-
coronal plane. The corpus callosum was regarded as thick if its
midpart measured >2 SDs and thin if it was <2 SDs.”

For the fetal DTI (fDTI) protocol, axial slices were positioned
orthogonal to the fetal brainstem. The basic settings of the DTI
sequence were identical for the 2 MR imaging devices used. For
DTI acquisitions, an axial, single-shot, echo-planar imaging
sequence was used (TR = 2200 ms, TE = 63 ms, acquisition ma-
trix = 112 x 112 re-sampled to 256 x 256, voxel size = 1 x
1 mm, section thickness = 3-5 mm without a gap or interleaved
slices). For each of the DTI scans, 15 noncolinear direction diffu-
sion-weighted magnetic-pulsed gradients were used with a
b-value = 700 s/mm?, and 1 B, image without diffusion-weight-
ing was also obtained. Fifteen slices were recorded during an
overall imaging time of 2 minutes of scanning.

Fetal-Specific Postprocessing of DTI Data
For tractography, we used a deterministic linear tracking algo-
rithm with the following cutoff values: minimum fractional ani-
sotropy (FA) (FA threshold) = 0.10-0.15; maximum angle
change (angle threshold) = 27.0°-45.0°% and minimum fiber
length = 10mm. No advanced motion correction was used.'®
Tractography was first attempted with minimum thresholds of
FA = 0.15 and angle = 27°. If tractography was not satisfactory
with those standard parameters, the FA threshold was lowered to
0.10 and/or the angle threshold was increased to 45°."

Only 1 senior radiologist performed the fDTI analysis (A.-E.M.),
a radiologist with 15 years of experience in the field of fetal MR
imaging (about 380 scans/year) and neuropediatrics. To trace
the fibers crossing at the CC, a polygonal ROI was drawn in the
midsagittal plane of each subject, encompassing the entire CC.
For the PB, the fiber trajectory was not known a priori, except
in its middle portion, where it clearly showed a rostrocaudal
direction in the anatomic images and in the color-coded FA
maps, creating the roof of the lateral ventricles.”” To determine
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the potential connectivity of the callosal remnant in each patient
with an SCC, we drew single irregular polygonal ROIs encompass-
ing the entire remnant area in the axial plane, focused on the
regions of the centra semiovale. The ROIs were drawn manually
according to anatomic landmarks. The examination was consid-
ered to be uninterpretable and de facto excluded by the radiologist
when fetal motion artifacts interfered with interpretation of fDTIs.

Postnatal MR imaging, when applicable, was systematically
performed by an experienced radiologist blinded to the prenatal
data between 0 and 12 months, to confirm the prenatal fMRI data
and to exclude any other brain anomalies. Three planes of FSE
T2-weighted, 3D echo-spoiled gradient echo T1-weighted, and
DTI tractography scans were performed on the Optima 1.5T MR
imaging unit. For each of the DTI scans, 40 noncollinear-direc-
tion diffusion-weighted magnetic-pulsed gradients were used
with a b-value of 700 s/mm?®.

Genetics Analyses

All fetuses were studied by karyotyping and chromosomal microar-
ray analysis with DNA extracted from amniotic fluid. Informed
consent for genetic studies was obtained from all pregnant women.
Different types of microarrays were used by the centers: Agilent 60k
(Agilent Technologies) and Agilent 180k and CytoScan 750K (SNP
arrays, Affymetrix). Fluorescence in situ hybridization analysis or
quantitative polymerase chain reaction were performed on the fetus
to confirm the detected copy number variations and on the parents
to determine the fetus’s inheritance. The American College of
Medical Genetics and Genomics/Clinical Genome guidelines were
used to assess copy number variations pathogenicity.2 !

Outcomes
Terminations of pregnancy were all performed in accordance
with French laws, and pathologic assessment and postmortem
examinations were systematically performed.

In cases of live birth, the neurodevelopmental outcome was
evaluated by a specialist in pediatric neurology (N.B.-B.), who
evaluated communication skills, daily living skills, socialization
skills,
Developmental Screening Test.

and motor skills based on the international Denver
8,22

Scores were considered abnormal if the standard score
was <85. The mean age at follow-up was 21.5 months for PB+
and 15.2 months for PB-.

Statistical Analysis

Statistical analyses were conducted using ad hoc routines imple-
mented in R 4.0.0 software (http://www.r-project. org). Data
description was performed using median and interquartile range
(IQR) for quantitative data (ICOFD/LCC ratio and thickness of
the CC). Median values were compared between patients with the
presence of PB (PB+) and no PB (PB-), using the nonparametric
Wilcoxon rank-sum test. The pROC package (https://rdrr.io/cran/
pROC/man/pROC-package.html) for receiver operating character-
istic curve analysis and calculation of sensitivities and specificities
assessed the diagnostic performance. A bootstrap method was
used to calculate the 95% CI of the area under the receiver operat-
ing characteristic curves, sensitivities, and specificities. All tests
were 2-sided, with « set at 5%.
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Ethics Approval

The local (DPO-APHP, France) institutional ethics board
approved the study: institutional review board registration
00011928 (CERAPH 2020-12-06).

RESULTS

The study population included 37 fMRIs with fDTI tractography
performed for ISCC at a median gestational age of 30.4 weeks
(range, 25-34 weeks). There were 23 male (62%) and 14 female
(37%) fetuses. DTI was feasible in all but 4/37 fetuses (11%)
(Online Supplemental Data).

Pathology

Eleven of 33 terminations of pregnancy were performed. These
included 9 cases of PB+, which represented 69% (9/13) of all
cases of PB+ in our series, and 2 cases of PB—, which represented
10% (2/20) of all cases of PB-. No additional brain anomalies
were found in any of the cases at postmortem examination.

We followed 22 of 33 neonates: One of 22 had a borderline
psychomotor development, 1/22 had a delayed psychomotor de-
velopment, 1/22 was lost to follow-up, and 19/22 had normal psy-
chomotor development.

DTI Tractography and PB

Among the 33 interpretable fDTT tractography studies, PB+ was
seen in 13 cases (13/33) versus PB- in 20 cases, demonstrating 2
patterns in our series of ISCC (Fig 1).

When PB were absent (PB-) at fDTT (20/33), this absence of
PB was confirmed for all cases on postnatal DTT in 12/12 live
births and by postmortem examination in 2/2 cases of termina-
tion of pregnancy. The remaining 6/20 patients did not undergo
postnatal MR imaging because the pediatric neurologist and/or
parents did not think it was warranted in the setting of normal
neurologic development.

Among the 13 patients with PB at fDTI (PB+), the pres-
ence of PB was confirmed in all cases on postnatal DTI in 3/3
live births and by postmortem examination in 9/9 cases of ter-
mination of pregnancy. One of 13 patients was lost to follow-
up. Discrimination between the cingulum and the PB was
appreciated on color-coded maps: The cingulum presented in
a well-recognized inferior-superior direction, and PBs pre-
sented in a typical anterior-posterior direction, as mentioned

in the literature.'®

Neuroanatomic Description between PB+ and PB—
Populations

The ICOFD/LCC ratio was significantly greater in cases of PB+,
4.7 (IQR, 4.3-6.0) versus 3.4 in cases of PB- (IQR, 3.3-3.7;
P<.001, P=.0007). A threshold value of 3.75 could help distin-
guish between cases with or without PB with a sensitivity of 92%
(95% CI, 77%-100%) and a specificity of 85% (95% CI, 63%-
100%) (Fig 2).

A biconvex dysmorphic appearance (Steer horn or Viking hel-
met) of the frontal ventricular horns was noted in 100% (13/13)
of cases of PB+ and was absent in 95% (19/20) of cases of PB-
(P < .001).
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FIG 1. Fetal (30 weeks) and postnatal anatomic MR imaging and DTI (6 months) of ISCC PB— (A) and PB+. A, Sagittal single-shot fast spin-echo T2
(SSFSET2) shows an ISCC. A2, DTI color-coding map shows the absence of PB, confirmed in postnatal imaging (A3—6). Only the cingulum is present,
well-recognized by the inferior-superior direction in blue (white arrows), present on pre- and postnatal imaging. BI, Sagittal SSFSET2 shows an ISCC.
B2, DTl color-coding map shows the presence of PB (white arrows), confirmed by a postnatal color-coding map (B3—6). PB are identified by their
typical anterior-posterior orientation on the color-coding maps (B2 and B5). Fiber-tracking demonstrates the typical anterior-posterior thick PB,

with a remnant of the left-to-right CC (B3 and B6).

Abnormal thickness of the corpus callosum was found in 23%
(n=3/13) of PB+ and 25% (n = 5/20) of PB-. No significant dif-
ference was found in the distribution of thick or thin corpus cal-
losums related to the presence of PB, among the 2 populations
(median, 1.7; IQR, 1-3, versus median, 2.2; IQR, 2-3.2; P < .10).

Among the 8 thick corpus callosums, postnatal MR imaging
diagnosed 4 callosal lipomas, all among the 5 thick CCs in the
PB- group (4/5). No lipomas were identified among the 3 cases
of thick corpus callosum in the PB+ population.

Neurologic Evaluation

Among the 4 PB+ live births, the median age was 21.5 months
(IQR, 15-36 months), 2/4 had a normal psychomotor develop-
ment at 2.5years and 15months of age, respectively. One of 4
had a borderline developmental delay at 3 years, and 1 of 4 was
lost to follow-up.

Among the 18 cases of PB-, the median age was 15.3 months
(IQR, 3-36 months), 17/18 had a normal psychomotor develop-
ment (94%), and 1 had a delayed psychomotor development
thought to be secondary to trisomy 21.

No significant differences were observed between these 2 pop-
ulations within the limits of the neurologic evaluation period
(P=.27; OR, 0.14; 95% CI, 0.0014-13.82).

Genetic Anomalies
There were 5 genetic anomalies: 23% (3/13) in the PB+ group and
10% (2/20) in the PB- group (P=.08). In the PB+ group, we
found the following: 1) A 8q21.12q21.3 duplication, 11.4 Mb, was
detected in the fetus. The genomic position of this copy number
variant was arr[GRCh37] 8q21.12q21.3 (79321132_90690216)x3
dn. This anomaly occurred de novo. 2) A fetus was found to have a
pericentric inversion of chromosome 18, which arose de novo. The
karyotype of the fetus was 46,XX,inv(18)(p11.31q21.2). 3) A de
novo 14q12q21.2 deletion was detected in another fetus. The dele-
tion was 16 Mb: arrfGRCh37] 14q12q21.2(30273044_46669990)
x1dn, a mutation of Zinc finger E-box-binding homeobox 1, a case
of deletion 14q12q21. 4) A case of duplication 3q21 Zinc finger E-
box-binding homeobox 1 mutation was found in one fetus. 5) A
case of duplication 8q211q21.3 was found in one fetus.

In the PB- group, 1 case of trisomy 21 and 1 case of mutation
18p11.31 to 18q21 were found.

DISCUSSION

To our knowledge, this is the first study that routinely reports the
feasibility (about 90%) of visualizing the presence or absence of PB
in fDTI tractography in a large cohort. This study demonstrates
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FIG 2. Length of the CC. Dimensions of the CC compared between PB+ and PB—. Boxplot and receiver operating characteristic curve (ROC)

about the ICOFD/LCC ratio.

the added value in differentiating CC dysplasia from variants of
normal callosal development with an objective technical tool.

Moreover, our data suggest that 3 important features are asso-
ciated with the presence or absence of PB:

1) When PB are present, the ICOFD/LCC ratio recently pub-
lished" is usually higher. Accordingly, a value of =3.75 was associ-
ated with the presence of PB+ in >90% of our cases. This simple
and straightforward threshold could be used as a routine first-line
tool to characterize fetuses with an ISCC at risk for callosal dyspla-
sia. It is not unexpected that we noted that biconvex dysmorphic
frontal ventricular horns were also present in 100% of the PB+
group. These data corroborate the anatomic knowledge regarding
lateral ventricles in complete or partial agenesis of the corpus cal-
losum, which is usually displaced from the midline by paired PB
that fail to cross the hemispheres and run parallel to the midline as
T2 hypointense bundles resulting in the Steer horn or Viking hel-
met appearance of the ventricles.*> In our study, on re-review of all
of cases of PB+, the appearance of T2-hypointense bands along
the inner edge of the frontal ventricular horns was always present.
These 3 signs (ICOFD/LCC ratio, dysmorphic frontal ventricular
horns, and T2-hypointense bands) could, therefore, be easily used
on anatomic images to suggest the presence of PB. Thus, our data
show that the presence of the bull horn configuration of the lateral
ventricles associated with relative shortening of the corpus cal-
losum is associated with a high probability of finding Probst fas-
cicles using DTIL. This advanced technique, therefore, provides an
objective criterion for an optimal description of the SCC.
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2) Genetic anomalies are more frequent in an ISCC with PB+
(23% versus 10%). This finding correlates well with previously
published data suggesting that callosal dysplasias are more often
associated with genetic syndromes.”***> However, our results are
also in line with the recent literature, which points out that the
presence of PB is not necessarily associated with a poor progno-
sis.?® Accordingly, neurologic follow-up was normal for most
children with an ISCC and PB-, suggesting, in our preliminary
study, that ISCCs with no PB are more likely to be variants of
normal development of the corpus callosum. Regarding the case
of trisomy 21 in PB-, the diagnosis was suspected as of the first
trimester due to an increased nuchal translucency, for which the
couple chose not to pursue any confirmatory prenatal cytogenetic
investigations. At least on the basis of the data in our study, we
believe this case confirms once again that prenatal genetic explo-
ration is essential for the appropriate classification of ISCC.

3) In the absence of the PB, a thick corpus callosum is usually
related to lipomas (4/5 in PB- versus 0/3 in PB+). An antenatal
diagnosis of lipoma is often challenging and underdiagnosed
because the lipomatous components are difficult to demonstrate

on fMRIs and antenatal ultrasound,”” "’

whereas this entity is
well-recognized in the postnatal period on MRI, showing typical
hyperintensity on T1-weighted MR images (Online Supplemental
Data). Indeed, Chougar et al*® and Atallah et al*’ concluded in
their fMRI series that the type and size of a lipoma influence
prenatal T1 signal intensity, and the variability of the T1 inten-

sity may also be related to fat maturation within the lipoma and



perhaps reflects changes related to gestational age. The corollary
of our result in fDTI could be that in a thick corpus callosum
without PB on tractography, one might suggest the possibility
an “occult” callosal lipoma on fetal imaging. To our knowledge,
this is the first antenatal study that highlights this feature in the
diagnosis of callosal lipoma. This information can be helpful in
prenatal counseling, given the excellent prognosis of callosal
lipomas.

On the basis of these results, we believe a new decision tree
can be proposed, taking into account the results of MR tractog-
raphy and genetic studies (Online Supplementary Data). To
simplify and standardize the prenatal morphologic classification
system, as we proposed in our recent study’ and according to
the definitions proposed by Edwards et al,* we would suggest
defining an ISCC with a Probst bundle as “callosal dysplasia,”
and “variant of normal callosal development” in cases of ISCCs
without a Probst bundle and no cytogenetic anomalies.
Therefore, the generally favorable prognosis of ISCC, reported
by Meidan et al,® can be partly explained by the hypothesis that
some of the conditions of fetuses and children followed in their
study were true variants of normal and not callosal malforma-
tions, in other words, children with a fetal diagnosis of ISCC
but without PB. However, the major prognostic element
remains the association of abnormalities in the CC, Probst band
or not.*’

We must acknowledge several limitations in our study. First is
the retrospective nature of our study, and the number of cases
remains limited, even if this is the first study using fDTT in the
investigation of ISCC. Second, the relatively high success rate
may be related to the comparatively late gestational age of about
30 weeks. Moreover, it was not possible to obtain a full neurologic
follow-up until 6years of age, with a systematic postnatal MR
imaging in all cases.

CONCLUSIONS

The challenge of prenatal differentiation of an ISCC as a vari-
ant of normal callosal development from callosal dysplasia
can be optimized by the use of DTT tractography in fetal MR
imaging. We believe that our results can encourage the sys-
tematic use of optimized fDTI tractography for the investiga-
tion of ISCCs, to assess the presence or absence of PB. Thus,
in addition to the classic MR imaging with morphologic anal-
ysis, a new approach and paradigm can be proposed, consid-
ering the presence or absence of PB, while prospective studies
with long-term and reproducible neurologic follow-up are
necessary.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
PEDIATRICS

Quantitative Diffusion and Spectroscopic Neuroimaging
Combined with a Novel Early-Developmental Assessment
Improves Models for 1-Year Developmental Outcomes

H.G. Moss, ““'L.G. Wolf, P. Coker-Bolt, V. Ramakrishnan, “*'T. Aljuhani, ““'M. Yazdani,
T.R. Brown, ““J.H. Jensen, and ““'D.D. Jenkins
o~ =

ABSTRACT

BACKGROUND AND PURPOSE: Preterm infants are at risk for overt and silent CNS injury, with developmental consequences that
are difficult to predict. The novel Specific Test of Early Infant Motor Performance, administered in preterm infants at term age, is
indicative of later developmental gross motor and cognitive scores at 12 months. Here, we assessed whether functional perform-
ance on this early assessment correlates with CNS integrity via MR spectroscopy or diffusional kurtosis imaging and whether these
quantitative neuroimaging methods improve predictions for future 12-month developmental scores.

MATERIALS AND METHODS: MR spectroscopy and quantitative diffusion MR imaging data were acquired in preterm infants (n =16)
at term. Testing was performed at term and 3 months using the Specific Test of Early Infant Motor Performance and the Bayley
Scales of Infant and Toddler Development, Third Edition, at 12 months. We modeled the relationship of MR spectroscopy and dif-
fusion MR imaging data with both test scores via multiple linear regression.

RESULTS: MR spectroscopy NAA ratios at a TE of 270 ms in the frontal WM and basal ganglia and kurtosis metrics in major WM
tracts correlated strongly with total Specific Test of Early Infant Motor Performance scores. The addition of MR spectroscopy and
diffusion separately improved the functional predictions of 12-month outcomes.

CONCLUSIONS: Microstructural integrity of the major WM tracts and metabolism in the basal ganglia and frontal WM strongly
correlate with early developmental performance, suggesting that the Specific Test of Early Infant Motor Performance reflects CNS
integrity after preterm birth. This study demonstrates that combining quantitative neuroimaging and early functional movement
improves the prediction of 12-month outcomes in premature infants.

ABBREVIATIONS: AIC = Akaike Information Criterion; adj-R> = Adjusted R-squared; Bayley-lll = Bayley Scales of Infant and Toddler Development, Third
Edition; BG = basal ganglia; DKI = diffusional kurtosis imaging; FA = fractional anisotropy; gCC = genu of the corpus callosum; IFOF = inferior fronto-occipital
fasciculus; KFA = kurtosis fractional anisotropy; PLIC = posterior limb of the internal capsule; PTR = posterior thalamic/optic radiations; sCC = splenium of
the corpus callosum; STEP = Specific Test of Early Infant Motor Performance

remature birth results in CNS dysmaturation characterized by

altered microstructural WM and myelination not quantifiable
on head sonography or qualitative MR imaging.'” Interventions
for developmental delays are typically not started until later in
infancy on failure to sit or walk, squandering a period of high neu-
roplasticity. We developed the Specific Test of Early Infant Motor
Performance (STEP) to address this need and have shown that
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STEP scores at term and 3 months can predict scores on the
Bayley Scales of Infant and Toddler Development, Third Edition
(Bayley-III) at 12 months.*®

A recent consensus statement emphasized combining neuroi-
maging with clinical assessment for improved diagnosis of cere-
bral palsy.” In this study, we determined whether neuroimaging
(MR spectroscopy or diffusion MR imaging) reflects STEP per-
formance at term and improves the ability of STEP to predict later
development. MR spectroscopy quantifies mobile intracellular
metabolomics in the basal ganglia (BG) and frontal WM regions
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FIG 1. An axial section from a representative subject showing rotationally invariant tensor quantities
calculated from the DKI analysis. The upper row shows the mean, axial, and radial diffusivities and
fractional anisotropy (MD, Dy, D_, and FA, respectively). The lower row shows the corresponding kur-
tosis metrics (MK, K}, K, and KFA). Diffusivity quantifies the degree of water mobility, while kurtosis
is a measure of the complexity of water diffusion within the tissue microenvironment. Kurtosis pro-
vides more detail in the sparsely myelinated infant brain. The MD, Dy, and D, have units of square mi-
crometer/millisecond with the remaining metrics being unitless. MD indicates mean diffusivity; Dy,
axial diffusivity; D | radial diffusivity; MK, mean kurtosis; Ky, axial kurtosis; K  radial kurtosis.

affected by neonatal injury that relate to outcome.*' Both diffu-
sional kurtosis imaging (DKI)'"* and DTI'* are diffusion MR imaging
methods that quantify tissue integrity through the random move-
ment of water molecules. Kurtosis quantifies the water movement
deviation away from and not represented by the strict Gaussian dis-
tribution that DTI imposes."”> DKI measures tissue heterogeneity
(intra- or extracellular barriers)'” and is acutely sensitive to patho-
logic processes.'® While application of DKI to brain development is
72! studies in typically developing children show nonlinear
relationships of kurtosis with age.'**' The kurtosis tensor provides

new.

higher-order CNS structural information on the organization of the
microenvironment, which may directly impact development.

We hypothesized that lower metabolic or microstructural in-
tegrity identifies dysmaturation that manifests as functional devel-
opmental performance at term or 3 months by the STEP and at 12
months by the Bayley-IIL.*'* This investigation provides evidence
that quantitative neuroimaging paired with early developmental
assessment improves the prediction of later-stage development.

MATERIALS AND METHODS

Sample

We enrolled infants (n = 16) born at 24-34 weeks gestational age
with institutional review board approval and parental informed
consent, in accordance with the Declaration of Helsinki.

Developmental Assessments

The STEP was administered at term (37-42weeks) and at 3

months. The STEP is composed of 10 items with a maximum total

score of 30. STEP cutoff scores for low and below normal at 12

months and Bayley-III scores are =16 (term) and =22 (3 months).°
We assessed neurodevelopment at 12 months by the Bayley-IIT

(n=15). Below normal or low Bayley-III gross motor and cogni-

tive scaled scores are defined as <9 and 1 SD below the mean.?**
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Image Acquisition and Processing
We performed MRIs at 38-44 weeks
on a 3T Tim Trio scanner (Siemens)
on unsedated infants, as previously
described.”* We acquired single-voxel
"H-MR spectra using point-resolved
spectroscopy (TR = 2000 ms, TE = 30
and 270 ms, 128 signal averages). Data
were acquired using an isotropic voxel
(15mm)’ in the left BG and right
frontal WM (Online Supplemental
Data) for TE = 30 ms and in the right
frontal WM for TE = 270 ms. A single
voxel (14.37 mm)® was extracted from
the left BG region of a multivoxel
point-resolved spectroscopy chemical
shift imaging scan (TR= 1700 ms,
TE=270ms, 16 x 16 grid, and 1 sig-
nal average). All voxels were placed
(or extracted) in regions that had no
apparent lesions.

The LCModel”  (http://www.
lemodel.com/) quantified metabolite
ratios to creatine using a simulated metabolite basis set>® generated
with the VeSPA software package® (https:/github.com/vespa-mrs/
vespa) with any additional metabolite ratios computed from these
(Online Supplemental Data). Processed spectra were visually
inspected for quality of fit, and the metabolite ratio inclusion crite-
rion was the Cramer-Rao lower bound of <20%. For the TE =
30 ms spectra, the mean (SD) (median, minimum-maximum) of
the full width at half maximum was 0.044 (0.033) (0.041, 0.014—
0.114) with an SNR of 10 (3) (10, 4-14) for the BG and 0.055
(0.038) (0.043, 0.01-0.114) with an SNR of 10 (3) (9, 6-16) for the
WM. For the TE = 270 ms spectra, the full width at half maximum
was 0.069 (0.039) (0.060, 0.014-0.143) for the BG with an SNR of 8
(3) (8, 4-14) and 0.045 (0.032) (0.038, 0.010-0.124) for the WM
with an SNR of 5 (2) (4, 2-9).

We obtained DKI data with (2.7 mm)? isotropic voxels, with
TE= 99ms, TR= 4800ms, and b = 0, 1000, and 2000 s/mm®
with 64 diffusion-encoding directions per nonzero b-value shell,
37 contiguous axial slices per image volume, and 10 additional
non-diffusion-weighted images (b = 0 s/mm?).

After removing image volumes and gradient directions cor-
rupted by excessive head motion (on average, 13 [12] volumes
were removed), we used the DESIGNER pipeline®®™* (https://
pydesigner.readthedocs.io/en/latest/) to perform a DKI*® analysis,
which calculated fractional anisotropy (FA), mean, axial, and ra-
dial diffusivities; and mean, axial, and radial kurtosis and kurtosis
FA (KFA)."*?%3° DKI data were fit globally to obtain the best esti-
mates for both the diffusion and kurtosis tensors along with their
associated diffusion metrics (Fig 1).

ROI Placement

Bilateral WM ROIs (1 = 8) were manually drawn using each sub-
ject’s FA image for anatomic reference in the anterior limb and
posterior limb of the internal capsule (PLIC), external capsule,
uncinate fasciculus, inferior fronto-occipital fasciculus (IFOF),
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FIG 2. Plots showing measured STEP scores at term or 3 months versus modeled STEP scores using FA for diffusivity (left columns) or KFA for kur-
tosis (right columns) to predict STEP. KFA and FA models show the best fit to measured STEP scores primarily from combining metrics in the exter-
nal capsule (yellow) and the PTR (purple). Goodness-of-fit metrics of adj-R* and AIC are noted with each model. While both FA and KFA predict
STEP function during 3 months of development, KFA performs better in the model than FA (higher R* and lower AIC); for STEP at term: AAIC =
6.22, P < .05; and for STEP at 3 months: AAIC = 1831, P < .001. All models are corrected for gestational age at birth and at MR imaging.

posterior thalamic/optic radiations (PTR), and the corpus cal-
losum (genu/splenium [gCC]/[sCC], Online Supplemental Data).
A clinical pediatric neuroradiologist verified correct ROI place-
ment. Last, a total WM ROI was created by combining these indi-
vidual ROIs.

Statistical Analysis

Multiple linear regression (SAS 3.8; SAS Institute) was performed

with STEP at term or 3 months as the response variable and

metabolite ratios from TE = 30 or 270 ms or DKI-derived metrics

as predictor variables. Gestational age at birth and MR imaging

were included in all models to account for degree of prematurity.
For the DKI metrics, STEP was modeled in two ways:

1. For a single RO, each diffusion parameter was averaged sepa-
rately over all voxels and included as an independent covari-
ate (eg, STEP e = FAscc + KFAqcc). This approach yields a
parsimonious model in which a single WM tract could be
sampled with several different diffusion parameters to model
prognosis in a clinical setting.

2. To assess whether global brain dysmaturity or injury is more im-
portant to functional outcome prediction, we used a single diffu-
sion metric averaged within each ROI as the covariates in the
models (eg, STEP ey, = FAjcc + FAprg + FApr1c). This allowed
us to determine whether an individual diffusivity or kurtosis pa-
rameter in major WM tracts could improve model predictions
for parsimonious sampling compatible with clinical settings.

Model Selection

We selected models for the best goodness of fit via larger adjusted
R-squared (adj-Rz) and smaller Akaike Information Criterion
(AIC). The difference in the AIC from full-versus-simpler models
(Aarc) was calculated with a P value, P = exp(-Axic/2).*° The
model that minimized the AIC*" and maximized the A z;c between
full and simple models with P <.05 was selected as the most parsi-
monious model.

RESULTS

Demographics

MR spectroscopy (n =12 or 16) and DKI (n = 16) scans met our
inclusion criteria. The mean age at MR imaging was 41.9

(1.5) weeks. Many infants had CNS conditions that may affect
neurodevelopment (Online Supplemental Data).

MR Spectroscopy (NAA/Cho)gs and (NAA/Cr)yp at TE =
270 ms Strongly Correlate with STEP Performance

We assessed whether STEP performance represents concurrent MR
spectroscopy metabolomics in the BG or frontal WM. After adjust-
ing for gestational age at birth and MR imaging, (NAA/Cho)gg
quantified at TE= 270ms (n=12) strongly correlated (P=.04)
with term STEP: B = 5.83, adj-R’= 0.82, AIC = 11.32, Pyoqa <
.001; and (NAA/Cr)w correlated (P=.04) with 3-month STEP:
B =9.76, adj—R2 =0.82, AIC=16.11, P,0qq < .001. A correlation
was observed with the TE = 30 ms MR spectroscopy (n=16) and
STEP term (adj-R* = 0.77, AIC = 16.76, Pmoga = -02), but unlike
the compact TE = 270 ms models, it was composed of 5 WM and 2
BG metabolite ratios (Online Supplemental Data).

KFA and Inferior Fronto-Occipital Fasciculus Correlate
Best with STEP Performance

We found a strong linear relationship between diffusivity or
kurtosis parameters and STEP scores (Online Supplemental
Data). The Online Supplemental Data provide details of the
B -value estimates for each WM ROI in the model fits. Of note
are FA and KFA (Fig 2): KFA showed a notable improvement
over FA in predicting concurrent functional performance,
though FA models included fewer ROIs (Fig 2 and Online
Supplemental Data). The KFA also outperformed all the other
diffusion metrics at both STEP time points. Most metric models
resulted in models with adj-R*> > 0.70, indicating very strong
correlations.

For the ROI-centered approach, we found that many individ-
ual WM tracts had moderately strong linear relationships with
STEP scores (adj-R* = 0.60, Online Supplemental Data). IFOF
modeled the STEP term (adj—R2 = 0.86, AIC= 8.86), and gCC
modeled the STEP 3-month (adj—R2= 0.74, AIC = 25.38), similar to
the total WM ROI (adj—R2 = 0.74, AIC= 25.47) across diffusion
metrics (Online Supplemental Data). Again, kurtosis metrics con-
tributed more than diffusivity to the models (Online Supplemental
Data).
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FIG 3. Measured 12-month Bayley-Ill gross motor (left columns) and cognitive scores (right columns) compared against the modeled Bayley
scores, using an individual diffusivity (upper rows) or kurtosis (lower rows) parameter across various WM ROls. By means of this diffusion param-
eter approach, FA (left), MK (center), and K _(right) combined with STEP strongly predict both motor and cognitive Bayley scores, adjusted for
gestational age at birth and MR imaging. Other metrics also predicted future function when combined with STEP scores (see the Online
Supplemental Data for details on the optimal combination of WM ROIs for each diffusion metric [3-values, highest adj-R” and lowest AIC]). MK

indicates mean kurtosis; K,  radial kurtosis.

Both MR Spectroscopy and DKI Improve STEP Prediction
of Bayley-Ill Scores

Combining MR spectroscopy with STEP scores predicted Bayley-
III motor and cognitive scores markedly better than STEP scores
alone (Online Supplemental Data). For TE= 270ms data,
improved motor score prediction models were found for term
STEP (Aa; ¢ = 33.02, P < .001) and for 3-month STEP (As;c =
22.63, P < .001). In modeling cognitive scores with TE =
270 ms, (NAA/Cho)gg improved predictions beyond STEP alone
(term: Apic = 17.09; 3 months: Ajc = 32.05; both P < .001).
MR spectroscopy at TE = 30 ms improved STEP predictive mod-
els of cognitive scores (term: Axjc = 15.36; 3 months: Axic = 27;
both P < .001) but included multiple metabolite ratios that
detracted from a parsimonious model, unlike the TE = 270 ms
models, which included a single ratio. Model 8 -value estimates
for each metabolite ratio included are detailed in the Online
Supplemental Data.

We found that FA and radial and mean kurtosis were the
best diffusion metrics to combine with STEP scores in predict-
ing Bayley-III scores (Fig 3). For gross motor scores, FA
improved the STEP-alone model at term and 3 months (both
Aprc > 41, P < .001) as did radial kurtosis (both Apic > 26, P
< .001). For cognitive scores, FA improved the STEP-alone
model at term and 3 months (both Ay;c> 4, P < .001), as did
mean kurtosis (both Ay > 27, P < .001). Other DKI-derived
metrics also predicted Bayley-III scores with STEP time points.
(Online Supplemental Data). Included WM ROIs and S -value
estimates for each are listed in the Online Supplemental Data.

For the ROI-centered approach, various combinations of kur-
tosis and diffusivity metrics within individual ROIs improved the
predictions of Bayley-III gross motor and cognitive scores com-
pared with the STEP-only models. For parsimony and simplicity,
models using either PTR and IFOF with STEP scores had the
lowest AICs for predicting Bayley Motor scores (Fig 4) and
improved the model fit over the STEP alone (at term: Axic > 30;
P < .001; at 3 months: Ag;c > 28; P < .001). The gCC and
external capsule with STEP scores improved prediction in Bayley
cognitive scores (Online Supplemental Data) over STEP alone (at
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term: Ap;c > 18; P < .001; and at 3 months: A > 14; P <
.001). Model fits and B -value estimates for each diffusion metric
covariate included in the selected models for each WM ROI are
provided in the Online Supplemental Data.

DISCUSSION

During early life after preterm birth, brain injuries as well as altera-
tions in gray and WM maturation occur that influence later devel-
opment of motor and cognitive skills. Influencing neuroplasticity
to improve outcomes requires understanding the neuroimaging
representations of brain injuries and their relation to functional
movements during early infancy. Using MR spectroscopy and DKI
parameters at term-age equivalent, we show that metabolomics for
healthy neurons and microstructural integrity correspond to con-
current performance on the STEP early developmental assessment
and that neuroimaging combined with the STEP improves predic-
tion of future motor and cognitive scores compared with the STEP
alone. Better predictive models would allow testing interventions
at a very early period to optimally harness neuroplasticity. Our
data highlight the potential for prognostication using the STEP
and term-age quantitative neuroimaging and serve as a guide for
metric selection. Our data provide proof of concept that quantita-
tive MR imaging of the developing brain is vitally important in
prognosis.

MR spectroscopy at TE = 270 ms in either the frontal WM or
BG strongly related to STEP and NAA, and Cho ratios improved
STEP predictive models for both gross motor and cognitive
Bayley-III scores (Online Supplemental Data). However, we
observed no relation or benefit with NAA or other metabolite
ratios obtained from point-resolved spectroscopy sequence spec-
tra at TE = 30 ms. This discrepancy may be due to a more reliable
quantification of NAA and Cho at a long TE, in which there are
fewer overlapping metabolite peaks, as has previously been
reported.”® As markers of neuronal metabolic health** and myeli-
nation, NAA and Cho are both complementary and additive in
our models."” " Lower concentrations of NAA in the deep gray
nuclei of the BG reflect metabolic impairment, lower neuronal



FIG 4. Measured 12-month Bayley-ll gross motor (left columns) and cognitive scores (right columns) plotted against the modeled Bayley scores
using STEP at term (upper rows) or 3 months (lower rows) + diffusivity and kurtosis metrics within individual WM ROIs to predict function. By
means of this ROI-centered approach, the PTR and IFOF metrics combined with the STEP score result in the best predictive models, adjusted
for gestational age at birth and MR imaging. Compared with STEP-alone predictive models (Online Supplemental Data), diffusivity and kurtosis
in individual WM ROls greatly improve the STEP model fit for both Bayley-IIl gross motor and cognitive test scores at 12 months. 3-value esti-

mates are provided in the Online Supplemental Data.

volume or density, and possibly insufficient dendritic arboriza-
tion in the thalamus, responsible for sensory-input integration
and regulation of voluntary movement.* In the WM, lower NAA
is associated with decreased axonal integrity in neonatal WM dis-

ease'** and worse developmental outcomes in both preterm and

term infants.>'"'?

ROIs (IFOF, PTR, and gCC) were also strongly correlated
with STEP performance (Online Supplemental Data), indicating
that visuomotor and sensorimotor integration pathways are criti-
cal in the early development of motor skills. IFOF and PTR with
the STEP also predicted later motor function, while the gCC and
the external capsule contributed strongly to STEP prediction for
later cognitive function (Fig 4 and Online Supplemental Data).
The best WM tracts for prognostication from our study (IFOF,
PTR, and gCC) are readily identified, and ROIs are easily placed
by clinical neuroradiologists on standard anatomic MR images or
ROIs registered with an appropriate WM atlas.

Most quantitative clinical investigations use diffusion tensor—
derived FA that measures the directional dependence of water dif-
fusion in a Gaussian distribution. FA increases nonlinearly with
axon myelination, packing, and maturation that plateaus around
2 years of age.'”*' However, the diffusion tensor neither accounts
for non-Gaussian cellular factors nor fully characterizes micro-
structure across the spectrum of development. In estimating the
kurtosis tensor, we captured the non-Gaussian spin displacement
that corresponds to cellular and tissue heterogeneity within the
WM microstructure, different from DTL™>'®* Kurtosis metrics

1921 . o
and increase with intra-

show a nonlinear relationship with age
cellular complexity, cell density, and myelination due to further
restrictions on water movement. Radial kurtosis, in particular,
increases more quickly during development than its diffusivity
counterpart because myelin restricts diffusion across the axon.*'
KFA is mathematically analogous to FA, but the kurtosis tensor
provides complementary, more detailed directional variation on

anisotropy information.>”*® Thus, unlike FA, KFA measurements

are sensitive to higher-order angular variations in WM fiber orien-

%638 also found in fiber-crossing regions.””

tations,

In our study, KFA outperformed FA in representing early
function via STEP performance (Figs 2 and Online Supplemental
Data), suggesting that complex WM cellular barriers or fiber-
crossings are important in the early ability to move with normal
tone. Although not widely used, kurtosis metrics may be better
markers of WM tract injury and health in the largely unmyeli-
nated brain of infants than diffusivity metrics such as FA. When
predicting future gross motor and cognitive performance (Online
Supplemental Data), however, FA provided better results, fol-
lowed closely by the KFA, radial kurtosis (gross motor), and
mean kurtosis (cognitive). Taken together, our data support kur-
tosis information possibly significantly adding to conventional
FA in understanding the complexity of WM development at term
age.

As a standard protocol on clinical MR imaging machines, MR
spectroscopy can yield high-quality results in neonatal studies
due to high water content of brain tissue and low iron deposition.
MR spectroscopy can be challenging in a clinical environment in
unsedated neonates. Therefore, clinicians and MR imaging tech-
nicians should attempt to schedule MR spectroscopy scans after a
feeding to encourage sleep and should be cognizant of when to
repeat scans (ie, motion artifacts) or modify the imaging setup
(eg, better swaddling/head immobilization). Furthermore, on the
basis of our findings, long-TE spectral quantification is robust (ie,
a more stable baseline and less confounding peaks) in quantifying
a large concentration of metabolites (namely, NAA, Cho, and
Cr). Conversely, shorter-TE MR spectroscopy will have a better
SNR and more information on a small concentration of metabo-
lites compared with long-TE sequences, with a trade-off in diffi-
culties in quantification of overlapping peak shapes.

For more advanced diffusion imaging, DKI is easily performed
within 4-6-minutes by adding the b-value 2000s/mm? to standard
DTI protocols with 30 directions per nonzero b-value. Numer-
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ous open-source platforms (eg, Diffusional Kurtosis Estimator,*®
https://github.com/m-ama/DKE, DESIGNER,”®/pyDesigner,
and https://pydesigner.readthedocs.io/en/latest/) are available that
provide semiautomated off-line DKI analysis.

Limitations of our study include our sample size, which pre-
cluded assessing whether brain dysmaturity or specific sites of
injury were more important in neuroimaging models and any
contributions of sex. Also, 12 months is a typical time for general
developmental delays to manifest but is not optimal for diagnos-
ing cerebral palsy. Another limitation is the combination of sin-
gle-voxel and CSI data for the TE = 270ms MR spectroscopy
data modeling, which had slightly different TR values as well as
differing spectral and shim quality. Last, MR spectroscopy voxel
placement and WM ROI voxels were selected to reflect “appa-
rently healthy” WM, but it is possible that lesions (Online
Supplemental Data) may not have been readily visible during
data gathering and analysis.

CONCLUSIONS

Our neuroimaging data provide proof of concept that the STEP
reflects preterm brain dysfunction, dysmaturation, and/or injury.
These data suggest that either MR spectroscopy or DKI can aug-
ment the STEP at term age in the prediction of long-term motor
and cognitive development. If validated in a larger cohort, quanti-
tative neuroimaging and STEP assessments may be used as surro-
gate end points in clinical trials and may facilitate earlier
intervention for infants at high risk of developmental delays.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ACTA2-Related Dysgyria: An Under-Recognized
Malformation of Cortical Development
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ABSTRACT

BACKGROUND AND PURPOSE: Pathogenic variants in the ACTA2 gene cause a distinctive arterial phenotype that has recently been
described to be associated with brain malformation. Our objective was to further characterize gyral abnormalities in patients with ACTA2 path-
ogenic variants as per the 2020 consensus recommendations for the definition and classification of malformations of cortical development.

MATERIALS AND METHODS: We performed a retrospective, multicentric review of patients with proved ACTA2 pathogenic var-
iants, searching for the presence of malformations of cortical development. A consensus read was performed for all patients, and
the type and location of cortical malformation were noted in each. The presence of the typical ACTA2 arterial phenotype as well
as demographic and relevant clinical data was obtained.

RESULTS: We included 13 patients with ACTA2 pathogenic variants (Argl79His mutation, n=11, and Argl79Cys mutation, n=2).
Ninety-two percent (12/13) of patients had peri-Sylvian dysgyria, 77% (10/13) had frontal dysgyria, and 15% (2/13) had generalized dys-
gyria. The peri-Sylvian location was involved in all patients with dysgyria (12/12). All patients with dysgyria had a characteristic arte-
rial phenotype described in ACTA2 pathogenic variants. One patient did not have dysgyria or the characteristic arterial phenotype.

CONCLUSIONS: Dysgyria is common in patients with ACTA2 pathogenic variants, with a peri-Sylvian and frontal predominance, and

was seen in all our patients who also had the typical ACTA2 arterial phenotype.

ABBREVIATIONS: MCD = malformation of cortical development; PMG = polymicrogyria

H eterozygous, autosomal dominant, pathogenic variants in
the ACTA2 gene encoding a-2 smooth-muscle actin that
replace the arginine at protein position 179 (Argl79) with either
histidine, leucine, cysteine, or serine cause a multisystemic
smooth-muscle dysfunction syndrome (Online Mendelian
Inheritance in Man, 613834; https://www.omim.org). Actin is
found in the contractile apparatus of muscle and the
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cytoskeleton. There are 6 distinct isoforms (a-skeletal, a-car-
diac, a-smooth, B-cytoplasmic, vy-smooth, y-cytoplasmic
actin) encoded by 6 different genes." Alpha smooth-muscle
actin encoded by the ACTA2 gene constitutes the major con-
tractile unit of the vascular smooth muscle expressed by blood
vessels.>” As part of this ACTA2 syndrome, a distinctive arterial
phenotype was described by Munot et al,* with the phenotype
further expanded by D’Arco et al’ to include brain malformative
features such as a radial orientation of frontal lobe gyri, flatten-
ing of the pons, and bending and hypoplasia of the anterior cor-
pus callosum. Following the diagnosis of an unusual
malformation of cortical development (MCD) in our index
patient (Online Supplemental Data, patient 9), we reviewed the
neuroimaging features of patients with ACTA2 pathogenic var-

iants across 4 tertiary pediatric hospitals.
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FIG 1. Peri-Sylvian and frontal dysgyria.

MATERIALS AND METHODS

Patient Population

This study included all patients with proved ACTA2 pathogenic
variants (n=13) from 4 pediatric hospitals (UPMC Children’s
Hospital of Pittsburgh and Children’s Hospital of Philadelphia;
The Hospital for Sick Children, Toronto, Canada; and the Great
Ormond Street Hospital, London, UK). Appropriate local research
ethics board approval was obtained from each site. Patients were
identified by a keyword (“ACTA2,” “alpha actin,” “MR imaging”)
search in their respective hospital electronic chart systems.
Inclusion criteria were younger than 18years of age and proved
ACTA2 pathogenic variants. Exclusion criteria were poor-quality
imaging studies, including incomplete image acquisition and
image degradation by artifacts. Patient demographics and clinical
presentation were obtained from hospital electronic charts.

Image Interpretation

MR images of all patients were reviewed in consensus by 6 pediat-
ric neuroradiologists (S.S, A.B, KM, S.V.S, CAPF.A, and FA)
for the presence of MCDs, which were classified according to
recently published international consensus recommendations.®” In
particular, dysgyria was diagnosed on T1-weighted and/or T2-
weighted sequences if the cortex showed variable thickness and a
smooth gray-white boundary but with an abnormal gyral pattern
characterized by irregularities of sulcal depth and/or orientation.
The location of the dysgyria was noted in each case. All patients
also had MR angiograms that were used to subjectively note the
presence or absence of a typical ACTA2 arterial phenotype charac-
terized by dilation of the proximal ICAs, abrupt caliber change
with stenosis at the level of terminal ICAs, a straight course of the
intracranial arteries, and absent Moyamoya-like collaterals.

RESULTS

Patient demographics and genetic and imaging findings are sum-
marized in the Table and Online Supplemental Data. The cohort
consisted of 9 females. The ACTA2 pathogenic variants included

the Argl79His mutation (n=11) and
the Arg179Cys mutation (n = 2).
Twelve of 13 patients (92%) had
peri-Sylvian dysgyria, with abnormal
bifurcation or trifurcation of the Sylvian
fissure, which was appreciated rostrally
on the sagittal sections (Fig 1A and Fig
2B-E). Ten of 13 patients had frontal
dysgyria, with obliquely oriented supe-
rior frontal sulci, best appreciated in the
axial plane (Fig 1B and Fig 2C-E). Two
of 13 patients had generalized dysgyria
in addition to the above. This was char-
acterized by involvement of the entire
cerebral cortex by an abnormal gyral
pattern with variable sulcal depth and
orientation (Fig 2E). In 10 patients, the
dysgyria was associated with areas of
undulated cortex that did not meet the
criteria for PMG (Fig 3). Patients 3 and
13 developed seizures following a
stroke, yet no other patients had epilepsy. All except 1 patient
(patient 13) had the typical ACTA2 arterial phenotype. This patient
had normal intracranial imaging features (Fig 2F) except for a vari-
able degree of arterial tortuosity.

DISCUSSION

We demonstrate previously under-recognized MCDs in most of
our patients with the ACTA2 pathogenic variants in the form of
peri-Sylvian and frontal dysgyria. In addition, most of our
patients with dysgyria had an undulating appearance of the cor-
tex, which did not meet the criteria for PMG. We term this spec-
trum of malformations “ACTA2-related dysgyria.” The typical
ACTA2 arterial phenotype was noted in all except 1 patient.

The vascular effects of ACTA2 pathogenic variants are attrib-
uted to increased smooth-muscle cell proliferation in smaller-di-
ameter muscular arteries and decreased contractility in larger
elastic arteries.* Histologic specimens from patients with ACTA2
pathogenic variants have shown large intracerebral arteries with
marked intimal thickening and smooth-muscle cell proliferation;
increased collagen and a relatively milder degree of smooth-mus-
cle cell proliferation in the tunica media; as well as thickened,
split, and fragmented internal elastic lamina, which showed less
folding compared with that in controls.*®

In the series published by D’Arco et al,” the abnormally ori-
ented frontal lobe gyri were, at the time, aptly termed “abnormal
radial gyration.” On review of 6 cases from the article by D’Arco
et al, with the addition of a further 7 cases in our series, we have
termed the abnormal gyration “dysgyria,” based on the latest
2020 consensus guidelines,*” with this feature not only limited to
the frontal lobes but also involving peri-Sylvian regions in most
of our patients and generalized distribution in a minority. The
peri-Sylvian dysgyria in our series was characterized by an abnor-
mal bifurcation or trifurcation of the Sylvian fissure best appreci-
ated on the sagittal plane. As mentioned earlier, the undulating
appearance of the cortex in regions of dysgyria in our study is dis-
tinct from the appearance of PMG in that these cases lack the
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FIG 2. Tl-weighted images showing the spectrum of dysgyria in ACTA2 pathogenic variants. L indicates left; R, right.

FIG 3. Undulating cortex in regions of dysgyria (arrows).

small microgyri at chaotic angles that have been described in clas-
sic PMG. We, therefore, use the term ACTA2-related dysgyria to
describe our spectrum of findings.

The structural brain malformations in patients with an ACTA2
pathogenic variant were initially attributed to either a mechanical
effect from “rigid” vessels or abnormal cross-regulation between dif-
9-12 4
was presumed that a-actin was not expressed in the brain paren-

ferent isoforms. Before recent evidence confirming otherwise,

chyma; therefore, it would be unlikely for ACTA2 pathogenic var-
iants to directly influence brain development.®

While rigid vessels may explain some of the features seen in
ACTA2 pathogenic variants, they do not explain the spectrum of
dysgyria that we have described in this study. For instance, histologic

148 Subramanian Jan 2022  www.ajnr.org

specimens show intimal and medial
thickening with a relatively spared
adventitia,*® explaining the luminal ste-
nosis, but they do not explain malfor-
mations of structures extrinsic to the
vascular wall. Recent studies demon-
strating a-actin”'’ and, more specifi-
cally, ACTA2"Y expression in the brain
parenchyma shed light on potential
alternate hypotheses for the presence of
MCDs in these patients. In 2017,
Moradi et al'' described differing roles
of a-, B-, and 7y-actin in axon growth,
guidance, arborization, and synaptogen-
esis and demonstrated that all 3 actin
isoforms were expressed in motor neu-
rons, with their respective messenger RNAs localizing within axons.
Alpha-actin, in particular, was highly expressed in the axonal com-
partment and axonal branch points, with depletion of @-actin asso-
ciated with altered filopodia dynamics, reduced filopodia length, and
diminished ability to form axonal collateral branches. Another
recent study demonstrated that ACTA2 was expressed in neural
stem cells of embryonic C57BL/6 mice and played an essential role
in neural stem cell migration."?

Furthermore, several studies have shown that knockout of
specific actin isoforms leads to compensatory upregulation of
other isoforms so that the overall levels of actin are main-
tained.'"'*'® Also, notably, no actin isoform differs from another
by more than 7% at the primary amino acid level;' therefore,



cross-regulation between actin isoforms, especially when there is
depletion of one isoform and compensatory up-regulation of
other isoforms, may also play a role in ACTA2 pathogenic var-
iants. These observations may, therefore, help classify ACTA2-
related dysgyria as a migrational or postmigrational disorder
involving the processes of neuronal migration and organization,
axonogenesis, and dendritogenesis.

The consistent distribution of dysgyria in the peri-Sylvian
regions and frontal lobes is intriguing. One possible explanation
may be that developing vessels perform scaffolding and a para-
crine signaling function for developing neural cell populations.'”
Indeed, whole-brain MR angiography in our index patient

FIG 4. Anterior cerebral artery branches follow abnormal sulci (arrows).

Demographics, neuroimaging findings, and clinical presentation

(patient 9) revealed the presence of arterial branches coursing
along the abnormally oriented sulci (Fig 4). Recent genetic
insights have shown that the embryogenesis of the vascular and
nervous systems are closely interlinked and that the axon growth
cone and endothelial tip cell respond to growth and guidance
cues in similar ways.'®** In addition, there is cross-talk between
neural and vascular cells for the purpose of normal development,
and signals from both neural and vascular tissue can influence
the branching of one another.'”** For instance, neuronal activity
has been found to influence cerebrovascular density, vessel
branching, and maturation via molecular cues as well as direct
cell-to-cell contact of neural cell types with endothelial cells.'”**
Similarly, CNS vasculature patterning
plays a crucial role in preventing mis-
positioning of neuronal precursor cells
and in providing a scaffold for neuro-
nal migration, axonal projections, and
cell soma arrangements in the devel-
oping brain.*** Thus, stiff and non-
ACTA2-mutant
may present a rigid scaffold to the

compliant arteries
developing brain, resulting in abnor-
mal gyral patterning. Another factor
that may contribute to dysgyria
includes aberrant tension-induced
growth of white matter, influencing
folding patterns in a viscoelastic model
of the brain, as described in an excel-
lent recent review of the mechanics of
cortical folding.28 Therefore, an inter-

play of various factors during the

Dysgyria Undulating Typical
Cortex in ACTA2
Peri- Regions of Presenting Vascular
Patient Age Sex Mutation Sylvian Frontal Generalized Dysgyria Symptom Seizures  Phenotype
1 5yr M Argl79His + + + No Cardiac arrest in No Yes
early life
2 4yr F Argl79His + + - No Strokelike No Yes
episodes
3 6yr F Argl79His + - - Yes Stroke Yes Yes
4 Bwk M Argl79His + - - Yes Aniridia No Yes
5 3yr F Argl79His + + - Yes Cardiac symptoms No Yes
6 4yr F Argl79His + + - Yes Left hemiparesis No Yes
7 2mo F Argl79Cys + + - Yes Anisocoria and No Yes
cataract
8 4 yr M Argl79His + + - No Congenital No Yes
mydriasis
9 Nyr F Argl79His + + + Yes Congenital No Yes
mydriasis
10 7yr F Argl79His + + - Yes Chronic headaches No Yes
|l 8 yr F Argl79His + + - Yes Spastic No Yes
quadriplegic
cerebral palsy,
headaches
12 TMyr F Argl79His + + - Yes Stroke Yes Yes
13 7yr M Argl79Cys - - - NA None (screened as No No

part of family)

Note:— + indicates present; —, absent; NA, not applicable.
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stages of neuronal migration, axonogenesis, and vasculogenesis
may each contribute to the patterns of dysgyria that we have
described in this article.

CONCLUSIONS

Dysgyria is common in patients with ACTA2 pathogenic variants
and has a frontal and peri-Sylvian predominance. Although the
underlying mechanisms are yet to be elucidated, recent insights
suggest the potential roles of mutant a-actin in neuronal migra-
tion and axonogenesis, abnormal cross-regulation between actin
isoforms, aberrant neurovascular cross-talk, and an abnormal
vascular scaffold, resulting in these malformations.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ABSTRACT

BACKGROUND AND PURPOSE: A new brain tumor entity occurring in early childhood characterized by a somatic BCL6 corepressor
gene internal tandem duplication was recently described. The aim of this study was to describe the radiologic pattern of these
tumors and correlate this pattern with histopathologic findings.

MATERIALS AND METHODS: This retrospective, noninterventional study included 10 children diagnosed with a CNS tumor, either by
ribonucleic acid—sequencing analysis or deoxyribonucleic acid methylation analysis. Clinical, radiologic, and histopathologic data were col-
lected. A neuropathologist reviewed 9 tumor samples. Preoperative images were analyzed in consensus by 7 pediatric radiologists.

RESULTS: All tumors were relatively large (range, 4.7-9.2 cm) intra-axial peripheral masses with well-defined borders and no peritu-
moral edema. All tumors showed mild and heterogeneous enhancement and marked restriction on DWI of the solid portions.
Perfusion imaging showed a relatively lower CBF in the tumor than in the adjacent normal parenchyma. Nine of 10 tumors showed
areas of necrosis, with the presence of hemorrhage in 8/10 and calcifications in 4/7. Large intratumoral macroscopic veins were
observed in 9/10 patients. No intracranial or spinal leptomeningeal dissemination was noted at diagnosis.

CONCLUSIONS: CNS tumors with a BCL6 corepressor gene internal tandem duplication present as large intra-axial peripheral
masses with well-defined borders, no edema, restricted diffusion, weak contrast enhancement, frequent central necrosis, hemor-
rhage and calcifications, intratumoral veins, and no leptomeningeal dissemination at the time of diagnosis. Knowledge of these
imaging characteristics may aid in histologic, genomic, and molecular profiling of brain tumors in young children.

ABBREVIATION: ITD = internal tandem duplication

Recently, a new group of CNS tumors characterized by a
genetic BCL6 corepressor (BCOR) alteration and distinct his-
topathologic and clinical features was identified.! CNS tumors
with an internal tandem duplication (ITD) of the BCOR gene,
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formerly included in the group of primitive neuroectodermal
tumors of the CNS, form a specific molecular entity.>

To date, 50 cases have been reported,l’}13 with mainly a
genomic and histopathologic description. Only 2 publications
included a few MR images®'? but no detailed discussion of the
CT and MR imaging features.

The aim of our study was to report a series of CNS tumors
with a proved somatic BCOR ITD, to describe their radiologic
patterns on CT and MR imaging, and to correlate these patterns
with the histopathologic findings.

MATERIALS AND METHODS

This retrospective noninterventional study was approved by the
institutional review board of the Institut Curie, with a waiver of
the requirement for patient consent.

Patients
Ten children were diagnosed with a CNS tumor with a BCOR ITD
during 2010-2019 in France, either by ribonucleic acid-sequencing
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FIG 1. T2-weighted MR images showing large masses located supratentorially (A and B) and infra-

tentorially (C).

analysis performed at 2 expert centers (Institut Curie in Paris and
Center Léon Bérard in Lyon, France) or by deoxyribonucleic acid
methylation analysis in the Neuropathology Department of
Sainte-Anne Hospital (Paris, France) using the Deutsches
Krebsforschungszentrum/Heidelberg University classifier.'* Medical
records were searched retrospectively for the collection of clinical,
radiologic, and histopathologic data.

One patient in the cohort (patient 6) was previously included

in the article by Appay et al.®

Histopathology

All tumor samples were evaluated by an experienced neuropathol-
ogist (9/10 were reviewed by A.T.-E., and the histopathologic find-
ings from 1 tumor sample were previously published®) using
hematoxylin phloxine saffron staining. For each tumor sample, we
analyzed the following criteria: cellular density, the presence of ne-
crosis, calcifications, hemorrhagic modifications, the density of the
vascular network, and the presence of microvascular proliferation.
The infiltrative or well-circumscribed growth pattern of the tumors
was evaluated using an antibody against neurofilament (1:100,
clone NF70; Dako). The density of the vascular network was eval-
uated using a CD34 antibody (1:40, clone QBEnd10; Dako).

Imaging

Both MR imaging and CT scans of the brain were available for 5
patients, MR images only were available for 4 patients, and only
CT scans were available for 1 patient. MR imaging of the spinal
axis was available for 6 patients.

MR imaging was performed at different institutions. At a mini-
mum, the acquired sequences were T1-weighted, T2-weighted,
DWI, and T1-weighted imaging after contrast media injection. The
MR imaging investigation of 1 patient included unenhanced perfu-
sion imaging a with 3D pseudocontinuous arterial spin-labeling
sequence, and another patient had a dynamic susceptibility con-
trast-enhanced perfusion-weighted (T2*) sequence. CT images
before and after iodine contrast media injection were also reviewed.
The presence of calcifications was assessed either by unenhanced
CT or the comparison of phase and magnitude images from SWI
when available.

The preoperative images of each patient were analyzed by 7 pe-
diatric radiologists (L.C., H.J.B., N.N,, N.B,, V.D.-R,, C.-J.R,, and
S.M.), with 6, 25, 4, 20, 9, 8, and 5years’ experience, respectively,
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who came to a consensus regarding the
findings. Images were qualitatively ana-
lyzed using the viewer of the PACS of
the Institut Curie.

RESULTS

Clinical Findings

The study population included 7 girls
and 3 boys. The age of the patients
ranged from 1.2 years to 7.6 years with
a median age of 1.8 years. The clinical
symptoms at diagnosis were mainly
intracranial pressure and ataxia and
hemiparesis and convulsions.

Histopathologic Findings

All tumors were densely cellular and well-circumscribed from the
normal brain parenchyma, as confirmed by neurofilament stain-
ing. Hemorrhagic modifications were present in 6/9 tumors. A
dense branching capillary network was present in all tumors, con-
firmed by CD34 immunostaining, with hyalinized fibrous vessels
in 2 tumors. However, no large vessels, including veins, were
observed in any tumors. Only 2 tumors presented with calcifica-
tions in the viable portion of the tumor. Palisading, geographic,
and calcified necrosis was observed in 6/9 tumors. Microvascular
proliferation was present in only 1 tumor. Leptomeningeal involve-
ment in 1 tumor was confirmed histopathologically.

Imaging Features
Findings are reported in the Online Supplemental Data.

All tumors were relatively large, well-defined intra-axial masses,
with the largest median diameter being 6 cm (range, 4.7-9.2 cm)
and the median volume being 48 cm’® (range, 26-208 cm’) (Fig 1).

Five tumors were located supratentorially, 2 in the frontal
lobe, 2 in the temporal lobe, and 1 centered on the fornix. The 5
tumors situated infratentorially were all cerebellar hemisphere
masses. Nine of 10 tumors were localized peripherally—ie, they
abutted the overlying dura but showed no radiologic signs of
dural invasion.

On MR imaging, tumors showed a low signal intensity on T1-
weighted images and a signal intensity on T2-weighted images
slightly higher than that of the normal gray matter. Nine of 10
tumors showed areas of necrosis with the presence of hemor-
rhage in 8/10 and calcifications in 4/7 at the border of the ne-
crotic area and the solid portions of the tumor (Figs 2 and 3). On
CT, tumor density was measured between 26 and 38 HU (versus
35 HU for normal cortical gray matter). No vasogenic edema in
the surrounding white matter was observed for any tumor.

All tumors demonstrated a restriction of diffusion, with ADC
values varying between 0.5 and 0.9 x 10 >mm?/s (Fig 4) (the
ADC values measured in the normal cortical gray matter of our
patients ranged between 0.8 and 1.0 x 10 >mm?/s.

Large intratumoral macroscopic vessels connected to cortical
veins were observed in 9/10 patients. All tumors showed mild and
heterogeneous enhancement of the solid portion on MR imaging
or CT (Fig 5). For patient n° 4, the CBF measured with arterial
spin-labeling was 37 mL/min/100g and the relative CBF compared



with that of the contralateral cortical gray matter was 0.52. By T2*
perfusion-weighted MR imaging, the relative CBV was 1.91 and
the relative CBF was 0.87 for patient n° 6.

No intracranial or spinal leptomeningeal dissemination was
noted at diagnosis.

Treatment

All patients underwent an initial operation, with macroscopic
complete resection in 9/10 patients. Seven patients received adju-
vant chemotherapy. Eight patients received adjuvant external
radiation therapy on the tumor bed, and 6 received additional
craniospinal radiation therapy.

FIG 2. Characteristic MR imaging features of CNS tumors with a
BCOR ITD. A, Axial T2-weighted image shows a well-defined mass,
central necrosis, and no surrounding edema. B, Axial contrast-
enhanced Tl-weighted image shows poor enhancement after con-
trast medium administration. Axial DWI (C) and ADC map (D) show re-
stricted diffusion of the solid portions of the tumor.

FIG 3. Axial CT images before (A) and after (B) contrast medium administration. The tumor is
hypo to isodense relative to the cortex, and it exhibits weak-to-mild contrast enhancement.
Intralesional calcifications are well-visualized. C, Visualization of several calcifications (black

stained) (hematoxylin phloxine saffron, original magnification x100).

Clinical/Patient Outcomes

Six patients died of their disease within 9-71 months of diagnosis
(patient n° 1, 2, 3, 7, 8, 9). Three patients still have a complete
response: Two patients (n° 5 and 6) had an initial complete
response 19 and 51 months from diagnosis, and 1 patient (n° 4)
had a second complete response 69 months from diagnosis. One
patient is still being treated (n° 10).

DISCUSSION

CNS tumors with a BCOR ITD are a new tumor entity occurring
in early childhood and are characterized by a specific genetic
BCOR alteration and distinct histopathologic features. To the
best of our knowledge, this series, though small, is the largest for
which a detailed radiologic description correlated with the histo-
pathologic characteristics is presented.

Genomic profiling of these tumors revealed a somatic ITD in
the region of exon 15 of the BCOR gene. Somatic alterations in
BCOR have been identified as recurrent genetic drivers in a wide
spectrum of human tumor types. The same type of duplication in
BCOR has been described in clear cell sarcoma of the kidney'* "
and in a subset of soft-tissue undifferentiated, primitive myxoid
mesenchymal tumors of infancy.'®"”

CNS tumors with a BCOR ITD are compact tumors with pre-
dominantly solid growth, characterized by a combination of spin-
dle and oval cells. The histopathologic analysis demonstrates
cytologic and immunohistochemical evidence of neuroepithelial
differentiation. Histologic features such as fibrillary processes,
characteristics of glial differentiation, perivascular pseudorosettes,
and palisading necrosis have been reported. In contrast to epen-
dymomas however, CNS tumors with a BCOR ITD exhibit
sparse-to-no expression of glial fibrillary acidic protein or S-100.
The typical embryonal morphology as seen in embryonal tumors
and evident neuronal differentiation is not observed."

According to our study cohort, in CT and MR imaging, CNS
tumors with a BCOR ITD present as relatively large intra-axial and
peripheral masses with well-defined borders without peripheral
edema, confirmed by pathology and in agreement with the few
cases previously described.>**'>!*> An equal distribution between
supratentorial and infratentorial locations was observed in our
cohort, but a slight predominance of an infratentorial location has
been reported in the literature.* ' ""* CNS tumors with a BCOR
ITD are located mainly in the cerebral or cerebellar hemispheres.

In accordance with Ferris et al,'?> who
reported that most tumors abutted the
overlying dura without definite inva-
sion, we also observed contact with the
dura mater in 9 of 10 patients. This
finding was not clearly described in the
few previously published cases; how-
ever, this pattern was retrospectively
visible in the published images.>>®"
Despite the peripheral location, no
dural tail sign or thickening of the dura
mater, suggesting leptomeningeal dis-
semination, was observed at the time of
diagnosis, as previously described.”>'?
One patient had focal leptomeningeal
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FIG 4. A, High cellular density of the tumor with numerous nuclei, densely packed (hematoxylin phloxine saffron, original magnification x100).
Black scale bar represents 250 um. Note the corresponding diffusion-weighted image (B) with ADC mapping (C).

FIG 5. A, Rich delicate thin-walled vessels without microvascular proliferation (hematoxylin phlox-
ine saffron, original magnification x100). Black scale bar represents 250 pm. B, Corresponding con-

trast-enhanced TI-weighted MR image shows weak contrast uptake.

metastases identified on histopathologic examination, which were
not visible on imaging probably because of the low sensitivity of
the CT scan (no MR image was available). These imaging findings,
consistent with the histopathologic findings, suggest an intraparen-
chymal origin of these tumors and not a mesenchymal origin as is
the case of BCOR ITD tumors occurring in the kidney and soft
tissue.

The solid portions of the tumor were hypointense on T1-
weighted images and slightly hyperintense on T2-weighted
images, and they showed a marked restriction on DWT related
to their high cellular density. Ferris et al'> described a more het-
erogeneous T2 signal, which varied from isointense to hyperin-
tense compared with the adjacent brain. To our knowledge, the
CT density of CNS tumors with a BCOR ITD has never been
reported.

Our histopathologic results showed a high microvascular den-
sity but no microvascular proliferation for all tumors. In agreement

>612 we also observed weak contrast

with earlier imaging reports,
enhancement of these tumors. Indeed, it has been previously
reported that contrast enhancement is not a criterion for high-

20,21

grade neoplasms in children.”>*" Perfusion imaging was available

in only 2 patients but demonstrated relatively low-to-intermediate

154 Cardoen Jan2022 www.ajnr.org

CBF values compared with the adjacent
normal parenchyma. This finding has
not yet been reported in the radiologic
literature, surprising because CBF was
reported to be correlated with tumor
microvascular density and histologic
grade in children.*’ However, low CBF
values were also reported for other
high-grade tumors such as embryonal
tumors with multilayered rosettes.”®
The relative CBV value for 1 patient
was elevated; hence, the low CBF could
be related to a long MTT in capillary
vessels. These findings should be con-
firmed in a larger patient sample. We
suggest that the relationship between
perfusion and tumor neovasculariza-
tion is probably multifactorial and not
solely determined by vessel density and vessel wall structure.

We did not observe vasogenic edema within the surrounding
white matter. This relatively uncommon finding for high-grade
CNS tumors was also noted by Ferris et al'* and Bremer et al'?
and was retrospectively visible on the available images from other
published cases.>>*® Almost all studies described areas of necro-
sis and blood products.*®'*!?> We observed calcifications located
at the border of the central necrotic area and the solid peripheral
portion of the tumor, a finding that had not been previously
described. A possible explanation is that calcifications are more
easily seen on CT and the available imaging in preceding studies
was mainly MR images. Large central veins located within the
mass were a feature observed in almost all our patients and have
not been described to date. This finding was not correlated with
pathology, probably because of tumor sampling bias.

Knowledge of these imaging features might help in the consid-
eration of this type of tumor when facing the initial diagnosis of a
brain tumor in a young child. A possible differential diagnosis is an
embryonal tumor with multilayered rosettes, a rare malignant
embryonal tumor occurring in the same age group that shares
some features with CNS tumors with a BCOR ITD. Embryonal
tumors with multilayered rosettes are also large tumors with



frequent calcifications, little-to-no edema, absent or weak contrast
enhancement, intratumoral veins, restricted diffusion, and low CBF
values in arterial spin-labeling.”® However, in contrast to CNS
tumors with a BCOR ITD, embryonal tumors with multilayered
rosettes do not exhibit frequent central necrosis.

Primary atypical teratoid/rhabdoid tumors are another type of
rare, highly malignant embryonal tumor occurring in young chil-
dren. Imaging features that may distinguish them from CNS
tumors with a BCOR ITD are the presence of peripheral cystic
components, some mild-to-moderate edema, a marked enhance-
ment of the solid portions of the tumor, and tumor dissemination
within the CNS at the time of diagnosis.**"*°

Medulloblastomas typically occur in mid-childhood (5-
7 years). Most medulloblastomas occurring in early childhood
belong to the sonic hedgehog group, group 3 or 4. Group 3 and 4
medulloblastomas arise from the midline (vermis and fourth ven-
tricle) and frequently show early metastasis.>”*® Sonic hedgehog
medulloblastomas in infants with desmoplastic and nodular his-
tologic features are located in the cerebellar hemispheres and
arise from the cerebellar cortex. Sonic hedgehog medulloblasto-
mas with extensive nodularity display a more diffuse nodular
grape-like pattern on MR images than CNS tumors with a BCOR
ITD. Moreover, sonic hedgehog medulloblastomas commonly
display very strong postcontrast enhancement, which is thought
to be due to leptomeningeal desmoplasia.>

Most ependymomas have an infratentorial intraventricular
location with an extension of the tumor through the foramen of
the fourth ventricle. Supratentorial ependymomas have an intra-
parenchymal location. They tend to be more T2-hyperintense
than CNS tumors with a BCOR ITD, with the presence of large
cysts, avid heterogeneous enhancement, and intermediate diffu-
sion restriction.”® Low-grade gliomas have highly variable imag-
ing features. They generally show an increased diffusivity on
ADC maps. High-grade gliomas have more irregular and infiltra-
tive margins and exhibit peritumoral edema and more contrast
uptake than CNS tumors with a BCOR ITD.”’

CNS tumors with a BCOR ITD are aggressive tumors that
require close clinical and radiologic monitoring. Despite intensive
treatment, CNS tumors with a BCOR ITD are associated with early
local recurrence and a poor outcome. Different treatments have
been attempted, such as total surgical excision, focal or craniospinal
radiation therapy, chemotherapy (including carboplatin, cisplatin,
etoposide, cyclophosphamide, procarbazine, and temozolomide),
bevacizumab, intrathecal chemotherapy (methotrexate and topote-
can), and high-dose chemotherapy with autologous stem cell sup-
port. New treatment strategies are being investigated.*”'°

Due to the rarity of this disease, the relatively small number of
CNS tumors with a BCOR ITD is a limitation of our study.
Because the images were evaluated retrospectively and imaging
was performed at different centers, our data also show a certain
degree of heterogeneity, and notably, CT and functional imaging
were not available for all patients, especially perfusion imaging.

CONCLUSIONS

We described the imaging features of 10 confirmed CNS tumors
with a BCOR ITD, and we correlated these features with the clini-
cal and histopathologic findings. CNS tumors with a BCOR ITD

present as large peripheral intra-axial masses with well-defined
borders, no edema, restricted diffusion, weak contrast enhance-
ment, frequent central necrosis, hemorrhage and calcifications,
intratumoral veins, and no leptomeningeal dissemination at the
time of diagnosis. Knowledge of these characteristics may aid in
the histologic, genomic, and molecular profiling of brain tumors
in young children.
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