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vessel wall images at
7T obtained 22 days
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eccentric vessel wall
enhancement present
after contrast
administration is at
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Title: Morning Frost. This photograph was taken near the Spencer Butte in Eugene, Oregon.

Yulia Bronstein, MD, vRad (Virtual Radiologic) teleradiology service, Eugene, Oregon
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Novel Coronavirus: What
Neuroradiologists as Citizens of
the World Need to Know

A. Mahajan and “#'J.A. Hirsch

I n December 2019, a novel B-coronavirus, initially called
severe acute respiratory syndrome-coronavirus 2 (SARS-
CoV-2) was introduced into the human population." Tt is
spreading rapidly. The World Health Organization has la-
beled the disease Coronavirus disease 2019 (COVID-19).
This constitutes the seventh member of the Coronaviridae
family known to infect humans, which includes the SARS and
the Middle East Respiratory Syndrome (MERS) viruses.
Considering the close identity of the virus with one found in
bats, the disease is considered to be a zoonosis, ie, a disease
that can be transmitted from animals to humans. The disease
was declared a pandemic on March 11, 2020.

In this era of 24/7 news coverage available across much of the
globe, people are watching the epidemic unfold in nearly real-
time. This situation creates a unique dynamic in that for the first
time ever, the global community is learning about this disease as
it develops. Unfortunately, there is much misinformation that
contributes to an overall climate of fear. The disease in question
may not, for example, be as deadly as recent pandemics, eg, the
Ebola virus. Simultaneously, we see an interplay between those
who tend to play down the seriousness of the disease while there
are those who are preparing for the worst with hoarding.

Neuroradiologists, as medical providers, are expected to pro-
vide guidance to the general public. Having the best available in-
formation will help us take better care of our families, friends,
patients, and ourselves. In that context, it becomes imperative for
neuroradiologists to learn as much as possible about this virus to
educate the public about this entity.

The COVID-19 virus is an enveloped RNA virus with a sin-
gle-strand, linear, positive-sense RNA, which means that the vi-
rus can use its RNA as the template from which to create proteins
needed for propagation and spread. The genome length is 29,903
bases.” The virus was initially labeled as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) due to its phylogenetic
similarity to SARS-CoV (80% identical); however, it was more
similar to the bat coronaviruses (96% identical).®

The name “coronavirus” refers to the crownlike appearance of
these viruses seen on electron microscopy. The virus is around
70-220 nm in size. It is similar to the SARS-CoV regarding the
mode of entry and the human receptor used for entry. The infec-
tiousness of the virus is unclear but appears to be more infectious
than SARS and MERS viruses, though less fatal.*

The virus gains entry into the cell after binding of the spike
protein (S) on its surface with the angiotensin-converting enzyme
2 (ACE-2) on the surface of the host cell.® The S-protein

http://dx.doi.org/10.3174/ajnr.A6526
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interaction with ACE-2 appears to be essential for entry of
the virus into the cell and is a candidate for vaccine develop-
ment. The SARS-CoV spike (S) protein is composed of 2 sub-
units: The S1 subunit contains a receptor-binding domain
that binds to the host cell receptor and the S2 subunit medi-
ates fusion between the viral and host cell membranes.® None
of the commercially available ACE inhibitors are effective
against the ACE-2 enzyme. The neutralizing antibodies to the
SARS-CoV bind to the ACE-2 receptor binding domain
(RBD) of the SARS S-protein, highlighting the importance of
this protein for virus entry. Although there is only 76.5%
identity of amino acid sequences between COVID-19 and
SARS-CoV, suggesting a difference in the RBD of SARS-CoV
and COVID-19 viruses, they have almost identical 3D struc-
tures in the RBD with a strong binding to human ACE-2.
Active vaccine development against the S-protein is in pro-
gress currently.

The ACE-2 enzyme is involved with the degradation of angio-
tensin-II in the renin angiotensin system. Whether the interac-
tion of the virus with angiotensin-II is important in the
pathogenesis of COVID-19 is unknown. Most interesting, the
ACE-2 expression is seen predominantly in the respiratory and
intestinal tracts, which are the 2 sites of involvement of the coro-
navirus. In the respiratory epithelium, the ACE-2 was expressed
in human airway epithelia as well as the lung parenchyma. ACE-
2 may have a protective effect on the lung parenchyma, with
alterations in the renin angiotensin system as the putative mecha-
nism of lung injury.

The transmission of the coronavirus occurs via droplets
and fomites during close unprotected contact. Fomites are
objects or materials that are likely to carry infection, such as
clothes, utensils, and furniture. Fecal shedding has been
demonstrated, but fecal-oral transmission is not considered
a driver of the epidemic. Aerosolization of fomites may con-
tribute to airborne transmission, though currently this
mode is not considered too important in the community.
Transmission has been documented in the preclinical stage
as well, even before the onset of symptoms.® Asymptomatic
carriers as well as a prolonged incubation period up to
19 days has also been described, though reinfection may be
another possibility in this case.’

The incubation is reported to be 2-7 days.'® After virus isola-
tion in various cell lines in vitro, cytopathic effects were observed
96 hours after inoculation. Whole genome sequencing of 104
strains of the virus from different locations around the globe
reveals a 99.9% homology.

The severity of clinical symptoms may vary from

o Mild to moderate in 80%; most recover

e Severe in 13.8% (dyspnea, respiratory rate > 30/min, O, satu-
ration = 93%, partial pressure of oxygen/fraction of inspired
oxygen ratio < 300, lung infiltrates >50% of the lung within
24-48 hours)

e Critical in 6.1% (respiratory failure, septic shock, and/or mul-
tiorgan dysfunction/failure).
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Fever was the most common symptom seen in 89% of 1099
hospitalized patients in China,'® though seen at initial pre-
sentation in only 44%. Sore throat was seen in only 14%; nasal
congestion, in 5%; but cough, in 68%. Dyspnea may be a
more serious presentation with severe acute respiratory dis-
tress syndrome seen in 17%-29%.'" The time from onset to
the development of severe disease, including hypoxia, is
1 week. There was no sex predilection. Among patients who
have died, the time from symptom onset to death ranged
from 2-8 weeks. Individuals at highest risk of severe disease
and death include those older than 60 years of age and those with
underlying conditions such as hypertension, diabetes, cardiovascu-
lar disease, chronic respiratory disease, and cancer.

The disease in children appears to be relatively rare and mild,
with approximately 2.4% of the total reported cases among indi-
viduals younger than 19 years of age. A very small proportion of
those younger than 19 years of age have developed severe (2.5%)
or critical disease (0.2%).

The diagnosis is based on reverse transcription polymerase
chain reaction (RT-PCR) of throat (oropharyngeal) and nasopha-
ryngeal swabs, though sputum and bronchoalveolar lavage fluid
had the best sensitivity. However, reports from China indicate
that the RT-PCR sensitivity may have been as low as 60%-70%.">

Temporal changes seen on chest CT findings have been
described by a panel of experts:'> These included lack of abnor-
mality in the first 2 days of illness in 50%. In early disease, periph-
eral, focal, or multifocal ground-glass opacities, affecting both
lungs, may be seen in approximately 50%-75% of patients. With
the progression of disease, crazy paving (ground-glass opacities
with interlobular septal thickening) and consolidation became
prominent, with a peak around 9-13 days, followed by slow clear-
ing during a month or longer.

Chest CT was reported as better than RT-PCR in a recent arti-
cle in Radiology."> Closer analysis of the data reveals that most
patients with chest CT scans demonstrating lung pathology but
PCR negative for COVID-19 were diagnosed on clinical grounds
alone. However, only 15 cases had a positive PCR result on repeat
testing. The PCR-negative patients with a positive CT result may
reflect viral pneumonia related to other respiratory viruses, com-
mon during this time of the year. Chinese authorities had initially
broadened the official definition of infection in Hubei province
to include patients with typical findings of viral pneumonia on
CT, with negative RT-PCR results. This inclusion caused a spike
of 13,332 cases on February 12. This broader definition resulted
in a higher number of presumptive cases of COVID-19 in China
with a recommendation for a role for chest CT in the initial diag-
nosis of COVID-19 infection versus RT-PCR. However, chest CT
was removed as a diagnostic criterion in the sixth version of the
diagnostic criteria published on February 16, 2020."* RT-PCR
remains the reference standard to make a definitive diagnosis of
COVID-19 infection."”

Chest x-ray and chest CT may be used as adjuncts in case an
initial RT-PCR has negative findings. The American College of
Radiology'® warns against using CT as a first-line tool in the diag-
nosis of coronavirus and it should be used sparingly and reserved
for symptomatic hospitalized patients with specific clinical indi-
cations. Using portable radiography may be helpful, considering

the ease of cleaning. CT scanners may need to be closed for an
extended period—up to 1 hour after scanning a suspected patient
—for cleaning and decontamination, affecting overall patient
care."”

Remdesivir and chloroquine have shown efficacy in vitro.'®
Remdesivir inhibits the RNA-dependent RNA polymerase,
essential for replication of the virus.'” Chloroquine has shown
apparent efficacy in the treatment of COVID-19-associated
pneumonia in studies from China.*® It supposedly exerts its
antiviral activity, in part, by interfering with cell fusion by
increasing endosomal pH, interfering with virus/cell fusion,
and interfering with the glycosylation of cellular receptors of
SARS-CoV. Clinical trials are underway, the results of which
may be available in April. Recombinant ACE-2 trials are also
underway (ClinicalTrials.gov NCT04287686).” A host of drugs
being tested include interferon 8; an HIV drug, lopinavir-rito-
navir (Kaletra); and neuraminidase inhibitors like oseltamivir,
among others.”!

Vaccine development is also underway. Most promising is the
vaccine targeting the spike protein (S). The molecule has been
isolated, and the structure, elucidated.?? First clinical trials of a
mRNA based vaccine started on March 16, 2020 in Seattle though
results may be months away.

The mortality rate was estimated at 3%-4%, though more
recent estimates suggest 0.3%-1%; however, the risk to the
immunosuppressed and the elderly is of great concern in the
United States, especially with a large population of immunosup-
pressed patients and those on various immunosuppressive medi-
cations for a host of conditions. In a study of 1044 hospitalized
patients in China, a mortality rate of 1.4% was identified,'® which
may have been lower if patients with fewer symptoms from the
community had been included.

Infection control measures for health care professionals when
coming in contact with infected individuals especially those per-
forming lumbar punctures, myelograms and spine procedures in
the neuroradiology community, should include contact and air-
borne precautions, which include hand hygiene, gloves, gowns,
N95 masks, and eye protection. During the SARS epidemic, the
hospital personnel who became infected had omitted at least one
of these precautions.”® There was no difference between using a
surgical mask and a N95 mask in this case-control study from
Hong Kong. Footwear protection should also be considered.
More detailed instructions for use in the radiology department
have recently been published.** An analysis of 22 studies®
revealed that human coronaviruses such as SARS, MERS, or
endemic human coronaviruses can persist on inanimate surfaces
like metal, glass, or plastic for up to 9 days but can be efficiently
inactivated by surface disinfection procedures with 62%-71%
ethanol, 0.5% hydrogen peroxide, or 0.1% sodium hypochlorite
within 1 minute of application, whereas 0.05%-0.2% benzalko-
nium chloride or 0.02% chlorhexidine digluconate are less
effective.

Infection control measures like voluntary and mandated quar-
antine at an individual, community, national, and international
level may ultimately be the only plausible way of controlling the
spread of the disease.”® These measures do work, as evidenced by
the marked decrease in the incidence of cases from China.” On
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an

individual level, social distancing, self-isolation at the first

appearance of symptoms, contact tracing, and informing the con-
tacts may be the best measures to effectively control the spread of

the

disease. Availability of suitable testing methods may also go a

long way to ensure peace of mind to the public at large.

In conclusion, in the midst of an ongoing epidemic, it is best

to obtain as much information as we can about this virus so that

we can take effective care of the community around us.

Disclosures: Joshua A. Hirsch—UNRELATED: Consultancy: Medtronic, Relievant
Medsystems; Grants/Grants Pending: Neiman Health Policy, Comments: health
policy and economics.
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REVIEW ARTICLE
ADULT BRAIN

MR Thermometry in Cerebrovascular Disease: Physiologic
Basis, Hemodynamic Dependence, and a New Frontier in
Stroke Imaging

S. Dehkharghani and “*'D. Qiu

O=

ABSTRACT

SUMMARY: The remarkable temperature sensitivity of the brain is widely recognized and has been studied for its role in the
potentiation of ischemic and other neurologic injuries. Pyrexia frequently complicates large-vessel acute ischemic stroke and devel-
ops commonly in critically ill neurologic patients; the profound sensitivity of the brain even to minor intraischemic temperature
changes, together with the discovery of brain-to-systemic as well as intracerebral temperature gradients, has thus compelled the
exploration of cerebral thermoregulation and uncovered its immutable dependence on cerebral blood flow. A lack of pragmatic
and noninvasive tools for spatially and temporally resolved brain thermometry has historically restricted empiric study of cerebral
temperature homeostasis; however, MR thermometry (MRT) leveraging temperature-sensitive nuclear magnetic resonance phenom-
ena is well-suited to bridging this long-standing gap. This review aims to introduce the reader to the following: 1) fundamental
aspects of cerebral thermoregulation, 2) the physical basis of noninvasive MRT, and 3) the physiologic interdependence of cerebral
temperature, perfusion, metabolism, and viability.

ABBREVIATIONS: BOLD = blood oxygen level-dependent; BTR = brain thermal response; NMR = nuclear magnetic resonance; OEF = oxygen extraction frac-
tion; PRESS = point-resolved spectroscopy; PRF = proton resonance frequency

erebral thermoregulation is a critical, but enigmatic aspect of

brain physiology at the intersection of cerebral perfusion
and metabolism. The brain exhibits exquisite sensitivity to
disruptions in temperature homeostasis, with even small eleva-
tions rapidly potentiating ischemic or other neurologic injuries.'
Nevertheless, formalized and experimentally tested theories of
cerebral temperature control are lacking, due to the absence of
pragmatic tools to measure spatiotemporally-resolved thermal
gradients under physiologic and pathologic conditions. This
review aims to introduce the reader to fundamental principles of
cerebral temperature (dys)regulation and homeothermy, with
an emphasis on temperature as a potential biomarker of
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cerebrovascular disease and the use of noninvasive approaches
to measuring brain temperatures using MR thermometry.

THERMOREGULATION AND TEMPERATURE
HOMEOSTASIS

Body temperature is tightly controlled in humans at approxi-
mately 37°C and regulated through the balance of heat-conserving
and heat-dissipating mechanisms mediated by the hypothalamus.®
Most heat production arises from so-called obligatory thermogen-
esis—that is, the thermal energy of metabolically active organs,
including the brain, with the remainder arising from voluntary
and involuntary muscle activity or acquired passively from ambi-
ent sources.” While the body efficiently dissipates heat primarily
through radiative as well as conductive, convective, and evapora-
tive mechanisms, cerebral thermoregulation proves more com-
plex. Throughout much of the highly metabolic brain (consuming
20% of the oxygen and 25% of the glucose at only 2%-3% of the
total body weight),” the temperature exceeds that of the arterial
inflow. While superficial cortical brain regions may dissipate
heat to a greater extent through convention/conduction and
radiation, cerebral temperature homeostasis largely depends on
steady CBF to sustain countercurrent heat exchange mecha-
nisms that prevent cerebral hyperthermia and prove critical to
normal brain physiology.>*'° The specific influence of systemic
temperatures on cerebral thermoregulation, however, remains
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poorly understood. Existing studies have produced discrepant
and sometimes contradictory conclusions regarding: 1) the
direction and magnitude of the brain-to-systemic temperature
offset in certain brain regions, 2) the spatial distribution and
magnitude of intracerebral temperature gradients, and 3) the
specific mechanisms by which potentially mild pyrexia potenti-
ates myriad forms of neurologic injury, including ischemia.

The implications of cerebral thermosensitivity, in fact, reach
beyond a manifest susceptibility to injury and may even have
steered the course of human evolution. Specifically, the develop-
ment of efficient mechanisms of heat dissipation are proposed to
have released human ancestors from fundamental thermal con-
straints to brain development and growth. Simply, the energetic
cost and therefore the metabolic output of the large human brain
poses considerable demands on such mechanisms of temperature
control, the development of which facilitated the remarkable
encephalization of early humans.''"* Thus, by comparison with
other key constraints of human evolution, brain temperature was
emphasized by Baker (1979)"* to be the “single most important
factor limiting the survival of man and other animals.”
Neuroprotective adaptations such as selective brain cooling—the
maintenance of brain temperatures selectively despite rising pe-
ripheral temperatures by rerouting cooler, valveless facial/ocular
and emissary venous supply—were therefore critical for thriving
humans under thermal stress, exercise, and so forth.>'>*> Such
adaptations are traceable to recognized changes in the human
calvarial fossil record, developing in tandem with epochs of
immense advancement, and may have compensated for the loss
in humans of the rete caroticum (ie, the rete mirabilis) first pro-
posed by Herophilus ~2000 years ago and documented later by
Galen in other mammals including dogs, cats, and sheep.'*'¢2°
From these insights, a coherent picture of the evolving human
brain emerged, linking intelligence, the growing brain, bipedal-
ism, and efficient cerebral heat exchange in a seminal paradigm
known as the radiator hypothesis, which aptly underscores the
importance of steady blood flow at the nexus of temperature ho-
meostasis.'''>'>!® This point is easily contextualized when con-
sidering the thermogenicity of the metabolically active brain:
Approximately 0.66 J/min/g are produced by the brain, primarily
by the consumption of oxygen through chemical reaction with
glucose which, absent heat dissipation, would produce a rise of
0.16°C/min.'**!**

The study of cerebral thermoregulation, nevertheless, remains
difficult. Past investigations have consisted mostly of surrogate
measures of brain temperature (eg, tympanic, sublingual, and
etc.) and sporadic human and animal studies using directly
implanted temperature probes. Surrogate measures, however, are
limited by the presence of temporally varying offsets relative to
actual brain temperatures.”>*® Implantable probes are similarly
suboptimal for large-scale experimentation due to their requisite

27-30

invasiveness and cost, which limit their widespread place-

ment throughout the brain and in turn, their suitability for inter-
rogation of spatially distributed temperature gradients.””***"%?
Notwithstanding their limitations, a small number of animal
and human studies have confirmed the presence of measurable
spatial temperature gradients that can be altered during brain

injury.>®2123341 A theoretic framework for understanding
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temperature homeostasis has also been established through
numeric simulations often based in the seminal bioheat equa-
tions proposed by Pennes (1948),** and the reader is referred to

. -10,43-4'
excellent resources on the topic.®'%**4

CENTRAL FEVER AND CEREBRAL TEMPERATURE
DYSREGULATION DURING HYPOPERFUSION

Systemic and cerebral temperature dysregulation during and fol-
lowing neurovascular ischemia is well-described, yet the mecha-
nisms underpinning this relationship remain unclear.

The sensitivity of neuronal substrate to hyperthermia has
been the focus of multiple human and animal stroke studies, and
identification of this potentially modifiable biomarker has natu-
rally promoted investigation into therapeutic cooling protocols
following different forms of neurologic injury."**** Indeed,
therapeutic cooling remains among the most potent neuroprotec-
tants following ischemia and cardiac arrest, dating to landmark
studies of the mid-20th century.***® Early canine studies by
Hosler (1953)*° found that at a body temperature of 20°C, no
neurologic injury was observed following resuscitation from 11-
13 minutes of cardiac fibrillation. Similarly, Donnelly (1956)°!
reported that brain anoxia can be tolerated for only 3 minutes at
physiologic temperatures, but remarkably with full resistance for
9 minutes when cooling to 26.5°C. In part through depression of
metabolic demand—a 2.2-fold reduction in oxygen consumption
for each 10°C decrease in temperature—as well as protection
against immediate and programmed cytotoxicity and vascular
permeability, brisk hypothermia (~ 20°-32°C) permits prolonged
circulatory arrest potentially with little neurologic injury.’”
Decades of subsequent investigation have highlighted the protec-
tive attributes of corporeal and brain cooling following brain
injury, yet a number of large-scale prospective trials have failed to
capture a population-level benefit from cooling, owing perhaps
to systemic adverse effects or, we posit, the use of non-neurologic
temperature benchmarks. This latter point, we believe, holds tre-
mendous potential promise for noninvasive brain thermometry,
with which the known variability between systemic surrogates
and brain temperatures can be disentangled toward more guided
therapeutic hypothermia protocols.

In contradistinction, hyperthermia proves a strong potentia-
tor of neurologic injury."*>* Fever, an adaptation intended to
raise host defenses, has been shown to influence clinical out-
comes negatively following stroke, potentially even when
mild.">*%>*" Fever following neurologic injury is unfortunately
common, even without direct hypothalamic injury.®* While the
mechanisms of central fever following ischemic stroke are incom-
pletely understood, the aforementioned impairment in radiative
heat exchange may act in concert with cytokine-mediated influ-
ences involving the hypothalamus, as well as more regional and
zonal inflammatory trafficking as described by the inflammatory
penumbra paradigm.®”***16% These inflammatory cascades
may be moderated through hypothermia which, together with
reduced expression of pro-apoptotic genes, may provide a power-
ful potential target for intervention.**"*®

Radiologic progression of ischemia due to hyperthermia
remains comparatively less explored. We previously reported on
the tendency for greater consumption of penumbral (ie, at risk)



tissues in fully reperfused patients with acute ischemic stroke
when fevers exceeded 37.5°C in the early stroke aftermath. While
infarction expansion following reperfusion comprises an array of
reported causes, identification of a potentially modifiable and
readily attainable biomarker may significantly influence imaging
and clinical outcomes.”>®’

Larger studies, including a series of 4295 patients, have firmly
established the detrimental effects of fever as producing longer
intensive care unit and hospital stays, higher mortality, and over-
all worse outcomes, even when controlling for disease severity,
complications, and age.® We propose that the frequency with
which pyrexia occurs in neurologically injured patients—up to
47% of neurologic patients in intensive care units (increasing to
93% after 2 weeks®®)—itself motivates investigation into the use
of noninvasive, direct brain thermography in diagnosis, prognos-
tication, and perhaps treatment selection or response to therapy.

MR THERMOMETRY
Principles and Techniques
2D MRI thermometry dates to initial experimentation by Parker

etal,”®

who studied the temperature sensitivity of proton longitu-
dinal relaxation (T1) times in human blood specimens, decades
after the far earlier discovery of temperature-sensitive nuclear
magnetic resonance (NMR) phenomena in the mid-20th cen-
tury. While a strong linear relationship and sensitivity of ~2°C
was reported from a 5-minute scan, the speed and accuracy of
T1 thermometry have limited its application in neuroscience.
Subsequently, other temperature-sensitive MRI contrast mecha-
nisms were explored, including transverse relaxation time (T2),
equilibrium magnetization/susceptibility, spin density, micro-
scopic diffusion, and the proton resonance frequency (PRF), the
latter now most commonly used, particularly for thermal abla-
tive procedures (eg, laser interstitial thermal therapy, high-inten-
sity focused ultrasound, and radiofrequency ablation).”" While
each approach may offer relative, application-specific advan-
tages, PRF thermometry, which exploits either of 2 attributes of
the proton resonance frequency, is the most accurate, versatile,
and widely used technique and will be the subject of the remain-
der of this review.”? Specifically, this review will emphasize clini-
cally pragmatic approaches allowing the sufficient spatial,
temporal, and temperature resolution to probe dynamic thermal
gradients in the healthy brain and during cerebrovascular
impairment. Emerging strategies, including potentially promis-
ing and accurate temperature-sensitive contrast agents, remain
unfit for translational human or clinical imaging and are beyond
the intended scope of this review; however, the interested reader

is referred to thorough topical reviews on the subject.”*”

PRF Thermometry

PRF thermometry stems from the temperature dependence of
the water proton chemical shift. Due to the shielding effects of
their surrounding electron currents, the magnetic field experi-
enced by hydrogen protons varies slightly relative to that of the
externally applied field (By). The effect manifests in a tempera-
ture-dependent chemical shift (s) as follows:

1) a)(T) =" [1 - S(T)] X Blocul,

where w(T) represents the angular frequency of proton preces-
sion; 7, the gyromagnetic ratio (~42 MHz/T for the hydrogen
nucleus); and s(T), the temperature-dependent chemical shift
modulated by the electron-shielding effect on the local magnetic
field (Bjocar), itself a function of both the externally applied (By)
field and spatially varying magnetic susceptibility. The shielding
effect of the water proton is influenced heavily by the strength of
hydrogen bonds, which is a function of temperature. Hydrogen
bonds are formed between the hydrogen of 1 water molecule and
the electronegative oxygen atom of another water molecule
(Fig 1A). Hydrogen bonds among water molecules, therefore,
reduce the opposing electron currents about the bound hydrogen
proton, exposing the proton to less attenuated By, fields,
thereby inducing higher precessional frequencies. (Fig 1B). At
higher temperatures, however, the hydrogen bonds between
water molecules become less stable and/or disrupted, resulting in
greater electronic shielding and therefore reduced magnetic flux
density and a lower frequency of precession of the hydrogen pro-
ton. It has been shown in multiple studies, including our own,
that the water proton chemical shift s(T) is largely a linear func-
tion of temperature T, (Fig 1C):

2) s(T) ~so+ B x (T —37),

where S, denotes the chemical shift at 37°C and B denotes
change in chemical shift per unit increase in temperature. 8 has
been measured to be between —0.009 and —0.011 ppm per
degree Celsius,”””>7®77 dating to its initial description in NMR
by Hindman (1966).””

While most MR thermometry applications have sought to
measure relative temperature changes (eg, during and following
thermal ablation), they are poorly suited for the study of base-
line temperatures and pathophysiologic temperature gradients
between brain regions, comparisons between subjects, or longi-
tudinal study, together motivating the development of quanti-
tative techniques approximating absolute temperatures. As
apparent from Equation 1, an accurate measure of the chemical
shift difference would require precise measurement of Bi,,
down to 0.01 ppm. To resolve this issue, a stable (ie, non-tem-
perature-dependent) reference frequency is necessary to nor-
malize the water frequency, thereby allowing nearly absolute
thermometry based on the temperature-dependent chemical
shift difference between the 2 (or sometimes more) metabolites.
Such self-referenced thermometry has been the subject of con-
siderable study using the chemical shift difference between the
temperature-sensitive water resonance and a non-temperature-
sensitive reference metabolite, such as the methyl resonance of
neuronal NAA at ~1.98 ppm.

By comparison, when the primary interest is simply the
collection of relative changes in temperature across time, for
example during ablative procedures, explicit measurement of ei-
ther water or reference metabolite frequency is unnecessary, and
a baseline water resonance phase can instead be measured
before treatment begins. Thereafter, a relative temperature
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FIG1. A, Schematic representation of the temperature-dependency
of the water proton resonance frequency chemical shift. A water
hydrogen bonding scenario for water molecules in two milieu of
differing temperatures is depicted. Increasing temperatures drive
the water hydrogen bonding equilibrium towards greater free water
proportions through disruption of hydrogen bonds. Electronic cur-
rents (“e-") about the hydrogen proton shield it from the main mag-
netic flux, but will vary in strength between strongly (left) and
weakly (right) bound water pools. The greater shielding of free
water hydrogens (right) yields lower precessional frequencies, gov-
erned by the gyromagnetic ratio of hydrogen, ~42MHz/T. B, Within
the hydrogen PRF spectrum, higher temperatures translate the
water resonance upfield (i.e. towards lower chemical shifts), reduc-
ing the chemical shift difference between water and a non-temper-
ature dependent reference such as the methyl resonance of NAA,
producing a linear correlation coefficient (C) of ~—0.01 ppm/C. As
shown, the relationship between hydrogen bonding equilibrium,
PRF, and temperature remains linear across even supraphysiologic
temperature ranges as demonstrated in an aqueous cytosolic phan-
tom during real time fiberoptic temperature monitoring. Adapted
from Dehkharghani et al.”®

558 Dehkharghani  Apr 2020 www.ajnr.org

change can be estimated following ablation using an additional
phase estimation, and the phase shift can be used to estimate a
relative temperature change on the basis of the aforementioned
temperature-dependent frequency changes. In this case, the
phase evolution arising from the PRF change relates to the rela-
tive temperature change as follows:

3) Ap, = 27 - Aw; x TE

—27 x (o(T1) — w(Ty)) x TE

=27 X vy X B, X B X TE X AT,

where B, reflects the thermal chemical shift coefficient of
water. Importantly, however, non-temperature-dependent changes
in phase, including, for instance, those due to magnetic field drifts
across time resulting from gradient heating or subject motion can
engender errors in the imputed temperature change. In either
case, phase imaging can be used only to estimate relative tem-
perature changes across time, though with comparatively
higher spatial and temporal resolution than most quantitative
thermometry techniques.”" In principle, any sequence that is
sensitive to PRF can be used to measure the phase change
across time, and the most common approach is through phase
imaging from a gradient-echo sequence, according to the equa-
tion Ap, = —27 X Aw; x TE, where A¢, represents the phase
change across time, and TE, the echo time. More recently, “ref-
erence-less” phase thermometry methods have been proposed,
which assume temperature changes occurring only in a local
region and essentially using the phase from the neighboring
regions as an in-line reference, though their robustness and ac-
curacy as alternatives to truly self-referenced techniques have
not been conclusively demonstrated.”®

As introduced above, using the chemical shift difference as
measured from proton spectroscopy, absolute thermometry can
be approached through the additional, simultaneous measure-
ment of the PRF of another proton chemical group lacking in
temperature-dependent hydrogen bonds. Provided that intra-
voxel susceptibility effects are small as shown by De Poorter,®
the use of a reference frequency devoid of temperature-depend-
ent chemical shifts is thus performed as follows:

4) Aw = Aw,, — Aw,

=~y % (sow —Sor + (B, — B,) x (T —=37)),

where, in contrast to Equation 3, Aw denotes the difference in
angular frequency between the water proton and the reference
compound, such as NAA, choline, or other candidate hydrogen
metabolites; so,, and 5o, denote chemical shifts of water and the
reference compound, respectively, at 37°C; and 8 ,and 3, repre-
sent thermal chemical shift coefficients for water and the refer-
ence compound, respectively.79 NAA, the dominant nonwater
metabolite in the conventional brain PRF spectrum, has proved
generally well-suited due to its uniformly high concentration and
extremely small temperature dependency (<<0.0007 ppm/°C)
related to the absence of hydrogen bonds. Accordingly, MR spec-
troscopy can be used to measure the PRF difference between
water and reference compounds simultaneously, facilitating



quantitative temperatures at single time points or longitudinally,
either between or among individual subjects and across experi-

.. 2941597680
mental conditions.

MR Thermometry in Stroke and Cerebrovascular Disease
Acute Ischemic Stroke. Noninvasive cerebral MRT has been
explored in small-but-growing numbers of human and animal
studies, aiming to capture empirically the link between brain tem-
perature and hemodynamic compromise. While such mechanis-
tic insights are valuable motivations for noninvasive MRT, the
development of biomarkers of tissue viability and outcome argu-
ably remain the most compelling long-term objective of ther-
mometry in this setting.

Corbett et al*® first described the use of single-voxel proton
MR spectroscopy for in vivo brain thermometry in a piglet model
of ischemic stroke using a 4.7T NMR spectroscopy system. Using
water-NAA chemical shift thermometry, their in vivo experi-
ments recapitulated the linearly changing water-NAA chemical
shift difference coefficient of approximately 0.01 ppm/°C across
both physiologic and ischemic conditions (slope, 1.00 * 0.03,
* = 0.96), importantly, with little impact by either pH or protein
concentration in physiologically relevant ranges. The authors fur-
thermore reported that even with falling NAA concentrations in
ischemic and infarcted tissues, sufficient concentrations remained
to allow peak assignment of the NAA resonance. The potential
for alternative candidate reference frequencies such as choline or
trimethylamines was, nevertheless, tested and confirmed by the
authors in subsequent studies, further supporting the feasibility
of in vivo brain thermometry in scenarios of falling or undetect-
able NAA.*'?? Of particular interest, the authors reproduced
centripetal temperature gradients as measured from directly
implanted thermocouples at varying depths, on order of 1°C
temperature drop from a 1-cm depth to the brain surface.

Later work by Corbett et al*’
used individual, single-voxel point-resolved spectroscopy spectra

in healthy human adults again

(PRESS). By interrogating temperatures in both superficial and
deep brain loci, the authors demonstrated, for the first time, that
centripetal temperature gradients within the brain itself are ame-
nable to noninvasive detection under clinically practicable condi-
tions. The preceding, however, left the need for noninvasive,
real-time detection of fully spatially-resolved temperature
gradients unmet, motivating the expansion of existing single-
voxel spectroscopy techniques to multivoxel thermographs in
2D or 3D. Such multivoxel MR spectroscopic imaging or
chemical shift imaging is not, however, without inherent chal-
lenges.”>®"%> While Ishihara et al** had reported on the pre-
liminary development of relative cerebral thermal maps using
phase-contrast thermography, the dependence of phase-based
PRF thermometry on baseline phase mapping (see above) and
its potential vulnerability to poorly compensated effects, such
as from susceptibility changes, limited its applicability for the
reasons detailed above.”*#"%%5 Successful extension of single-
voxel spectroscopy to MR spectroscopic imaging-based ther-
mometry was, thereafter, reported by Kuroda et al®"** in in
vitro and in vivo animal studies, though long acquisition times
and analytic errors related to chemical shift misregistration
and data corruption by lipid contamination are well-recognized

challenges to experimentation and clinical use. Acceleration,
such as with echo-planar spectroscopic imaging, and more
robust signal localization, such as with adiabatic imaging tech-
niques, have been reported with success by multiple investiga-
tors, including in our group, with the common goal of robust
in vivo thermography (Fig 2).*"-3%8486

In vivo multivoxel thermography in human subjects was
reported initially by Karaszewski et al** among a cohort of adult
patients with ischemic stroke. The authors attempted to opera-
tionalize thermography profiles relative to infarcted and at-risk
tissues as defined by diffusion-weighted imaging, reporting gen-
erally greater temperatures in possibly abnormal tissues (ie,
regions along the immediate periphery of the pathologic DWI
lesion). Notwithstanding significant study limitations, including
the heterogeneous duration from stroke onset, the absence of per-
fusion-to-diffusion penumbral estimation, and variable treatment
effects, the authors observed that the greatest heating may occur
in viably hypoperfused, metabolically active tissues. In contradis-
tinction, somewhat lower temperatures were observed within
the more definitively devitalized tissues in the infarction core, in
line with past experiments documenting the potential for tem-
perature reduction within the infarcted core of rat brains early
after stroke induction using direct thermometry.’

Subsequent work by the authors reproduced the findings that
the greatest brain temperatures are found in the infarction mar-
gins and, importantly, identified unanticipated nonuniformities
in temperatures elsewhere throughout the brain; specifically, tem-
peratures in the brain hemisphere contralateral to the stroke were
also found to be significantly higher in subjects who were imaged
at later times. While such studies are small, observational, and
far from conclusive, it can be posited that the convolved effects
of perfusion (reduced, absent, or restored following ischemia),
metabolic heat production (aerobic and anaerobic), systemic
temperatures (physiologic or pyrexic), and variable inflamma-
tory mechanisms (the inflammatory penumbra; mitochondrial
uncoupling protein-2) in aggregate determine the temperature
profile of infarcted, viably ischemic, and normal/compensated
oligemic tissues. These studies confirm the presence of measur-
able temperature perturbations in ischemic tissues and motivate
the further development of operational paradigms of tempera-
ture disturbance in stroke.

The preceding human studies of thermometry were inherently
limited by the inability to control for the timing of thermometry
relative to stroke onset or to track changes longitudinally with
sufficient temporal resolution to formalize temperature changes
following stroke. Furthermore, the opportunity for local cali-
bration of chemical shift thermometry under clinical scanning
conditions has generally been lacking. While several small ani-
mal stroke-induction studies attempted to address the former,
the generalization of rodent and lower mammal studies to
human physiology poses widely cited challenges and may
impede translatability in mechanistic and pharmacologic stud-
ies.’” This issue has motivated further study across stroke neu-
roscience in gyrencephalic nonhuman primates to facilitate
translation.

Our group has undertaken serial studies of noninvasive
thermometry in the phylogenetically similar rhesus macaque,
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FIG 2. Phantom (A) and human in vivo PRF thermometry in a healthy volunteer (B) using the water-NAA chemical shift, demonstrating the
impact of adiabatic (semiLASER) versus conventional volume localization (PRESS) and improvements in the shimming conditions using 3D gradi-
ent-echo (greSHIM). Spatially uniform phantom temperatures are noted in A with improvements in SNR, fitted line widths, and test-retest
repeatability (not shown) by comparison with conventional point-resolved spectroscopy using sLASER at 3T. Greater test-retest stability
obtained 30 minutes apart and the presence of physiologically meaningful temperature gradients are demonstrated to greater advantage in the
lower row of B when using sLASER for spatial localization together with greSHIM. Adapted from Dehkharghani et al.**® with permission from

the International Society of Magnetic Resonance in Medicine.

specifically in efforts to bridge this gap.*"”® Using robust adia-
batic multivoxel chemical shift imaging strategies (SLASER,
Siemens Healthineers, Erlangen, Germany) with greater perform-
ance against chemical shift misregistration, together with higher
order magnetic field shimming, we recently reported on dynamic
brain temperature changes following highly-controlled endovas-
cular stroke induction in NHP.*' This experimental design per-
mits repeated production of thermographs under physiologic and
postischemic conditions without the confounding effects of sur-
gery and ambient heat loss, the constraints of focally implanted
temperature probes, or the limitations of unknown disease onset.
The preoperative calibration of water-NAA chemical shift ther-
mometry under essentially identical imaging conditions using
clinical 3T scanning conditions also facilitates future translation.
While the potentially nontrivial effect of anesthesia induction on
cerebral blood flow, metabolism, and temperature regulation can-
not be overlooked in such models, dynamic imaging immediately
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following anesthesia induction in control and ischemic experi-
mental sessions fortuitously produces an additional form of phys-
iologic contrast during which temperatures can be measured and
compared between conditions.

Across all subjects in our protocol, we observed gradually
increasing brain and systemic temperatures, importantly, with
steady divergence in brain-to-systemic temperature gradients
occurring as the cerebral hyperthermia steadily outpaced even
the worsening systemic pyrexia (Fig 3). This dynamic and
unpredictable offset stresses the importance of direct brain
thermometry in the monitoring of brain injury, owing to the
inaccuracies of systemic temperature surrogates in this setting.
Furthermore, significant differences in the temperature evolu-
tion across time were observed among tissues, independent of
worsening systemic hyperthermia, further suggesting the poten-
tial for mixed mechanisms of temperature change throughout
the brain.



FIG 3. Dynamic MR thermometry following superselective right MCA endovascular stroke induc-
tion in an adult rhesus macaque using a low-profile suture embolus. DWI (A) obtained at approxi-
mately 7 hours following complete occlusion and contemporaneous 2D axial sSLASER chemical
shift thermography (see MR Thermometry in Stroke and Cerebrovascular Disease: Acute
Ischemic Stroke) following automated and manual shimming (B) demonstrate extensive right-
hemispheric ischemic injury and generalized cerebral hyperthermia, respectively. Through the
course of the experiment, temperatures in both hemispheres were noted to rise, importantly
with a differing temporal course and, in both cases, outpacing the influences of the steadily
increasing systemic pyrexia (C), measured continuously from an indwelling rectal probe and
aggregated over all subjects. The correlation between both normalized infarction size (C) and
time from infarction relative to cerebral temperatures was similarly observed across all experi-
mental NHP strokes, and aggregated results are depicted. Adapted from Dehkharghani et a

Chronic Cerebrovascular Ischemia. Hemodynamic and thermo-
regulatory theory predict a strong dependency of brain tempera-
ture on blood flow, which has largely been confirmed during
experimentation in low-flow states such as ischemic stroke as
described above. The theoretic, converse cooling effects of hemo-
dynamic augmentation are, however, more difficult to test experi-
mentally. A brief review of the dynamic autoregulatory process
underlying hemodynamic failure is worthwhile at this stage. The
response of the cerebrovascular system to falling perfusion pres-
sures was expounded in initial work by Powers and further by

1.3%% using '*O-PET.** A sequential, quasi-step-

Derdeyn et a
wise response to incremental hemodynamic failure is commonly
encountered, culminating in the up-regulation of the oxygen
extraction fraction (OEF) from the heme moiety of hemoglo-
bin to sustain the cerebral metabolic rate of oxygen when fall-
ing perfusion pressures outstrip the cerebrovascular reserve.
This tenuous state of so-called misery perfusion would, on the
basis of cerebral thermoregulatory theory, seem conducive

to heating. Specifically, one would anticipate that viable

(ie, with continued but potentially
reduced metabolic activity) tissue beds
downstream from chronic steno-
occlusive lesions could exhibit a par-
ticular propensity for heating through
the combination of increased ther-
mogenic oxygen cleavage and re-
duced perfusion.

Cerebral oximetry and the identifi-
cation of misery perfusion by MR
imaging remain elusive aims and areas
of active study by many groups in-
cluding our own.”**® The unambigu-
ous demonstration of misery perfu-
sion proves challenging without direct
MR oximetry, which remains difficult
under clinically pragmatic condi-
tions.”>'% The characterization of cer-
ebral temperatures could, however,
reflect a measurable epiphenomenon
of the hemodynamic and metabolic
derangements inherent to misery per-
fusion. In a study of contemporane-
ous ">O-PET and single-voxel point-
resolved spectroscopy by Ishigaki
et al,'°! local temperatures and the
OEF were estimated in the deep white
matter of healthy subjects and pa-
tients with unilateral, anterior circu-
lation steno-occlusive disease. As
expected, uniformly normal distribu-
tions of OEF were measured in
healthy subjects, while elevations of
OEF in the diseased territories of
X patients with steno-occlusive disease
’ were observed as compensations for
reduced blood flow. The authors
also confirmed the hypothesized inter-
actions between interhemispheric temperature offset and OEF.
While the findings are compelling as potential evidence for brain
temperatures as an imaging biomarker in chronic ischemia, the
comprehensive characterization of tissue thermal signatures in
hemodynamic failure would require acquisition of thermographs
to assess the spatiotemporal relationship between perfusion and
temperature.

To this end, we recently reported on cerebral multivoxel
thermography in patients with chronic, unilateral anterior cir-
culation steno-occlusive disease, leveraging the hemodynamic
contrast of acetazolamide augmentation.*® We hypothesized the
presence of a detectable modulation of cerebral temperatures by
cerebrovascular augmentation, which we have coined the “brain
thermal response” (BTR, Fig 4), which we compared with both
CBF (using multidelay arterial spin-labeling) and blood oxygen
level-dependent (BOLD) augmentation. In accordance with
aforementioned observations by Ishigaki et al,'®" while highly
significant interactions were observed between augmentation
and temperature, the relationship appears to be unsurprisingly
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FIG 4. Cerebrovascular reserve (CVR) percentage augmentation maps calculated with BOLD and arterial spin-labeling (ASL), as well as a BTR map
overlaid on a Tl-weighted anatomic image. Images are all from the same subject (a 32-year-old woman with unilateral left MCA stenosis and
multiple TIAs). The white grid overlay represents the MR thermometry VOI derived from multivoxel spectroscopy analysis using the water-NAA
chemical shift difference. Images are displayed in the radiologic convention. Impaired cerebrovascular reserve in the left hemisphere is present
in both BOLD and ASL, with a greater severity of impairment in arterial spin-labeling, likely related to tag decay and residual delay sensitivity de-
spite the use of 10 separate, in-line postlabel delays of varying duration. The BTR map demonstrates an asymmetric thermal response, with less
brain cooling following vasodilatory stimulus in the diseased left hemisphere, indicated by reduced (ie, less negative) BTR values and correspond-
ing primarily to the areas of greatest impairment in the anterior and posterior MCA borderzone territories. Maximal (most negative) BTRs are
noted in the regions spatially concordant with the greatest hemodynamic augmentation (blue regions) in the right parietal lobe. Adapted from

Fleischer et al.®°

FIG 5. Real-time temperature mapping using phase-based PRF thermometry during stereotactic
laser amygdalohippocampectomy for mesial temporal lobe epilepsy. Multiplanar spoiled gradient
Tl-weighted images obtained with intravenous gadolinium (A and B) demonstrate a stereotacti-
cally introduced, right-posterior-approach ablative probe, terminating within the right hippocam-
pal formation. A parametric thermal map with inset scale and a temperature-time course graph
(C and D, respectively) demonstrate that the estimated, relative temperature change from base-
line following ablation exceeded 30°C. Contrast-enhanced T2-FLAIR axial image (E) through the
treatment bed confirms the final zone of ablative injury.

chronicity, is difficult to measure
directly. However, in concert, these
variables likely determine the direc-
tion of the baseline arterial blood-
to-brain temperature offset and,
therefore, the magnitude and direc-
tion of the BTR. While further
investigation into the diagnostic and
prognostic merits of BTR are under-
way, we anticipate that the overarch-
ing mechanisms are governed by
already well-recognized principles of
cerebral hemodynamic control and
thermoregulation and reflect a tend-
ency for tissue heating arising from
impaired perfusion and up-regulated
OEF 80:101

An interesting potential implica-
tion of such thermal disturbance in
cerebrovascular disease was described

1,1 who

recently by Murakami et a
explored the potential for preopera-
tive hyperthermia as a predictor of
post-carotid endarterectomy hyper-
perfusion syndrome. A strong and
highly significant correlation was
observed between baseline tempera-
ture elevation and potentially danger-
ous post-carotid endarterectomy
blood flow augmentation (r=0.763,
P <.001). Similarly, our experience

complex and nonlinear. In particular, BOLD augmentation  with the BTR demonstrated a significant negative relationship
reflects a convolved effect of flow and volume and also, crit-  between baseline temperatures and cerebrovascular reserve
ically, of blood oxygenation/oxygen extraction. This latter effect, ~ capacity, in line with past reports of impaired cerebrovascular

which may be variably up-regulated at baseline, depending on  reserve capacity as a strong predictor of hyperperfusion

the metabolic need and also on vasoreactivity and disease  syndrome.'®*
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MR Thermometry in Thermal Therapy. MR thermometry has
found broad applications in the real-time monitoring of thermal
therapies, and despite obvious differences from the preceding sec-
tions, for completeness, we introduce the reader to this emergent
application of cerebral thermometry.

The coagulative response of thermally injured tissue is a func-
tion of both maximal temperature and the duration over which it
is sustained beyond the ablative threshold. In such applications,
MRT can be used to ensure that temperatures in target regions
are sustained at prespecified levels to achieve coagulation and
fatal thermal dose. In combination with sophisticated dose and
thermal models, the use of real-time monitoring affords greater
safety in such procedures by ensuring that ablative doses not
exceed cavitation thresholds and by confirming that temperatures
in vulnerable and eloquent nearby regions remain below injuri-
ous ranges (Fig 5). The scale of temperature change in these
applications is on the order of tens of degrees Celsius and, hence,
much larger than that described either in basal cerebral tempera-
ture gradients or occurring in the pathophysiologic states dis-
cussed elsewhere in this review. During thermal therapy, the
baseline cerebral temperature gradient can therefore be neglected
and the temperatures assumed to be spatially homogeneous and
equal to the systemic temperature. By freeing the methodology
from the demands for absolute, baseline temperature estimation,
many alternative approaches to thermometry can be used in such
applications beyond those discussed for the study of cerebral
thermoregulation described herein.”"

CONCLUSIONS

This review introduces the reader to fundamental aspects of cere-
bral and systemic thermoregulation, emphasizing the importance
of tight cerebral thermoregulation in homeotherms and specifi-
cally the vulnerability of the ischemic neurovascular unit to the
effects of hyperthermia. Temperature represents a powerful bio-
marker of brain function and a potentially valuable target for
interrogation through noninvasive means as permitted by emerg-
ing cerebral MR thermometry techniques. We believe that cere-
bral temperatures are, therefore, well-suited for diagnostic and
prognostic purposes and mechanistic study and hope to see them
find their way deeper into the scientific agenda of the neuroimag-
ing community.
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The Lateral Ventricles: A Detailed Review of Anatomy,
Development, and Anatomic Variations

C.L. Scelsi,

ABSTRACT

T.A. Rahim,

S.E. Forseen

O=

J.A. Morris, ““'G). Kramer, ““'B.C. Gilbert, and

SUMMARY: The cerebral ventricles have been studied since the fourth century BC and were originally thought to harbor the soul

and higher executive functions. During the infancy of neuroradiology, alterations to the ventricular shape and position on pneumo-

encephalography and ventriculography were signs of mass effect or volume loss. However, in the current era of high-resolution

cross-sectional imaging, variation in ventricular anatomy is more easily detectable and its clinical significance is still being investi-

gated. Interpreting radiologists must be aware of anatomic variations of the ventricular system to prevent mistaking normal variants

for pathology. We will review of the anatomy and development of the lateral ventricles and discuss several ventricular variations.

he cerebral ventricles were the center of attention among phi-

losophers, priests, anatomists, and physicians as far back as
Aristotle in the fourth century BC.! They were originally thought
to harbor the soul and “vital” spirits responsible for higher func-
tions. After the influence of Christianity and the Renaissance, the
ventricles were conceptualized as 3 cavities where common sense,
creative imagination, and memory were individually allocated. It
was not until the 16th century that anatomists Andreas Vesalius
and Constanzo Varolio identified ventricles as being filled with
CSF.?

Before the era of cross-sectional imaging, when ventriculog-
raphy and pneumoencephalography were the only modalities
available, variations in ventricular morphology were used as
signs of parenchymal volume loss or mass effect.>* Currently,
asymmetries and anatomic variations are frequently identified
and accepted as normal variations. Although they are not fre-
quently a diagnostic dilemma, imaging interpreters must be
aware of these anatomic variants to prevent mistaking them for
pathology. In this review, we discuss normal anatomy, ventricu-
lar development, and anatomic variations of the lateral ven-
tricles along with a deep look into the investigation of these
entities. Pathologic states (ie, hydrocephalus, degenerative dis-
ease, traumatic encephalopathy, and so forth) can affect
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ventricular size and morphology but have been studied exten-
sively and will be left out of this review.

ANATOMY
Lateral Ventricles
The lateral ventricles are paired C-shaped structures comprising
a body and atrium along with 3 projections into the frontal, tem-
poral, and occipital lobes, termed “horns.” The lateral ventricles
communicate with the third ventricle through the interventricu-
lar foramina of Monro.” Each lateral ventricle has an estimated
capacity of 7-10 mL.°

The frontal horn (Fig 1) extends anteriorly from the foramina
of Monro and communicates with the body of the lateral ven-
tricles posteriorly. The anterior wall and roof are formed by the
genu of the corpus callosum, and the floor is formed by the ros-
trum. The head of the caudate nucleus forms the lateral wall. The
columns of the fornix form the inferior portion of the medial
wall.®®
The body of the lateral ventricle communicates with the
atrium posteriorly from the foramina of Monro to the corpus cal-
losum and psalterium of the fornix, also called the hippocampal
commissure. The roof is formed by the body of the corpus cal-
losum, and the floor is formed by the thalamus. The septum
pellucidum and body of the fornix form the superior and infero-
medial walls, respectively. The lateral wall is formed by the cau-
date nucleus and thalamus. In the groove between the caudate
nucleus and thalamus along the lateral wall sits the stria termina-
lis, a main outlet pathway of the amygdala and the location of the
thalamostriate vein.”

The atrium (Fig 2) is a triangular cavity that communicates
with the body, temporal horn, and occipital horn. The body and
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FIG 1. Anatomy of the frontal horns of the lateral ventricles. Coronal TI-weighted MR image
from a healthy 22-year-old man. CN indicates caudate nucleus; CC, body of the corpus callosum;
F, columns of the fornices; SP, septum pellucidum. Illustration adapted with permission from

Gray.64

FIG 2. Anatomy of the atrium of the left lateral ventricle. Coronal T1-weighted MR image from a
healthy 21-year-old woman. OB indicates occipital bulb containing fibers of forceps major; CA,
calcar avis; T, collateral trigone; CC, tapetum of the corpus callosum; solid arrow, calcarine sulcus;
open arrow, collateral sulcus. lllustration adapted with permission from Gray.®>

splenium of the corpus callosum form the roof. The tapetum,
which is a sheetlike bundle of decussating fibers in the sple-
nium of the corpus callosum, arches over the atrium and forms
the roof. The tapetum continues laterally and comprises the
lateral wall and the caudate nucleus. The floor is created by the
collateral trigone, a continuation of the collateral eminence
formed by the collateral sulcus. The contour of the medial wall
is formed by the calcar avis and bulb of the corpus callosum,
which is a bulging created by the forceps major.>® The calcar
avis was previously known as the hippocampus minor and rep-
resents an indentation formed by the calcarine fissure.'"” When
prominent, the calcar avis can mimic hemorrhage on cranial
sonography."!

The temporal horn is the longest and largest horn, extending
anteriorly from the atrium below the thalamus and terminating
at the amygdala. The collateral eminence and hippocampus form
the floor, which is separated from the hippocampus by a thin
layer of white matter called the alveus.'"'> The roof is created by

the thalamus, tail of the caudate nu-
cleus, and tapetum. The striothalamic
sulcus separates the caudate tail and
thalamus. The tapetum also runs infe-
riorly to comprise the lateral wall and
separates the lateral wall from the
optic radiations. The choroidal fis-
sure runs along the medial wall."?

The occipital horn curves posteri-
orly and medially from the atrium and
varies in size. The tapetum forms the
roof and lateral wall and separates it
from the optic radiations.””'" The col-
lateral trigone forms the floor. Similar
to the atrium, the bulb of the corpus
callosum and calcar avis form the
medial wall.’

Choroid Plexus and Choroidal
Fissure
The choroid plexus is present within
the lateral, third, and fourth ventricles
and is the primary source of CSF, pro-
ducing approximately 500 mL per
day.13’14 Within the lateral ventricles,
the choroid plexus runs along a cleft
between the fornix and thalamus called
the choroidal fissure. The choroidal fis-
sure forms a C-shape extending from
the foramina of Monro to its inferior
terminal point, which is termed the
“inferior choroidal point.”>"*> Within
the atria, there is a prominent triangu-
lar tuft called the glomus."”” The tela
choroidea is an invagination of the pia
mater and ependyma, which gives rise
to the choroid plexus within the cho-
roidal fissure and along the roof of the
third ventricle.>'®

The choroidal fissure is an important neurosurgical structure
because it opens up access to the basal cisterns and to structures
that would be otherwise inaccessible through an extracerebral
route.” Recently, excess CSF has been shown to pass through the
inferior choroidal point in patients with idiopathic normal pres-
sure hydrocephalus. Its anatomic relationship may explain dispro-
portionate enlargement of the basal cisterns and Sylvian fissures
in patients with idiopathic normal pressure hydrocephalus.'”

DEVELOPMENT

After closure of the neural tube during the fourth week of gesta-
tion, the lateral ventricles begin forming from the 2 outpouchings
of the telencephalon, a derivative of the prosencephalon.'®'* The
lateral walls of the telencephalon evaginate, and there is rapid
growth of the medial basal portion of the cerebral hemispheres
called the corpus striatum, which ultimately gives rise to the basal
ganglia. This rapid growth shapes the floor and narrows the fo-

ramina of Monro (Fig 3).'%2%%
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FIG 3. Histologic sections of the telencephalon in the developing embryo from weeks 5 to 8. The lateral ventricles (L) arise as outpouchings
from the telencephalon. Rapid growth of the corpus striatum (CS) shapes the floor of the lateral ventricles and narrows the foramina of Monro
(F). The primitive choroid plexus (CP) comprises a large portion of the ventricular cavity by the eighth week. Also note that the lateral ventricles
occupy a large majority of the cerebral hemisphere at 8 weeks. Images courtesy of Dr John Cork, PhD, Department of Cell Biology and Anatomy
at Louisiana State University Health Sciences Center and the Virtual Human Embryo Project. Images used were the following: Carnegie Stage 17,
section 410; Carnegie stage 18, section 302; Carnegie stage 20, section 131; Carnegie stage 23, section 50. https://www.ehd.org/virtual-human-

embryo.

FIG 4. Coarctation of the frontal horn. Axial T2-weighted MR image
from a 3-year-old boy showing coarctation of the left frontal horn
with connatal cyst formation (black arrow).

During the sixth week, the foramina of Monro begins to nar-
2021 By the eighth
week, further growth of the corpus striatum forms the C-shaped

row (Fig 3), and the choroidal fissure forms.

appearance of the lateral ventricles. The frontal and temporal
horns are now well-defined, and the choroid plexus nearly fills
the entirety of the lateral ventricles (Fig 3).>'

At the end of the first trimester, the lateral ventricles con-
tinue to expand rapidly, occupying a large majority of the cere-
bral hemispheres, outpacing parenchymal growth.>® Transient
occlusion of the central canal of the spinal cord may facilitate
this rapid increase in ventricle size.** Parenchymal growth has-
tens during the second trimester, and by 21 weeks, the frontal,
temporal, and occipital horns are well-defined. By 31 weeks,

the lateral ventricles resemble the adultlike appearance.®>*¢

ANATOMIC VARIANTS

Coarctation

Coarctation (Fig 4) refers to the apposition or fusion of 2 ventricu-
lar walls, resulting in partial or complete obliteration of the

568 Scelsi  Apr2020 www.ajnr.org

lumen.?” When focal, coarctation can isolate a portion of the
ventricle, creating multiple small rosettes or an ependymal-
lined cyst, commonly referred to as a connatal cyst (Fig 4).**
The incidence of unilateral or bilateral frontal horn coarctation
has been reported to be between 0.38% and 6.0%, with a major-
ity of studies reporting incidences below 1%.7*** Coarctation of
the occipital horns is much more common, with a reported inci-
dence of 21.3%.

Coarctation is thought to occur at sites where opposing
walls are in close proximity as is in the case with the ventricu-
lar horns, but it also has been described as occurring in the
body.?®?"*? The exact mechanism of ventricular coarctation
is currently unknown. Bates and Netsky*® described inter-
mingling of subependymal glial cells at sites where the ven-
tricular wall lacks ependyma. Davidoff” reported similar
findings in cases of congenital aqueductal stenosis.”* No his-
tologic evidence of inflammation or gliosis has been associ-
ated with coarctation, suggesting that it is developmental in
nature.””?®

Ventricular coarctation is accepted as benign and is associ-
ated with normal neurodevelopmental outcomes when occur-
ring in isolation.?”>®> When identified in neonates, coarctation
often resolves spontaneously by 2 months of age.*® However,
it can commonly be mistaken for similar-appearing subepen-
dymal cysts or periventricular leukomalacia, which can be
associated with less favorable outcomes.’*® Identifying the
location of the cyst with respect to the superolateral angles of
the lateral ventricles, which are formed by the most superior
and lateral margins, is a key distinguishing feature. Connatal
cysts (Fig 5A) occur anterior to the foramina of Monro and at
the level of the angles. Periventricular leukomalacia (Fig 5B)
should be considered when cyst formation is located above
the angles, and subependymal cysts (Fig 5C) should be consid-
ered when it is located below the angles and at the caudothala-

: 11,39,40
mic groove.

Asymmetric Size and Morphology

Size asymmetry between the lateral ventricles (Fig 6) occurs in
5%-12% of healthy individuals."' In healthy patients, some
studies have found that either the right or left lateral ventricle
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FIG 5. Periventricular cysts. A, Coronal T2-weighted MR image from a 1-week-old girl with a history of germinal matrix hemorrhage
demonstrating coarctation of the bilateral frontal horns with connatal cyst formation (asterisks). Note that these cysts are at the level
of the superolateral angles of the lateral ventricle (open arrow). B, Coronal T2-weighted MR image from the same patient demonstrat-
ing subependymal cysts (black arrows) located near the caudothalamic groove below the level of the superolateral angles (open
arrow). Additional connatal cysts are present (asterisks). C, Coronal T2-weighted MR image from a 1-month-old boy with a history of
germinal matrix hemorrhage and peripartum hypoxia demonstrating small bilateral periventricular cysts (white arrows) located above
the level of the superolateral angles (open arrow). This appearance is consistent with cystic periventricular leukomalacia.

FIG 6. Variations in lateral ventricular size and shape in a healthy
16-year-old girl. Axial TI-weighted MR images through the bodies
of the lateral ventricles (A) and occipital horns (B) demonstrate a
larger left lateral ventricle. Note the differences in morphology of
the occipital horns. C, Coronal T1-weighted MR image through the
frontal horns demonstrates relative enlargement of the left lateral
ventricle.

26:42-47 ywhile other stud-

ies have reported no significant difference in size between

was consistently larger than the other,

the two.*®* The association between lateral ventricle asym-
metry, handedness, and sex is also controversial, with multiple
studies showing a significant difference in lateral ventricle size
in right- versus left-handed individuals and males versus
females.*>*>>° Other studies have shown no significant differ-
ence in these populations.*>*>47-48

The shape of the lateral ventricles has also been investi-
gated extensively, with multiple studies classifying various lat-
eral ventricular morphologies and rotational differences.**>'"
>* The occipital horn of the lateral ventricle seems to be the
most inconsistent portion, which can range from being com-
pletely absent to being present in variable lengths (Fig

6B).>*®%* The temporal horn, especially the anterior tip, is

also variable in shape but to a lesser extent compared with the
occipital horn.”’

The clinical significance of varying lateral ventricular asym-
metries is currently controversial. On the basis of the association
of ventricular morphologic abnormalities due to underlying
white matter damage, it has been suggested that mild ventricular
asymmetries may be a sign of subtle white matter or deep gray
matter abnormalities that may not be seen on imaging. Paquette
et al’! proposed that differences in the left lateral ventricle in pre-
term neonates may be related to subcortical white matter altera-
tions, suggesting subcortical vulnerability to preterm birth.*?
Sadan et al*® studied fetuses with normal-sized-but-asymmetric
ventricles (defined as width of <10 mm and a difference in
width of > 2 mm) and demonstrated increased behavioral abnor-
malities in these children.

To our knowledge, no definitive large-scale investigation
of variations in lateral ventricle morphology and long-term
neurologic outcome has been performed. Therefore, it is gen-
erally accepted that small volumetric or morphologic differen-
ces between normal-sized lateral ventricles are likely of no
clinical significance and have no effect on long-term neurode-
velopmental outcome >*H448:523759 However, interpreting
radiologists should evaluate adjacent parenchymal disease, an
intraventricular lesion, or obstruction at the foramina of
Monro before dismissing ventricular asymmetry as a anormal

variant (Fig 7).50

Cavum Septi Pellucidi, Cavum Vergae, and

Cavum Veli Interpositi

The septum pellucidum forms the medial walls of the lateral
ventricles and consists of 2 thin laminae, which normally fuse
shortly after birth. If the laminae fail to fuse, the potential
space can expand with CSF, termed “cavum septi pellucidi.” If
there is an extension posterior to a vertical plane created by
the columns of the fornix, the term cavum vergae (Fig 8) is
used.®* The clinical significance of cavum septi pellucidi and
cavum vergae is unknown, and they are considered a normal
variant.** However, studies have suggested that their presence
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FIG 7. Lateral ventricular asymmetry in a 56-year-old woman referred from a separate institution for the management of a suspected intraven-
tricular mass. A, Axial Tl-weighted MR images demonstrate asymmetric enlargement of the right lateral ventricle. There is mild bulging of the
septum pellucidum (white arrow), which prompted careful evaluation of the lateral ventricular outflow. Coronal (B) and Axial (C) T2-weighted
FLAIR images show no intraventricular mass but rather coaptation of the ependyma covering the caudate nucleus and fornix (black arrow).
These imaging findings causes partial outflow obstruction and unilateral hydrocephalus. This remained stable on multiple subsequent follow-up

MRIs and was favored to represent coarctation versus scar.

FIG 8. Cavum septi pellucidi and vergae. Axial T2-weighted MR image
of a 67-year-old man demonstrating expansion of the cavum septi,
consistent with cavum septi pellucidi (asterisk). There is extension
posterior to the vertical plane of the columns of the fornix (not
shown here) consistent with coexisting cavum vergae.

is associated with cognitive dysfunction in patients with prior
head trauma.®' Also, the size and frequency of cavum septi pel-
lucidi and cavum vergae were greater in patients with schizo-
phrenia, alcoholism, and prior head trauma.®? The cavum
septi pellucidi is a normal finding in fetuses between 18 and
37 weeks of gestation, and its absence is associated with multi-
ple significant CN'S abnormalities.®®

The cavum veli interpositi results from expansion of the
cistern of the velum interpositum, which is located above the
third ventricle and below the columns of the fornices. When
large, it may mimic a cyst. The cavum veli interpositi is
accepted as a normal variant, and no association with
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cognitive dysfunction or neuropsychiatric disorders has been
reported.*

Choroid Plexus Cysts

Choroid plexus cysts may be acquired or congenital. The
acquired cysts are common in adults and are formed by accumu-
lation of xanthogranulomatous debris; hence, these are more fre-
quently referred to as xanthogranulomas. Xanthogranulomas are
usually bilateral and demonstrate T1 and T2 signal characteristics
similar to those of CSF but may not be completely suppressed on
FLAIR. They are also typically hyperintense on DWI, with isoin-
tense signal on ADC (Fig 94).>°

Choroid plexus cysts are typically found incidentally, mainly
in the glomera, and they are usually asymptomatic. In the antena-
tal period, choroid plexus cysts may be associated with chromo-
somal abnormalities when large or when present with other
CNS abnormalities.*

An important differential consideration is a choroidal metas-
tasis, which may mimic xanthogranulomas, especially when
cystic. However, the typical bilateral occurrence of xanthogranu-
lomas and lack of internal enhancement can help differentiate the
two (Fig 9B). An ependymal cyst is also a differential considera-
tion, but these typically more closely follow CSF signal. They also
arise outside the choroid plexus and displace the glomera, unlike
xanthogranulomas.’

CONCLUSIONS

Isolated anatomic variations of the lateral ventricles are very com-
mon in healthy individuals. In this article, we describe several
anatomic variants of the lateral ventricles and review multiple
studies of these entities. We also review the anatomy and embry-
ology of the lateral ventricles. These variations are often mentally
noted while interpreting studies, and because they are generally
accepted as normal and of no clinical significance to the patient,
they are infrequently mentioned in radiology reports. Although



FIG 9. Xanthrogranuloma and choroid plexus metastasis. Axial DWI (A) and postgadolinium Tl-weighted (B) MR images of a 56-year-old woman
with metastatic renal cell carcinoma. Images demonstrate a cystic lesion centered within the right choroid plexus glomus, which demonstrates
increased DWI signal but no central enhancement (arrow), consistent with a xanthogranuloma. This finding is in contrast to the solidly-enhanc-
ing lesion centered within the left glomus, consistent with a hypervascular metastasis.

identification of these is rarely a diagnostic dilemma, interpreting

radiologists should be aware of these entities because some cases

may mimic pathology.
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RADIOLOGY-PATHOLOGY CORRELATION

Polymorphous Low-Grade Neuroepithelial Tumor of the
Young as a Partially Calcified Intra-Axial Mass in an Adult

J.C. Benson, ““'D. Summerfield,

ABSTRACT

C. Carr,

P. Cogswell, ““'S. Messina, ““).V. Gompel, and ““'K. Welker

SUMMARY: Polymorphous low-grade neuroepithelial tumors of the young (PLNTYs) are recently described CNS tumors. Classically,

PLNTYs are epileptogenic and are a subtype of a heterogeneous group of low-grade neuroepithelial tumors that cause refractory

epilepsy, such as angiocentric gliomas, oligodendrogliomas, gangliogliomas, and pleomorphic xanthoastrocytomas. Although they

are a relatively new entity, a number of imaging and histologic characteristics of PLNTYs are already known. We present the imag-

ing and pathologic findings of such a tumor as well as the surgical approach and clinical management.

ABBREVIATIONS: LGNT = low-grade neuroepithelial tumor; PLNTY = polymorphous low-grade neuroepithelial tumor of the young

A44—year—old left-handed woman with a history of depres-
sion and bipolar 1 disorder presented to our institution
for suicidal ideation. She reported that her depressive symp-
toms had substantially worsened during the past year, and
she had recently developed intermittent episodes of
emotional lability, with sudden feelings of irritability and
rage. In addition, she reported approximately 5 recent epi-
sodes of extreme fatigue in which she would fall asleep and
be unarousable for hours, as well as shorter-duration
spells characterized by facial and body paresthesias. The
patient was admitted for psychiatric care and underwent
neuroimaging to rule out a structural cause for her
symptoms.

Imaging

An initial noncontrast head CT showed a partially calcified intra-
axial mass in the left temporal lobe (Fig 1). MR imaging confirmed
the presence of the lesion, which demonstrated heterogeneous sig-
nal, intralesional calcifications, and cystic components. Faint T1
hyperintensity was seen within the tumor, while other areas dem-
onstrated minimal enhancement. Punctate areas of minimal intra-
lesional restricted diffusion were present. Focal areas of elevated
relative CBV were noted within the tumor on DSC perfusion
imaging. A mild associated mass effect was seen, with effacement
of the adjacent left lateral ventricle and expansion of an overlying
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left temporal lobe gyrus. However, there was no midline shift or
herniation.

Preoperative imaging was completed on a 7T MR imag-
ing scanner to optimize fMRI and DTI. On this examina-
tion, signal in the cystic areas was hypointense to CSF on
T2-weighted images (Fig 2), which was thought to represent
proteinaceous fluid within this region, particularly given its
signal heterogeneity.

Initial imaging raised concern for an oligodendroglioma,
though the distinct tumor borders and dense central calcifica-
tions were thought to be atypical. A ganglioglioma and dys-
embryoplastic neuroepithelial tumor were also considered,
though these are usually cortically based and have fainter in-
ternal calcifications.

Preoperative language fMRI was predominantly used to
establish the patient’s hemispheric language dominance;
because of the tumor location, left-hemispheric language
dominance would have necessitated an awake resection with
electrocortical stimulation mapping to prevent a postopera-
tive language deficit. The patient performed 5 different
fMRI language tasks in the scanner (Fig 3). The derived
statistical maps demonstrated strong right-hemispheric lan-
guage dominance for 3 expressive language-related activa-
tion sites (Broca area, dorsolateral prefrontal cortex,
presupplementary motor area). Similarly, there was strong
right-hemispheric language dominance for 3 receptive lan-
guage sites (Wernicke area, Geschwind area, and visual
word form area). The patient was consequently determined
to be globally right-hemispheric-dominant for language,
and intraoperative language mapping was unnecessary.
Additionally, the patient’s right-hemispheric dominance
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FIG 1. Initial CT and 1.5T MR imaging. Axial CT (A) image shows a sharply delineated mass within the left temporal lobe with dense intralesional
calcifications, with blooming signal on the corresponding SWI (B) (curved arrows in A and B). Heterogeneous signal was noted within the mass
on both FLAIR (C) and T2WI (D) (curved arrows on C and D). Some peripheral areas appeared cystic (straight arrows, C and D). No substantial
surrounding vasogenic edema was observed. A mild associated mass effect was observed, including partial effacement of the left lateral ventri-
cle. Faint TI-hyperintense signal was noted in the central components of the tumor (straight arrows, E), while a greater extent of the mass dem-
onstrated mild enhancement (straight arrows, F). A few tiny foci of mildly restricted diffusion were observed centrally (curved arrow, G), which
corresponded with low-intensity signal on ADC images (not shown), though these may have been artifactual because no high-grade features
were seen on pathology. Some of the solid-appearing components demonstrated elevated relative CBV (curved arrow, H).

FIG 2. 7T MR imaging demonstrates internal characteristics of the mass on T2WI. From left to
right (A—C), heterogeneous solid material is seen centrally (long straight arrows), while cystic
components are located peripherally (short straight arrows). Fluid within the cysts is heterogene-
ous, but typically hypointense to CSF. A mild associated mass effect is seen, including partial
effacement of the left lateral ventricle (curved arrows).

Although marked intratumoral per-
fusion may result in arteriovenous shunt-
ing and hence confound fMRI blood
oxygen level-dependent images, the
intralesional relative CBV within this tu-
mor was considered too minor to have
such an effect. Thus, the determination
of global right-hemisphere dominance
was based solely on the fMRI findings.

The patient underwent gross total
resection of the tumor approximately
3 months after presentation.

Operative Report

The patient underwent resection of the
mass via a left temporal craniotomy.
The surgeons elected to approach the
tumor through a corticectomy of the

suggested that the tumor may have been long-standing  left middle temporal gyrus, which was the shortest route to the tu-

because its left-sided location may have prevented it from  mor given the reassuring fMRI data. Intraoperative evaluation of

being symptomatic. the tumor demonstrated a hemorrhagic lesion. The tumor was
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FIG 3. Presurgical mapping with fMRI and DTI performed on a 7T MR imaging scanner. Language fMRI (A-D) was accomplished using 5 different
tasks: silent word generation (red), sentence completion (yellow), rhyming (cyan), reading comprehension (green), and semantic decision (ma-
genta). In this left-handed patient, these tasks collectively demonstrated strong right-hemispheric lateralization of all 6 commonly identified lan-
guage-activation sites, including the presupplementary motor area (Pre-SMA), language-related dorsolateral prefrontal cortex (DLPFC),
Geschwind area (GA), Broca area (BA), Wernicke area (WA), and visual word form area (VWA).

FIG 4. Hematoxylin-eosin-stained photomicrographs show a prominent population of oligodendroglial cells with round-to-ovoid nuclei (arrow,
A, scaled from 100x) as well as abundant calcifications, which appear as purple spherules of amorphous material (B, scaled from 100x).
Immunohistochemical staining demonstrates uniformly positive nuclear OLIG2 expression (C, scaled from 100x), strong cytoplasmic expression

of BRAF V60OE (D, scaled from 200x), and widespread membranous expression of CD34 (E, scaled from 200x).

ultimately removed in a piecemeal fashion. No obvious residual tu-
mor was identified at the conclusion of the procedure. The patient
did well postoperatively without immediate complication.

Pathology
Histologic analysis of the tumor demonstrated cells of variable
size, with round-to-ovoid nuclei, as well as abundant coarse

calcifications. Although the cells were similar to an oligoden-
droglioma, several distinguishing features were present (Fig 4).
The nuclei of oligodendroglioma cells are typically more mo-
notonous and rounder, and the focal microcalcifications seen
are finer and much less extensive than those seen in the present
case. More important, the tumor lacked isocitrate dehydrogenase
1/2 (IDH1/IDH2) mutations and codeletion of chromosomes 1p
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FIG 5. An artist’s illustration of a prototypical PLNTY. The tumors are typically located in the
temporal lobe, well-circumscribed, and made up of mixed solid tissue, central calcifications
(dashed arrow), and peripherally located cysts (curved arrow). Mass effect, if present, is usually
minimal (short straight arrows). Reprinted with permission of the Mayo Foundation for Medical

Education and Research. All rights reserved.

and 19q (see below), thereby precluding the diagnosis of an oli-
godendroglioma. High-grade features (microvascular prolifera-
tion, necrosis, and mitotic activity) were also absent.

The next step in the histologic classification of this tumor
was to differentiate it from other subtypes of low-grade neuro-
epithelial tumors (LGNTSs), which can manifest a wide degree of
histopathologic features. The abundant calcifications visualized
are often seen in polymorphous low-grade neuroepithelial
tumors of the young (PLNTYs). In addition, the tumor demon-
strated strong CD34 expression and the diffuse positivity of oli-
godendrocyte transcription factor 2 (OLIG2) and B-Raf proto-
oncogene, serine/threonine kinase (BRAF V600E), which are
additional features of PLNTYs. Furthermore, characteristic his-
tologic features of other LGNTs (eg, eosinophilic granular
bodies, Rosenthal fibers, gemistocytes, specific glioneruonal ele-
ment, ganglion cells) were absent.

Additional immunohistochemical studies showed no overex-
pression of p53 as well as retained ATRX chromatin remodeler
(ATRX) expression. The Ki67 labeling index, a marker of prolifer-
ative activity, was minimal (<1%), supporting the diagnosis of a
low-grade tumor.

A neuro-oncology-targeted next-generation sequencing
panel examined 150 genes and confirmed the BRAF V600E
mutation. No other sequence alterations of known pathologic
significance were found; notably, there were no fibroblast
growth factor receptor 2 or 3 (FGFR2 or FGFR3) fusions or
IDHI or IDH2 mutations. Chromosomal microarray showed
no alterations of chromosomes 1p or 19q. Along with the lack
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of IDHI or IDH2 mutation, the lack
of 1p19q codeletion guides the
differential diagnosis away from
oligodendroglioma. BRAF V600E
mutations are a recurrent genomic
alteration described in PLNTYs
(30% of tumors in the index series)
and are mutually exclusive with
FGEFR fusions (identified in 40% of
cases).! Both BRAF and FGER
fusions cause downstream activa-
tion of the mitogen-activated pro-
tein (MAP) kinase pathway, and at
present, the histology and subse-
quent behavior are similar in the
presence of either alteration. Of
note, BRAF alterations can be seen
in other LGNTs, including ganglio-
gliomas and pilocytic astrocytomas.
The diagnosis was PLNTY.

DISCUSSION
PLNTYs represent a nonependymal
and non-neuronal subtype of LGNTs.
The tumor has been recently recog-
nized; it was first described by Huse
et al,' in 2017. The ages of affected
patients within the original cohort were
4-32 years of age, with a median age of
17.5years." Multiple subsequent case reports have described this
tumor in patients in or near this age range.”™* The sex of individu-
als in the index study was nearly evenly split (6 females, 4 males).
As yet, PLNTY tumors remain unclassified by the World Health
Organization. However, they are thought to be benign and appear
to progress in a fashion similar to grade I tumors.”
Symptomatically, LGNTs often cause epilepsy that is early-
onset and resistant to antiepileptogenic agents.”> These lesions
have also been designated as long-term epilepsy-associated

tumors.®®

Gangliogliomas, dysembryoplastic neuroepithelial
tumors, pleomorphic xanthoastrocytomas, and angiocentric
gliomas are all subtypes of this growing list of such tumors.
Nevertheless, like oligodendrogliomas, PLNTYs may also pres-
ent with headaches or be found incidentally.

Because it is a new and rare diagnostic entity, the imaging
characteristics of PLNTY remain somewhat unknown. Johnson
et al,* in the largest imaging review conducted on such tumors,
found them to be well-circumscribed, with heterogeneous intrale-
sional signal. Most tumors have macroscopic calcification visible
on CT. These calcifications are located centrally within the
lesions, a distinct feature that may help radiologists distinguish
them from other processes. The location of tumors, too, may be
characteristic: PLNTYs are usually located in the temporal lobe,
though lesions in the parietal, frontal, and occipital lobes have
also been reported. Finally, cystic components were noted in 89%
of cases, which were typically located peripherally (Fig 4).*

The index case fits these imaging characteristics neatly:
A well-circumscribed temporal lobe mass with central



Comparison of clinical, imaging, and histopathologic characteristics of PLNTYs and oligodendrogliomas

PLNTY Oligodendroglioma
Age at diagnosis (yr) 16-18 40-60
Most common location Temporal lobe Frontal lobe
Tumoral border Well-circumscribed Poorly defined
Calcification Heavily calcified, central location of calcifications ~ Less prominent; calcifications are classically gyriform
Intralesional signal Heterogeneous Heterogeneous
Enhancement Minority of tumors, typically mild Minority of tumors, typically mild (described as dotlike)
Intratumoral cysts ~90% ~50%

calcifications, peripheral cysts, and heterogeneous internal signal
should have raised suspicion of a PLNTY (Fig 5). An oligodendro-
glioma, too, may have demonstrated many of these imaging fea-
tures, though the imaging findings overall favored a PLNTY
(Table). Most notably, oligodendrogliomas have indistinct mar-
gins; sharp tumor borders are rarely seen in 1pl9q-codeleted
tumors.” Oligodendrogliomas tend to have calcifications that are
more typically gyriform/cortically-based.'® Extremely dense calcifi-
cations can also be seen in low-grade astrocytomas, albeit rarely.'"
Intralesional signal in oligodendrogliomas is nearly always
equal on FLAIR and T2 images, as opposed to astrocytomas,
though this has not yet been studied in PLNTYs.'? The patient’s
age was somewhat atypical for a PLNTY tumor: Forty-
four years of age is outside the range of the largest prior case
reviews, though PLNTY tumors have been found in patients as
old as 57 years."> Oligodendrogliomas, in comparison, are more
likely to be diagnosed in adults, with a peak between 40 and
60years of age.'* Finally, it is not entirely clear whether the
patient’s spells represented true seizures; her symptoms were non-
focal, and findings of electroencephalography were normal. It is
possible that the patient had seizures that propagated along corti-
cal/subcortical pathways that were occult on electroencephalo-
graphic monitoring. However, 2 of the 10 patients first diagnosed
with a PLNTY by Huse et al' had clinical presentations other than
seizures: one with headaches and the other with visual disturban-
ces. As with most CNS tumors, clinically, presentations are variable
and do not always predict pathology.

A discrepancy was noted between the imaging features and
pathology: Intratumoral perfusion was elevated, though the tu-
mor lacked hypervascularity on histologic analysis. The findings
on perfusion imaging were not thought to be artifactual because
inherent susceptibility tends to cause absence or substantial
reduction in relative CBV.

The patient in the index case had an excellent postoperative
course following her surgical resection. She had complete resolu-
tion of her paroxysmal neuropsychiatric symptoms and subjec-
tive improvement of her cognitive status. Her language function
was completely preserved postoperatively. Seven of 8 patients in
the cohort originally described by Huse et al' were disease-free
following gross total resection (mean follow-up, 50.6 months).
Only 1 patient had breakthrough seizures and follow-up imaging
findings that were considered possibly concerning for tumor re-
currence at 36 months after her operation.’

Case Summary
e Although scantly described, PLNTY tumors have multiple char-
acteristic imaging features: well-circumscribed masses, typically

in the temporal lobe, with admixed heterogeneous solid and
densely calcific material centrally and cysts peripherally.

o Differential considerations include the following: oligoden-
droglioma, calcified low-grade astrocytoma, dysembryoplastic
neuroepithelial tumor, pleomorphic xanthoastrocytoma, and
ganglioglioma.

e PLNTYs remain unclassified by the World Health
Organization but appear to progress in a manner similar
to grade I tumors.

¢ Histologically, PLNTYs typically show calcifications and oli-
godendroglioma-like elements, though additional histologic
elements can be present in variable amounts. Mutually exclu-
sive BRAF mutations or FGFR2/3 fusions are common, and
both activate the MAP kinase pathway.

e Here, fMRI allowed a safe approach to the patient’s tumor
without intraoperative language mapping.
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ADULT BRAIN

Brain Metastases: Insights from Statistical Modeling of
Size Distribution

CR. Bird
=l

M. Buller, “’K.M. Chapple, and

ABSTRACT

BACKGROUND AND PURPOSE: Brain metastases are a common finding on brain MRI. However, the factors that dictate their size
and distribution are incompletely understood. Our aim was to discover a statistical model that can account for the size distribution
of parenchymal metastases in the brain as measured on contrast-enhanced MR imaging.

MATERIALS AND METHODS: Tumor volumes were calculated on the basis of measured tumor diameters from contrast-enhanced
Tl-weighted spoiled gradient-echo images in 68 patients with untreated parenchymal metastatic disease. Tumor volumes were then
placed in rank-order distributions and compared with 11 different statistical curve types. The resultant R? values to assess goodness
of fit were calculated. The top 2 distributions were then compared using the likelihood ratio test, with resultant R values demon-
strating the relative likelihood of these distributions accounting for the observed data.

RESULTS: Thirty-nine of 68 cases best fit a power distribution (mean R? = 0.938 = 0.050), 20 cases best fit an exponential distribu-
tion (mean R? = 0.957 = 0.050), and the remaining cases were scattered among the remaining distributions. Likelihood ratio analysis
revealed that 66 of 68 cases had a positive mean R value (1.596 = 1.316), skewing toward a power law distribution.

CONCLUSIONS: The size distributions of untreated brain metastases favor a power law distribution. This finding suggests that me-
tastases do not exist in isolation, but rather as part of a complex system. Furthermore, these results suggest that there may be a
relatively small number of underlying variables that substantially influence the behavior of these systems. The identification of

these variables could have a profound effect on our understanding of these lesions and our ability to treat them.

I n patients with cancer, brain metastases are a common finding
on MR imaging, and their presence has important implications
for staging and treatment. Metastases to the brain are a well-
established but incompletely understood process. Although the
hematogeneous spread of tumors to the brain is widely accepted,
the mechanisms responsible for malignant cell clusters establish-
ing themselves and becoming detectable masses remain unclear.
A multitude of factors may potentially play a role, including fac-
tors specific to the metastatic tumor cluster cells, those specific to
the local tissues at the deposition site, and systemic factors affect-
ing the entire patient. An increased understanding of which vari-
ables dictate the behavior of this complex system would be
invaluable in advancing our knowledge of brain metastases, as
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well as in advancing our ability to detect, make prognoses for,
and treat metastatic lesions.

We have anecdotally noted that intracranial metastases seem
to present with a limited array of size distributions across all
patients, regardless of age or primary tumor type. In patients with
multiple intracranial metastases, there is often 1 relatively large
metastasis and a number of smaller metastases. This pattern
seems to be independent of the number of metastatic lesions
within the brain. These findings appear to be inconsistent with a
typical Gaussian distribution of lesion sizes, in which tumor sizes
are evenly distributed about a mean. In this study, we attempted
to elucidate the specific distribution that would best explain this
observation.

MATERIALS AND METHODS

We searched all patient records between February 1, 2016, and July
1, 2017, for MR imaging reports of intracranial metastases. We then
excluded patients who had previously treated metastases or metasta-
ses based in the dura. This search revealed 105 patients with
untreated, parenchymal metastases. Subsequently, patients with
fewer than 3 metastases were omitted because these metastases could
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FIG 1. Example of a rank-order distribution of the volumes of intra-
cranial metastases in 1 patient (patient 37). Used with permission from
Barrow Neurologic Institute, Phoenix, Arizona.

not be accurately plotted for nonlinear distributions. This criterion
reduced our study population to a total of 68 eligible patients.

For each patient, axial TI1-weighted, contrast-enhanced
spoiled gradient-echo sequences were examined, and a diameter
was recorded for each metastatic lesion. Each lesion was meas-
ured manually by an experienced subspecialty board-certified
neuroradiologist. Diameter measurements were acquired at the
midpoint of each lesion in the craniocaudal plane, and the long
and short axis measurements were averaged in cases of nonspher-
ical lesions to obtain a diameter. These measurements were then
used to calculate a volume for each tumor by the equa-

tion V=421

; for these purposes, a spherical shape was
assumed.

The Shapiro-Wilk test for normality was performed for each
patient. The null hypothesis tested that the data were normally
distributed, and significant P values reflected non-normality.
Each volume measurement was then placed in a rank-order dis-
tribution and plotted for each individual patient (Fig 1). The
resulting curves were then compared with 11 possible distribu-
tions using regression curve-fit analysis. The possible distribu-
tions included linear, logarithmic, inverse, quadratic, cubic,
compound, power, “S,” growth, exponential, and logistic plots.
Coefficient of determination values, designated by R?, were gen-
erated for each patient and curve type using SPSS software (IBM,
Armonk, New York). The R? value is a measure of the goodness-
of-fit of data to a particular model and ranges from 0 to 1. This
value indicates what portion of the variability seen within a given
dataset can be explained using the chosen model. The curves with
the highest R* value for each patient were then collected and
grouped on the basis of curve type, with power law and exponen-
tial curve types being the most common.
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A logistic regression was used to determine whether the num-
ber of lesions was independent of the distribution “power” versus
others. We also ran this model with power and exponential
dichotomized against all other distributions.

Given that power law and exponential curve types best accounted
for the tumor distribution in most patients, we then sought to deter-
mine whether the power law distribution or the exponential distribu-
tion was a better fit for our observed data. We calculated likelihood
ratios for each patient’s lesions comparing the power law and expo-
nential curves. The likelihood ratio test is used to compare 2 statistical
models on the basis of the ratio of the probabilities of each model
accounting for the observed data. The probability that a given model
accounts for the observed data is called the “likelihood” for that
model. Initially, the goodness-of-fit of observed data is compared with
2 models, in this case power and exponential distributions. The loga-
rithm of the ratio of the 2 likelihoods—the R value—is then calculated.
In our study, positive R values are consistent with the power distribu-
tion providing a better fit than the exponential distribution, with
more extreme values suggesting a stronger likelihood than values close
to zero. Conversely, negative values confer similar implications in
favor of the exponential distribution over the power distribution.

Finally, each distribution was treated as a power law type
[Y(x) = Cx“], and « values were calculated for each curve. The a
value represents the slope of the linear distribution obtained by
plotting a power distribution logarithmically.

RESULTS
The total number of metastases per patient (n = 68) ranged from
3 to 84, with a mean of approximately 11 metastases per patient.

The tumor distribution in 39 patients best fit a power distri-
bution, with a mean R? value of 0.938 = 0.050. The next most
prevalent curve type was exponential, accounting for 20
patients (mean R? = 0.957 * 0.050). The remaining 9 cases
were composed of 5 cubic distributions (mean R* = 0.985 +
0.006), 1 logarithmic distribution (R*=0.972), 2 S distributions
(R*=0.972, 0.998), and 1 inverse distribution (R* = 0.962).

Results from the Shapiro-Wilk test suggest that tumor distribu-
tions were normal for 17 patients. Nine of these cases also fit power
(n = 2), exponential (n = 4), cubic (n = 1),log (n = 1), and S (n =
1) distributions as demonstrated by P values < .05. The remaining
8 cases had R* values for non-normal distributions that ranged
from 0.762 to 0.993; however, associated P values exceeded .05.

The tumor distributions in 66 of 68 patients had likelihood ratios
skewed toward a power law distribution, with R values ranging from
0.020 to 6.049 (Fig 2). The mean R value was 1.596 * 1.316.

Results from the logistic regression analysis regarding tumor
number and distribution suggested that the number of lesions
did not predict a power distribution (P=.246) or combined
power and exponential distributions (P =.198).

Calculated « values ranged from 0.494 to 9.29. Data are sum-
marized in the On-line Table.

DISCUSSION

Our results indicate that metastases within the brain largely fol-
low a non-normal distribution, particularly in cases with >7
metastases.



FIG 2. Likelihood ratio analysis with R value distributions for all 68 patients. Values to the right of
zero indicate that the distribution is more likely to fit a power law, with higher numbers indicating
a stronger fit. Values to the left of zero indicate that the distribution is more likely to fit an expo-
nential distribution. Used with permission from Barrow Neurologic Institute, Phoenix, Arizona.

These results also suggest that it is statistically reasonable to
posit that brain metastases likely follow a size distribution best
described by a power law. On the basis of our data, this relation-
ship is independent of the number of metastases present.

Power law relationships exist within multiple areas of scien-
tific inquiry, including biology, ecology, and economics. Some of
the earliest work with such distributions in biology was per-
formed by Rubner,' in 1883, in which he found a relationship
between the size and basal metabolic rate of various organisms.
Nearly 50 years later, Swiss biologist Kleiber” used a power law to
relate oxygen consumption and body mass across multiple spe-
cies of mammals (later dubbed the Kleiber law). Since that time,
there have been many other applications of power laws. Some of
the more well-known applications include the Pareto principle
(regarding the distribution of wealth in a population), the Zipf
law (describing the frequency of words in written language), and
the Richter scale (measuring the strength of earthquakes). More
recently, power laws have been used to elicit differences between
“traditional” wars and modern insurgency conflicts and to assess
the stability of such conflicts.?

Power law relationships can be expressed as follows:

b Y(x) = Cx*.

When these equations are plotted on a log-log curve, they
yield a linear relationship:

2) log [Y(x)] = logC + alog x.

In Equation 2, the term « dictates the slope of the linear
relationship.

Power law relationships fall broadly
into 3 categories." The first category
involves relationships that demonstrate
self-symmetry. In these relationships,
the a value is constrained to multi-
ples of a single value. Examples of this
type of power law relationship include
Euclidian geometry (multiples of 1/3)
and biologic allometries related to mass
(multiples of 1/4). The second type of
power law relationship is one in which
the « values occur over a small range of
values. Population densities of certain
species of insects and birds are examples
of this type of power law relationship.*
These 2 types of power laws are united
in that they evidence self-similarity,
which implies the presence of a small
set of underlying variables accounting
for the behavior of the system. The third
type of power law involves those cases
in which other distributions fit the data
just as well as the power distribution,
and although these relationships dem-
onstrate apparent self-similarity across
multiple values, this effect does not hold
across multiple orders of magnitude.*

Our data suggest that the size distribution of intracranial me-
tastases follows a power law distribution of the second type. To
our knowledge, this has not yet been explained in the literature.
Several previous works that have modeled tumor growth have
suggested that tumor growth is more appropriately modeled
using power laws, as opposed to the more commonly accepted

1°7 Additional work with cellular automata also

Gompertz mode
supports a power law model for tumor growth in 1, 2, and 3
dimensions.® This work was later supported with both in vivo
and in vitro results, suggesting that tumor growth as a power law
distribution should not be excluded.” In addition to evidence of
power law tumor growth, there is also evidence that the meta-
static cell clusters released from primary tumors can also be mod-
eled with a decaying power law.'°

Our data suggest that intracranial metastases are not simply
individual tumors growing in isolation but instead form part of a
complex system in which these tumors are interdependent.
Additionally, we suggest the possibility that a small number of
variables may substantially influence the behavior of metastatic
lesions within the brain. Although our study did not attempt to
elucidate these factors, other work in this area has suggested mul-
tiple possibilities, including competition for local resources, host
immune response, anti-angiogenic factors, or anti-cell cycle fac-
tors."'"!” Recent work using mathematical modeling within this
area supports a systemic effect over local factors and suggests that
while the model best supports anti-cell cycle factors, a combina-
tion of anti-cell, anti-angiogenesis, and immune factors would
also be a reasonable conclusion.'®

This research, in combination with mathematic modeling
based on these findings, could expand our understanding of the
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factors that influence the growth of metastases in the brain.
Although work is already ongoing to identify factors that regulate
metastatic growth within the brain, the addition of the insights
detailed in this article may allow more focused mathematic mod-
eling and an increased understanding of these processes. These,
in turn, could have ramifications on new treatment for brain me-
tastases or increasingly sensitive tests for the early detection of
systemic metastatic disease. Furthermore, the nature of power
laws may allow us to determine the stability of the system at a
given point in time, thus allowing clinicians to be more selective
with regard to the prognosis and efficacy of treatment.

Our methods were based on the work of Clauset et al,'* which
describes a well-established and state-of-the-art method for eluci-
dating power law relationships. However, there are limitations to
the statistical methods for determining power law relationships
that are particularly problematic in small datasets, which Clauset
defines as n < 100. Clauset et al noted in their article: “In prac-
tice, we can rarely, if ever, be certain that an observed quantity
is drawn from a power law distribution. The most we can say
is that x is drawn from a distribution in the form of Eq. 1
[sic].”*®

In our study, both the number of patients and the maximum
number of tumors per patient are below this dataset threshold.
However, single patients presenting with >100 metastases are
rare, and we deemed it statistically incorrect to lump all tumors
from multiple patients into a single dataset. In addition, given the
limitations in orders of magnitude imposed by the fixed volume
of the intracranial compartment and the minimum spatial resolu-
tion of current MR imaging technology, there is debate within
the scientific community as to whether one can distinguish
between the type 2 and 3 power law distributions described
above.? Within the bounds of these fundamental limitations, we
believe that our findings represent a best possible scenario using
current imaging techniques.

We are currently working to expand our dataset. We plan to
assess whether primary tumor type has any effect on the power
law relationship to determine whether size distribution could be
useful in typing intracranial metastases. Data on patient out-
comes could also help determine whether the magnitude of the «
value could indicate the stability of the system and may help to
predict the rapidity of disease progression in a manner similar to
the conclusions of Bohorquez et al® regarding the stability of in-
surgency conflicts. Furthermore, mathematic modeling using cel-
lular automata is currently underway to preliminarily identify
some of the potentially limited variables for targeted study based
on our hypothesis.

CONCLUSIONS

We found that intracranial metastases follow a size distribution
consistent with a power law distribution. This distribution pat-
tern implies that these tumors are not growing in isolation but
are rather interconnected parts of a complex system. Given the
small range of & values, it is possible that a small number of varia-
bles may markedly influence the variance within this system and
that identification of these variables could be valuable for making
prognoses and treating patients with metastatic cancer. Further
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work, both theoretic and experimental, will be required to iden-
tify these factors. To this end, we intend to pursue mathematic
modeling using cellular automata to preliminarily identify possi-
ble variables for more targeted investigation.
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ADULT BRAIN

Discrimination between Glioblastoma and Solitary Brain
Metastasis: Comparison of Inflow-Based Vascular-Space-
Occupancy and Dynamic Susceptibility Contrast MR Imaging

X. Li, S. Liao, “/L. Guo, ““X. Xiao, “X. Liu, Y. Xu, ““). Hua, ““)J. Pillai, and “*Y. Wu

o~ =

D. Wang,

ABSTRACT

BACKGROUND AND PURPOSE: Accurate differentiation between glioblastoma and solitary brain metastasis is of vital impor-
tance clinically. This study aimed to investigate the potential value of the inflow-based vascular-space-occupancy MR imaging
technique, which has no need for an exogenous contrast agent, in differentiating glioblastoma and solitary brain metastasis
and to compare it with DSC MR imaging.

MATERIALS AND METHODS: Twenty patients with glioblastoma and 22 patients with solitary brain metastasis underwent inflow-
based vascular-space-occupancy and DSC MR imaging with a 3T clinical scanner. Two neuroradiologists independently measured
the maximum inflow-based vascular-space-occupancy—derived arteriolar CBV and DSC-derived CBV values in intratumoral regions
and peritumoral T2-hyperintense regions, which were normalized to the contralateral white matter (relative arteriolar CBV and rela-
tive CBV, inflow-based vascular-space-occupancy relative arteriolar CBV, and DSC-relative CBV). The intraclass correlation coeffi-
cient, Student t test, or Mann-Whitney U test and receiver operating characteristic analysis were performed.

RESULTS: All parameters of both regions had good or excellent interobserver reliability (0.74~0.89). In peritumoral T2-hyperintese
regions, DSC-relative CBV (P < .001), inflow-based vascular-space-occupancy arteriolar CBV (P = .001), and relative arteriolar CBV (P =
.005) were significantly higher in glioblastoma than in solitary brain metastasis, with areas under the curve of 0.94, 0.83, and 0.72 for dis-
crimination, respectively. In the intratumoral region, both inflow-based vascular-space-occupancy arteriolar CBV and relative arteriolar
CBV were significantly higher in glioblastoma than in solitary brain metastasis (both P < .001), with areas under the curve of 0.91 and
0.90, respectively. Intratumoral DSC-relative CBV showed no significant difference (P = .616) between the 2 groups.

CONCLUSIONS: Inflow-based vascular-space-occupancy has the potential to discriminate glioblastoma from solitary brain metasta-
sis, especially in the intratumoral region.

ABBREVIATIONS: AUC = area under the curve; CBVa = arteriolar CBV; GBM = glioblastoma; iVASO = inflow-based vascular-space-occupancy; rCBV = rela-
tive CBV; rCBVa = relative arteriolar CBV; PTH = peritumoral T2-hyperintesity region; SBM = solitary brain metastasis

are solitary at diagnosis." It is clinically important to distinguish
GBM from solitary brain metastasis (SBM) because of the vast

lioblastoma (GBM) accounts for 40%~50% of all primary
malignant brain tumors in adults. Brain metastases are the
most common complication of systemic cancer, and half of them  differences in these 2 entities with regard to tumor staging, treat-

ment approach, and clinical outcomes.>* Structural gadolinium-

enhanced MR imaging is the preferred imaging examination for
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edema and ring-enhancement, which is a great challenge in clini-
cal practice.””

Many studies have demonstrated that PWT is a promising tech-
nique to discriminate GBM from SBM, due to its capability to dis-
close the differences between them in angiogenesis and
vascularity.®>® In particular, DSC MR imaging is the most robust
perfusion technique to perform such a task.'®'! However, most
studies found that DSC-derived relative CBV (rCBV) in intratu-
moral regions does not permit reliable differentiation between

1,6,12-15

high-grade gliomas and metastases, which was thought to

be related to contrast leakage from tumor vessels and, conse-

10,16,17 .
V. rCBV measured in

quently, unreliable estimation of CB
peritumoral regions may be effective in this regard, but this
method inherently has some major disadvantages due to indefinite
tumoral boundary and various definitions of the peritumoral
area.'>'® Besides, the administration of exogenous contrast agents
required for DSC raises concerns about the adverse effects of gado-
linium, especially the deposits in brain, even using macrocyclic
gadolinium-based contrast agents.'***

Inflow-based vascular-space-occupancy (iVASO) is a com-
pletely noninvasive perfusion method that does not involve
administration of an exogenous contrast agent.23 Instead, proton
spins in the water molecules in blood are exploited as an endoge-
nous contrast agent by applying spatially selective radiofrequency
inversion pulses.** iVASO emphasizes the perfusion blood vol-
ume in arteries and arterioles. The absolute CBV of pial arteries
and precapillary arterioles (arteriolar CBV [CBVa]) can be calcu-
lated from the different signals between a scan with arterial blood
signal selectively zeroed out (nulled) and a control scan without
blood nulling.**** Notably, previous studies have demonstrated
that pial arteries and arterioles are the most sensitive vessels to
respond via adaptive hemodynamic adjustment to changes in
cerebral metabolism status in the human body.**® According
to recent studies, CBVa measured with iVASO MR imaging
(iVASO-CBVa) has proved sensitive in disclosing microvascular
abnormalities in the early stage of some mental and cognitive dis-
orders, such as Huntington disease, Alzheimer disease, and schiz-
ophrenia.**! Furthermore, a previous study has demonstrated
that iVASO-CBVa is strongly correlated with glioma grades and
might be superior to DSC-derived rCBV.*> Therefore, we
hypothesized that iVASO can distinguish GBM from SBM. To
validate this hypothesis, we performed iVASO MR imaging on
patients with GBM or SBM on a clinical 3T MR imaging scanner.

MATERIALS AND METHODS

Study Participants

This retrospectively reviewed study was prospectively controlled
and conducted between December 2015 and March 2017. All
examinations were performed in accordance with institutional
(Nanfang Hospital Southern Medical University) review board
guidelines with an approved study protocol. Inclusion criteria
were as follows: 1) patients with a single, solitary enhancing brain
mass with a clinical question of SBM versus GBM; 2) pretreat-
ment acquisition of a 3T MR imaging brain tumor protocol,
including structural MR imaging, iVASO, and DSC; and 3) the
mass pathologically confirmed by stereotactic biopsy or surgical
sample within 2weeks after MR imaging. Ten patients were
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excluded (4 for obvious movement artifacts, 4 for susceptibility
artifacts hampering ROI placement, 2 for small lesions greatly
influenced by partial volume averaging effect). The remaining 20
patients with GBM and 22 with SBM were eventually included in
the study.

MR Imaging Acquisition

MR imaging examinations were implemented with a clinical 3T
imaging unit (Achieva 3T; Philips Healthcare, Best, the
Netherlands) equipped with an 8-channel head coil. DSC,
iVASO, and structural MR imaging were performed for each
subject in the same scan session.

The structural MR imaging protocol included an axial FLAIR
scan (TR/TI/TE = 11,000/2200/125ms, voxel = 0.7 x 0.7 X 6
mm?, 20 slices), T2ZWI (TR/TE = 3000/80 ms, voxel = 0.5 x
0.7 x 6 mm>, 20 slices), and TIWI (TR/TE = 2000/20 ms, voxel =
0.5%0.9x6 mm> 20 slices) (detailed in On-line Table 1).
Contrast-enhanced fat-suppressed TIWI (TR/TE = 297/4.6 ms,
voxel = 0.5 x 0.7 x 6 mm>, 20 slices) was obtained after DSC.

3D iVASO was performed before contrast agent administra-
tion. Parameters for the iVASO pulse sequence were the follow-
ing: TR/TI= 5000/1040, 3100/862, 2500/756, 2000/641, 1700/
558, 1300/430 ms; 3D gradient spin-echo readout (TE= 10 ms;
voxel = 2.5 x 2.5 x 6 mm”, 14 slices); parallel imaging accelera-
tion (sensitivity encoding) =2 X 2; crusher gradients of b = 0.3 s/
mm?® and Venc = 10 cm/s along the z-direction. A reference scan
(TR= 20 seconds, other parameters identical) was obtained to
determine the scaling factor M0 in iVASO images so that abso-
lute CBVa values could be calculated. The total duration of all
iVASO-related scans combined was 7 minutes for each patient.

DSC perfusion images were acquired immediately after con-
trast agent injection with fast-field echo, echo-planar imaging, TR/
TE = 1700/40 ms, FOV = 210 x 210 mm, pixel = 2.3 x 2.3 mm,
matrix = 90 x 90, thickness/gap = 6/0 mm, 20 slices, 60 dynamics,
flip angle= 75°. Contrast agent (gadodiamide, Omniscan; GE
Healthcare, Piscataway, New Jersey) was administered at a dose of
0.2mmol/kg and a rate of 45mlL/s, using a power injector
(Spectris Solaris EP; MedRad, Indianola, Pennsylvania) through
the antecubital vein, followed by a 20- mL sterile saline flush at the
same rate. The total acquisition time of DSC was 1minute
42 seconds.

MR Imaging Analysis

All iVASO data were preprocessed using the Statistical Para-
metric Mapping software package (Version 8; http://www.fil.ion.
uclac.uk/spm/software/spm12). The iVASO images were ana-
lyzed with in-house routines programmed in Matlab (Math-
Works, Natick, Massachusetts), which were used for a previ-
ously published report.>> DSC images were processed on an
Advantage Workstation using FuncTool (Version 4.6; GE
Healthcare) to obtain CBV maps.

Color-coded iVASO-CBVa and DSC-CBV maps were gener-
ated, respectively. The region of maximal abnormality of each pa-
rameter within the lesion volume (hotspot) was determined via
visual inspection. This methodology was demonstrated to provide
the most optimal interobserver and intraobserver reproducibility.”®
Four ROIs of about 20 pixels were carefully placed on the hotspots,


http://www.fil.ion.ucl.ac.uk/spm/software/spm12
http://www.fil.ion.ucl.ac.uk/spm/software/spm12

FIG 1. ROI placements. Four to six ROIs were drawn in both intratu-
moral (circle with solid line) and peritumoral (circle with dotted line)
regions, and the maximum value was recorded. Also, an ROI in the
contralateral white matter (circle with dotted line) was chosen as a
reference. The insert is the magnification of lesion area.

respectively, in the intratumoral region and the peritumoral T2-
hyperintense region (PTH), to obtain the maximum iVASO-CBVa
and CBV of each region. The PTH was defined as the T2-hyperin-
tense region within 1 cm around the enhancing tumor."® ROIs were
drawn in the contralateral white matter as references for normaliza-
tion (iVASO-rCBVa and DSC-rCBV) (Fig 1). All ROIs were placed
independently by 2 blinded experienced neuroradiologists (X. Li
and Y. Wu, with 5 and 12years of experience, respectively). The
measurement results of the 2 radiologists were used to assess the
interobserver reliability. The average of the 2 measurement results
was used for further statistical analysis.

Statistical Analysis

Statistical analysis was performed using SPSS Statistics 22.0 (IBM,
Armonk, New York). Interobserver reliability of the parameters
between the 2 neuroradiologists was assessed by the intraclass
correlation coefficient with 95% confidence intervals. Intraclass
correlation coefficient values of =0.40, between 0.41 and 0.60,
between 0.61 and 0.80, and =0.81 were interpreted as poor, mod-
erate, good, and excellent reliability, respectively. iVASO-CBVa,
rCBVa, and DSC-rCBYV in intratumoral and peritumoral regions
were correlated with each other by calculating Pearson corre-
lation coefficients. The Shapiro-Wilk test was used to assess
the normality of data distribution. Comparisons between the
GBM and SBM groups were performed using the Student ¢
test or Mann-Whitney U test accordingly. Receiver operating

characteristic and area under the curve (AUC) were used to assess
the diagnostic value of parameters for discrimination. An area
under the receiver operating characteristic curve greater than
0.90 was considered excellent; 0.80-0.90 was considered good;
0.70-0.80 was considered fair; 0.60-0.70 was considered poor; and
<0.50 was considered a failure. The cutoff value was established by
maximizing the Youden index (Youden index = sensitivity +
specificity —1). A statistical significance of a P value < .05 was
used.

RESULTS

Twenty GBMs (16 men and 4 women, with a mean age of
46.1 years; range, 18-62 years), which included 19 patients with-
out the isocitrate dehydrogenase 1 (IDHI) mutation and 1 with
the IDHI1 mutation, and 22 SBMs (13 men and 9 women, with a
mean age of 56.6years; range, 44-65 years), which included 18
patients with primary non-small cell lung adenocarcinoma, 2
with breast adenocarcinoma, 1 with prostate cancer, and 1 with
hepatocellular carcinoma, finally met all of our inclusion and
exclusion criteria. Among them, 2 patients with GBMs and 17
with SBMs were diagnosed on the basis of stereotactic biopsy
samples, and the conditions of the others were confirmed by
gross total resection.

The interobserver reliability was excellent for iVASO-CBVa
in PTH (intraclass correlation coefficient = 0.82) and was good
for DSC-rCBV (intraclass correlation coefficient = 0.80) and
iVASO-rCBVa (intraclass correlation coefficient = 0.74). In the
intratumoral region, all the parameters demonstrated excellent
reliability (intraclass correlation coefficient = 0.86~0.89).

The results of correlation analysis are given in On-line Table
2. In the intratumoral region, no substantial correlation was
observed between iVASO-CBVa or rCBVa and DSC-rCBV
(P=.23 and .18), while in the peritumoral region, a mild correla-
tion was observed between iVASO-CBVa or rCBVa and DSC-
rCBV (P < .001).

Perfusion values are plotted in Fig 2. In intratumoral regions,
both iVASO-CBVa and rCBVa were significantly higher in
patients with GBM than in those with SBM (P=.001 and .005,
respectively), while DSC-rCBV showed no significant difference
between them (P=.616). In PTH, DSC-rCBV, iVASO-CBVa,
and rCBVa revealed higher values in GBM than in SBM
(P <.001). Representative cases including iVASO and DSC per-
fusion MR images are shown in Fig 3.

The results of receiver operating characteristic analysis of each
parameter for differentiating GBM and SBM are listed in the
Table and plotted in Fig 4. In intratumoral regions, both iVASO-
CBVa and rCBVa showed excellent performance, with AUCs of
0.91 and 0.90, a sensitivity of 80% and 70%, and a specificity of
100% and 100%, respectively, which was comparable with that
of DSC-rCBV in PTH (AUC, 0.94; sensitivity, 80%; specificity,
100%). In PTH, the AUCs of iVASO-CBVa and rCBVa were 0.83
and 0.72, respectively.

DISCUSSION
Reliable differentiation between GBM and SBM is of vital clinical
importance. Our preliminary study investigated the capacity of
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FIG 2. iVASO-CBVa, rCBVa, and DSC-rCBV in the intratumoral region (A) and in peritumoral T2-hyperintense region (B) of glioblastoma and sin-
gle brain metastasis. Data are presented as mean value = SD. Ns indicates not significant.

FIG 3. Representative MR images of glioblastoma and single brain metastasis. Upper row, A
GBM in a 51-year-old woman. Lower row, SBM in a 46-year-old man. Both GBM and SBM present
as hyperintense masses on T2 FLAIR with extensive peritumoral edema (A and E) and show a
ring-enhancement pattern on fat-suppressed postcontrast TIWI with prominent necrosis in the
tumor center (B and F). In intratumoral regions, GBM shows maximum DSC-rCBV similar to that

obviously different perfusion values in
the PTH between these entities. Histo-
pathologically, GBM tends to grow in an
invasive manner and extends to the
PTH beyond the contrast-enhancing
margins.’*>° On the contrary, SBM
tends to grow in an expansile way,
leading to no prominent infiltration of
tumor cells in the PTH beyond the
area of contrast enhancement.'>>>*°
However the definition of the tumor
boundary is a common issue of con-
troversy within this field. Researchers
have defined the tumoral and peritu-
moral areas in various wa)rs.1’13’15’41
For gliomas, the so-called peritumoral
regions pathologically consist of benign
changes, such as vasogenic edema and
inflammatory reaction, as well as infil-
tration by tumor cells. Besides, the peri-
tumoral edema areas of GBM and
metastasis are usually extensive and may
include different lobes and even extend

of SBM (5.29 versus 4.98, arrows in C and G), but higher maximum iVASO-CBVa than SBM (5.90/

100 mL versus 1.30/100 mL, arrows in D and H). In the peritumoral region, GBM shows promi-
nently higher DSC-rCBV and iVASO-CBVa than SBM (DSC-rCBV, 3.11 versus 1.25, arrowheads in C
and G; iVASO-CBVa, 1.20/100 mL versus 0.55/100 mL, arrowheads in D and H).

iVASO MR imaging to differentiate these 2 types of tumors. The
results showed that iVASO-derived CBVa and rCBVa in both
intratumoral and peritumoral PTH can accurately discriminate
GBM and SBM and that DSC-rCBV was powerful for the dis-
crimination between them only in PTH.

Within PTH, DSC-rCBV can accurately discriminate GBM
from SBM according to our study, which was concordant with
previous reports.>'*'*> This finding may be explained by the
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to the whole cerebral hemisphere and
the contralateral hemisphere. This
feature will make drawing the ROI
relatively difficult and thus affect the
interobserver reliability,42 as shown
in our present study in which the interobserver reliability of
the peritumoral region (0.74~0.82) was lower than that of the
intratumoral region (0.86~0.89).

According to most previous studies, the intratumoral region
is the mainstream region for measurement.*>** The intratumoral
perfusion is closely related to tumor biologic characteristics,
gene mutation status, therapeutic response, and prognosis.*>*®
Unfortunately, most of these studies have demonstrated that



intratumoral DSC-rCBV was not powerful for differentiating
GBM from SBM,"®!%1> a5 shown in our study. Of note, this find-
ing does not mean that these 2 types of tumors share the same
characteristics of microvasculature. Weber et al'® observed signif-
icantly larger microvessel density in GBM than in brain adeno-
carcinoma metastases. According to the study of Jinnouchi

et al,®

the capillaries of brain metastasis resemble those from the
site of the original systemic cancer and thus have no similarity to
the normal brain capillaries and completely lack BBB compo-
nents. On the other hand, GBM is primary brain tumor and has a
blood-brain barrier, albeit a heterogeneous, disrupted one.® Lai
et al’' and Fu et al®® reported that the degree of intralesional sus-
ceptibility signal was significantly higher in GBM than in SBM.
Intralesional susceptibility signal reflects the conglomerates of tu-
mor microvascularity, and the degree of intralesional susceptibil-
ity signal showed a significant correlation with the value of
maximum DSC-rCBV in the same tumor segments.***>>*

Furthermore, a few investigators reported significant perfusion

Results of receiver operating characteristic analysis of each
parameter

Technique/Parameter AUC P Value Cutoff Se (%) Sp (%)
Intratumoral region
iVASO
CBVa 091 <.001 3.25 80.0 100.0
rCBVa 090 <.001 5.28 70.0 100.0
DSC
rCBV 0.51 920 3 100.0 18.2
Peritumoral region
iVASO
CBVa 0.83 <.001 103 80.0 773
rCBVa 0.72 .014 2.04 55.0 95.5
DSC
rCBV 094 <.001 2.26 80.0 100.0

Note: Se indicates sensitivity; Sp, specificity.

differences between GBM and SBM, using parameters of peak
height or percentage signal recovery>>>>>¢
of rCBV.”

In the present study, both iVASO-CBVa and rCBVa accu-
rately differentiated GBM from SBM and outperformed DSC-

rCBV without leakage correlation via assessment of the intratu-

or histogram analysis

moral regions. Interobserver reliability analysis demonstrated
poor reliability between iVASO-derived parameters and DSC-
rCBV in intratumoral regions. This may be mainly due to the dif-
ferent compartments assessed by iVASO and DSC. iVASO is
designed to quantify the blood volume of the arterioles, while
DSC quantifies the perfusion of the whole microvasculature.”**
Physiologically, arterioles and pial arteries are the most actively
regulated blood vessels in the microvasculature.”*** They con-
trol the cerebral perfusion of the whole microvasculature unit
through the contraction and relaxation of smooth-muscle and
elastic lamina.®®®! Also, there is evidence that generation of arte-
rioles occurs before capillary growth in angiogenesis.®* The pre-
dominant arterial origin of the iVASO signal was validated in a
previous study by measuring the transverse relaxation times
(T2*/T2) of iVASO difference signals, which are highly oxygen-
ation-level dependent.®® Besides, the iVASO signal changes dur-
ing functional stimulation, such as somatosensory stimulus and
forepaw stimulation, preceded the changes in total CBV,** which
corresponded to animal studies showing earlier changes in arte-
rioles upon neuronal activation.*® Therefore, the ability to
measure arteriolar CBV separately from the rest of the micro-
vasculature (capillaries and venous vessels) may furnish informa-
tion that is not obtainable from total CBV measures (ie, DSC-
CBV) and may make the measurement more sensitive in reflect-
ing hemodynamics changes.”" Notably, the wall of the arterioles
is not permeable to magnetically labeled spin protons. Hence,
the CBVa value would not be affected by the disrupted blood-
brain barrier. In contrast, the measurement of DSC-rCBV is

FIG 4. Receiver operating characteristic curves of parameters of iVASO and DSC MR imaging in differentiating glioblastoma and solitary brain
metastasis. In the intratumoral region (A), both iVASO-CBVa (AUC = 0.91) and rCBVa (AUC = 0.90) show higher AUCs than DSC-rCBV (AUC =
0.51). In the PTH (8), the AUC of DSC-rCBV (0.94) is higher than that of iVASO-CBVa (0.83) or rCBVa (0.72).
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remarkably confounded by the disrupted blood-brain barrier.
Our results demonstrated significant differences in iVASO-CBVa
between GBM and SBM. This finding indicates the difference in
the arteriolar compartment between them, which is in line with
the results revealed by previous studies.®'>**2

Most interesting, intratumoral iVASO-CBVa had a diagnostic
value approximate to that of iVASO-rCBVa. This finding may
suggest that the discrimination between GBM and SBM can be
achieved by measuring the perfusion value within the intratu-
moral region alone, which will enhance the clinical applicability
of iVASO, whereas iVASO-CBVa and rCBVa in the PTH showed
lower capability than their intratumoral counterparts in distin-
guishing these 2 groups of tumors. This might be related to the
heterogeneity and complexity of the microenvironment in the
PTH. Also, according to the theory of iVASO, the measurement
of iVASO-CBVa is based on the arterial transit time of gray mat-
ter, so it is sensitive to blood flow with a relatively high speed.”?
However, the arterial transit time in white matter is relatively
long, which will reduce the sensitivity of iVASO in quantifying
perfusion.”***%” In contrast, DSC is designed to mainly quantify
the capillary bed, so it will not be affected by the relatively slow
blood flow in the white matter regions.*

DSC MR imaging, the most widely used perfusion MR imag-
ing technique, was recommended as a routine protocol by the
2018 European Guidelines in brain tumor MR scanning''
However, the deposit of exogenous contrast agent of gadolinium
is a major issue of public concern."*?* Also, logistically, the in-
convenience of the bolus injection of contrast agent in children
and elderly patients has limited the application of DSC scan-
ning.*>*’ Besides, according to most studies,"'* DSC failed to dis-
criminate GBM from SBM via analysis of the intratumoral
region, just as shown in our present study. iVASO is a totally
noninvasive perfusion technique without the need for exogenous
contrast agents. Of note, the actual scan time of iVASO MR
imaging is usually several minutes longer than DSC MR imaging.
However, one important practical advantage of iVASO is that the
perfusion data can be obtained in a flexible manner and can be
integrated into a conventional MR imaging examination at any
time as long as no contrast agent has been administered.*>*”

Our study has several limitations. First, the sample size is rela-
tively small. Therefore, a larger cohort study is needed to validate
these results in the future. Also, metastases of other different can-
cer subtypes were not included in our study. Second, we did not
use histogram analysis to study the tumor perfusion. Generally,
histogram analysis reveals more objective results. However, the
additional time-consuming postprocessing involved may lower
its clinical practicability. Considering that the hotspot method
showed good reliability, we believed that this would not essen-
tially affect our main results. Moreover, we did not apply the leak-
age-correction analysis method or preload gadolinium-based
contrast agent in our DSC protocol to reduce the variance of gad-
olinium rCBV estimates.*® However, a recent DSC study applying
preload of contrast agent failed to discriminate these 2 groups of
tumors in the intratumoral region.'> Moreover, the complexity of
the operation and the consumption of more time, which greatly
hinder patient compliance and cause motion artifacts, limit
the use of leakage-correction and preload strategy in clinical
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practice.®” In addition, it would be better to perform imaging-pa-
thology correlation analysis. However, because the section thick-
ness (6 mm) of the current iVASO technique is inferior to the
requirement for stereotactic biopsy, one-to-one correspondence
between the biopsied regions and imaged regions is not possible.

CONCLUSIONS

This preliminary study demonstrated that iVASO might be useful
for discriminating GBM from SBM based on the analysis of either
PTH or intratumoral region. Due to its completely noninvasive
nature, iVASO might greatly benefit patients with brain tumor in
daily clinical practice, especially for elderly populations and those
with compromised renal function.

Disclosures: Jay Pillai—UNRELATED: Royalties: Springer Science & Business
Media, Elsevier, Comments: royalties for books published.
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Hippocampal Sclerosis Detection with NeuroQuant
Compared with Neuroradiologists
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ABSTRACT

BACKGROUND AND PURPOSE: NeuroQuant is an FDA-approved software that performs automated MR imaging quantitative volu-
metric analysis. This study aimed to compare the accuracy of NeuroQuant analysis with visual MR imaging analysis by neuroradiolo-
gists with expertise in epilepsy in identifying hippocampal sclerosis.

MATERIALS AND METHODS: We reviewed 144 adult patients who underwent presurgical evaluation for temporal lobe epilepsy. The
reference standard for hippocampal sclerosis was defined by having hippocampal sclerosis on pathology (n = 61) or not having hip-
pocampal sclerosis on pathology (n = 83). Sensitivities, specificities, positive predictive values, and negative predictive values were
compared between NeuroQuant analysis and visual MR imaging analysis by using a McNemar paired test of proportions and the
Bayes theorem.

RESULTS: NeuroQuant analysis had a similar specificity to neuroradiologist visual MR imaging analysis (90.4% versus 91.6%; P = .99)
but a lower sensitivity (69.0% versus 93.0%, P <.001). The positive predictive value of NeuroQuant analysis was comparable with
visual MR imaging analysis (84.0% versus 89.1%), whereas the negative predictive value was not comparable (79.8% versus 95.0%).

CONCLUSIONS: Visual MR imaging analysis by a neuroradiologist with expertise in epilepsy had a higher sensitivity than did
NeuroQuant analysis, likely due to the inability of NeuroQuant to evaluate changes in hippocampal T2 signal or architecture. Given
that there was no significant difference in specificity between NeuroQuant analysis and visual MR imaging analysis, NeuroQuant
can be a valuable tool when the results are positive, particularly in centers that lack neuroradiologists with expertise in epilepsy, to
help identify and refer candidates for temporal lobe epilepsy resection. In contrast, a negative test could justify a case referral for
further evaluation to ensure that false-negatives are detected.

ABBREVIATIONS: HS = hippocampal sclerosis; PPV = positive predictive value; NPV = negative predictive value

Hippocampal sclerosis (HS) is one of the most common
neuropathologic substrates of temporal lobe epilepsy,
which often requires surgical resection in patients who are
drug resistant. The current clinical standard of practice for
the evaluation of drug-resistant seizures requires a neuroradi-
ologist’s assessment of the patient’s brain MR imaging. The
ability to detect lesions (HS or other lesions) is known to
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correlate with marked improvement in surgical outcomes and
may motivate the treating neurologist to initiate a surgical
evaluation. Literature that compares the ability of general
radiologists with that of neuroradiologists with expertise in
epilepsy in identifying HS is limited but suggests a superiority
that favors trained specialists.

A study from 2002 by Von Oertzen et al' claimed that “non-
expert” neuroradiologists who evaluated standard MRIs in
patients with temporal and extra-temporal epilepsies had a sensi-
tivity of 39% in detecting epileptogenic abnormalities compared
with 50% by neuroradiologists who had expertise in epilepsy
reading standard MRIs and 91% when reading epilepsy-dedicated
MRIs. These figures include different types of lesions; however,
the exact figures for HS sensitivity and specificity are not clear in
that study. Nevertheless, such performance discrepancies con-
tribute to a health care delivery gap that needs to be bridged to
allow centers without dedicated expertise to detect epileptogenic
lesions, including HS, and to better identify patients in need of
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surgical evaluation. This gap is particularly relevant, given abun-
dant literature that demonstrates the underutilization of epilepsy
surgery, partly attributed to the reluctance to refer patients who
are “nonlesional” for a surgical evaluation for fear of a lower odds
of postoperative seizure freedom.”™*

NeuroQuant is the first FDA-approved automated software
(CorTechs Labs, San Diego, California) that provides absolute
volumes of brain structures as well as the relative volume between
left- and right-sided structures (eg, left hippocampus relative to
the right hippocampus) and compares the structural volumes to a
normative control (with results reported as percentiles compared
with the normative cohort). It was previously used to assess hip-
pocampal volume changes in patients with Alzheimer disease,”
traumatic brain injury,® and multiple sclerosis,”® but studies in
epilepsy have been limited by heterogeneous patient cohorts,”'°
and small sample sizes.!! Furthermore, none of these studies
were based on a histopathologic confirmation of HS as a refer-
ence standard. These limitations complicate the clinical applic-
ability and generalizability of NeuroQuant analysis for epilepsy.
The purpose of this study was to compare the clinical accuracy,
sensitivity, and specificity of a neuroradiologist with expertise in
epilepsy with that of volumetric analysis with NeuroQuant.

METHODS

Study Design and Patient Selection

We selected adult patients from our tertiary-care center who
underwent a comprehensive presurgical evaluation for temporal
lobe epilepsy resections from 2010 to 2017. The presurgical evalu-
ation consisted of clinical history, video electroencephalography,
PET, and MR imaging, in addition to SPECT, magnetoencepha-
lography, and invasive electroencephalography when indicated.
Patients were included if they had a 3T preoperative MR imaging
and a postoperative hippocampal pathology report. We excluded
patients with hippocampal tumors on pathology (1 = 8) to avoid
the volumetric software counting tumor as hippocampal volume
or patients with a history of epilepsy surgery (n = 22). We
included a total of 144 patients in the analysis, 61 with HS con-
firmed by histopathology and 83 patients with histopathology
negative results for HS. This study was approved by the
Cleveland Clinic Institutional Review Board.

Definition of HS

Postoperative histologic analysis was reviewed by an epilepsy-
trained neuropathologist (IB.). Each patient in this study was
classified as HS+ (histopathology diagnostic of HS) as defined by
using the most recent International League Against Epilepsy clas-
sification system of clinical-neuropathologic subtypes of mesial

. 1213
temporal sclerosis,

or as HS- (the hippocampus is normal on
histopathology or shows nonspecific findings). This histologic
classification was the reference standard that we used to assess
the accuracy of expert visual MR imaging analysis relative to

NeuroQuant analysis in identifying HS.

MR Imaging Visual Analysis

All MRIs in this study were acquired on a 3T scanner and were
reviewed before surgery by a neuroradiologist with expertise in
epilepsy in the setting of an interdisciplinary epilepsy patient
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management conference in which patients are assessed for
potential surgical interventions. The interdisciplinary team con-
sists of neuroradiologists with epilepsy expertise, epileptologists,
epilepsy-trained neurosurgeons, and neuropsychologists. There
are 4 main neuroradiologists at our institution who provide the
preoperative MR imaging assessments for the patient manage-
ment conferences, with an average of 20years of experience
(minimum of 3 years) with epilepsy imaging and research. Only
1 neuroradiologist at a time attends the meeting to provide an
official reading of the MR imaging.

After the case is presented, the MR imaging is reviewed and
the neuroradiologist confirms the final impression. The standard
MR imaging protocol for this study consisted of a 3T sagittal T1-
weighted sequence, axial FLAIR and DWI sequences, volumetric
coronal T1-weighted MPRAGE, thin-section coronal FLAIR, and
T2-weighted sequences. In addition, the team had access to past
MR imaging studies, the patient’s semiology, and other studies
(eg, PET, SPECT, electroencephalography) to aid in the holistic
determination of the patient’s HS status. The inclusion of other
studies beyond MR imaging also helped to lower the risk of favor-
ing a solely imaging-based diagnosis because patients could be
referred for surgery even in the absence of MR imaging findings.

Criteria for MR Imaging Signs of HS

Each patient was classified as having MR imaging signs of HS
(visual MR imaging HS+) or not (visual MR imaging HS-) by
using features such as an increased T2/FLAIR signal, loss of
hippocampal architecture, and loss of hippocampal volume.
Ancillary signs included volume loss of the temporal pole and a
corresponding subcortical white matter signal abnormality.
There were a total of 80 visual MR imaging HS- and 64 visual
MR imaging HS+ included in this study. Any MR imaging stud-
ies that showed questionable signs of HS were classified as visual
MR imaging HS-.

Quantitative Hippocampal Volumetric Analysis by Using
NeuroQuant Software

T1 MRIs were de-identified before uploading to the NeuroQuant
servers. The NeuroQuant software segments T1 volumetric
images, quantifies various volumes of the brain, and compares
them against a normative data base adjusted for age (3 to
100 years), sex, and cranial volume.' NeuroQuant is easy to use
and is compatible with 1.5T and 3T noncontrast MR imaging,
which creates volumetric reports in roughly 5-10 minutes (Figs 1
and 2).

After uploading de-identified 3D volumetric T1 images, we
used the NeuroQuant hippocampal asymmetry report to classify
all hippocampal volumes less than the 5th percentile (compared
with the normative control group) as hippocampal atrophy
(NeuroQuant HA+ group). To further ensure that we selected an
adequate cutoff point, we also analyzed cutoff values of 7, 6, 4, 3,
and 2, and found that the 5th percentile cutoff mark recom-
mended by NeuroQuant analysis was the most sensitive and spe-
cific for hippocampal atrophy (Table 1). We further classified the
hippocampal volumes based on the side of surgery as right or left,
and used the surgical side to compare with pathology and visual
analysis results.



FIG 1. NeuroQuant triage brain atrophy report provides volumetric percentiles of left and right regions of the brain.

Statistical Analysis

We used the first 30 cases to determine the a priori discordance rate
(how many times the results from MR imaging and NeuroQuant
analysis differed), and, by using an alpha of 0.05 to achieve a power
of 0.80, we determined that we needed at least 60 study subjects
with HS and 60 without HS. Our final study had 61 patients with
HS and 83 patients without HS. A McNemar paired test of propor-
tions was then used for sensitivity and specificity testing between
NeuroQuant analysis and MR imaging (Table 2). Because the posi-
tive predictive value (PPV) and negative predictive value (NPV) in
this study are specific to the Cleveland Clinic’s epilepsy population
and the prevalence of HS in that population, we wanted to evaluate
how the PPV and NPV would change with changes in HS preva-
lence so that our results could be applied in settings with a varying

prevalence of HS. We used the Bayes theorem (Equations 1 and 2)
to calculate PPV and NPV based on the prevalence, sensitivity, and
specificity found in this study (Figs 1 and 2).

1)

PPV = sensitivity x prevalence/sensitivity X

prevalence + (1 — specificity) x (1 — prevalence)

2) o
NPV = specificity x (1 — prevalence)/

(1 — sensitivity) x prevalence + specificity = (1 — prevalence)

RESULTS

Cohort Characteristics
To examine potential confounding variables, we analyzed sex,
mean age at surgery, hippocampal volume, and side of surgery in
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FIG 2. NeuroQuant hippocampal atrophy report provides volumetric percentiles of the left and right regions of the hippocampus as well as
the normative percentile of the hippocampus compared with the normative control group of patients.

Table 1: Sensitivities, specificities, PPVs, and NPVs, with varying
cutoff points of NeuroQuant analysis

NeuroQuant Sensitivity, Specificity, PPV, NPV,
Cutoff Point % % % %

<7% 443 68.7 50.9 62.6
<6% 426 68.7 50.0 62.0
<5% 68.8 90.4 84.0 79.8
<4% 393 711 50.0 615
<3% 377 74.7 523 62.0
<2% 311 783 51.4 60.7

the pathology HS+ and pathology HS- groups. There were no
differences between these 2 groups, except for age at surgery with
the pathology HS- group having a lower mean age (35.36 years)
compared with the pathology HS+ group (40.4 years; P = .047),
with otherwise comparable cohorts (Table 3).

NeuroQuant Analysis versus MR Imaging Visual Analysis
Comparison

Next, we compared the sensitivity and specificity of NeuroQuant
analysis with MR imaging visual analysis. By using a cutoff value
of 5% for volume, NeuroQuant analysis correctly identified 42 of
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Table 2: Results for NeuroQuant analysis vs visual MR imaging

analysis in identifying HS by using histopathology as the refer-
ence standard for HS

Sensitivity and Specificity Analysis

Pathology Positive Pathology Negative
HS+ (n = 6]) HS—(n = 83)
Visual MR Visual MR  Visual MR Visual MR
NeuroQuant Imaging Imaging Imaging Imaging
Analysis HS+ HS- HS+ HS-
HS+2 4 1 4 4
Hs-° 16 3 3 72

?Defined as a NeuroQuant value of <5%.
b Defined as a NeuroQuant value of >5%.

61 positive cases of pathology HS+, whereas expert visual MR
imaging analysis detected 57 of 61 cases of pathology HS+ (Table
2). NeuroQuant analysis correctly identified 75 of 83 cases of
pathology HS-, whereas expert visual MR imaging analysis
correctly identified 76 of 83 cases of pathology HS- (Table 2).
The sensitivity of the NeuroQuant analysis in detecting HS was
68.8% compared with 93.4% for visual MR imaging analysis



Table 3: Sample Demographics

which the PPV was 84.0% (Table 1).

Pathology HS+  Pathology HS— P The NPV was roughly 60-62% at cut-
Female, n/total n (%) 27/61 (44.3) 57.8/83 (57.8) 3 off values of 7, 6, 4, 3, and 2, and was
Age at surgery, mean * SD, y 4040 =143 35.36 = 15.6 .05 79.8% at a cutoff value of 5.
MR imagingv positive for HS, n/total n (%) 57/61(93.4) 7/83 (8.4) <.0001 The PPV and NPV of the Neuro-
Ipsﬂatera_l._hlsprEJcagr;pus volume, 9.98 = 221 56.04 = 323 <.0001 Quant analysis in this study were
mean * cm .
Contralateral hippocampus volume, 5279 * 32.9 58.51 = 30.0 29 84.0% and 79.8%, respectively, whereas
mean =+ SD (cm’) the PPV and NPV of the visual MR
Surgery side - left, n/total n (%) 33/61(54.1) 43/83 (51.8) .87 imaging analysis were 89.1% and

Note:—SD indicates standard deviation.

Table 4: Sensitivity and specificity values for NeuroQuant anal-
ysis and visual MR imaging analysis

NeuroQuant Visual MR Imaging
Analysis Analysis P
Sensitivity, % 68.8 93.4 .0007
Specificity, % 90.4 91.6 .99

FIG 3. PPV of visual MR imaging analysis and NeuroQuant analysis
results as the prevalence of HS increases. In our study, HS had a prev-
alence of 42.4% (black dotted line), NeuroQuant analysis had a PPV of
84%, and MR imaging had a PPV of 89.1%. With a decreased preva-
lence of HS, both MR imaging and NeuroQuant (NQ) have a
decreased PPV, whereas an increased prevalence of HS results in a
higher PPV for both analytic methods.

(P =.0007) (Table 4). The specificity of the NeuroQuant analy-
sis was 90.4% compared with 91.6% for visual MR imaging
analysis (P = 1) (Table 4).

By using different cutoff values of 7%, 6%, 4%, 3%, and 2%,
we found that the NeuroQuant analysis had the highest sensitiv-
ity and specificity at the cutoff value of 5, which we selected for
this study (Table 1). When using a cutoff of 7 or 6 (including
some values that NeuroQuant analysis deems normal) for HS, we
found that the sensitivity was higher than when using a narrower
cutoff window of 4, 3, or 2 (Table 1). PPV, however, was low, at
50-52%, for all cutoff values, except for the cutoff value of 5, at

95.0%, respectively (Figs 3 and 4).

How the PPV changes for both MR
imaging and NeuroQuant analysis as the prevalence of HS
changes with an increase in PPV that occurs at a higher disease
prevalence of HS is shown in Fig 3. How NPV changes for MR
imaging and NeuroQuant analysis, with an increase in NPV as
the prevalence of HS decreases is show in Fig 4. For both NPV
and PPV, the MR imaging visual analysis had higher predictive
probabilities than did NeuroQuant analysis overall.”

DISCUSSION

Typically, HS is identified by MR imaging visual analysis based
on 3 features: increased T2 signal, structural changes or loss of
structure of the hippocampus, and decreased volume of the hip-
pocampus itself.'® In this study, we sought to determine how the
automated quantitative volumetric results reported by the
NeuroQuant analysis compared with visual MR imaging analysis
in detecting HS and found that NeuroQuant had a lower sensitiv-
ity compared with visual MR imaging analysis. Because
NeuroQuant only evaluates volume changes in the hippocampus,
in contrast to a neuroradiologist’s evaluation of T2 signal and
structural changes, it makes sense that, overall, neuroradiologists
had a higher sensitivity than did NeuroQuant analysis.

Furthermore, neuroradiologists had access to clinical infor-
mation (eg, semiology and past MR images) to which Neuro-
Quant did not have access. As a result, there was some bias
toward a neuroradiologist being able to identify a lesion on
MR imaging and having a higher sensitivity compared with the
volumetric software of NeuroQuant, which does not use clini-
cal information. Clinically, due to the lower sensitivity of
NeuroQuant analysis, if a NeuroQuant test came back nega-
tive, then follow-up work with a neuroradiologist’s assessment
is recommended to truly rule out HS.

We acknowledge the possible selection bias due to the retro-
spective nature of this study and because all the patients in this
study were surgical candidates. Another possible limitation was
that current MR imaging sequence protocols, including other
contrasts such as double inversion recovery, may improve on the
sensitivity and specificity of visual analyses for the detection of
HS compared with the protocol used in this study. However,
even if contemporary protocols could improve the sensitivity and
specificity for visual analysis in the detection of HS (which were
already high, at 93.4% and 91.6% in this study), it would not
change the performance of NeuroQuant because high-resolution
T1-weighted volumetric sequences as used in this study are still
the reference standard for volumetric measurements.

Another potential limitation was that we excluded secondary
causes of mesial temporal sclerosis, for example, temporal lobe
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FIG 4. NPV of visual MR imaging analysis and NeuroQuant analysis
results as the prevalence of HS increases. In our study, HS had a prev-
alence of 42.4% (black dotted line). In areas with a lower prevalence
of HS than our institution, the NPV increases for both MR imaging
and NeuroQuant.

tumors, that encroached on the hippocampal area; therefore,
the generalizability of dual pathology needs to be further eval-
uated because the results of this study could not be applied to
patients with hippocampal tumors. Similarly, patients with a
previous stroke, trauma, or surgery would likely not benefit
from a NeuroQuant analysis due to morphologic variation that
NeuroQuant is likely not equipped to account for at this time.

Furthermore, it is not possible to make direct comparisons
with our study and that of Von Oertzen et al.' This is because
Von Oertzen et al' primarily analyzed the results of standard
MRISs reported by “nonexpert” radiologists, standard MRIs eval-
uated by epilepsy “expert” radiologists, and then epilepsy-specific
MR imaging protocols read by “expert” radiologists in 123
patients with temporal and extratemporal lobe epilepsies with
varying types of underlying lesions. In addition, because Von
Oertzen et al' evaluated 1.5T MRIs acquired between 1996 and
1999, the resolution in our study was superior because MRIs
were acquired in a 3T scanner between 2010 and 2017.

The specificity between NeuroQuant analysis and visual MR
imaging analysis was not statistically different (P = 1). Given the
high specificity of both NeuroQuant analysis and visual MR
imaging analysis by a neuroradiologist, along with NeuroQuant’s
PPV of 84% (compared with the visual MR imaging analysis PPV
of 89.1%), if a NeuroQuant test came back positive, then the
treating neurologist could be confident that HS is very likely the
potential epileptic substrate and may consider referral for an epi-
lepsy surgery evaluation if clinically indicated: the PPV and speci-
ficity of the NeuroQuant report is comparable with that of a
neuroradiologist’s assessment.

This would especially be of use in centers with limited resour-
ces and that do not have neuroradiologists with expertise in
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epilepsy. These centers could use NeuroQuant to help decide
when a further work-up and referral to a center with a trained
radiologist is essential (negative NeuroQuant assessment for HS)
versus when a patient can be referred for surgery (positive result
on NeuroQuant analysis for probable HS). Even in tertiary cen-
ters where specialized neuroradiology resources are available,
NeuroQuant could help streamline workflows and optimize
resource utilization, even if it may not be able to capture all true
cases of HS due to its low sensitivity.

Other studies looked into quantifying structural changes of
the hippocampus and changes in the T2 signal as a means of cap-
turing HS on MR imaging. However, these tools are not FDA-
approved; NeuroQuant is.'>'¢ It is hoped that, in the future, these
tools will be more readily available to better supplement the
detection capability of NeuroQuant.

Given that many complex epilepsy cases with refractory epi-
lepsy are often referred to the Cleveland Clinic, we may have an
overinflated population of medically refractory HS (a prevalence
of 42.4% in this study). We are aware that the PPV and NPV for
visual MR imaging analysis and NeuroQuant analysis in this
study are specific to the Cleveland Clinic’s population of patients
with temporal lobe epilepsy (particularly those with medically in-
tractable epilepsy) and that the predictive power of NeuroQuant
may change with a varying prevalence of HS. To account for
ranges in HS prevalence based on different institutions across the
United States and their prevalence of pharmacoresistant temporal
lobe epilepsies, we plotted how the PPV and NPV would change
with a lower and higher prevalence of HS in Figs 3 and 4,
respectively.

The PPV of MR imaging and NeuroQuant analysis decreased
with a lower prevalence of HS; however, overall, the PPV of MR
imaging and NeuroQuant analysis were similar, with the largest
difference in PPV being 10.9% at a prevalence of 11% for HS.
This suggests that, even if the prevalence of HS at other institu-
tions is slightly under our prevalence of 42.4%, the PPVs of MR
imaging and NeuroQuant analysis are comparable enough that a
positive result on NeuroQuant analysis could potentially hold the
same value as a positive MR imaging radiologist assessment in re-
ferring a patient for surgery without needing to refer the patient
to other centers. However, at any prevalence of HS, MR imaging
had an overall higher NPV, which suggests a negative test on
NeuroQuant should always be followed up with a neuroradiolo-
gist’s assessment to ensure that any true HS cases are not missed
(Fig 3).

Because NeuroQuant works by uploading a patient’s T1 MR
imaging volumetric sequence, it is a quick and easy test to run
because most of these patients will already have MR imaging as
part of their presurgical evaluation. As a result, a positive
NeuroQuant result could be a very useful tool in helping neurolo-
gists better define and recommend patients with temporal lobe
epilepsy for surgical resection.

CONCLUSIONS

Overall, MR imaging analysis by a neuroradiologist with expertise
in epilepsy has both a higher sensitivity and specificity than
NeuroQuant analysis, which makes it an overall better assessment
tool for HS. However, there is a potential clinical role for



NeuroQuant in lower resource centers that do not have access to
epilepsy-trained radiologists to use NeuroQuant to assess drops
in hippocampal volume status to consider referring patients with
positive NeuroQuant test results for surgery, while pursuing fol-
low-up and trained neuroradiologist consults for patients with
negative NeuroQuant test results.
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ORIGINAL RESEARCH
ADULT BRAIN

Anoxic Brain Injury Detection with the Normalized Diffusion
to ASL Perfusion Ratio: Implications for Blood-Brain Barrier
Injury and Permeability

N. Li, “”M.A. Wingfield, ““').P. Nickerson, “*D.R. Pettersson, and ““).M. Pollock

ABSTRACT

BACKGROUND AND PURPOSE: Anoxic brain injury is a result of prolonged hypoxia. We sought to describe the nonquantitative ar-
terial spin-labeling perfusion imaging patterns of anoxic brain injury, characterize the relationship of arterial spin-labeling and DWI,
and evaluate the normalized diffusion-to-perfusion ratio to differentiate patients with anoxic brain injury from healthy controls.

MATERIALS AND METHODS: We identified all patients diagnosed with anoxic brain injuries from 2002 to 2019. Twelve ROIls were
drawn on arterial spin-labeling with coordinate-matched ROIs identified on DWI. Linear regression analysis was performed to exam-
ine the relationship between arterial spin-labeling perfusion and diffusion signal. Normalized diffusion-to-perfusion maps were gen-
erated using a custom-built algorithm.

RESULTS: Thirty-five patients with anoxic brain injuries and 34 healthy controls were identified. Linear regression analysis demon-
strated a significant positive correlation between arterial spin-labeling and DWI signal. By means of a combinatory cutoff of slope
of >0 and R? of > 078, linear regression using arterial spin-labeling and DWI showed a sensitivity of 0.86 (95% CI, 0.71-0.94) and
specificity of 0.82 (95% Cl, 0.66—0.92) for anoxic brain injuries. A normalized diffusion-to-perfusion color map demonstrated hetero-
geneous ratios throughout the brain in healthy controls and homogeneous ratios in patients with anoxic brain injuries.

CONCLUSIONS: In anoxic brain injuries, a homogeneously positive correlation between qualitative perfusion and DWI signal was
identified so that areas of increased diffusion signal showed increased ASL signal. By exploiting this relationship, the normalized dif-
fusion-to-perfusion ratio color map may be a valuable imaging biomarker for diagnosing anoxic brain injury and potentially assess-
ing BBB integrity.

ABBREVIATIONS: ASL = arterial spin-labeling; NDP = normalized diffusion-to-perfusion; BBB = blood brain barrier; CBF = cerebral blood flow

noxic or hypoxic brain injury has several classic, well-

described imaging findings, including symmetric diffusion
restriction in the basal ganglia and cortex."* In the neonatal pop-
ulation, the classic diffusion findings may not be as readily appa-
rent due to the high water content and immature morphology of
the brain.> Arterial spin-labeling (ASL) perfusion is a unique,
noninvasive measurement of cerebral blood flow (CBF). ASL per-
fusion relies on the magnetic tagging of arterial blood water,
which is then used as a tracer for brain perfusion.*” ASL is
uniquely positioned to be incorporated into pediatric and neona-
tal stroke protocols because it is a noncontrast and repeatable
perfusion measurement.® The ASL tracer has been assumed to be
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freely diffusible across the blood-brain barrier.>®!! However,
animal models have shown BBB disruption, due to mannitol or
stroke, increased the ASL perfusion signal relative to the dynamic
susceptibility contrast perfusion; this finding suggests that the
measured ASL perfusion is dependent on BBB integrity, and the
ASL signal increases when there is BBB disruption.” This BBB de-
pendency has not been shown in humans to date.

The ASL sequence has been used to measure perfusion in a

variety of pathologies, including anoxic brain injury®'*™'®

19,20

and
ischemic strokes. Quantitative forms of ASL have demon-
strated a global increase in CBF'> as well as relative hyperperfusion
in regions with demonstrated injury on conventional MR imag-
ing'*'>*! in patients with anoxic brain injury. This hyperperfusion
has been theorized to represent flow restoration exceeding the met-
abolic demands of the injured brain regions with subsequent neu-
rovascular uncoupling, loss of autoregulation, and further brain
damage with potential future poor neurologic outcomes.'>**?° In

addition to the quantitative form of ASL, qualitative forms of ASL
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FIG 1. Sample image showing 10 of the 12 ROl measurements on DWI (left) and ASL (right) at the

level of the basal ganglia in a patient who had anoxic brain injury.

perfusion are available, which display relative differences in CBF.
Qualitative ASL has some advantages over quantitative ASL. The
qualitative version of ASL is available in clinical practice from all
major vendors, whereas quantitative techniques are not as readily
available, require more complex processing, and may only be avail-
able with research licenses at academic centers. Qualitative ASL is
much simpler, only requiring subtraction between the control and
label pairs, whereas quantification requires the assumption or mea-
surement of multiple variables, including the T1 of tissue, T1 of
blood, tagging efficiency, MO0 blood and the MO white matter correc-
tion factors, and it depends on accurate segmentation of a high reso-
lution TL'®* Each of these variables not only complicates
quantification but is also a potential source of error in quantification.
The imaging pattern of anoxic brain injury has not been described
with nonquantitative forms of ASL perfusion nor has there been an
effort to quantify the relationship between quantitative or nonquan-
titative ASL perfusion and DWT. In this study, we sought to describe
the nonquantitative ASL perfusion imaging patterns of anoxic brain
injury, characterize the relationship of ASL and DWI, and evaluate a
new metric: the normalized diffusion-to-perfusion (NDP) ratio to

differentiate patients with anoxic brain injury from healthy controls.

MATERIALS AND METHODS

With institutional review board approval, we retrospectively
identified and reviewed medical records of all patients imaged at
our institution between 2002 and 2019 whose brain MR imaging
report contained the words “anoxic” or “hypoxic” using an insti-
tutional radiology search engine. Patients with anoxia were
included if their MR imaging study contained diagnostic ASL
perfusion and DWI sequences. Patients were excluded if there
were severe motion artifacts or the ASL or DWI sequence was
otherwise nondiagnostic. Age-matched controls imaged with

ASL and DWI without a history of
anoxic or hypoxic injury were also col-
lected and analyzed. Similar to the
anoxic group, control patients were
excluded if the ASL or DWI sequence
was nondiagnostic. In addition, pa-
tients with prior operations, intracra-
nial hemorrhage, and ischemic injuries
of any age were excluded. Patient age,
cause of anoxic injury, and time from
anoxic injury to imaging were recorded.
Our institutional review board approved
this retrospective study.

ASL CBF maps were generated
using the single-phase pulsed ASL clini-
cal sequence on 3T and 1.5T Ingenia
systems (Philips Healthcare, Best, the
Netherlands). Imaging parameters were
as follows: 30 dynamics with tag and
control pairs; TE, 25 ms; label delay,
1200-900 ms; flip angle, 70°% TR, 4000
ms; FOV, 24 x 24 cmj; acquisition ma-
trix, 68 X 66 (12 sections, 6-mm thick-
ness, 0.6-mm section gap). A subtraction of the control and labeled
pairs was performed to generate a qualitative gray-scale CBF map.
No vascular suppression gradients were used because they are not
part of the standard Philips ASL sequence.

DWI parameters were as follows: TR, 5355 ms; TE, 81 ms;
matrix, 116 x 116; FOV, 23 x 23 cm (3-mm thickness, 0.3-mm
section gap). By and b = 1000 images were used to calculate the
ADC images using the in-line vendor software during image
acquisition.

Ten ROIs were manually drawn on the ASL sequence in
the caudate, putamen, thalamus, frontal cerebral cortex, and
cerebral white matter bilaterally (Fig 1). An additional ROI
was placed in the brain stem and cerebellum and served to
normalize the perfusion values; in patients in whom the brain
stem and/or the cerebellum showed restricted diffusion, another
area free of involvement was selected for normalization for either
white matter, gray matter, or both. Corresponding ROIs were
placed on the DWI and ADC images. The signal intensity of each
ROI was recorded in gray.

Statistical Analysis
ASL perfusion and DWI measurements for each ROI were nor-
malized using the ROI signal intensity in the cerebellum or the
brain stem for gray matter and white matter, respectively. A lin-
ear best fit was performed between the normalized DWTI and the
normalized ASL values, and the slope was recorded, allowing
identification and removal of up to 4 outliers. A triple-variable re-
ceiver operating characteristic analysis involving the number of
outliers, best-fitted line slopes, and their respective R* values was
performed to determine the optimal cutoff. A similar analysis
was performed using the quantitative and normalized ADC
measurements.

The relationship between the estimated time interval from the
inciting event to imaging and the linear regression slopes as well

AJNR Am J Neuroradiol 41:598-606 ~ Apr 2020 www.ajnr.org 599



Table 1: Patient characteristics of the anoxic injury group and the healthy control group

and subsequently rendered black on

Variable

Anoxic (n = 35) Healthy (n = 34) P Value

the final color map if the ASL value

Age (mean) (yr)
Sex (Female)
Survived

21+ 44
16 (45.7%)
13 (37.1%)

Interval to imaging (day) 3805
Received CPR 15 (42.9%)
CPR time (mean) (min) 227 =43
Witnessed seizure 8(22.9%)
Neonatal hypoxic-ischemic encephalopathy 10 (28.6%)
Mechanical (asphyxiation, hanging, 8(22.9%)

drowning, and so forth)

241 £ 123 .05

‘was Z€ro.
15 (44.1%) 87

RESULTS

Forty-five patients with anoxic injuries
were initially identified using our insti-
tutional radiology search engine from
2002 to 2019 with 2-reader confirma-
tion. Nine patients were excluded due

Note:—CPR indicates cardiopulmonary resuscitation.

FIG 2. Twelve-point ROI linear regression analysis using DWI and ASL sequences. A, R*-versus-
slope scatterplot for patients with anoxic brain injuries identified 30 of 35 cases positive for
anoxic brain injury using a receiver operating characteristic analysis—determined cutoff of posi-
tive slopes and R* higher than 0.78. B, R*-versus-slope scatterplot for healthy controls excludes
28 of 34 cases negative for anoxic brain injury using the same slope and R cutoffs.

as R? values were examined to determine the dependence on
the timing of imaging. Calculations were also performed to deter-
mine the dependence on the number of ROI measurements. Two
random raw (non-normalized) DWI and ASL ROIs were selected
for each patient, and the slope was calculated using the 2 points
alone. All possible combinations of 2 ROI selections were segre-
gated into 3 different groups: both ROIs within basal ganglia and
thalamus, either ROI within basal ganglia and thalamus, or no
ROI within basal ganglia and thalamus.

Data were presented as mean * standard error of the mean
and frequency (percentage) for numeric and categoric variables,
respectively. Analysis was completed using the Fisher exact test
and the Mann-Whitney nonparametric ¢ test. A 2-tailed P value
< .05 was considered significant. Sidak multiple comparison cor-
rection was used.

Normalized Diffusion-to-Perfusion Ratio Color Map
Generation

DICOM files of the ASL and DWI sequences were coregistered
using Advanced Normalization Tools (ANTs, Version 2.3.2;
ANTSsPy, Version 0.1.6; http://stnava.github.io/ANTs/).”” > To
decrease the impact of punctate heterogeneous noisy signals, we
applied an anisotropic diffusion-smoothing function to both
sequences (Insight Toolkit, Version5.0.1; Anisotropic Diffusion
Library, Version 1.0.2; https://itk.org/).>*** The NDP color map
was then generated using the ratio of the z score-normalized
DWTI and ASL sequences. A value of “not a number” was assigned
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to nondiagnostic imaging sequences; 1
patient was excluded due to remote
injury (imaging was obtained 253
days after initial inciting event). The
remaining 35 patients with anoxic
injuries had imaging ranging from 0 to
14 days after the reported inciting
event with a mean of 3.8 = 0.5 days.
Thirty-four age-matched patients with
an MR imaging with normal findings
performed between September 2010
and May 2019 were selected. Of these
34 patients in the control group, 30
(88.2%) had studies performed to rule
out stroke, given concerning mental
status changes, headache, vertigo, facial
or extremity weakness or paresthesia,
and vision changes. Three (8.8%) had
studies ordered for follow-up of sur-
gery, seizure, and prior remote punc-
tate stroke. The remaining patient (3.0%) had an MR imaging
performed to rule out asphyxiation from nonaccidental trauma,
which was subsequently cleared. Four of the 34 (11.8%) patients
in the control group had additional brain imaging in our system
and continued to be negative for significant radiographic find-
ings. Patient characteristics of the anoxic group and the healthy
group are shown in Table 1.

Triple-variable receiver operating characteristic analysis involv-
ing the allowable number of outliers, best linear-fitted line slopes,
and their respective R* values was performed using the normalized
DWI and ASL measurements. Identification of up to 3 outliers
(25%) vyielded the best diagnostic performance. Under this con-
straint, the best-fitted lines of anoxic injuries demonstrated signifi-
cantly higher slopes of 0.93 * 0.05 compared with those of healthy
controls at 0.53 = 0.11, P < .001. The best-fitted lines of anoxic
injuries also had significantly higher R* values of 0.85 + 0.01, com-
pared with 0.63 £ 0.03 in healthy controls, with P < .001.
Scatterplots of the best-fitted lines of R* and their corresponding
slopes were generated (Fig 2). By means of a combinatory cutoff of
slopes higher than 0 and R? values higher than 0.78 as determined
per the receiver operating characteristic analysis, the following
diagnostic characteristics for anoxic injuries were obtained using
normalized DWI and ASL: sensitivity of 0.86 (95% CI, 0.71-0.94),
specificity of 0.82 (95% CI, 0.66-0.92), positive predictive value of
0.83 (95% CI, 0.68-0.92), and negative predictive value of 0.85
(95% CI, 0.69-0.94). The contingency table is shown in Table 2,
with the Fisher exact test, P < .001.


http://stnava.github.io/ANTs/
https://itk.org/

A similar analysis was performed on the raw quantitative
ADC measurements with the following diagnostic character-
istics for anoxic injuries: sensitivity of 0.57 (95% CI, 0.41-
0.72), specificity of 0.71 (95% CI, 0.54-0.83), positive predic-
tive value of 0.67 (95% CI, 0.49-0.81), and negative predictive
value of 0.62 (95% CI, 0.46-0.75) with the Fisher exact test,
P=.03.

To determine the effects of time, we examined the relationship
between the time interval from the inciting event to imaging and
the linear regression slopes and R* (Fig 3). Both failed to demon-
strate significantly nonzero slopes (y = 0.01055 x x + 0.8847 with
P = 58 and y = 0.003945 x x + 0.8327 with P = .38, for linear
regression slopes and R?, respectively).

Permutations of all possible “12 select 2” (C}? = 66) ROI raw
(non-normalized) DWT and ASL signal densities were examined
to determine the dependence on ROI selection. Using a cutoff of
positive-versus-negative slopes for anoxic and healthy diagnostic
predictions, we calculated specificity and sensitivity. Data were
segregated into 3 groups: both ROIs within the basal ganglia and
thalamus, either ROI within the basal ganglia and thalamus, or
no ROI within the basal ganglia and thalamus. A combination of
the caudate and contralateral putamen was able to achieve a sen-
sitivity of 0.71 and specificity of 0.76. Another combination, the
putamen and contralateral cortex, showed a sensitivity of 0.89
and specificity of 0.74. The overall diagnostic performance of this
“2-location ROI” method was inferior to that of the “12-location
ROI linear regression” method (P < .001 for both sensitivity and
specificity).

Table 2: Contingency table of normalized DWI and normalized ASL linear regression for the
diagnosis of anoxic injury using a combinatory cutoff of slope of >0 and R? of >0.78*

The NDP ratio color map was generated using the coregis-
tered, smoothed, and z score-normalized DWI (b = 1000) and
ASL sequences (Fig 4). The NDP ratio color map of anoxic inju-
ries demonstrated homogeneous color distribution throughout
the brain (Fig 4A, -B). The NDP ratio color map of healthy con-
trols demonstrated heterogeneous color distribution bilaterally
(Fig 4E, -F). If one highlighted the differences between the anoxic
and nonanoxic patterns, the NDP ratio color map of predomi-
nately unilateral anoxic injury secondary to strangulation demon-
strated homogeneous signals in the primarily affected right
hemisphere and heterogeneous signals in the preserved left hemi-
sphere (Fig 41, -]).

DISCUSSION

Anoxic brain injury is a medical condition with devastating out-
comes.'>**** Discriminating anoxic from nonanoxic injuries,
especially in the neonatal period, is important for medical man-
agement,” potential therapeutic hypothermia protocol adjust-
ment,”” and prognostic estimation.'>**** Classic findings of
diffusion restriction as well as quantitative hyperperfusion, espe-
cially in the regions of higher metabolic demand such as the basal
ganglia and cortex, have been described previously in the litera-
ture.1>12 1422 However, there remains a gap in the literature
regarding the anoxic brain injury patterns on nonquantitative
ASL sequences. In this article, we characterized the qualitative
ASL perfusion findings in anoxic injury. We identified the
relationship between ASL perfusion and diffusion restriction,
which demonstrated a homogeneously positive correlation in
patients with anoxic brain injuries so
that areas of restricted diffusion
showed increased ASL perfusion sig-

Case Count, Total (%),

nal (Fig 5D-F).
Review of the 35 patients with

Column (%), Row (%) Anoxic Healthy Total
Positive slope and R2 > 0.78 30 36 anoxic brain injuries demonstrated
43.48% 870% 52 17% classic diffusion restriction findings
8571% 17.65% (hyperintense on DWI and hypoin-
l 5 83.33% 16.67% tense on ADC). Ischemic changes
Negative slope or R = 0.78 5 33 : : . .
including energy metabolism varia-
7.25% 40.58% a783% § enerey N
14.29% 82.35% tions and cytotoxic edema reflected
15.15% 84.85% by diffusion-weighted imaging were
Total 35 69 prominent in the metabolically active
50.72% 49.28% 100%

. . .36
tissue in the brain,”® most commonly

?Fisher exact test P < .001.

in the basal ganglia (especially the

FIG 3. Linear regression analysis demonstrates no significant linear dependence between slopes and interval to imaging (left) or between R* and
interval to imaging (right), using DWI and the ASL sequences. Nonetheless, both exhibited positive trends. Linear fit equations: y = 0.01055 x

X+ 0.8847, P = 58 (left); y = 0.003945 x x + 0.8327, P = .38 (right).
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FIG 4. Representative slices of voxelwise normalized NDP color map generation and corresponding DWI and ADC images. Anoxic brain injury
(A and B) demonstrates homogeneous NDP ratios throughout the brain. B = 1000 DWI (C) and ADC (D) images show symmetric diffusion restric-
tion in the frontal and parietal gray matter. E and F, A healthy control demonstrates heterogeneous NDP ratios throughout the brain. The heter-
ogeneity is most pronounced in the white matter. B = 1000 DWI (G) and ADC map (H) show no diffusion restriction. Unilateral anoxic brain
injury with NDP (/ and J) showing 1 predominately homogeneous (anoxic) right hemisphere and 1 heterogeneous (nonaffected) left hemisphere. J,
The asymmetry is most pronounced at the vertex. B = 1000 DWI (K) and ADC map (L) demonstrate unilateral cortical diffusion restriction in the
right anoxic hemisphere, corresponding to the more homogeneous NDP ratios.

posterior putamina), ventrolateral thalami, and cortex.' 37

In addition to a pattern of global hyperperfusion seen with
prior quantitative ASL studies (Fig 5A-C), review of the qual-
itative ASL perfusion images also demonstrated regional sig-
nal increases that correlated with the areas of increased DWI
signal (Fig 5D-F).">'*> We suspect that the regional ASL perfusion
differences are detectable with quantitative techniques, but on typi-
cal color maps that might not be adequately scaled, global hyperper-
fusion may render these relative differences less apparent because
the entire brain is at the high end of the color spectrum.

ROI analyses demonstrated a uniform homogeneously posi-
tive relationship between the ASL perfusion signal and the DWI
signal in the selected regions among patients with anoxic brain
injuries (Fig 2). This relationship held true not only in the more
commonly described basal ganglia region but also in the cortical
gray matter and white matter regions.">*' Analysis of the ADC
signal revealed a similar relationship, consistent with prior litera-
ture demonstrating significant correlations between decreased
ADC and elevated ASL cerebral blood perfusion signals;™
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however, the diagnostic performance of the ADC and normalized
ADC was inferior, likely due to higher susceptibility to volume-
averaging artifacts from the surrounding CSF or intrinsic proper-
ties yet to be delineated causing higher ASL cerebral blood perfu-
sion elevation than the corresponding ADC abnormality.>®

This homogeneously positive relationship between ASL
and DWI may be related to changes in global BBB permeabil-
ity. Tanaka et al® previously showed that the ASL perfusion
sequence tends to overestimate CBF in ischemic stroke in an
animal model. Unilateral injection of mannitol in healthy
animals, which increased the permeability of the BBB, also
increased the ASL signal. Assuming that the magnetically
tagged water molecules are freely diffusible across the
BBB,>'®!! they postulated that ischemic stroke injuries, with
subsequent disruption of the BBB, allowed increased extrava-
sation of water molecules, implying that ASL perfusion signal
is dependent on BBB integrity.

On the basis of the results of the animal studies and our cur-
rent observations, we hypothesize that in an anoxic injury, there



FIG 5. Quantitative-versus-nonquantitative ASL perfusion in anoxic brain injury. A—C, Quantitative perfusion imaging in a 31-year-old patient
who had an anoxic brain injury after cardiac arrest. B = 1000 DWI (A) and ADC map (B) show diffusion restriction in the posterior putamen
(arrows) and occipital cortex. C, Quantitative pulsed ASL image shows global hyperperfusion. Subtle increased cerebral blood flow is seen in
the posterior putamen and occipital lobes, corresponding to the areas of diffusion restriction (arrows). D—F, Nonquantitative perfusion imaging
in a 22-month-old child who had an anoxic injury after cardiac arrest. B = 1000 DWI (D) and ADC map (E) show diffusion restriction in the basal
ganglia (arrowheads) and occipital cortex. F, Nonquantitative colorized pulsed ASL image demonstrates marked increases in the ASL signal in
the putamen (arrowheads) and occipital cortex, corresponding to the areas of diffusion restriction.

is both a global and regional disruption of the BBB, especially in
the regions of higher metabolic demands, leading to regional
increases in ASL signal that correlate with the areas of greatest
diffusion restriction (Fig 5D-F). Nondependence of the positive
relationship between ASL and DWI signal on the time interval
from injury to imaging (Fig 3) suggests that the BBB injury is
present and enduring up to 14 days (range, 0-14 days after the
reported inciting event). This BBB disruption is normally seen
on gadolinium contrast-enhanced MR imaging 2-3 days after is-
chemic injury and may persist for months;** however, it is con-
ceivable that the BBB injury occurs earlier than 2-3 days, and it is
only after 2-3 days that the BBB disruption is large enough for
the gadolinium particles to cross the BBB.

Gadoterate meglumine, a commonly used chelated gadolin-
ium contrast medium, is 2 nm,*' compared with 0.275 nm for a
water molecule. ASL uses the protons within the blood

water,4,5,42,43

making the ASL sequence much more sensitive to
early changes in the BBB pore size. Although there is not a signifi-
cantly nonzero slope, positive trends of both the linear regression
slope and R* over interval to imaging were observed (Fig 3).
These may suggest that the repair of the BBB is gradual and lags

behind the pseudonormalization of the diffusion signals, a

phenomenon in which diffusion-weighted imaging improves and
appears to have normal findings by the end of the first week.’
Gradually decreasing metabolic demands due to delayed cell
death during the energy failure component of the reperfusion
21,44,45

phase with persistent BBB disruption could theoretically
have contributed to a similar relationship. Further research with
animal models and survival studies is needed to delineate the
underlying physiologic response and to evaluate the effects of
BBB disruption in humans and the recovery of BBB integrity.

The animal studies showing an increase in ASL signal
with BBB disruption alone highlight 1 potential limitation of
quantitative ASL techniques. Quantitative ASL equations are
based on the assumption that the ASL tag is a freely diffusible
tracer and is able to freely cross the BBB. If the animal studies
and our hypothesis are true, then nonquantitative methods
may be advantageous when studying entities such as anoxic brain
injury. Prior quantitative studies looking at anoxic brain injury
showed marked global hyperperfusion with mean gray matter per-
fusion values reaching up to 204 mL/100 g of tissue/min (Fig 5A-
C)."” These exceptionally high perfusion values are 3-4 times
normal and would mean between 45% and 60% of cardiac
output would be directed to the brain.*® On the basis of these
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superphysiologic values, we believe that the cerebral perfu-
sion has increased to a degree; however, changes in BBB per-
meability have also influenced the quantitative ASL measurements.
Future studies may evaluate quantitative and nonquantitative ASL
perfusion in a human BBB disruption model to validate this
hypothesis.

Another potential cause of the diffusion and perfusion ratio
observations would be loss of autoregulation, leading to loss
of global vasoreactivity after anoxic brain injury.*** Loss of vaso-
reactivity has been suggested in neonates with hypoxic-ischemic
encephalopathy.** Additionally, global hyperperfusion affecting
the white matter could artificially increase the ratio in the white
matter regions by increasing their perfusion values to a level simi-
lar to that of the gray matter. Future studies could investigate this
possibility by applying gray-white matter segmentation and ana-
lyzing the mean diffusion-to-perfusion ratios in the gray matter
and white matter, respectively.

Among healthy controls, significantly lower R values and
lower slopes of the linear regression models implied underlying
heterogeneity of the relationship between the ASL perfusion and
the DWI signal. Analyses of the ADC also demonstrated similar
results. The lack of a homogeneous relationship is likely second-
ary to a much lower signal-to-noise ratio among the intracranial
structures in healthy controls. Small variability in metabolic
demand, regional perfusion, BBB permeability, and the inherent
delay of the autoregulation feedback loop may also contribute to
the demonstrated heterogeneities.*’”**

Generation of the voxelwise NDP color map highlights 2 key
concepts. First, in patients with anoxic brain injuries, for reasons
that remain elusive, the ratio between ASL and DWI signal was
homogeneous throughout the brain, including the white and gray
matter (Fig 4A, -B). In patients with anoxia, this voxelwise global
homogeneous relationship supersedes any larger manual or auto-
mated ROI methodology by showing that as long as enough ROIs
are selected and the locations of the DWT and ASL are matched,
the actual location of the ROI in a particular structure is not
significant. Second, in healthy controls, the NDP color map
(Fig 4E, -F) demonstrated global heterogeneity, evident by the
large distribution of DWI/ASL ratios through the brain structures.
Thus, in the healthy population, ROI placement and, most impor-
tant, the number of ROIs become significant due to the global het-
erogeneity. This is most pronounced in the white matter regions
where perfusion values are very low. The NDP color map of the
predominately unilateral case, which was an unfortunate patient
with nonaccidental trauma with anoxic brain injury secondary to
unilateral carotid occlusion from strangulation, demonstrated
more uniform color distribution in the affected right hemisphere
and heterogeneous color distribution in the nonaffected left hemi-
sphere (Fig 4I-]). With future automatic implementation, we
believe the NDP color map can be an additional imaging bio-
marker for anoxic brain injuries, especially in the neonatal popula-
tion. The NDP ratio map avoids the dependence, complexity, and
inherit limitations of manual or automated ROI selection and ratio
calculations.

In an attempt to simplify the NDP ratio generation for a neu-
roradiologist in a general clinical practice who might not have a
pipeline to generate these NDP maps or have time to select 10
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ROIs, we examined the diagnostic performance of choosing 2
random ROIs. The positivity of the slope of the line between the
2 points on a graph of ASL-versus-DWTI signal was determined.
Positive slopes would be consistent with anoxic injuries. Negative
slopes would be consistent with healthy patients. The diagnostic
performance of this method was inferior to that of the 12-point
ROI linear regression method. This was expected because the in-
herent heterogeneity of the NDP ratios in the healthy population
could not be accurately captured by a random 2-point selection
(Fig 4E, -F). If the NDP ratio color map cannot be obtained while
one is trying to confirm the diagnosis of anoxic brain injury,
alternatively, 2 different basal ganglia or thalamus structures
from the opposite hemisphere can be selected for slope determi-
nation with reasonable sensitivity (0.78) and specificity (0.71).

This study has several limitations, in addition to the inherent
limitations of being a retrospective study. First, despite recent
progress in the understanding of BBB permeability and ASL per-
fusion, our knowledge of their characteristics, especially in the
context of anoxic brain injuries, remains limited. The exact
underlying physiologic property that the NDP ratio is reflecting
remains uncertain. Further research is needed for better charac-
terization of the physical and molecular properties of the BBB
during anoxic brain injury, timing, and its subsequent repair and
also to evaluate the NDP ratio in models of BBB disruption.
Second, we performed a strict comparison between patients with
a confirmed diagnosis of anoxic brain injury and control subjects
with normal imaging examination findings. This improves our
statistical power and highlights our findings. Further studies will
aim to examine the NDP ratios in other isolated and mixed etiol-
ogies, including tumor, stroke, and metabolic diseases. Third, we
used the in-line vendor software for automatic ADC map genera-
tion. Prior comparative studies have demonstrated significant
variations in the generation of ADC maps across different post-
processing software.”® Future studies could be repeated with an
open-source postprocessing software, such as Horos (https://
sourceforge.net/projects/horos/). Moreover, manually placed
ROI regions could have signal interference from surrounding
structures, volume averaging, or incompletely matched locations.
An automated atlas-based process for brain parcellation, region
selection, and location-matching across series could be more
accurate if performed with a high-resolution T1 series.

Last, the ASL perfusion sequence remains suboptimal in the
neonatal population due to the small head size and requires opti-
mization to ensure good-quality imaging. Our postlabel delay
times at 1200 ms differ from the International Society for Magnetic
Resonance in Medicine Perfusion Study Group ASL parameter
recommendations, but most of our cases were scanned before the
release of these recommendations. It is possible that the shorter
postlabel delay has influenced the findings and observations with
the NDP map. These findings can be further validated and con-
firmed at longer postlabel delay times in future studies.”"

CONCLUSIONS

In patients with anoxic brain injury, there is a global homogene-
ously positive relationship between qualitative ASL perfusion and
diffusion-weighted signal so that areas of restricted diffusion show
significantly increased ASL perfusion signal. This relationship


https://sourceforge.net/projects/horos/
https://sourceforge.net/projects/horos/

suggests that ASL perfusion signal may be dependent on BBB in-

tegrity, consistent with prior animal models. A new metric, the

NDP ratio color map, may be a valuable imaging biomarker to dif-

ferentiate patients with anoxic brain injury from healthy controls

and to potentially assess BBB integrity. Further studies are neces-
sary to better understand the underlying physiology reflected in
the NDP ratio map observations in anoxic brain injury.
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CT Angiography in Evaluating Large-Vessel Occlusion in
Acute Anterior Circulation Ischemic Stroke: Factors
Associated with Diagnostic Error in Clinical Practice
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ABSTRACT

BACKGROUND AND PURPOSE: It is currently not completely clear how well radiologists perform in evaluating large-vessel occlu-
sion on CTA in acute ischemic stroke. The purpose of this study was to investigate potential factors associated with diagnostic error.

MATERIALS AND METHODS: Five hundred twenty consecutive patients with a clinical diagnosis of acute ischemic stroke (49.4%
men; mean age, 72 years) who underwent CTA to evaluate large-vessel occlusion of the proximal anterior circulation were included.
CTA scans were retrospectively reviewed by a consensus panel of 2 neuroradiologists. Logistic regression analysis was performed
to investigate the association between several variables and missed large-vessel occlusion at the initial CTA interpretation.

RESULTS: The prevalence of large-vessel occlusion was 16% (84/520 patients); 20% (17/84) of large-vessel occlusions were missed at
the initial CTA evaluation. In multivariate analysis, non-neuroradiologists were more likely to miss large-vessel occlusion compared
with neuroradiologists (OR = 5.62; 95% Cl, 1.06-29.85; P = .04), and occlusions of the M2 segment were more likely to be missed
compared with occlusions of the distal internal carotid artery and/or Ml segment (OR = 5.69; 95% Cl, 144-22.57; P = .01). There
were no calcified emboli in initially correctly identified large-vessel occlusions. However, calcified emboli were present in 4 of 17
(24%) initially missed or misinterpreted large-vessel occlusions.

CONCLUSIONS: Several factors may have an association with missing a large-vessel occlusion on CTA, including the CTA inter-
preter (non-neuroradiologists versus neuroradiologists), large-vessel occlusion location (M2 segment versus the distal internal carotid
artery and/or Ml segment), and large-vessel occlusion caused by calcified emboli. Awareness of these factors may improve the ac-
curacy in interpreting CTA and eventually improve stroke outcome.

ABBREVIATIONS: EVT = endovascular thrombectomy; LVO = large-vessel occlusion

Stroke is a leading cause of global mortality and disability."  accurate CTA evaluation with 24/7 coverage. In our hospital,
Randomized controlled trials have recently shown that endo-

vascular thrombectomy (EVT) significantly reduces disability in

which is one of the largest general hospitals in the Netherlands
and a primary stroke center (ie, capable of administering intrave-

patients with acute ischemic stroke caused by large-vessel occlu-
sion (LVO) of the proximal anterior circulation.>* Therefore,
EVT is currently considered the standard of care, and it is recom-
mended that all potential EVT candidates (ie, patients with clini-
cally suspected LVO [eg, Los Angeles Motor Scale score of =4]
and presentation within 6 hours of symptom onset) are rapidly
screened for LVO using CTA.> This paradigm shift has a great
impact on the workflow of radiology departments in stroke cen-
ters worldwide because they are required to provide rapid and
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nous thrombolytics but not EVT), CTA was introduced as a
standard of care after the results from the Multicenter Randomized
Clinical Trial of Endovascular Treatment for Acute Ischemic
Stroke in the Netherlands (MR CLEAN) were published in
January 2015.>

However, it is currently not completely clear how well radiolog-
ists perform in interpreting CTA in clinical practice. Unfamiliarity
in reading CTA particularly among non-neuroradiologists, the
crucial need for rapid diagnosis often during on-call hours, and the
relatively small caliber of the M2 and A2 segments may lead to
diagnostic error. Knowledge of potential factors associated with
diagnostic error may be helpful to optimize accurate interpretation
of CTA. Therefore, the purpose of our study was to investigate
potential factors associated with diagnostic error in evaluating
LVO on CTA in acute ischemic stroke.
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Table 1: Anatomic distribution of LVOs

No. of Missed LVOs at Initial

Location of LVO No. (%) CTA Evaluation (%)

Distal intracranial carotid artery 1(1.2%) 0 (0%)

Distal intracranial carotid artery and M1 10 (11.9%) 0 (0%)
segment

Distal intracranial carotid artery and M2 1(1.2%) 0 (0%)
segment

M1 segment 31(36.9%) 3(17.6%)

M2 segment 40 (47.6%) 14 (82.4%)

Al segment 1(1.2%) 0 (0%)

A2 segment 0 0 (0%)

FIG 1. A 75-year-old male patient with acute ischemic stroke. At initial CTA evaluation, occlusion
of 1 of the M2 segment branches of the left middle cerebral artery (arrows on all slices) was
missed. Consecutive axial CTA slices in a caudocranial direction (A-D) show a contrast filling
defect in a branch of the left M2 segment (arrows in C and D). Note that 2 adjacent branches of

the left M2 segment show normal contrast filling on all slices (arrowheads).

MATERIALS AND METHODS
Patients

This retrospective study was approved by the institutional review
board of our hospital (No. Z2019102), and patient consent was
waived. Five hundred twenty consecutive patients with a clinical
diagnosis of acute ischemic stroke (49% men; mean age, 72 years;

608 Fasen Apr2020 www.ajnr.org

range, 19-100 years) who underwent
CTA to evaluate LVO of the proxi-
mal anterior circulation at Zuyderland
Medical Center between January 2019
and August 2019 were included. Pa-
tients with suspected posterior circu-
lation symptoms or occlusion were
excluded from the study.

CTA Protocol

CT was performed using either 64-
section CT scanners (Brilliance, 168
patients, Incisive, 43 patients, Philips
Healthcare, Best, the Netherlands; or
Somatom Definition AS, 302 patients,
Siemens, Erlangen, Germany) or on
a 64-section dual-source scanner
(Somatom Definition Flash, 7 patients;
Siemens). CTA was performed with 60
mL of iobitridol (Xenetix 300; Guerbet,
Aulnay-sous-Bois, France) using a
bolus-tracking technique (Philips scan-
ners) or after a test bolus (Siemens scan-
ners) at an injection speed of 5 mL/s.
Scanning parameters were the following:
collimation = 64 x 0.625 mm (Philips
scanners) or 64 X 0.6 mm (Siemens
scanners), 120 kV(peak) (Philips scan-
ners) or 100 kVp (Siemens scanners),
250 mAs (Philips Brilliance) or 117 mAs
(Philips Incisive) or 130 mAs (Siemens
scanners), pitch = 0.391 (Philips
Brilliance) or 0.60 (Philips Incisive)
or 1.2 (Siemens scanners), and matrix
size = 512 x 512. CTA images were
reconstructed in the transverse plane
with 0.67-mm section thickness and a
0.33-mm increment (Philips scanners)
or with 1.0-mm section thickness and a
0.5-mm increment (Siemens scanners).

Initial CTA Interpretation

CTA scans were prospectively read
and reported by either neuroradiolo-
gists (n = 4), non-neuroradiologists
(n = 15), or senior radiology residents
(n = 10) during office hours (8:00 am
to 5:00 pm on weekdays) and on-call
hours (5:00 pm to 8:00 AM on weekdays,
weekends, and official holidays). LVO

was defined as the presence of a contrast filling defect in any of

the following segments of the proximal anterior circulation: the

distal intracranial carotid artery, M1 and M2 segments of the
middle cerebral artery, and Al and A2 segments of the anterior
cerebral artery. Readers were able to interpret CTA in conjunc-
tion with noncontrast head CT, which was acquired just before



Table 2: Variables potentially associated with missing LVO at initial CTA evaluation;

results of univariate logistic regression analysis®

RESULTS
The prevalence of LVO was 16% (84/

Variables Odds Ratio (95% Cl) P Value 520 patients). The anatomic distribu-
Interpreter S tion of LVOs is shown in Table 1.
Non-neuroradlo!oglsts (n=33)vs 7.14 (1.43-35.57) .02 Twenty percent of LVOs (17/84) were
neuroradiologists (n = 27) . o .
Senior residents (n = 24) vs 179 (0.27-1.71) 55 missed at initial CTA evaluation. In
neuroradiologists (n = 27) univariate analysis, non-neuroradiolo-
Senior residents (n = 24) vs non- 0.25 (0.06-1.02) .05 gists were more likely to miss LVOs
neuroradiologists (n = 33) compared with neuroradiologists,
Time of CTA interpretation, on-call hours 1.89 (0.63-5.70) 26 .
and occlusions of the M2 segment
(n = 40) vs office hours (n = 44) . . .
Reporting of lateralizing symptoms/signs or 0.91(0.29-2.92) 88 (Fig 1) were more likely to be missed
suspected location of stroke on the compared with occlusions of the dis-
request form for CTA; yes (n = 58) vs tal internal carotid artery and/or M1
no (n = 26) segment (Table 2). The time of CTA
Location of LVO; M2 segment (n = 40) vs 6.77 (1.79-25.57) .005

distal internal carotid artery and/or
M1 segment (n = 42)

interpretation and the availability of
specified clinical information (later-

#Nos. in parentheses in column 1 represent the number of CTA scans.

Table 3: Variables potentially associated with missing LVO at initial CTA evaluation;

results of multivariate logistic regression analysis®

alizing symptoms/signs or suspected
location of stroke reported on the
request form for CTA) were not sig-
nificantly associated with missing

LVO (Table 2). In multivariate anal-

Odds Ratio P . .
Variables (95% Cl) Value ysis, the type of interpreter (non-neu-
Interpreter roradiologists versus neuroradiologists,
Non-neuroradiologists (n = 33) vs neuroradiologists 5.62 (1.06-29.85) .04 OR = 5.62; 95% ClI, 1.06-29.85, P =
(n=27) .04) and the location of the LVO (M2

Senior residents (n = 24) vs neuroradiologists (n = 27)
Senior residents (n = 24) vs non-neuroradiologists (n = 33)
Location of LVO; M2 segment (n = 40) vs distal internal carotid

artery and/or M1 segment (n = 42)

163 (0.23-1137) .62
029 (0.07-126) .10
5.69 (144-2257) .01

segment versus the distal internal ca-
rotid artery and/or M1 segment, OR =
5.69; 95% CI, 1.44-22.57, P = .01)

#Nos. in parentheses in column 1 represent the number of CTA scans.

CTA. CT images were analyzed on a PACS workstation with
MIP and MPR capabilities.

Reference Standard

CTA scans were retrospectively reviewed for the presence or
absence of LVO by a consensus panel of 2 neuroradiologists
(RMK. and F.-J.H.H.). In case of LVO, whether it was caused by
a calcified embolus was also recorded. Calcified emboli are consid-
erably more attenuated (mean, 162 HU; range, 79-435 HU) than
intraluminal thrombi (typical range, 50-70 HU) and are round or
ovoid (not tubular or linear-like vascular wall calcifications).®
There were no disagreements between the 2 neuroradiologists.

Statistical Analysis

Statistical analyses were performed using MedCalc statistical soft-
ware for Windows, Version 12.6.0 (MedCalc Software, Mariakerke,
Belgium). Logistic regression analysis was performed to investigate
the association among interpreters (neuroradiologists, non-neurora-
diologists, or senior residents), time of CTA interpretation (on-call
hours versus office hours), availability of specified clinical informa-
tion (lateralizing symptoms/signs or suspected location of stroke
reported on the request form for CTA), location of LVO (M2 seg-
ment versus distal internal carotid artery and/or M1 segment), and
missed LVO at initial interpretation. Significant variables in univari-
ate analysis (ie, predefined P value << .10) were considered for multi-
variate analysis.”

remained significantly associated with
missing the LVO at initial CTA evalua-
tion (Table 3). In all correctly identified
LVOs at initial CTA interpretation, there were no calcified emboli.
However, calcified emboli were present in 4 of 17 (24%) initially
missed or misinterpreted LVOs. In 3 patients, calcified emboli
were missed (2 in the M1 segment, 1 in the M2 segment), whereas
in 1 patient, a calcified embolus in the M2 segment was misinter-
preted as clinically irrelevant calcification (Fig 2). In 16 patients
with missed anterior circulation LVO, mRS scores after a median
follow-up of 46.5 days (range, 6-163 days) were 1 (n =5),2 (n =
7),3 (n=1),4 (n=1),and 6 (n = 2). One patient with a missed
anterior circulation LVO was lost to follow-up: This patient was
transferred to a comprehensive stroke center because of complete
hemiparesis with brain swelling requiring possible decompressive
craniectomy.

DISCUSSION
In patients experiencing a typical large-vessel acute ischemic
stroke, 1.9 million neurons are destroyed each minute that the
stroke is untreated.® Rapid and accurate detection of LVO on
CTA is of crucial importance so that EVT can be performed as
soon as possible to reduce disability. The prevalence of LVO in
our study was 16%, which is comparable with prevalence values
reported in the literature.”'® Most striking, we found that as
much as 20% of LVOs were missed or misinterpreted at initial
CTA interpretation in clinical practice.

Errors and discrepancies are uncomfortably common, with
an estimated day-to-day rate of 3%-5% of radiology studies
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FIG 2. A70-year-old male patient with acute ischemic stroke. At initial CTA evaluation, LVO due
to a calcified embolus in the M2 segment of the left middle cerebral artery (arrows in CTA image,
A; and in a noncontrast head CT image, B) was misinterpreted as clinically irrelevant calcification.
Follow-up MR imaging (FLAIR image, C; and diffusion-weighted image, D) 1 day after CTA reveals

infarction in the left middle cerebral artery territory (arrows).

reported, and even higher rates reported in many targeted stud-
ies.'"’ CTA evaluation for intracranial LVO appears to be no
exception, with a total error rate of 3.3% (17 of all 520 CTA
scans analyzed in this study). Potential factors associated with
diagnostic error need to be uncovered and highlighted to pre-
vent repetition and improve patient care. We found that non-
neuroradiologists were more likely to miss LVOs compared
with neuroradiologists. A plausible explanation could be that
neuroradiologists are more experienced in evaluating CTA of
the intracranial vasculature. We also found that occlusions in
the M2 segment of the middle cerebral artery were more likely
to be missed compared with occlusions in the distal internal
carotid artery and/or M1 segment. The relatively smaller cali-
ber, tortuous course, and variable branching pattern of the
M2 segment'” may be potential causes of perception error.
Radiologists should be aware of these causes and carefully
scrutinize branches of the M2 segment. The use of MIP and/or
MPR may be helpful.'>'* In addition, the use of wavelet-based
reconstruction (which improves image quality),'® multiphase
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CTA,'®Y CT perfusion maps,'”'
angiographic volume perfusion CT
reconstructions (4D CTA),'® and/or
automated software'® may help to
further improve the detection of
LVO.

All 4 calcified emboli (2 in the M1
segment and 2 in the M2 segment)
were either missed or misinterpreted at
initial CTA evaluation in our study.
The most probable reason for this
diagnostic error is unfamiliarity with
this entity. In a previous study, 27% of
calcified emboli were misinterpreted
and 9% were overlooked on noncon-
trast head CT.® Once thought to be
rare,”’ calcified emboli are now consid-
ered more common than previously
assumed.® The prevalence in a former
study in patients with stroke with acute
LVO was 1.3%,21 whereas it was even
higher in our study: 4.8% (4 of 84
patients with acute LVO). Removal of
calcified emboli may be challenging,
but successful recanalization can be
achieved by mechanical thrombec-
tomy.”"** We believe that it is critical
to interpret CTA in conjunction with
thin-section noncontrast CT because
calcified emboli may be more conspic-
uous on nonenhanced CT images.
Furthermore, hyperdense thrombus may
also be identified more easily using thin-
section noncontrast CT.>* We speculated
that LVOs may be more easily missed
during on-call hours. However, our
study findings do not support this hy-
pothesis. Although the availability of
specified clinical information (lateralizing symptoms/signs or sus-
pected location of stroke reported on the request form for CTA)
enables a more targeted search, we did not find evidence that its ab-
sence was associated with missing LVOs.

Our study has some potential limitations. First, we did not
have confirmation of CTA findings with DSA. However, CTA
using modern CT scanners provides equivalent information of
the large intracranial arteries compared with DSA.** Second,
CTA evaluation may be subject to some degree of interobserver
variation. However, the purpose of our study was to evaluate
potential factors associated with diagnostic error rather than
investigating interobserver variability. Moreover, retrospective
review of CTA scans in a calm research setting does not reflect
CTA evaluation in a usually busy clinical setting needing rapid
diagnosis. Third, because of the retrospective nature of our study
and the complexity, we could not investigate other potential sour-
ces of diagnostic error, including reading speed, fatigue, work-
load, and frequency of interruptions and distractions during
CTA evaluation. Fourth, because Al and A2 segment occlusions



were scarce (only 1.2% of all LVOs) in our study, no conclusions
can be drawn for these segments. However, Al and A2 segment
occlusions are overall less relevant from an incidence point of
view (only 0.6% of all anterior circulation LVOs in the MR
CLEAN trial).?

CONCLUSIONS

Twenty percent of LVOs were missed at initial CTA evaluation in
clinical practice. Several factors may have an association with
missing an LVO on CTA, including CTA interpreter (non-neuro-
radiologists versus neuroradiologists), LVO location (M2 seg-
ment versus distal internal carotid artery and/or M1 segment),
and LVO caused by calcified emboli. Awareness of these factors
may improve accuracy in interpreting CTA and eventually
improve stroke outcome.
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Reliability of CT Angiography in Cerebral Vasospasm:
A Systematic Review of the Literature and an Inter- and
Intraobserver Study
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ABSTRACT

BACKGROUND AND PURPOSE: Computed tomography angiography offers a non-invasive alternative to DSA for the assessment of
cerebral vasospasm following subarachnoid hemorrhage but there is limited evidence regarding its reliability. Our aim was to per-
form a systematic review (Part I) and to assess (Part Il) the inter- and intraobserver reliability of CTA in the diagnosis of cerebral
vasospasm.

MATERIALS AND METHODS: In Part |, articles reporting the reliability of CTA up to May 2018 were systematically searched and
evaluated. In Part II, 11 raters independently graded 17 arterial segments in each of 50 patients with SAH for the presence of vaso-
spasm using a 4-category scale. Raters were additionally asked to judge the presence of any moderate/severe vasospasm (= 50%
narrowing) and whether findings would justify augmentation of medical treatment or conventional angiography * balloon angio-
plasty. Four raters took part in the intraobserver reliability study.

RESULTS: In Part |, the systematic review revealed few studies with heterogeneous vasospasm definitions. In Part II, we found inter-
rater reliability to be moderate at best (k = 0.6), even when results were stratified according to specialty and experience. Intrarater
reliability was substantial (k > 0.6) in 3/4 readers. In the per arterial segment analysis, substantial agreement was reached only for
the middle cerebral arteries, and only when senior raters’ judgments were dichotomized (presence or absence of =50% narrowing).
Agreement on the medical or angiographic management of vasospasm based on CTA alone was less than substantial (k = 0.6).

CONCLUSIONS: The diagnosis of vasospasm using CTA alone was not sufficiently repeatable among observers to support its gen-
eral use to guide decisions in the clinical management of patients with SAH.

ABBREVIATION: EBM = Evidence-Based Medicine

C erebral vasospasm is the main cause of delayed cerebral is-
chemia after rupture of an intracranial aneurysm.'” To
detect and manage vasospasm, CTA and DSA are commonly
used, particularly in comatose or sedated patients, to guide the
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use of medical and/or endovascular interventions that aim to pre-
vent poor outcomes.>* The reliability of CTA in this context has
not been rigorously evaluated.>™®

This article is divided in 2 parts. First, we systematically
reviewed the literature on the CTA evaluation of vasospasm with
emphasis on grading classifications and interobserver reliability.
Second, we performed a local reliability study to assess whether
clinicians agreed in making the diagnosis of moderate or severe vas-
ospasm using CTA and in recommending further investigations or
treatments based on CTA results in a series of 50 patients.

Please address correspondence to Laurent Letourneau-Guillon, MD, Pavillon D,
1051, Rue Sanguinet, porte D03.5481, Montreal (Quebec) H2X 0C1 Canada; e-mail:
laurent.letourneau-gillon.1@umontreal.ca

E Indicates article with supplemental on-line appendix and tables.

B Indicates article with supplemental on-line photos.
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MATERIALS AND METHODS

Part I: Systematic Review

Classification systems used to quantify the degree of vasospasm
with DSA and/or CTA and intra-/interobserver agreement stud-
ies on the diagnosis of vasospasm using CTA were systematically
reviewed. A detailed protocol for the search strategy was prepared
according to the Preferred Reported Items for Systematic
Reviews and Meta-Analysis statement.” The EMBASE, CINAHL,
Evidence-Based Medicine (EBM), Cochrane, and MEDLINE
databases were searched with no starting date specification, cap-
turing English and French publications up to May 3, 2018. The
search strategy is available in On-line Tables 1-5. One author
(B.F.) tested the search strategy for its ability to recover perti-
nent articles. The data were collected and reviewed in detail by
2 authors with 5 and 6 years of experience, respectively (B.F.
and L.L.-G.). Discrepancies were resolved by consensus.

Part II: Reliability Study

The Guidelines for Reporting Reliability and Agreement Studies
were followed.'® The Centre de Recherche du Centre Hospitalier
Universitaire de Montreal review board waived informed consent
to access the patients’ clinical and radiologic data. Written
informed consent was obtained from all raters participating in
the study.

Patients. We assembled a portfolio of 50 patients. The number of
patients was predefined using the method of Donner and
Rotondi'' and the kappaSize package'? in R, Version 3.4.4
(https://www.r-project.org/),"” taking into account pragmatic fac-
tors such as the willingness of observers to complete segment-by-
segment evaluations.

All consecutive patients presenting to our institution from
January 2005 to May 2017 with nontraumatic nonperimesence-
phalic SAH" and who had undergone at least 2 CTAs (one on
admission, the other follow-up CTA performed 2-21 days later
to assess the presence of vasospasm) were retrospectively recov-
ered from our radiology information system. The 2- to 21-day
interval was chosen to cover the typical vasospasm window,
assuming that the initial CTA could potentially be delayed by up
to 24 hours since the onset of symptoms.*'>'® The admission
CTA was used as a reference when evaluating vasospasm on fol-
low-up CTA.”® To minimize the issue of the x paradox, CTAs
were chosen in approximately equal proportions of vasospasm se-
verity with reference to the official radiology report."”" We did
not exclude examinations degraded by coil or clip artifacts unless
the study was rendered nondiagnostic (1 patient with 3 coiled
aneurysms). All radiologic studies were de-identified and sent to
the PACS for this study. The retrieved clinical information
included demographic data (age, sex) and initial SAH-related
patient characteristics (Hunt and Hess scale,®® hydrocephalus,
ventricular drainage, craniectomy, anatomic location of the cul-
prit vascular lesion causing the SAH, type of treatment of the vas-
cular lesion) as well as the reason for performing the follow-up
CTA in search of vasospasm and the time delay between the ini-
tial and follow-up CTA. One author (LL.-G.) retrospectively
graded each admission noncontrast head CT for SAH using the
modified Fisher scale.*'

Readers. Eleven clinicians involved in the diagnosis and manage-
ment of vasospasm, from different specialties (radiology, neuro-
surgery) and with different levels of experience in the
management of vasospasm from our institution participated in
the study. Readers were stratified by experience as junior (resi-
dents and fellows) or senior (attending physicians with =5 years
of experience; range, 5-35 years).

Evaluations and Categories. For each case, readers were asked to
grade the degree of vasospasm of 17 arterial segments on a 4-cate-
gory scale (none, mild [<50%], moderate [50%-74%], and severe
[=75% narrowing]) compared with the initial CTA.*** Arterial
segments were predefined as proximal (intracranial internal ca-
rotid arteries, A1, M1, and P1 segments, basilar and vertebral
arteries) or distal (A2-3, M2-3, P2-3 segments), as previously
reported.” For each patient, there were 3 additional questions
(yes/no): 1) Is there moderate-severe vasospasm at any location?
2) Presuming the presence of a new neurologic deficit corre-
sponding to the territory of the artery affected by vasospasm,
would you recommend a change in medical management? 3)
Would you recommend DSA with or without balloon angio-
plasty? The latter 2 clinical decisions were based on the readers’
clinical experience.

All the aforementioned readings were performed using only
the pair of de-identified admission and follow-up CTAs, with the
reader blinded to the initial report, other clinical information, or
follow-up imaging as well as other reader assessments. For the
intrarater portion of the study, all cases were read a second time
by 4 raters. The second set of readings was permutated and per-
formed at least 4 weeks following the initial readings to minimize
recall bias.

CTAs. All CTAs were performed on a 64-section Somatom
Sensation scanner (Siemens, Erlangen, Germany), using 60-
mL injections of iohexol (350 mg iodine per millimeter,
Omnipaque; GE Healthcare, Piscataway, New Jersey), followed
by a 30-mL saline bolus at 5 mL/s. Scanning parameters were
120-kV tube voltage, 250 mAs, pitch of 0.6, section thickness
of 0.6 with 0.4-mm intervals from C2 to the vertex, matrix of
512 x 512, FOV of 30-32 cm. Minimal reformations were
(section thickness/increments): 1/1-mm axial MPR images,
3/1-mm coronal and sagittal MIP images, as well as 30/3-mm
axial MIP images.

Data Analyses. Intra- and interobserver reliability statistics were
computed using STATA/IC, Version 14.2 (StataCorp, College
Station, Texas) and R'? using the irr package® under the supervi-
sion of a statistician (M.C.). Cohen and Fleiss k reliability coeffi-
cients were calculated for intraobserver and multirater interobserver
analyses, respectively, using 1000 bootstrap samples (bias-corrected)
to obtain 95% confidence intervals. In the per-patient analysis, the 3
main questions generated dichotomous results (yes/no). In the per-
segment analysis, the 4-point grading system for vasospasm (none,
mild, moderate, severe) generated an ordinal scale (0-3). We did
not add weightings to the k calculation for the latter data. This scale
was then dichotomized (none-mild versus moderate-severe,
corresponding to <50 versus =50% arterial narrowing) for a
secondary analysis. An exploratory analysis was also performed,
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removing all arterial segments obscured by clip or coil artifacts.
All k coefficients were stratified according to experience (junior
versus senior) and specialty among senior readers (diagnostic
versus interventional neuroradiology). k coefficients were inter-
preted using Landis and Koch guidelines,** predefining « > 0.6
as “substantial agreement.”

RESULTS

Part I: Systematic Review

A total of 5761 titles were reviewed, 2780 abstracts were exam-
ined, and 304 full-text articles were read in detail, leaving 14
articles for the systematic review (On-line Fig 1). In these studies,
8 different classification systems were used (with 3-5 categories)
with various arbitrary cutoffs (On-line Table 6). All 14 were diag-
nostic accuracy studies, but 3 also assessed interobserver agree-
ment on cerebral vasospasm using CTA. One of the interobserver
variability studies had 3 raters, while the other 2 studies had 2.
No study assessed intraobserver reliability. Results are summar-
ized in On-line Table 7. The degree of blinding of the raters was
not reliably reported. The paucity of data and the heterogeneity
of methods and end points precluded the performance of a meta-
analysis.

Part II: Reliability Study

Patients and their characteristics are summarized in Table 1
and On-line Fig 2, respectively. The CTAs were performed
between March 27, 2008, and April 6, 2017. The mean time
interval between the initial and follow-up CTA was 7.1 days
(range, 2-15 days). Characteristics related to follow-up CTAs
as well as subsequent vasospasm management are summarized
in Table 2.

The 11 readers were 3 interventional neuroradiologists
(>15 years of experience each in evaluating CTAs for vaso-
spasm), 3 diagnostic neuroradiologists (15, 12, and 5 years
of experience), 2 interventional neuroradiology fellows, 2
senior diagnostic radiology residents, and 1 senior neuro-
surgery resident.

The interobserver agreement for the detection of moderate-
to-severe vasospasm (=50% narrowing in any segment) was only
fair (k = 0.340; 95% CI, 0.232—0.462) for all raters (Fig 1, data in
On-line Table 8). Agreement between senior raters improved to
moderate (k = 0.433; 95% CI, 0.266-0.582). Perfect agreement
was found for few patients: Six of 50 (12%) patients were judged
by all raters to have moderate-severe vasospasm, while 3/50 (6%)
were judged by all raters not to have any vasospasm. These pro-
portions improved slightly when only senior readers were consid-
ered, reaching 7/50 (14%) and 16/50 (32%), respectively. There
were significant differences (p < .001) in the proportions of
patients judged to have moderate-to-severe vasospasm between
junior and senior raters, as well as between diagnostic and inter-
ventional neuroradiologists (On-line Table 9 and On-line
Fig 3A).

Interobserver agreement regarding augmentation of medical
treatment based on CTA alone was fair (k = 0.245; 95% CI,
0.179-0.336) (Fig 1, data in On-line Table 8). Interobserver agree-
ment on recommending DSA = balloon angioplasty based on
CTA alone was also fair (k = 0.272; 95% CI, 0.159-0.415)
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Table 1: Baseline demographics, clinical, and radiologic
characteristics of the patients®

Characteristics

Age (median) (range, IQR) (yr) 60 (38-88, 56—69)

Female sex 27 (54)
Hunt and Hess scale
1 5 (10)
2 12 (24)
3 8 (16)
4 17 (34)
5 8 (16)
Hydrocephalus 47 (94)
EVD placement 38 (76)
Craniectomy 4(8)
Modified Fisher scale
1 12
2 8 (16)
3 2(4)
4 39 (78)
Treatment of culprit vascular lesion
Endovascular 39 (78)
Surgical 9 (18)
None® 2 (4)
>1 Lesion treated® 3(6)
Ruptured aneurysmylesion location®
Anterior communicating artery 19 (38)
Posterior communicating artery 8 (16)
Middle cerebral artery bifurcation 6(12)
PICA 6(12)
Carotid ophthalmic 3(6)
Pericallosal 2 (4)
Basilar tip 1(2)
Carotid terminus 1(2)
Posterior cerebral artery (P1) 1(2)
Vertebral artery dissection 1(2)
None® 2 (4)

Note:—IQR indicates interquartile range; PICA, posterior inferior cerebellar artery;
EVD, external ventricular drain.

*Data in parentheses are percentages except where indicated.

® No culprit lesion identified on repeat DSA examinations.

“Three aneurysms, 2 treated by endovascular coiling, and 1, by surgical clipping.
91n case of >1treated aneurysm, this reflects the most likely source of hemorrhage.

Table 2: Vasospasm-related characteristics®

Characteristics

Reason to perform follow-up CTA (vasospasm assessment)

Altered level of consciousness 14 (28)
New neurologic deficit 12 (24)
Raised intracranial pressure 4(8)

New ischemic lesion on CT 2(4)

None other than rule out vasospasm 18 (36)
Vasospasm severity according to original CTA reports

None 10 (20)

Mild 17 (34)

Moderate 18 (36)

Severe 5 (10)
Invasive vasospasm management performed following

CTA

DSA 4(8)

Intra-arterial milrinone 1(2)

Angioplasty 0 (0)

?Data in parentheses are percentages except where indicated.

(Fig 1, data in On-line Table 8). There were only 2/50 (4%) cases
in which all raters agreed that DSA * angioplasty should be per-
formed (On-line Fig 3C).



FIG 1. Interreader reliability coefficients (95% confidence intervals) including all subgroups (sen-
ior, junior, interventional, and diagnostic neuroradiologists) for the 3 main questions: detection
of moderate-severe vasospasm in any arterial segment (= 50% narrowing), recommendations of
medical treatment augmentation, and DSA * angioplasty based on imaging findings. The hori-
zontal dashed line indicates the threshold for substantial agreement (x > 0.6). INR indicates
interventional neuroradiology; DNR, diagnostic neuroradiology.

FIG 2. Intrareader reliability coefficients for the 3 main questions (95% confidence intervals)
among 4 observers: detection of moderate-severe vasospasm in any arterial segment (= 50%
narrowing), recommendations for medical treatment augmentation, and DSA =* angioplasty
based on imaging findings. The horizontal dashed line indicates the threshold for substantial
agreement (k > 0.6).

Fig 4, full data in On-line Tables 11
and 12). Judgments regarding proxi-
mal segments (M1, Al, vertebral and
basilar arteries) were, in general, more
repeatable than judgments regarding
distal segments, with the exception of
the internal carotid artery, for which
agreement remained only slight.
When only senior raters were consid-
ered, agreement for the presence of
moderate-severe vasospasm (dichoto-
mous scale) in the M1 segments
improved to substantial (On-line Fig
4D). Examples of maximal agreement
and maximal disagreement for the
M1 segments are illustrated in On-
line Fig 5.

An exploratory analysis was con-
ducted to examine the role of metal
artifacts from endovascular coils or
surgical clips in affecting the repeat-
ability of diagnoses. Thirty-six Al, 13
A2-A3, 11 ICA, and 7 M1 segments
were excluded from this analysis,
retaining only arterial segments that
were not obscured by artifacts (On-line
Fig 6, full data in On-line Table 13). «
coefficients remained below the 0.6
threshold, except for the left M1 seg-
ment, which reached the substantial
agreement threshold among all
observers.

Four observers completed the intra-
observer study (3 interventional neuro-
radiologists and 1 radiology resident).
Intraobserver reliability was “substan-
tial” (k > 0.6) in 3/4 readers (Fig 2,
data in On-line Table 10) for the detec-
tion of moderate-to-severe vasospasm.
For the management recommenda-
tions based on imaging findings, intra-
observer reliability was substantial for
3 readers for medical management and
for 2 readers for the decision to per-
form DSA.

DISCUSSION

The systematic review revealed a wide
variation in grading systems of vaso-
spasm. In addition, few studies eval-
uated the reliability of CTA for the
diagnosis of vasospasm. Most reports
were primarily diagnostic accuracy
studies, dedicated to a comparison

The segment-by-segment analysis evaluating the presence of  with DSA, while agreement studies were limited to 2-3 raters.
moderate-severe vasospasm did not reach substantial agreement  The relatively good agreement between readers in these stud-

for any arterial segment when considering all raters (On-line  ies could not be confirmed in our center.
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The main finding of our reliability study, which included a
higher number of observers and wider range of experience com-
pared with prior reports, is that the reliability of CTA alone in the
diagnosis of moderate-to-severe cerebral vasospasm was not sub-
stantially repeatable between observers, even when verdicts were
dichotomized and even when analyses were restricted to experi-
enced raters.

This problem has previously been identified.”> When a nonin-
vasive imaging test is proposed to replace a more invasive one
(here conventional angiography), the emphasis is usually placed
on diagnostic accuracy, rather than on studying the repeatability
of judgments made with the new imaging technique by multiple
observers.'®*® A major difficulty is the shift in the clinical
spectrum of patients who are undergoing the test, which nat-
urally occurs as the imaging test becomes widely accepted in
routine clinical applications. Initially, for the diagnostic accu-
racy studies, the new test is likely to be compared with DSA
for patients on the “severe” end of the spectrum (patients for
whom DSA is judged to be indicated). Later on, at the time of
clinical usage, the less invasive test is increasingly used in
patients who have less severe disease, for whom DSA would
not necessarily be performed. The consequence is that the rel-
atively good interobserver agreement typically found between
2 or 3 expert raters in early diagnostic accuracy studies can-
not be reproduced in real-world practice.

The poor repeatability of CTA judgments on vasospasm
may not be surprising when one considers a number of unre-
solved problems. Despite the fact that CTA has been used for
decades in the diagnosis of post-SAH cerebral vasospasm,
there is no consensus on diagnostic criteria and our system-
atic review revealed a wide range of grading scales with vari-
ous arbitrary cutoff values. Whether observers can reliably
differentiate 25% or 30% luminal narrowing is questionable,
given the small caliber of arteries and the limited spatial reso-
lution of CTA. Even if precise and reliable measurements
were possible, there is no agreement on which baseline refer-
ence value should be used. Some authors, similar to our
study, use the baseline examination (when available) as a ref-
erence while others use the ipsilateral or contralateral “unin-
volved” arteries. Various methods (eyeballing versus measuring
with a caliper, for example) are commonly used. The rationale for
various grading scales and the exact procedural methodology have
not been clearly stated or validated.

In general, scales should be valid, reliable, and clinically rele-
vant.*® A scale that is too complex or that introduces too many
categories is less repeatable, leaving too much room for variations
in interpretation by different observers. There is also no standar-
dized way to summarize the findings of each arterial segment in 1
global verdict that concerns the individual patient. We chose a
grading system that had been used previously.>** We also prede-
fined a 50% diameter narrowing cutoff to explore whether better
agreement could be achieved by simplifying responses through
dichotomization and also because the 50% threshold has been
suggested to correlate with decreased cerebral perfusion in the
setting of cerebral vasospasm.>*”"* Further exploration of the
diagnostic value of other threshold values may be warranted,
given the low reliability found in the current study as well as
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possible lack of specificity of the 50% narrowing cutoff to predict
ischemia,'>*%%

The primary end point of the study was the identification of
moderate-to-severe vasospasm in any arterial segment for a given
patient. If agreement between observers failed to reach the sub-
stantial (k > 0.6) threshold, even for experienced raters, at least
the intrarater agreement was better for most readers. There
remains hope that better interobserver agreement could be
attained, at least for major proximal arterial segments (excluding
the carotid arteries), with more precise definitions and standar-
dized procedures.

No matter how vasospasm is interpreted, the most impor-
tant questions concern the clinical relevance of the CTA ver-
dict. We were interested in exploring whether agreement
existed, if not for the grade of vasospasm, at least for the clini-
cal significance of the CTA findings in terms of whether med-
ical treatment should be increased or whether DSA =+ balloon
angioplasty should be performed. We were careful not to pro-
vide clinical information that could bias the interpretation of
the clinical history by different observers.>' Despite this
effort and contrary to a previous report,” interrater agree-
ment remained below the substantial level.

A striking finding was the difference in the severity of vaso-
spasm adjudicated by readers of different experiences and special-
ties. Diagnostic radiologists had a higher proportion of moderate-
to-severe vasospasm diagnoses compared with interventional neu-
roradiologists. Junior readers had a higher proportion of positive
answers to the 3 main questions, compared with more experienced
readers. Interventional neuroradiologists, who are exposed to the
most severe end of the disease spectrum because they may be
required to treat these patients, may have a higher threshold for
diagnosing severe vasospasm than other clinicians.

Segment-by-segment analyses were performed to explore
potential ways to improve the reliability of CTA. This analysis
also showed lower agreement than previously reported.” However,
the relatively low reliability of the assessment of the carotid arteries
and the relatively better agreement found in the evaluation of mid-
dle cerebral arteries have previously been noted.® These observa-
tions suggest that readers looking for vasospasm on CTA should
perhaps focus on more reliable segments such as the M1 segments
and basilar artery and not on less reliable segments such as carotid
arteries or distal vessels.

The present study did not select the best cases or exclude
patients with clip or coil artifacts, to reflect real-life clinical
conditions. Including mainly patients without metal artifacts,
as in a previous report,® would hardly have reflected normal
clinical usage, for most patients at risk of vasospasm have al-
ready undergone endovascular or surgical treatment of the
aneurysm at the time of the CTA assessment. Metal artifacts
remain a limitation of CTA, a problem that could perhaps
be mitigated by specific algorithms and/or dual-energy CT.”
However, agreement improved only minimally when a second anal-
ysis excluding arterial segments obscured by beam-hardening arti-
facts was performed.

Several factors may explain the lower reliability we found
compared with previous reports. Reliability is the complex prod-
uct of interactions among the test, subjects, raters, and the



33,34 . ..
k coefficients based on a limited num-

context of assessment.
ber of subjects and raters can result in overestimates.”® Our study
included a larger number of readers and index cases than in pre-
vious reports. The spectrum of patients included in our study
also differed, as we discussed previously. Grading scales, exact
methods of measurement, and statistical analyses also differed.
One frequent source of artificial inflation of agreement is the lack
of blinding of raters to other raters’ observations, to the reference
test, or to clinical information or clues.’" In our study, observers
independently analyzed anonymized images; they could not
access the clinical or radiologic file of patients.

CTA is performed at our institution in patients with severe
SAH grades in whom neurologic monitoring is difficult or
impossible and/or when transcranial Doppler sonography find-
ings are concerning for cerebral vasospasm. Angiography was
performed in only 8% of studied patients; only 1 patient received
intra-arterial milrinone. This is in contrast to almost 50% of
patients undergoing angioplasty in the study by Shankar et al.” A
retrospective review at our institution during the same period
revealed that most patients with vasospasm treated with angio-
plasty had lateralizing neurologic symptoms despite maximal
medical treatment. They were directly referred to the angiogra-
phy suite without CTA. In such patients, the addition of CTA in
the investigation of vasospasm may be superfluous. It seems that
in our institution, CTA is most often used as a screening test for
patients in intensive care, who are difficult to monitor clinically.
Unfortunately, our study suggests that in this context, CTA inter-
pretations are not repeatable enough to guide management deci-
sions. If CTA is to be used as a screening test in patients with a
low prior probability of symptomatic vasospasm, our study sug-
gests that interpretations should be cautious, perhaps using a
diagnostic threshold at a higher level than 50% narrowing, lim-
ited to more reliable proximal arterial segments.

Our study had several limitations. The portfolio of cases was
artificially constructed, and raters were self-selected. A different
set of cases and observers could have produced different results.
Given our low prevalence of severe vasospasm in individual arte-
rial segments, our k coefficients could potentially be underesti-
mated due to a skewed rating distribution in the per-segment
analysis.'® We did not try to differentiate focal-versus-diffuse vas-
ospasm when a narrowing was present.”’ The experimental setup
and the use of a portfolio differ from the case-by-case evaluation
of real patients, and we can only surmise that responders took the
time and care to respond as if they were evaluating real patients.

CONCLUSIONS

The systematic review found few reliability studies, limited to 2-3
readers. Our agreement study, which included a larger number of
observers, revealed that the diagnosis of moderate-severe vaso-
spasm was not sufficiently repeatable to support the use of CTA
alone to guide decisions in the clinical management of patients
with SAH. The repeatability of verdicts could potentially be
improved by raising the diagnostic threshold above 50% narrow-
ing for substantial vasospasm, by focusing on proximal arterial
segments such as the M1 and basilar arteries, and by standardiz-
ing interpretation protocols.
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ADULT BRAIN

Suspected Metallic Embolization Distal to Coiled Intracranial
Aneurysms Detectable by Susceptibility-Weighted MR
Imaging

D.H. Yoo, ““Y.D. Cho, ““H.S. Lee, ““/S.H. Kim, S.H. Lee, ““"W.-S. Cho, J.E. Kim, and ““M.H. Han

D. Jang, H.-S. Kang,

ABSTRACT

BACKGROUND AND PURPOSE: After endovascular coiling of intracranial aneurysms, round dark parenchymal lesions believed to be
particulate metal are sometimes encountered in MR imaging studies of the brain. We used SWI to assess the frequency of such
occurrences, in addition to exploring likely causes and clinical implications.

MATERIALS AND METHODS: We reviewed 700 MR imaging studies performed between September 2018 and March 2019 at our
institution as follow-up monitoring of coiled intracranial aneurysms. Any sizeable (>5mm) rounded dark-signal lesions encountered
were presumed to be metallic. The magnitudes and locations of such lesions were recorded. In patients with these lesions, perti-
nent procedural documentation was screened for devices used, including coils, microcatheters, microguidewires, and stents.
Medical records were also examined to determine whether any related symptoms ensued.

RESULTS: Twenty patients (2.8%) exhibited a total of 25 lesions on SWI. Diameters ranged from 5 to 1mm (median, 8 mm). All
except 2 lesions were located in brain regions downstream from aneurysms, but all lesions occupied vascular territories of vessels
used to place guiding catheters. Other than the Synchro 14, which was routinely deployed, no device was regularly used in patients
with SWI-detectable lesions; and none of the affected patients developed focal neurologic symptoms as a consequence.

CONCLUSIONS: Although the origins remain unclear, distal embolization of particulate metal distal to coiled cerebral aneurysms is

occasionally observed on follow-up MR imaging studies. Such lesions, however, seem to have no apparent clinical impact.

ABBREVIATIONS: AcomA = anterior communicating artery; ICA = internal carotid artery; MCA = middle cerebral artery

Ithough endovascular coiling has become an established

treatment option for intracranial aneurysms, the relatively
high rates of recanalization in initially occluded aneurysms have
necessitated periodic follow-up imaging."* DSA is still the crite-
rion standard for evaluating saccular occlusions, despite the in-
herent thromboembolic risk, radiation exposure, and use of
contrast. Multiple studies have also found MRA to be a reliable
means of monitoring coiled aneurysms.” Furthermore, TOF-
MRA has the added advantage of no contrast requirement, and
axial source images of TOF-MRA may be especially useful in
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screening aneurysms for recurrence.* On inspecting TOF-MRA
source images of coiled intracranial aneurysms, we sometimes
encounter peculiar, rounded dark-signal lesions (other than the
coiled masses themselves) within the brain parenchyma. These
lesions are thought to be particulate metal, as previously deter-
mined in a series of patients using T1, T2, diffusion, and T2*-
weighted imaging.’

The present study was conducted to evaluate the frequency
with which distal embolization of metallic material occurs in con-
junction with the coiling of intracranial aneurysms. We also
explored potential causes and clinical implications of these
lesions. Because the entire brain is not accessible by TOF-MRA,
SWI was engaged as well. SWI additionally offers ready visibility
of lesions owing to pronounced blooming artifacts, thus height-
ening the diagnostic sensitivity.

MATERIALS AND METHODS

This study was approved by our institutional review boards
(Seoul National University Hospital). Given the retrospective na-
ture of this study, written informed consent was waived. We
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retrieved and reviewed MR imaging studies performed at our
institution (Seoul National University Hospital)
September 2018 and March 2019, each as follow-up in patients

between

with coiled intracranial aneurysms. Our routine institutional fol-
low-up protocol calls for monitoring by TOF-MRA at 6, 18, and
36 months after procedures, with additional interim or subse-
quent testing as clinically required. Within the study period, SWI
was added for improved sensitivity and full coverage of the brain.
Multislab TOF-MRA was performed using 3 axial slabs of 40-45
sections per slab at section thickness/overlap of 1.0 mm/50% or
0.5mm/0%. Most TOF-MRA images addressed the base of the
skull to the mid-Sylvian region, depending on the proximity or
remoteness of coiled aneurysms. SWI was acquired at 2.0- to 2.5-
mm thickness, extending from the base of the skull to the vertex.

The SWI studies of each patient were first reviewed to check
for dark-signal lesions. We presumed that metallic fragments
would be rounded and >5mm in diameter. Lesions of irregular
shapes or <4 mm across were excluded as potential microhemor-
rhages. If such lesions were detected by SWI, TOF-MRA source
images were scrutinized to pinpoint their presence. If available,
we also reviewed the following: 1) preprocedural MR imaging
studies establishing the procedure-related nature of lesions, 2)
other postprocedural MR imaging examinations reflecting
temporal changes, and 3) pre- and postprocedural brain CT
examinations.

Table 1: Characteristics of treated aneurysms in the study
population

Characteristic Aneurysm (n=859)

Ruptured/unruptured 78 (9.1%)/781 (90.9%)
Size of aneurysm

Mean (mm) 52 *+ 31
Distribution (mm)

-3 222 (25.8%)

4-6 475 (55.3%)

7-9 119 (13.9%)

10— 43 (5.0%)

Location of aneurysm
Internal carotid artery
Anterior cerebral artery®
Middle cerebral artery
Vertebrobasilar artery

363 (42.2%)
193 (22.5%)

207 (24.1%)
96 (11.2%)

?Including an anterior communicating artery aneurysm.

FIG 1. A, Coil embolization of 2 aneurysms involving the right superior cerebellar artery (arrow)
and basilar tip (arrowhead). B, SWI 20 months later shows an 8-mm rounded, dark-signal lesion of
the right midbrain (arrow) and another dark signal representing a coil mass (arrowhead). C,
Source image from TOF-MRA depicts the same lesion, measured at 4 mm (arrow), with the right

superior cerebellar artery (arrowhead) coursing posteriorly.
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Most endovascular procedures were conducted with the
patient under general anesthesia. Antiplatelet premedication was
routinely administered to patients with unruptured aneurysms. A
bolus of heparin (3000 IU), administered on placement of the
femoral arterial sheath, was thereafter sustained by hourly doses
(1000IU); activated clotting time was monitored each hour.
Continuance of dual-antiplatelet therapy was advised for at least
3 months postoperatively, followed by single-agent maintenance
for at least 1 year in patients with stents deployed. In the absence
of stent placement, antiplatelet therapy was selectively dispensed
in instances of prior antiplatelet medication use, coil protrusion,
or procedural thromboembolism.

Patient demographics and characteristics of coiled aneurysms,
such as size, location, and rupture status, were collected. In
patients with dark-signal lesion on SWI, their locations and mag-
nitudes were recorded, with particular attention paid to any
restriction within the vascular territories of catheterized arteries.
Procedural data were similarly reviewed to identify devices used,
including coils, microcatheters, microguidewires, and stents.
Finally, medical records were screened for any related patient
symptoms.

RESULTS

MR imaging studies of 700 patients were subject to review. The
study population included 189 men (27%) and 511 women
(73%), with a mean age of 61.4 years (range, 18-86 years) at the
time of MR imaging. In all except 12 patients, a 3T MR imaging
unit was used. The interval between the most recent coiling ses-
sion and current MR imaging ranged from 4 to 177 months
(mean, 26.5months), distributed as follows: <6 months, 227
(32.4%); 7-18 months, 218 (31.2%); 19-36 months, 133 (19.0%);
and >36 months, 122 (17.4%). In this patient population, 859
aneurysms were treated overall, the characteristics of which are
detailed in Table 1. Multiple aneurysms were found in 131
patients, and 77 patients were retreated due to recanalization.
Twelve patients had additional aneurysms managed by surgical
clipping.

A total of 25 dark-signal lesions suspicious for particulate
metal were detected by SWI in 20 patients (2.8%) with 24
treated aneurysms (Figs 1 and 2). Specific features of their
treated aneurysms and the dark-signal lesions observed are

summarized in Table 2. Although 2
patients (patients 11 and 12) had
undergone prior coiling of other
aneurysms, no dark-signal lesions
had previously resulted. In the 2
instances of retreatment due to re-
canalization of coiled aneurysms
(patients 6 and 16), no dark-signal
detected
treatment. The mean procedure-to-

lesion was after initial
MR imaging interval was 16 months
(range, 4-67 months).

The diameters of dark-signal lesions
ranged from 5 to 11 mm (median,
8 mm). Among the 25 lesions identified

on SWI, 14 (56%) were covered in the



Table 2: Details of patients with dark-signal lesions

Aneurysm Lesion Anticoagulant or
Case No. Age (yr)/Sex Location Size (mm) Location Size (mm) TOF-MRA® Antiplatelet Maintenance®
1 44/F Rt ICA 6 Rt parietal 1 No Antiplatelet
2 57/M AcomA 4 Lt temporal 10 Yes None
3 72/M Lt ICA 5 Lt temporal 10 Yes Antiplatelet
AcomA 5
4 72/M AcomA 5 Rt frontal 7 No Antiplatelet
5 60/F Rt SCA 5 Rt midbrain 8 Yes None
Lt PCA 3
6 68/F Lt ICA® 3 Lt parietal il No Antiplatelet
7 49/M Lt ICA 4 Lt temporal 9 Yes Antiplatelet
8 63/F Rt ICA 4 Rt temporal 9 Yes None
9 52/F Rt MCA 4 Rt temporal 10 Yes Antiplatelet
Rt ICA 4 Rt CC 10 Yes
10 19/F Lt ICA 15 Rt frontal 6 Yes Antiplatelet
Lt frontal 5 No
Lt frontal 5 No
1 59/F Rt ICA 3 Lt parietal 8 No None
12 66/F AcomA 3 Lt frontal 10 No Antiplatelet
k) 49/F Rt ICA 7 Rt frontal 5 Yes Antiplatelet
14 39/F Lt ICA® 4 Lt BG 7 Yes Antiplatelet
Rt parietal 7 Yes
Rt parietal 7 No
15 60/F Rt MCA 1 Rt parietal 8 No None
16 62/F Rt SCA® 8 Rt occipital 10 Yes Antiplatelet
17 63/F Rt ICA 4 Rt frontal 6 Yes Antiplatelet
Lt ICA 3
18 71/M AcomA 6 Rt frontal 5 No Antiplatelet
19 54/F Lt ICA 4 Lt CC 5 Yes None
20 58/F Rt MCA 5 Rt frontal 7 No None

Note:—Rt indicates right; Lt, left; PCA, posterior cerebral artery; CC, corpus callosum; SCA, superior cerebellar artery; BG, basal ganglia.
?Indicates whether the dark-signal lesion on SWI was covered in the source image of TOF-MRA.

® Indicates maintenance >1month after coil embolization.
“Denotes ruptured aneurysm.

scan range of TOF-MRA source images (Fig 1). Preprocedural
MR imaging studies were available in 11 of 20 patients with
dark-signal lesions. No evidence of pre-existing dark-signal
lesions was documented in all 11 patients. Postprocedural CT
scans of the brain available in 3 patients (patients 9, 14, and 16)
were devoid of lesions at corresponding dark-signal locations
(not detected on CT). Six patients (patient 5, 8, 15, 17, 18, and
19) underwent earlier postprocedural MR imaging examina-
tions during the follow-up (TOF-MRA in 5 patients, and T2*-
weighted imaging in 1 patient) with a mean interval of 21 months
(range, 6-49 months). In all 6 patients, there was no change in the
lesions at all when compared with the same available sequence of
MR images (SWI in case of T2*-weighted imaging).

Except for 2 instances (patients 2 and 15), all lesions occupied
regions of the brain downstream from coiled aneurysms. However,
all were within vascular territories of vessels used to place guiding
catheters. In patient 2, the left ICA served for placement of the
guiding catheter during the coiling of an anterior communicating
artery (AcomA) aneurysm, leaving a dark-signal lesion in the left
MCA territory. In patient 15, the dark-signal lesion appeared
within the parasagittal right parietal lobe in the anterior cerebral
artery territory after coiling of a right MCA aneurysm. The bilat-
eral anterior cerebral artery territory was solely or predominantly
supplied by the right or left ICA in 4 patients (patients 4, 10, 11,
and 18), resulting in dark-signal lesions contralateral to coiled
aneurysms. In patient 14, the left ICA alone provided bilateral

hemispheric perfusion due to chronic right ICA occlusion. Dark-
signal lesions appeared within the right MCA territory after coiling
of a left-sided aneurysm.

No device common to patients with the dark-signal lesions
was identified, except for the Synchro 14 (Stryker, Kalamazoo,
Michigan), which was routinely deployed in our study population
(withheld in 2 patients [0.3%] only). Devices used for each patient
with dark-signal lesions are itemized in the On-line Table. None
of the patients with dark-signal lesions developed focal neuro-
logic symptoms attributable to corresponding lesions.

DISCUSSION

In cerebral angiographic procedures, whether diagnostic or
therapeutic, there is a certain risk of cerebral embolism.®
Ischemic lesions may be seen by diffusion-weighted imaging in
about half of patients after endovascular coiling of intracranial
aneurysms, though most are not neurologically evident.” The
potential causes of these include air bubbles, thrombi, and dis-
rupted atherosclerotic plaque. A variety of foreign materials
have also been implicated. Since the advent of cerebral angiog-
raphy, reports of embolic cotton or synthetic fibers have sur-
faced, their origins traced to surgical drapes or gauze.®'° More
recently, the hydrophilic polymer coating of catheters and
guidewires has become a documented source of downstream
emboli following cerebral angiography or interventional proce-

11-14
dures.
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FIG 2. A, Coil embolization of 2 aneurysms arising from the right ICA
(arrow) and MCA at the bifurcation (arrowhead). B, SWI 6 months
later demonstrates a 10-mm rounded dark-signal lesion within right
temporal lobe (arrow) and another dark signal representing a coil
mass and stent (arrowhead). C, A second rounded dark-signal lesion
(10mm) is present within the right corpus callosum (arrow). D, The
lesion of right corpus callosum is undetectable by postprocedural CT.

Devices intended for interventional procedures contain metallic
substances by design to confer fluoroscopic visibility and enhance
biostability/durability. Still, reports of suspected particulate metal
emboli after endovascular treatment of intracranial aneurysms or
cardiac catheterization have been surprisingly few.” In the present
study, suspicious metallic emboli were identified by MR imaging
in 2.8% of a sizeable patient population (n = 700) with coiled intra-
cranial aneurysms. This figure is somewhat lower than that cited in
a previous study, in which 5.5% of patients (6/110) displayed me-
tallic embolic phenomena in postprocedural MR imaging studies
under similar circumstances.’

Most dark-signal lesions encountered herein fell within vas-
cular territories of vessels used to place guiding catheters. The
exceptions in 2 instances suggest that such embolization is not
always linked to coil deployment/detachment or positioning of
stents during endovascular procedures. Instead, it may occur
while navigating to or from aneurysms, gaining access or
retrieving devices. The only device shared by patients with
dark-signal lesions was the Synchro 14 microwire (Stryker). We
have often found that microguidewire coatings may be peeled
off as torque is applied, serving as a potential cause of dark-sig-
nal lesions (microfragments of the coating). However, the
Synchro 14 was used in essentially all of our procedures, so it
can hardly be considered the culprit device.

Coil detachment may be achieved in a variety of ways, includ-
ing mechanical, electrolytic, electrothermal, and hydraulic meth-
ods. When the present study was conceived, we wondered whether
some coil-detachment strategies might precipitate micrometallic
fragmentation. However, our data have dispelled any relation
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between dark-signal lesions and a single detachment system, and
no other devices (ie, guiding catheters, microcatheters, or stents)
were consistently used in the presence of dark-signal lesions.
Previous reports on inadvertent distal embolization of foreign
matter have confirmed subsequent neurologic symptoms due to

11,13,14
*14 \Wwhereas we encountered no

hemorrhage or focal edema,
clinical manifestations owing to dark-signal lesions. In addition,
FLAIR images available in 3 patients with dark-signal lesions
revealed no abnormal signal around the lesion. It is feasible that,
despite their various sizeable appearance on SWI, such minute
fragments of metal, small enough to escape detection by CT, are
too small to induce embolic infarction. In addition, these lesions
were unchanged with time in 6 patients, underscoring the relative
biostability of such emboli and the likely absence of foreign body
reaction.

Our study has several acknowledged limitations. First, the
dark-signal lesions present on SWI were never pathologically
confirmed as metallic in nature because none of the patients had
clinical conditions calling for biopsy. Furthermore, preprocedural
MR imaging and immediate postprocedural MR imaging were
not available in all patients, so we could not conclusively ascertain
whether all dark-signal lesions were procedure-related. The possi-
bility of pre-existing hemorrhage or calcification still remained.
In addition, patients who underwent stent-assisted coiling rou-
tinely received antiplatelet medication for at least a year, which
might increase incidence of microhemorrhage.'” Another pitfall
was the potential to underestimate the incidence of metallic
emboli by excluding lesions of <4mm or by failing to detect
lesions near the base of the skull, the latter explained by suscepti-
bility artifacts from bone and air. Finally, our study was retro-
spective by design, incorporating MR imaging protocols and
follow-up intervals that were not consistent within the study pop-
ulation. A prospective investigation involving controlled periop-
erative MR imaging studies would perhaps yield more reliable
results.

CONCLUSIONS

Although a causative device or mechanism has yet to be impli-
cated, embolization of particulate metal distal to coiled cerebral
aneurysms is not an infrequent finding in follow-up MR imaging
studies. In this setting, however, the patients seem unaffected
clinically.

Disclosures: Moon Hee Han—UNRELATED: Consultancy: MicroVention.* *Money
paid to the institution.
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MRI Vessel Wall Imaging after Intra-Arterial Treatment for
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ABSTRACT

BACKGROUND AND PURPOSE: Vessel wall imaging is increasingly performed in the diagnostic work-up of patients with ischemic
stroke. The aim of this study was to compare vessel wall enhancement after intra-arterial thrombosuction with that in patients not
treated with thrombosuction.

MATERIALS AND METHODS: From 2009 to 2017, forty-nine patients with an ischemic stroke underwent 7T MR imaging within 3
months after symptom onset as part of a prospective intracranial vessel wall imaging study. Fourteen of these patients underwent
intra-arterial treatment using thrombosuction (intra-arterial treatment group). In the intra-arterial treatment group, vessel walls
were evaluated for major vessel wall changes. All patients underwent pre- and postcontrast vessel wall imaging to assess enhancing
foci of the vessel wall using coregistered subtraction images. A Wilcoxon signed rank test was performed to test for differences.

RESULTS: In the intra-arterial treatment group, 11 of 14 patients (79%) showed vessel wall enhancement compared with 17 of 35
patients without intra-arterial treatment (49%). In the intra-arterial treatment group, more enhancing foci were detected on the ip-
silateral side (n = 18.5) compared with the contralateral side (n = 3, P = .005). Enhancement was more often concentric on the ip-
silateral side (n = 8) compared with contralateral side (n = 0, P = .01). No differences were found in the group without intra-
arterial treatment between the number and configuration of ipsilateral and contralateral enhancing foci.

CONCLUSIONS: Patients with intra-arterial treatment by means of thrombosuction showed more (concentric) enhancing foci of the ves-
sel wall ipsilateral compared with contralateral to the treated artery than the patients without intra-arterial treatment, suggesting reactive
changes of the vessel wall. This finding should be taken into account when assessing vessel wall MR images in patients with stroke.

ABBREVIATIONS: IAT = intra-arterial treatment; MPIR = magnetization prepared inversion recovery

Intra—arterial treatment (IAT) has proved beneficial in selected  intracranial vessel wall. Recently, there has been concern that
patients with an anterior circulation acute ischemic stroke."  TAT might damage the arterial vessel wall.*™®

With IAT, revascularization of the occluded artery by means of Thrombectomy can be performed with different devices:
mechanical thrombectomy can be achieved in most patients,  Stent retrievers or thrombosuction devices have been used most

restoring blood flow to the brain tissue. Although the overall  often.? Damage to the intracranial vessel wall may be caused by
- 12 : . .
effects of IAT on clinical outcome are well-known,” not much is repeated mechanical sheer stress of the stent retriever on the ves-

known about the effects of thrombectomy on the local ] yall* or the negative pressure (up to —50 cm Hg) when using

a thrombosuction device.>” This damage may consist of dissec-
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IAT.'13 In these series, patients were treated mostly with stent
retrievers, and scanning was performed with 3T MR imaging
scanners in the acute setting (first day to first week) after IAT.
The longer-term effects after IAT performed by thrombosuction
have not been reported yet.

Intracranial vessel wall imaging is expected to be increasingly
performed in the diagnostic work-up and follow-up of patients
with stroke. The aim of this study was to assess the frequency of
longer-term vessel wall changes by assessing the presence and se-
verity of intracranial vessel wall enhancement in patients with
stroke after IAT with thrombosuction and compare them with
patient with stroke without TAT. Potential differences may sup-
port the diagnostic interpretation of intracranial vessel wall
changes after acute stroke treatment.

MATERIALS AND METHODS

Study Population

From December 2009 to November 2017, patients with an acute
ischemic stroke in the anterior circulation who were treated at
the neurology department of the University Medical Center
Utrecht were screened for inclusion. Patients were retrieved from
the ongoing Intracranial Vessel Wall Imaging study (NTR2119;
www.trialregister.nl), a prospective vessel wall MR imaging study
recruiting patients who presented with clinical symptoms of ante-
rior circulation ischemia (TIA or stroke).'* Main inclusion crite-
ria for the current study were age older than 18 years and the
possibility of undergoing a 7T MR imaging examination within 3
months after symptom onset. The patients without IAT were
selected on the basis of an anterior circulation nonlacunar infarct.
Patients with contraindications for MR imaging or for gadolin-
ium-containing contrast agents were excluded, as well as patients
with ischemic stroke caused by vasculitis, reversible cerebral vaso-
constriction syndrome, small-vessel disease, or secondary to a
recent surgical or interventional procedure. Additional exclusion
criteria for the current study were primary treatment with a dif-
ferent strategy than a thrombosuction device for the IAT-group
to improve study population homogeneity and previous IAT or
TIA as final diagnosis for the non-IAT group. Findings of 23
patients without IAT have been published before.'>'® These prior
articles dealt with sequence development and vessel wall lesion
prevalence, whereas in this study, we report longer-term intracra-
nial vessel wall enhancement after IAT using thrombosuction
compared with patients not treated with IAT. This study was
approved by the institutional review board of our hospital, and all
patients gave written informed consent. For all patients, baseline
characteristics including age, sex, vascular risk factors, stroke sever-
ity expressed using the NIHSS, as well as stroke classification and
time intervals between IAT and imaging were collected. For the
IAT-group, time intervals between symptom onset and treatment,
procedural time, number of passes needed for thrombus removal,
and concomitant treatment with IV recombinant tissue-type plas-
minogen activator (alteplase) were additionally collected.

Treatment

Treatment was performed as part of standard clinical care. All
patients who were eligible for intravenous thrombolysis received
IV alteplase within the 4.5-hour time window from symptom

onset. IAT was introduced in our center during the study period
after the international IAT trial results, and the first patient
treated with a thrombosuction device was included in 2014. The
main criteria for IAT were derived from the Multicenter
Randomized Clinical Trial of Endovascular Treatment for Acute
Ischemic Stroke in The Netherlands (MR CLEAN) trial:' 1) a
clinical diagnosis of acute ischemic stroke caused by an intracra-
nial anterior circulation occlusion that was visible on CTA, MRA,
or DSA; and 2) the ability to perform treatment within 6 hours
from symptom onset. All patients in the IAT-group were treated
under general anesthesia. A thrombosuction device (Penumbra
System®, Alameda, California) was used in all patients included
in this study. Procedural complications involving the vessel wall,
including dissection or perforation, were noted.

Imaging

Imaging was performed on a 7T whole-body MR imaging sys-
tem (Philips Healthcare, Best, the Netherlands) with either a
16- or a 32-channel receive coil and a volume transmit/receive
coil for transmission (Quad TR; Nova Medical, Wilmington,
Massachusetts). Vessel wall visualization at 7T MR imaging has
been shown to be superior compared with 3T MR imaging because
of a higher contrast-to-noise ratio and image quality."”'® The
imaging protocol included a dedicated pre- and postcontrast 3D
whole-brain T1-weighted magnetization-prepared inversion recov-
ery TSE (MPIR-TSE) vessel wall sequence and a TOF-MRA."® For
the postcontrast image acquisitions, a gadolinium-containing con-
trast agent (gadobutrol, Gadovist 1.0 mmol/mL; Bayer Schering
Pharma, Berlin, Germany), dose-adjusted to patient weight, was
administered intravenously. The TOF-MRA images were used for
anatomic verification of the vessels seen on the MPIR-TSE images.
The following scan parameters were used for the MPIR-TSE
sequence: FOV = 220 x 180 x 13 mm’, which was optimized to
250 x 250 x 190 mm? and satisfactorily tested for equality in vessel
wall lesion detection during the study period;'® acquired spatial reso-
lution = 0.8 x 0.8 x 0.8 mm?; reconstructed spatial resolution =
0.49 x 049 x 0.49 mm? TR = 3952 ms; TE = 37 ms; TI = 1375
ms; flip angle = 120° readout bandwidth = 935 Hz; and an acquisi-
tion time of 10 min 40 sec. For the small-FOV sequence, the FOV
was placed so that the distal intracranial carotid artery and middle
cerebral artery were included in the FOV. Scan parameters for the
TOF-MRA were as follows: FOV = 190 x 190 x 102 mm°,
acquired spatial resolution = 0.4 x 0.5 x 0.6 mm®, reconstructed
spatial resolution = 0.4 x 0.4 x 0.3 mm>, TR = 21 ms, TE = 2.3
ms, flip angle = 30°, readout bandwidth = 557 Hz, and acquisition
time = 9 min 18 sec.

Image Assessment

Image assessment was performed off-line on a PACS. All images
were independently assessed by 2 readers with expertise in read-
ing neurovascular vessel wall images (A.G.v.d.K., 9 years of expe-
rience and A.L., 4 years of experience). Readers were blinded to
any patient characteristics. The arterial segments that were ana-
lyzed included the left and right intracranial ICAs (the clinoid,
supraclinoid, and terminal segments) and the left and right
MCAs (M1 and M2 segments). Recanalization after IAT was
assessed with TICI grading on postprocedural DSA images."’
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First, in the IAT-group postprocedural DSA, 7T MR vessel
wall, and 7T MRA images were assessed for dissections and sten-
oses as major vessel wall changes. Intracranial stenoses were classi-
fied into <50% stenosis (minor), 50%-69% stenosis (moderate),
70%-99% stenosis (severe), and occlusion.?® Second, all 7T MR
vessel wall images were assessed for the presence and number of
enhancing foci per arterial segment. The mean numbers of
enhancing foci of both readers were used for the analyses.
Assessment was blinded to TAT and non-IAT. In all patients
(IAT-group and non-TAT group), the arteries in the hemisphere
ipsilateral to the ischemic infarction were compared with those of
the contralateral side. All enhancing foci were further classified
as either concentric (circumference of the vessel wall >50%
enhancing) or eccentric (<50% circumference enhancement) type
enhancement. Intracranial atherosclerosis more often shows eccen-
tric vessel wall enhancement, and an inflammatory state of the ves-
sel wall shows most often concentric vessel wall enhancement.*"*

The method and cutoff point for the configuration of vessel
wall lesion assessment by visual inspection has been described
before as a clinically usable tool for vessel wall assessment.” In
the assessment of contrast enhancement, a focus was considered
enhancing when the signal intensity approximated the signal

FIG 1. Flowchart of study inclusion.

Table 1: Baseline characteristics, specified by patients with stroke with and without IAT

intensity of the (enhancing) pituitary stalk and was present in at
least 2 slices. Next, pre- and postcontrast vessel wall images were
compared side-by-side to confirm the enhancement. As a double
confirmation of enhancement, subtraction images were calcu-
lated and used. Thus, pre- and postcontrast vessel wall images
were coregistered for the whole 3D volume using the elastix
toolbox in MeVisLab (Version 2.7; MeVis Medical Solutions,
Bremen, Germany).”® Subsequently, precontrast vessel wall images
were subtracted from the coregistered postcontrast vessel wall
images and were assessed for contrast enhancement. The registra-
tion parameters, ARotation (in degrees) and ATranslation (in
millimeters), were used as a measure of motion between pre- and
postcontrast vessel wall sequences. The ARotation and ATranslation
parameters were calculated as \/ (X-axis® + Y-axis® + Z-axis?).
When >1 enhancing focus was detected within 1 arterial segment,
they were counted separately when they were separated from each
other by a normal-appearing vessel wall segment. Also, enhancing
foci at the location where the ICA crosses the dura mater from
extracranial to intracranial, suspicious for vasa vasorum, were not
considered vessel wall enhancement.

Statistical Analysis

SPSS, Version 21.0 for Windows (IBM, Armonk, New York)
was used for statistical analysis. Descriptive statistics were
used for the frequency of intracranial dissection or stenosis.
Counts are given in proportions (percentages), including
their 95% confidence intervals. The intraclass correlation
coefficient using a 2-way mixed, average measurement, con-
sistency model, and the Dice similarity coefficient to correct
for the location of the enhancement were calculated to evalu-
ate the interrater agreement. A Wilcoxon signed rank test
was used for comparison between the number of enhancing
foci ipsilateral and contralateral to the ischemic site as seen
on the vessel wall images. A Mann-Whitney U test was per-
formed to compare the number of enhancing foci between
the IAT-group and non-IAT group. A 2-sided P value < .05
was considered statistically significant.

RESULTS

Patients and Treatment

IAT Total (%) Non-IAT Total (%) P Value

Age (mean) (range) (yr)

Sex (male)

Hypertension

Hyperlipidemia

Diabetes mellitus

Current smoking

Former smoking

Atrial fibrillation

NIHSS score (mean) (range)

TOAST criteria®
Large-artery atherosclerosis
Cardioembolism
Small-vessel occlusion
Other determined etiology
Undetermined

Time to 7T MR imaging (mean) (SD) (day)

Time to 7T MR imaging (median) (range) (day)

65 (42-85) 60 (35-81) 232 Between December 2009 and October
10 (71%) 18 (51%) 34° 2017, forty-nine patients were included
4 (29%) 18 (51%) ~21bb in this study. A flowchart of the study
g{ggj’) 12 g;;f’)) ;(':, inclusion is shown in Fig 1. Baseline
3(21%) 12 (34%) 46¢ characteristics for both patient groups
5 (36%) 7 (20%) 46° can be found in the Table 1.
3 (21%) 4 (M%) 39° Fourteen patients underwent IAT
10.5 (3-20) 6.3 (0-21) 02° using thrombosuction; 2 of them had
7 (50%) 2 (60%) 62° an occlusion in the distal intracranial
4 (29%) 5 (14%) ICA, and 12 patients had occlusion in
0 (0%) 0 (0%) the MCA (Table 2). Twelve patients
1(7%) 5 (14%) received intravenous alteplase before
2 (14%) 4 (12%) R intra-arterial mechanical thrombectomy;
_r?g EZiZZ—é)ﬂ ]2 Ei;i; =001 the other 2 patients exceeded the 4.5-

#Mann-Whitney U test.
® Fisher exact test.
Pearson y test.
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hour time window for alteplase treat-
ment. In 2 patients, a stent retriever
(Solitaire, Covidien, Irvine, California; or



Table 2: Location of occlusion and treatment details, including detected enhancing vessel wall foci, in the IAT-group?®

Time
Symptom Time IAT  Ipsilateral  Contralateral

Patient NIHSS Onset to  Procedural TICI to MRI Enhancing Enhancing

No. Occlusion Site Score NOP IAT (Min) Time (Min) Score  Alteplase (Day) Foci Foci
1 MT right 10 1 190 35 TICI 3 Yes 33 — —
2 M1-M2 right n 1 208 34 TICI 3 Yes 67 — MI-E
3 Distal carotid left 8 3 318 50 TICI 2b No 84 MI-C —
4 M2 left 5 5 170 83 TICI 2b Yes 49 ICA-E, M2-E ICA-E
5 M2 left 5 1 127 42 TICI 3 Yes 65 — —
6 (Large) M3 right 3 1 135 60 TICI O Yes 67 ICA-C —
7 Distal carotid left 12 2 201 60 TICI 2b Yes 80 ICA-C -
8 M2 left 4 3 275 70 TICI 2b No 59 ICA-C, MI-E ICA-E
9 MI-M2 left 15 1 150 35 TICI 3 Yes 22 MI-E —
10 M1 left 14 1 150 39 TICI 3 Yes 24 MI-E —
n MT right 12 1 145 29 TICI 3 Yes 25 ICA-E 2x, —

MI-E

12 MI-M2 right 20 1 76 40 TICI 3 Yes 51 — —
13 MT right 15 0 44 42 TICI 3 Yes 57 — —
14 MI1-M2 left 14 2 180 50 TICI 2b Yes 87 MI-C, M2-C -

Note:—C indicates concentric; E, eccentric; M, segment of the middle cerebral artery (M1and M2); NOP, number of passes; —, no enhancing foci detected.
#Treatment details of the 14 patients including the number and location of the detected foci of contrast enhancement (by A.G.v.dK.). In patient 3, the enhancing focus
detected in the M1 segment was located distal to the occlusion but directly adjacent to the occlusion site and therefore identified as the same location as the thrombo-

suction site.

FIG 2. An 85-year-old man with an occlusion of the left M1-M2 segment (arrow), successfully
treated with a thrombosuction device (patient 9 in Table 2). A, Digital subtraction angiography
directly before and after the thrombectomy procedure. B, Subtraction image from coregistered
pre- and postcontrast vessel wall images confirms a hyperintense configuration at the thrombec-
tomy site. The transverse pre- (C) and postcontrast (D) MPIR-TSE vessel wall images at 7T (voxel
size = 0.8 x 0.8 x 0.8 mm’) were obtained 22 days after thrombectomy procedure. The eccen-
tric vessel wall enhancement present after contrast administration is at the same location as the
thrombectomy site (arrow, D).

Trevo, Stryker, Kalamazoo, Michigan)
was used in addition to the thrombo-
suction device (patients 4 and 14, Table
2). IAT was technically successful in 13
of 14 patients. No procedure-related
hemorrhagic complications occurred
during the procedures in any of the
patients. In 9 patients, 1 pass was suf-
ficient; in the remaining 5 patients,
more passes were needed (range, 2-5

passes) to remove the culprit thrombus.
In the non-IAT group, 5 of 35

patients had an ICA infarction (right-
sided, n = 3) and 30 patients had an
MCA infarction (right-sided, n = 16)
(On-line Table). Twelve patients
received intravenous alteplase as stand-
ard ischemic stroke treatment. In the
remaining 23 patients, the 4.5-hour
time window was exceeded or only
minor symptoms were still present on
admission.

Vessel Wall Assessment

Major Vessel Wall Changes in the IAT-
Group. Besides a postprocedural mod-
erate stenosis in the treated artery of 1
patient, no other major vessel wall
changes were detected. This stenosis in
the proximal left M2 segment was
detected by MR vessel wall imaging
and TOF-MRA (>6 weeks after IAT)
at the same location as the removed
thrombus and was not yet visible on
the postprocedural angiogram ob-
tained in the same session as the
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FIG 3. A 72-year-old woman with an occlusion of the right M1 segment, successfully treated with

18.5,
86%) to the treated artery compared
with the contralateral side (n = 3, 14%)
(P =.005). In the non-IAT group, there
was no difference in the number of

enhancement ipsilateral (n =

enhancing foci between the ipsilateral
(n = 18; 60%) and the contralateral
sides (n = 12, 40%) (P = .47). In the
IAT-group, vessel wall enhancement
was more often concentric on the ip-
silateral side (n = 8) compared with
contralateral side (n = 0) (P = .01).
In the non-IAT group, there was no
significant difference in concentric
enhancement between the ipsilateral
(n = 7) and the contralateral sides
(n = 5) (P = .14). No differences
were found between eccentric
enhancing foci on the ipsilateral-
versus-contralateral side and in the
IAT-group versus non-IAT group.
The locations of all enhancing foci
are shown in Table 2 and the On-
line Table, and all statistical analy-
ses are shown in Table 3. The
degree of movement calculated over
all patients was with a mean of 0.77° *
0.51° for ARotation and 0.81 * 0.59
mm for ATranslation.

a thrombosuction device (patient 11 in Table 2). Digital subtraction angiography directly before
the thrombectomy procedure shows an acute occlusion in the right middle cerebral artery (4,

arrow). B, Subtraction image from coregistered pre- and postcontrast (C and D) vessel wall
images confirms a hyperintense rim (arrow) at the vessel wall. Transverse pre- (C) and postcon-
trast (D) MPIR-TSE vessel wall images at 7T were obtained 25 days after the thrombectomy pro-
cedure. The area of eccentric vessel wall enhancement (D) is seen in the right M1 segment, at the
same location as the thrombectomy site, confirmed on the subtraction image in B (arrows).

thrombectomy. It is not clear whether this was caused by an
atherosclerotic plaque or restenosis or was treatment-induced.
In patients with a middle cerebral artery occlusion, no T1-
hyperintensity before contrast was found, nor did we find an
MR imaging vessel wall indication suggesting an intramural
hemorrhage.

Vessel Wall Enhancement. The interrater agreement for the num-
ber and location of the enhancing foci was an intraclass correla-
tion coefficient of 0.91 (95% CI, 0.84-0.95) and a Dice similarity
coefficient of 0.87. Examples of foci of vessel wall enhancement at
the thrombectomy site are shown in Figs 2-4. An example of ves-
sel wall enhancement of the non-IAT group is shown in Fig 5. In
the TAT-group, 11 of 14 patients (79%) showed vessel wall
enhancement compared with 17 of 35 patients (49%) in the non-
IAT group. As an average of both readers, in total, 21.5 foci of
vessel wall enhancement were detected in the 84 vessel segments
(26%) of the patients with IAT compared with 30 foci of vessel
wall enhancement in the 210 vessel segments (14%) in the
patients without IAT (IAT-group versus non-IAT group, P
value = .04). In the IAT-group, there were more foci of vessel wall
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DISCUSSION

In the current study, we show the pat-
terns of vessel wall changes that can be
anticipated in diagnostic vessel wall
MR imaging studies in patients with
stroke after IAT with a thrombosuc-
tion device compared with patients with stroke in whom no
thrombectomy was performed. MR vessel wall imaging, in the
subacute and chronic stages after IAT, showed more foci of vessel
wall enhancement on the side treated with thrombectomy, while
no difference between ipsi- and contralateral enhancement was
found in the patients with stroke without IAT. Additionally, in
the IAT-group, these enhancing foci were more often concentric
in the vessels ipsilateral to the thrombectomy site compared with
the contralateral side.

The higher number of ipsilateral foci of (concentric) contrast
enhancement may be explained by several mechanisms: 1) the
direct effect of the mechanical forces of the used thrombosuction
device; 2) the indirect effect of the removed occluded thrombus
by the release of (local) inflammatory molecules; and 3) pre-exis-
tent atherosclerotic plaques with possible active inflammation.
First, the direct effects of the mechanical forces of the thrombec-
tomy procedure may induce vessel wall changes that cause vessel
wall enhancement. This potential explanation is supported by
previous imaging that studied the effect of IAT using a stent re-
triever (and one also including patients treated with a thrombo-
suction device) on the vessel wall on 3T MR imaging.'"'>** The



FIG 4. A 67-year-old man with an occlusion of the left M1-M2 segment, successfully treated with intra-arterial thrombectomy (patient 14 in
Table 2). The patient was treated with both a stent-retriever device and a thrombosuction device. Axial pre- (A) and postcontrast (B) MPIR-TSE
vessel wall images at 7T, 87 days after the thrombectomy procedure. Clear contrast enhancement is present (white arrows) at the same location
where the thrombectomy was performed. The carotid and basilar arteries appear normal (white arrowheads, A and B). C, Subtraction image of
the pre- and postcontrast vessel wall images confirms the enhancement at the same location. D and E, Coronal views of the postcontrast MPIR-
TSE vessel wall images show enhancement over a long trajectory of the left M1 and M2 segments. F, Sagittal view of the postcontrast MPIR-TSE
vessel wall image shows that the enhancement has a concentric configuration.

study that also included patients treated with a thrombosuction
device showed that concentric vessel wall enhancement, which
occurred in, respectively, 67% and 14% of the patients in the
IAT-group (n = 15) versus the non-IAT group (n = 14), was asso-
ciated with the number of attempts, type of device, and more fre-
quent hemorrhagic transformation of the ischemic infarct (mean
interval of treatment to MR imaging, 3.66 = 1.52 days)."?

In another series (IAT-group, n = 6, versus non-IAT group, n =
10), MR vessel wall imaging showed wall thickening in 83% versus
30% and contrast enhancement in 67% versus 20% of patients,
respectively, (mean interval of treatment to MR imaging, 3.44 *
2.58 days)."" Also, in a recent study, more contrast-enhancing vessel
wall areas were found in the post thrombectomy group (n = 6),
scanned within 24 hours after treatment, compared with a control
group (n = 5)."* In addition, some follow-up studies (ranging from
several days to 2 years) reported delayed arterial vessel wall abnor-
malities, postulating that these might be attributable to endothelial
damage after ITAT.>***>* On the other hand, in a study with 23
patients with stroke who were scanned within 1 week after throm-
bectomy, major vessel wall damage such as disruption and stenosis
was rare."’

We limited our study to patients treated with a thrombosuc-
tion device. In this study, 7T MR imaging was used, but previous

3T MR imaging and 7T MR imaging comparison studies showed
that 3T MR vessel wall imaging can also detect most vessel wall
lesions.'”'® Furthermore, previous 3T MR imaging studies
assessing vessel wall enhancement after treatment with stent-re-
triever devices have comparable findings.''>** Second, the
observed vessel wall enhancement may be the result of the former
occluding thrombus on the arterial vessel wall that caused reac-
tive, inflammatory changes or a local “scarring” of the vessel wall.
This possibility is supported by studies that have shown an
increased level of inflammatory markers after an ischemic
stroke.””?® A third, more hypothetic explanation for the higher
number of ipsilateral foci of contrast enhancement is the presence
of pre-existent intracranial atherosclerotic lesions, possibly with
active inflammation, in the revascularized segment.29 However,
the absence of a significant difference in enhancement between
the ipsi- and contralateral arteries in our non-IAT group suggests
that not all of the observed enhancing foci can be explained by
pre-existent atherosclerotic lesions. Furthermore, atherosclerotic
lesions often have a more eccentric configuration, which is in
contrast to the high number of concentric-type enhancing foci
seen in our study and might indicate an inflammatory state of the
whole vessel wall rather than an eccentric atherosclerotic
plaque.*
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It is unknown how long contrast enhancement of the arterial
vessel wall persists after IAT in patients with stroke. In our study, we
used a relatively long time interval between thrombectomy and MR
imaging (up to 3 months) compared with that in previously pub-
lished articles (range, 1-11 days)."®'! Our results indicate that vessel
wall enhancement also persists in the subacute-to-chronic phase.

This study has limitations. First, because local areas of ische-
mia appear as hypointense parenchymal lesions on the TI-
weighted vessel wall sequences, we were unable to blind the

FIG 5. A 75-year-old woman with an anterior circulation ischemic infarction of the left MCA ter-
ritory (non-IAT group, patient 30 in On-line Table). Transverse and coronal precontrast (A and C)
and postcontrast (B and D) MPIR-TSE vessel wall images at 7T were obtained 10 days after symp-
tom onset of the ischemic infarction. Note eccentric vessel wall enhancement of the supracli-
noid portion of both intracranial carotid arteries (B and D, arrows). The basilar artery appears

normal (white arrowheads, A and B).

observers to the side of thrombectomy in the IAT-group or the side
of infarction in the non-IAT group (left or right). Second, IAT was
introduced in our center as standard clinical care during the study
inclusion period, after the successful international IAT trials.
Therefore, the first 28 patients in the non-IAT group did not have
IAT as a treatment option. Retrospectively, 10 of all 35 patients with-
out AT had a proximal occlusion (ICA, M1, or M2) similar to the
patients with IAT. In the remaining 25 patients without IAT, no
acute occlusion and a better overall NIHSS score was recorded in
the final reports (On-line Table). This
result may have led to a selection bias in
the group without IAT, with the inclu-
sion of lesser affected patients that may
have biased the true results. Neverthe-
less, we believe that the comparison of
the ipsilateral-to-contralateral side in the
TAT-group is most relevant because in
this comparison, all potential individual
risk factors are the similar. Third, the
number of patients with IAT enrolled in
this study is relatively low. Including
more patients would benefit the statisti-
cal power and enable the possibility of
additional analyses. Fourth, for most
patients without IAT, the time window
between symptom onset and 7T MR
imaging was shorter. Nevertheless,
there were significantly more enhanc-
ing foci in the IAT-group, despite the
longer time window. Finally, discrimi-
nation between eccentric or concentric
enhancing foci can be challenging, and
in clinical practice, certainly there is
an overlap in the enhancement configu-
ration and the causes of vessel wall
enhancement. Histopathologic valida-
tion of the detected enhancement would
have given insight into the true nature/
composition of the enhancing vessel
wall areas (due to the IAT procedure
and thrombus-related or pre-existing
atherosclerotic plaques); however, this
necessitates ex vivo tissue, which was
not available. Therefore, some of the

Table 3: Comparison of enhancing foci between the IAT-group and the non-IAT group and between the ipsilateral and contralateral

sides
IAT-Group Non-IAT Group P Value
Total No. of enhancing foci 215 30 .04°
Total No. of ipsilateral enhancing foci 185 18.0 0037
Total No. of contralateral enhancing foci 3.0 12.0 74°
Total No. of concentric ipsilateral foci 9.0 8.5 .02°
Total No. of eccentric ipsilateral foci 9.5 9.5 .07°

Total No. of enhancing foci ipsilateral vs contralateral (proportion) P value
Total No. of concentric enhancing foci ipsilateral vs. contralateral (proportion) P value
Total No. of eccentric enhancing foci ipsilateral vs. contralateral (proportion) P value

(18.0 vs 12.0) 47°
(8.5 vs 3.0) 14°
(9.5 vs 9.0) 97°

(18.5 vs 3.0) .005°
(9.0 vs 0.0) .01°
(9.5 vs 3.0) 06°

?Mann-Whitney U test.
® Wilcoxon signed rank test.
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enhancing foci detected in our study participants might be
explained by one of these other mechanisms of wall enhancement.
Patients should ideally also have been scanned before the IAT pro-
cedure, but due to the limited timeframe in which IAT can be per-
formed, this is difficult to accomplish in clinical practice.

CONCLUSIONS

IAT using thrombosuction did show more concentric enhancing
foci of the vessel wall ipsilateral to the occlusion site compared
with the patients without IAT, suggesting reactive changes of the
vessel wall. In an era in which MR vessel wall imaging studies are
expected to be increasingly performed in the diagnostic work-up
and follow-up of patients with acute stroke, the patterns of vessel
wall enhancement after thrombectomy need to be known to
avoid misinterpretation of these enhancing patterns in the fol-
low-up MR imaging examinations after acute stroke treatment.
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ORIGINAL RESEARCH
PATIENT SAFETY

Contrast-Induced Acute Kidney Injury in Radiologic
Management of Acute Ischemic Stroke in the Emergency
Setting

J.W. Myung, ““J.H. Kim, ““J. Cho, ““I. Park, “’H.Y. Kim, and ““).H. Beom

Sl = |

ABSTRACT

BACKGROUND AND PURPOSE: The use of invasive cerebral angiography with CTA for active treatment of patients with suspected
ischemic strokes has been increasing recently. This study aimed to identify the incidence of postcontrast acute kidney injury using
baseline renal function when CTA and cerebral angiography were performed sequentially.

MATERIALS AND METHODS: This retrospective observational study evaluated adults (18 years of age or older) with ischemic stroke
who underwent CTA and cerebral angiography sequentially between 2010 and 2018. The incidence of postcontrast acute kidney
injury was determined using the baseline estimated glomerular filtration rate. The value of the baseline estimated glomerular filtra-
tion rate at which the occurrence of postcontrast acute kidney injury increased was also determined.

RESULTS: Postcontrast acute kidney injury occurred in 57/601 (9.5%) patients. Those with a baseline estimated glomerular filtration
rate of <30mL/min/173 m” showed a higher incidence of acute kidney injury. Age, chronic kidney disease, medication (nonsteroidal
anti-inflammatory drugs, angiotensin-converting enzyme inhibitors, angiotensin Il receptor blockers, 8 blockers, statins, and insulin) use
following contrast media exposure, and serum albumin affected the incidence of postcontrast acute kidney injury. The incidence of
postcontrast acute kidney injury increased when the baseline estimated glomerular filtration rate was <43 mL/min/173 m?.

CONCLUSIONS: Patients with low baseline renal function had the highest incidence of postcontrast acute kidney injury after CTA
and cerebral angiography, but no fatal adverse effects were documented. Thus, patients suspected of having a stroke should be
actively managed with respect to neurovascular function.

ABBREVIATIONS: AKI = acute kidney injury; ED = emergency department; eGFR = estimated glomerular filtration rate; PC-AKI = postcontrast acute kidney
injury
Acute ischemic stroke requires active management in the  a CTA is performed, on the basis of the time of neurologic symp-
emergency setting to prevent long-term sequelae and curb
mortality."? The recently published 2018 American Heart

tom onset and its severity, there is a high probability of active
intervention with intra-arterial thrombolysis via cerebral angiog-

Association/American Stroke Association guidelines for early
treatment of stroke recommend endovascular recanalization after
6 hours of symptom onset, shifting the focus to a more active and
invasive approach.’ The guidelines also recommend CTA to
improve diagnosis, aid in the treatment of acute ischemic cerebral
infarction, and assist patient selection in interventional radiology
on the basis of the head and neck vascular status**—that is, once
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raphy for early reperfusion.®®

However, the incidence of postcontrast acute kidney injury
(PC-AKI) is expected to increase in such conditions because of
patient exposure to approximately 200 mL of contrast media in a
short time.”'® PC-AKI can lead to irreversible kidney damage
and an increased risk of morbidity and mortality, particularly
because no established treatments are available. Therefore, there
is a need for emergency department (ED) personnel to perform
evidence-based risk/benefit assessment for performing CTA
and cerebral angiography in patients with suspected ischemic
strokes.”!!

Previous studies have drawn conflicting conclusions on the
risk factors associated with PC-AKL'*'* Even though there are
studies on PC-AKI after either CTA or cerebral angiography,
studies that consider concomitant CTA and cerebral angiography
performed within a short duration are lacking.'”'" In addition,
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there is scant literature on the occurrence of PC-AKI according
to the baseline renal function. Furthermore, there are no clear
guidelines on the use of contrast media in patients with renal dis-
case 11517

Therefore, this study aimed to identify the incidence of PC-
AKI in terms of the baseline renal function in patients who
underwent both CTA and cerebral angiography for suspected is-
chemic stroke in the ED. Furthermore, we aimed to present a ref-
erence value of the baseline of the estimated glomerular filtration
rate (eGFR) that increases the likelihood of PC-AKI, to serve as a
basis for decision-making in the ED.

MATERIALS AND METHODS

Ethics

The institutional review board of Yonsei University Health
System Clinical Trial Center approved the study (approval num-
ber, 4-2019-0170) and waived the requirement for informed
consent on the basis of the retrospective observational study
design. The study was conducted according to the tenets of the
Declaration of Helsinki as revised in 2013.

Study Design and Population

This retrospective study was conducted using data from patients
enrolled in the Brain Salvage through Emergent Stroke Therapy
critical pathway protocol implemented at our tertiary university
hospital in Seoul, South Korea. The necessary data for the study
were collected from the electronic medical records.

We evaluated data of adult patients (18 years of age or older)
who visited the ED between October 2010 and September 2018
and underwent both CTA and cerebral angiography for differen-
tiation and treatment of ischemic stroke, respectively. The exclu-
sion criteria were the following: 1) CTA performed at another
hospital or not performed, 2) death within 48 hours of CTA, 3)
transfer or discharge within 48 hours of CTA, 4) CTA and cere-
bral angiography performed at an interval longer than 48 hours,
5) the presence of end-stage renal disease, and 6) no serum creati-
nine data within 72 hours of contrast media use.

Brain Salvage through Emergent Stroke Therapy Protocol
The Brain Salvage through Emergent Stroke Therapy critical
pathway is a medical process protocol implemented by the ED to
perform rapid thrombolytic therapy for patients with suspected
acute ischemic stroke. This protocol identifies patients with
symptoms indicative of stroke, such as single-sided weakness,
speech disorder, gait disturbance, loss of consciousness, visual
field symptoms, and sudden headache. Once the critical pathway
is activated by an ED physician, a neurologist examines the
patient and CTA is performed subsequently. Thrombolytic ther-
apy through cerebral angiography is performed in the angiogra-
phy suite as necessary.

CTA

All imaging was performed using a high-resolution CT scanner
(Revolution EVO; GE Healthcare, Milwaukee, Wisconsin).
For CTA, isotonic contrast material (iopamidol 755 mg/mL,
Iopamiro 370; Bracco, Milan, Italy) was injected at a rate of

4 mL/s. The upper limit volume of the contrast material was
100 mL.

Cerebral Angiography

Cerebral angiography was performed on an angiography system
(Allura Clarity FD 20/20; Philips Healthcare, Best, the Netherlands).
For cerebral angiography, isotonic contrast material (iodixanol
652 mg/mL, Visipaque 320; GE Healthcare) was injected at a rate of
3-4mL/s.

Definition of Exposure and Outcome

In this study, the eGFR was calculated using the Chronic Kidney
Disease Epidemiology Collaboration equation (https://www.
kidney.org/content/ckd-epi-creatinine-equation-2009), according
to the current guidelines. The enrolled patients were then divided
into 4 groups based on eGFR (milliliters/minute/1.73 m?) values
that increase the risk of PC-AKI as follows: eGFR <30, eGFR
30-59, eGFR 60-89, and eGFR =90.'® Although there are diverse
definitions of PC-AKI, we used the absolute increase in serum
creatinine levels by =0.5mg/dL or a relative increase in serum
creatinine levels by =25% from baseline observed within
72hours after contrast media exposure as proposed by Barrett
and Parfrey."”

Statistical Analysis

Post hoc analyses were performed to determine the PC-AKI inci-
dence according to the baseline eGFR groups. In addition, uni-
variate logistic analysis was performed to determine the impact of
each variable on PC-AKI occurrence. Statistically significant vari-
ables in the univariate logistic analysis were subjected to multi-
variable logistic regression analysis through a stepwise variable
selection to determine independent variables. Subsequently, the
baseline eGFR cutoff value was determined using the maximum
area under the curve. All statistical analyses were performed using
SAS, Version 9.4 (SAS Institute, Cary, North Carolina), and P val-
ues < .05 were considered statistically significant.

RESULTS
Of the 726 patients identified, 125 patients were excluded. Thus,
601 patients were included in the analysis. PC-AKI occurred in
57 (9.5%) patients (Fig 1). In total, 15 (2.5%) patients had an
eGFR of <30mL/min/1.73 m% 97 (16.14%) patients, eGFR of
30-59 mL/min/1.73 m? 302 (50.25%) patients, eGFR of 60-
89mL/min/1.73 m% and 187 (31.11%) patients, eGFR of
=90 mL/min/1.73 m’. The incidences of PC-AKI significantly
differed among the baseline eGFR groups (P <<.001) (Table 1).
Post hoc analysis showed that the group with an eGFR of
<30 mL/min/1.73 m* had a higher PC-AKI incidence than the
other groups, and the differences in incidences among the
remaining groups were not significant (Table 2).

In the univariate analyses, the significant risk factors (all
P <.05) for PC-AKI were age older than 75 years, diabetes melli-
tus, chronic kidney disease, atrial fibrillation, use of angiotensin-
converting enzyme inhibitors and angiotensin II receptor block-
ers before CTA, medication (nonsteroidal anti-inflammatory
drugs, angiotensin-converting enzyme inhibitors, angiotensin II
receptor blockers, 3 blockers, statins, and insulin) use after
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FIG 1. Patient inclusion flowchart. ESRD indicates end-stage renal disease.

Table 1: PC-AKI incidence based on baseline eGFR*

Group eGFR (mL/min/173 m?) Non-AKI  PC-AKI P

1 <30 8(147)  7(12.28) <.001
2 30-59 91(1673) 6 (10.53)

3 60-89 269 (49.45) 33 (57.89)

4 =90 176 (32.35)  11(19.30)

@ Data are number of patients and percentage.

Table 2: Post hoc analysis for comparison of PC-AKI incidence
between baseline eGFR groups

Adjusted P
Tvs 2 Tvs3 1vs 4 2vs3 2vs4 3vs4
.001 .005 <.001 >.999 >.999 349

contrast exposure, proteinuria, low hemoglobin and hematocrit
levels, a high A neutrophil index, low platelet count, low serum
albumin level, and low sodium concentration. In the multivariate
model, age older than 75 years, chronic kidney disease, medica-
tion (nonsteroidal anti-inflammatory drugs, angiotensin-convert-
ing enzyme inhibitors, angiotensin II receptor blockers,
blockers, statins, insulin) use after contrast exposure, and serum
albumin levels were found to significantly (all P <.05) influence
the occurrence of PC-AKI (On-line Table).

The maximum area under the curve value in the receiver
operating characteristic curve analysis was obtained for the varia-
bles, and the baseline eGFR value corresponding to the maximum
area under the curve value was identified. The resulting cutoff
value of baseline eGFR was found to be 43 mL/min/1.73 m®

(Fig 2). This value retained significance in the univariate analysis.

DISCUSSION

Patients with acute ischemic stroke who visit the ED have high
short-term mortality rates (16%-23%).2%?! Even mild ische-
mic stroke is associated with poor prognosis during long-
term follow-up.** Therefore, rapid and accurate diagnosis
and treatment of ischemic stroke are essential in the ED for
such patients. Noncontrast brain CT has been used as a stand-
ard test in the evaluation of patients with acute stroke because
of the short amount of time required, its convenience, and
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wide availability at many hospitals.”®
The recently updated American Heart
Association/American Stroke As-socia-
tion guidelines recommend endovascu-
lar recanalization therapy for patients
with suspected stroke arriving at the
ED after 6 hours of symptom onset. In
line with aggressive treatment, CTA is
a tool optimized for cerebral angio-
graphic treatment with the advantage
of rapidly detecting cerebrovascular
large-vessel occlusion with high accu-
racy in the emergency department.”*
However, concomitant use of CTA
and cerebral angiography exposes the
patient to excessive contrast media in a
short time. This can be burdensome to
not only the patient but also the physi-
cians. To date, studies on contrast media administration and acute
kidney injury (AKI) incidence have reported diverse results
according to the underlying diseases and general patient condi-
tion. Furthermore, studies that include cases with simultaneous
contrast media use for diagnosis and treatment are lacking.

The task of accurately predicting contrast-induced kidney
injury in patients with suspected stroke who require rapid man-
agement in the ED could likely delay the decision-making by
neurologists and ED physicians.'>'* Therefore, presenting
grounds for treatment that can be the criteria for judgment by
ED physicians can be very important. Recently, Jia et al’ reported
no significant difference in the incidence of PC-AKI between
CTA only and with a combination of CTA and DSA. However,
this study with a small sample size did not control for factors that
affect AKI. In the present study, the PC-AKI incidence was com-
pared among groups classified according to baseline eGFR with-
out any adjustments. PC-AKI occurred in 7/15 (46.6%) patients
in the group with an eGFR of <30 mL/min/1.73 m?, and the inci-
dence of PC-AKI was also significantly higher in this group com-
pared with the other groups. This result was similar to the results
of other previous studies.”> However, this result was judged to be
inaccurate because the patients’ underlying medical conditions
were not considered. Therefore, the risk factors of AKI other
than the contrast medium were determined and adjusted for to
determine the cutoff value of eGFR at which the risk of AKI
occurrence increases. We found that when CTA and cerebral
angiography were performed consecutively, the probability of
PC-AKI occurrence increased when the baseline eGFR was
<43 mL/min/1.73 m*

However, this result cannot be an absolute guideline to pre-
vent examinations that are indispensable due to the risk of PC-
AKI in patients with eGFR <43 mL/min/1.73 m?. In fact, con-
tinuous renal replacement therapy was performed in only
5/57 patients (8.7%) with PC-AKI, corresponding to only
0.8% of the 601 patients evaluated. All 5 patients fully recov-
ered within 4 days of continuous renal replacement therapy.
In addition, the renal function of the remaining patients who
developed PC-AKI but did not undergo hemodialysis or con-
tinuous renal replacement therapy also recovered within



FIG 2. Receiver operating characteristic (ROC) curves showing the
probability of PC-AKI. The ROC curve was drawn for PC-AKI predic-
tion probabilities using significant variables from the multivariate
analysis. Baseline eGFR: ROC curve drawn on the basis of the baseline
eGFR variables. eGFR is in milliliter/minute/1.73 m% AUC indicates
area under the curve.

several days. Therefore, in this study, even when PC-AKI
occurred, its degree was not severe. Hence, the treatment deci-
sions must be according to the neurologic symptoms and
patient status. However, on the basis of the significant varia-
bles noted in the univariate analysis, physicians can predict
patients at high risk of PC-AKI. Therefore, physicians will be
able to perform sufficient IV hydration for these patients and
plan an individual nephron-protective strategy for each
patient.”®*” This process will enable performance of relevant
tests after sufficiently explaining the predictable results to
patients and their caregivers and is expected to be helpful in
clinical practice.

The strength of this study is that data on various factors
known to be related to PC-AKI were collected from patients
treated using the Brain Salvage through Emergent Stroke
Therapy critical pathway protocol that has been implemented
consistently for a long time at a single institution. Many studies
on the relationship between contrast media and renal diseases
exist. However, to the best of our knowledge, this is the first
study to identify the relationship between contrast media and
AKI based on the baseline eGFR in patients who undergo
CTA and cerebral angiography sequentially within a short
interval. Furthermore, the cutoff value of eGFR for predicting
PC-AKI was calculated with adjustment for various factors
associated with PC-AKI. These results can be helpful for
accurate treatment planning. Moreover, our findings will be
valuable in the prevention of AKI because the cutoff values of
eGFR presented here can be used to identify patients at high
risk for PC-AKI, which, in turn, will enable physicians to pro-
vide individualized treatment.

However, our study has several limitations. Because this study
was conducted at a single center, the results may have limited
generalizability. Due to the retrospective design of the study,
selection biases may have occurred because in some cases, labora-
tory data for creatinine levels after CTA and cerebral angiography
were missing. Furthermore, additional biases owing to seriously
ill patients who died within 48 hours after the examinations and
those who were discharged or transferred within 48 hours for
other reasons not included in the study may also exist. In our
study, the postcontrast exposure to medication can also be
thought of as a confounder because the more severe the disease
state of the patient is, such as in patients with PC-AKI, the more
medication is prescribed after contrast exposure. In addition, for
patients with an extremely low baseline eGFR, cerebral angiogra-
phy was performed after noncontrast brain CT without perform-
ing CTA, and there is a possibility that this feature may have
affected the results to some extent. Finally, the area under the
curve after adjustment for risk factors in this study was 0.7310,
indicating that PC-AKI is influenced by more risk factors.
Therefore, our findings need to be validated in future studies.
Last, because PC-AKI is affected by many variables, AKI should
ideally be diagnosed on the basis of clinically important adverse
effects instead of a simple creatinine level elevation.

CONCLUSIONS

Among patients with acute ischemic stroke who underwent CTA
and cerebral angiography in the ED, those with a baseline eGFR
of <30 mL/min/1.73 m* had a higher incidence of PC-AKI com-
pared with those with other eGFR levels. After we adjusted for
risk factors of PC-AKI, the risk of PC-AKI was high in the group
with a baseline eGFR of <43 mL/min/1.73 m®. Hence, physicians
could consider noncontrast CT and MR imaging/MRA testing
for the patients in this group. However, because PC-AKI was not
associated with fatal adverse effects in this study, it is recom-
mended that patients suspected of having a stroke be actively
managed with respect to neurovascular function on the basis of
risk/benefit analyses.
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COMMENTARY

Save the Brain First: CTA and Mechanical Thrombectomy in
Patients at Risk for Contrast-Induced Nephropathy

troke is one of the most common diseases affecting 800,000

Americans each year. It ranks fourth among all-cause mortal-
ity in the United States." When patients present with stroke-like
symptoms, the current American Heart Association/American
Stroke Association (AHA/ASA) guidelines recommend an imme-
diate non-contrast CT of the head. If large-vessel occlusion is sus-
pected, CTA or MRA should be performed to assess the vascular
anatomy and plan for endovascular therapy. If the patient is a
candidate for mechanical thrombectomy, cerebral angiography is
performed.” Both CTA and mechanical thrombectomy will sub-
ject patients to intravenous contrast.

The concern for exposing patients to a large amount of intra-
venous contrast is the development of contrast-induced nephrop-
athy (CIN). It is defined as an increase in the plasma creatinine
level of 0.5 mg/dL or >25% increase from the baseline within 2-
5 days of contrast exposure without any other attributable cause.?
Multiple risk factors can predispose patients to CIN. Tsai et al*
have shown that severe chronic kidney disease (CKD), defined as
an estimated glomerular filtration rate (eGFR) of <30 mL/min/
1.72m?, was the most significant risk factor for the development
of CIN. Most important, acute kidney injury (AKI) in patients
with stroke has been associated with an increased risk of in-hos-
pital mortality.” Therefore, CIN is a relevant clinical entity and
needs to be managed appropriately.

When the initial head CT is negative for bleeding, the question
arises as to when and whether the patient should undergo CTA
and subsequent revascularization. The current AHA/ASA guide-
lines recommend proceeding with CTA in patients without a his-
tory of renal disease.” However, for patients with a history of CKD,
there is no current consensus guideline. Therefore, we believe the
article by Myung et al® has shed valuable light on the risk-stratifica-
tion and clinical decision-making for this patient population.

The authors conducted a retrospective observational study
examining the relationship between CIN and baseline renal func-
tion in a large cohort involving 601 patients undergoing CTA and
cerebral angiography. The authors demonstrated that patients
with severe CKD (eGFR of <30 mL/min/1.73 m?) were at a higher
risk of CIN (P <.001). The CIN incidence rate was 12.5% in all
patients with CKD and 46.6% in patients with severe CKD.

Furthermore, the cutoff eGFR value for an increased CIN risk was
found to be 43 mL/min/1.73 m% Most important, there was no
reported mortality in the patients with CIN. Only 5 patients
underwent dialysis, and all patients fully recovered renal function
within 4 days. Due to its retrospective observational nature, in this
study, a causal relationship could not be established between intra-
venous contrast and CIN. Furthermore, the absolute CIN inci-
dence rate in patients with CKD was low. Patients with severe
CKD were at an increased risk of CIN. However, the clinical con-
sequence is not necessarily significant because all patients recov-
ered successfully after a short course of dialysis and no in-hospital
mortality was reported. The authors concluded that neurological
interventions should take precedence over concerns of renal
injury. However, the understanding of CIN risk factors may help
guide individualized renal protective therapy.

Similar to the authors” conclusion, it is absolutely reasonable
to proceed with endovascular therapy regardless of the patient’s
baseline renal function. It is important to proceed with neurovas-
cular interventions before the creatinine level is drawn to avoid a
prolonged time to intervention.

First, there is a growing body of evidence showing that intrave-
nous contrast may not cause CIN, particularly in patients with unre-
markable baseline renal function. A 2013 systematic review and meta-
analysis showed no difference in the rate of AKI between patients
with and without contrast exposure.” In 2017, a systematic review of
14 studies revealed that CTA and CT perfusion scans were not signifi-
cantly associated with an increased risk of developing AKI®
Furthermore, Lima et al’ have shown that there was no difference in
the AKI rate between patients undergoing CTA and thrombectomy
and those without any contrast exposure. Other studies have found
similar results.'>"" Of course, the major critique is that high-risk
patients might be scanned much less frequently than the generally
healthy patient population owing to the concern for CIN. Therefore,
the CIN incidence in the contrast-exposure group may have been
erroneously low. On the other hand, stroke may disrupt neurohormo-
nal pathways and may contribute to the development of AKL.">

Second, although CIN has been reported to range as high as
20%-30% in the high-risk renal population, the true incidence rate
may be much lower. A 2013 study showed that 9%-11% of the at-
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risk patients developed postcontrast AKL'> A 2017 meta-analysis
showed that 2.3% of the patients with CKD undergoing CTA were
affected by AKL’ Similarly, other studies have found that the abso-
lute CIN rate was low in at-risk patients."* The often-quoted high
CIN incidence rate was partially due to the use of older hyperosmo-
lar contrast agents, which have been associated with an increased
risk of CIN. Furthermore, the incidence of CIN in patients under-
going neurovascular therapy is also low. In a study including 185
high-risk patients undergoing cerebral angiography and mechanical
thrombectomy, only 1 patient developed CIN.'® Similarly, Loh et
al'” found that 3 of 99 patients undergoing endovascular therapy
had AKTI. In a more recent study, 12 of 93 patients with CKD devel-
oped AKI after CTA and thrombectomy, though CKD was not an
independent risk factor for AKI in this study.'®

Last, although CIN has been associated with an increased in-hos-
pital mortality, the true clinical significance of CIN may also be over-
estimated. It is plausible that CIN is a surrogate marker of rather
than a causative factor for worse clinical outcome. For example, the
degree of renal impairment is typically minor. McDonald et al” have
shown that the rate of dialysis was 0.3% in patients developing CIN.
Furthermore, effort to reduce renal impairment does not improve
the overall mortality rate. Coca et al'® have shown that reducing the
AKI rate by >50% did not reduce the risk of long-term mortality.

Currently, there is no prospective, randomized controlled trial
comparing the risk of AKI in patients with CKD with and with-
out contrast exposure. Therefore, no true causal relationship can
be established. However, based on existing literature, there is evi-
dence indicating that intravascular contrast does not cause CIN.
Furthermore, the absolute rate of CIN remains low, and the clini-
cal significance is unclear. It is more likely that CIN is a surrogate
marker reflecting critical illness and multimorbidity rather than a
factor determining patient outcome. In that case, assessing a
patient’s renal function before CTA and mechanical thrombec-
tomy may have no clinical benefit from a renal-protective per-
spective, even for patients with CKD. Furthermore, each minute
wasted on obtaining laboratory data may cost patients 1.9 million
neurons in the stroke population.”® Therefore, it is prudent to
proceed with CTA and mechanical thrombectomy on the basis of
neurologic status regardless of the patient’s renal function. In the
future, prospective, randomized controlled trials for patients with
severe CKD may be considered, but ethically, it will be difficult
not to treat patients if they are otherwise candidates for mechani-
cal thrombectomy. Time is indeed brain, and brain should be
saved first.
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White Matter Disease and Outcomes of Mechanical
Thrombectomy for Acute Ischemic Stroke
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ABSTRACT

BACKGROUND AND PURPOSE: The increased severity of white matter disease is associated with worse outcomes and an increased
rate of intracerebral hemorrhage in patients with ischemic stroke undergoing thrombolytic treatment. However, whether white
matter disease is associated with outcomes in patients undergoing endovascular treatment remains unclear.

MATERIALS AND METHODS: In this prespecified exploratory analysis of our prospective multi-institutional study that enrolled con-
secutive adult patients with anterior circulation ischemic stroke undergoing endovascular treatment from November 2017 to
September 2018, we compared the following outcomes between patients with none-to-minimal (van Swieten score, 0-2) and mod-
erate-to-severe (van Swieten score, 3—4) white matter disease using logistic regression: 90-day mRS 36, death, intracerebral hemor-
rhage, successful recanalization, and early neurologic recovery.

RESULTS: Of the 485 patients enrolled in the Blood Pressure after Endovascular Stroke Therapy (BEST) study, 389 had white matter
disease graded (50% women; median age, 68 years; range, 58-79 years). A van Swieten score of 3—4 (n=74/389, 19%) was associ-
ated with a higher rate of 90-day mRS of 3-6 (45% versus 18%; adjusted OR, 2.73; 95% Cl, 1.34-5.93; P = .008). Although the death
rate was higher in patients with van Swieten scores of 3—4 (26% versus 15%), the adjusted likelihood was not significantly different
(adjusted OR, 1.14; 95% Cl, 0.56-2.26; P = .710). Ordered regression revealed a shift toward worse mRS scores with increasing van
Swieten scores (adjusted common OR, 3.04; 95% Cl, 1.93-4.84; P <.001). No associations between white matter disease severity and
intracerebral hemorrhage, successful recanalization, and early neurologic recovery were observed.

CONCLUSIONS: Moderate-to-severe white matter disease is associated with worse outcomes in patients undergoing endovascular
treatment without a significant increase in hemorrhagic complications. Studies comparing patients with and without endovascular
treatment are necessary to determine whether the benefit of endovascular treatment is attenuated with greater white matter
disease.

ABBREVIATIONS: aOR = adjusted OR; EVT = endovascular treatment; ICH = intracerebral hemorrhage; VSS = van Swieten score; WMD = white matter
disease

ndovascular treatment (EVT) drastically improves outcomes
for select patients with an acute large-vessel occlusion and is
the treatment technique with the highest level of evidence
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according to the most recent guidelines.”” Thus, the use of EVT
as the definitive treatment technique for large-vessel occlusion
strokes is increasing.3 Moreover, the indications for EVT are
expanding to populations that were previously thought to not
derive many benefits from EVT, such as those with delayed pre-
sentation.* Additional populations that may derive benefit are
also under study, such as those with a large infarct core,®” older
age,® and low NIHSS scores.” White matter disease (WMD) is
easily detectable on baseline routine imaging performed in all
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patients with stroke. Moderate-to-severe WMD is associated
with poorer outcomes in patients with stroke from any etiology
and increases the rate of hemorrhagic complications in those
treated with intravenous '[hrombolysis.m’11 However, outcomes
of patients with moderate-to-severe WMD in the context of
EVT remain less well-studied, and the rates of early neurologic
recovery and hemorrhagic complications remain unknown. In
this prespecified exploratory analysis of our prospective, multi-
center, cohort study, Blood Pressure after Endovascular Stroke
Therapy (BEST), we sought to determine whether patients with
acute stroke with moderate-to-severe WMD undergoing EVT
have worse functional outcomes and increased rates of hemor-
rhagic complications compared with those with no-to-minimal
WMD.

MATERIALS AND METHODS

Study Design and Patient Selection

The BEST study prospectively enrolled consecutive adult patients
undergoing EVT for an anterior cerebral circulation large-vessel
occlusion (internal carotid artery or the M1 or M2 segments of
the middle cerebral artery) at 12 comprehensive stroke centers
across the United States from November 2017 to September
2018. We excluded from the study patients with the following
conditions: 1) a known prestroke mRS score of less than 2; 2) ter-
minal medical diagnoses such as a stage IV cancer; 3) a left ven-
tricular assist device; or 4) a stroke in the perioperative or
inpatient setting. Additional details on methods have been previ-
ously published.'* The BEST study was approved by the institu-
tional review boards of 11 sites and was deemed exempt by 1 site,
and informed consent was waived. The results presented here are
a prespecified secondary analysis of the BEST study. The data
that support the findings of this study are available from the cor-
responding author on reasonable request.

Study Variables and Covariates

The primary study variable was the severity of WMD, graded
prospectively. A single physician collected data on WMD on the
first CT scan at presentation for each patient using the van
Swieten score (VSS), after undergoing centralized training on
the grading."? The VSS was graded on the contralateral hemi-
sphere of the known large-vessel occlusion. This technique has
been used by previous studies to avoid mislabeling the ipsilat-
eral acute stroke-related hypodensities on the CT scan as
WMD.'* Furthermore, the van Swieten method of WMD grad-
ing has been deemed comparable with other CT- and MR imag-
ing-based grading systems.'”

We collected the following variables: the ASPECTS, available
from the radiology report of the first noncontrast brain CT or
calculated by trained local study personnel; core and penu-
mbra volumes automatically calculated by the RApid processing
of Perfuslon and Diffusion software (RAPID; iSchemaView,
Stanford, California) from the initial pre-EVT CT perfusion
scan; time from last known well to final recanalization assessed
as a modified TICI score (or angiogram completion if the final
modified TICI was 0); and the presence of any intraparenchy-
mal hemorrhage (ICH; excluding subarachnoid hemorrhage)
on either MR imaging or CT within the 72 hours post-EVT.
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Outcomes

The primary study outcome was the dichotomized 90-day mRS
0-2 (functional independence) versus 3-6. Secondary outcomes
included a 90-day mRS 0-3 (ambulatory independence) versus
4-6, any ICH, symptomatic ICH (associated with a =4-point
increase in the NTHSS score from baseline to 24 hours), a change
in the mRS distribution, successful recanalization (defined as
modified TICI 2b-3), and early neurologic recovery (NIHSS 0-1
or =8-point decrease in the NIHSS score from baseline to
24 hours).

Statistical Analysis

The baseline characteristics between the group of patients with
no-to-minimal (VSS 0-2) and moderate-to-severe (VSS 3-4)
WMD were compared using a x test, ¢ test, or Mann-Whitney U
test, as appropriate. Associations between WMD with outcomes
were determined using logistic regression. These models were
subsequently adjusted for the following covariables selected a pri-
ori: age, hypertension, initial glucose level, NIHSS score on pre-
sentation, time to recanalization, intravenous thrombolysis,
ASPECTS, systolic blood pressure on admission, and successful
recanalization (except when used as the dependent variable). A
subgroup analysis was then undertaken on only those patients
with a successful recanalization. All analyses and plots were
generated using R statistical and computing software, Version
3.6 (http://www.r-project.org/). Statistical significance « was set
at <.05 for all statistical analyses. All P values are 2-sided.

RESULTS
Of the 485 patients included in BEST, 389 had WMD graded on
the baseline CT scan, of whom 90-day follow-up was available for
365 (94%). A total of 74 (19%) had moderate-to-severe WMD
(VSS 3-4). Table 1 outlines the baseline characteristics and out-
comes according to moderate-to-severe and no-to-minimal
WMD. Patients with VSS 3-4 were older and had a higher pro-
portion with hypertension in addition to having a higher baseline
blood glucose level and systolic blood pressure. The remaining
baseline characteristics were not different between the 2 groups.
A total of 13 (18%) of the 70 patients with VSS 3-4 had a 90-
day mRS 0-2 compared with 141 (45%) of the 295 with VSS 0-2
(P < .001, Table 1). Compared with patients with VSS 0-2, those
with VSS 3-4 had higher odds of being functionally dependent or
dead (OR, 4.01; 95% CI, 2.17-7.94; P < .001; adjusted OR [aOR],
2.73; 95% CI, 1.34-5.93; P = .008 for having a 90-day mRS 3-6).
The complete results of the model are depicted in On-line Table
1. Patients with VSS 3-4 were less likely to have an mRS 0-3,
denoting ambulatory independence, in unadjusted analysis (OR,
0.43; 95% CI, 0.25-0.73; P = .002) but not in the adjusted analysis
(aOR, 0.75; 95% CI, 0.40-1.43; P=.38). Ordered logistic regres-
sion revealed an overall shift toward a worse outcome in patients
with VSS 3-4 with unadjusted common OR of 2.86; 95% CI,
1.83-4.52; P < .001; and adjusted common OR of 3.04; 95% ClI,
1.93-4.84; P<.001 (Fig 1). A shift toward worse outcomes with
each incremental grade of VSS was also observed (Fig 1).
Compared with VSS 0, patients with a baseline VSS 3 and 4 had
higher odds of having a 90-day mRS 3-6 (OR, 3.58; 95% CI, 1.61-
8.64; P=.003; and OR 7.25; 95% CI, 2.63-25.73; P<.001,


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

respectively). After adjustment for covariables, VSS 4 continued to P =.029) but not on adjusted analysis (aOR, 1.14; 95% CI,
have a higher odds of 90-day mRS 3-6 (On-line Table 2). 0.56-2.26; P = .71). The rates and odds of early neurologic

Patients with VSS 3-4 demonstrated a higher likelihood of ~ improvement and successful recanalization were not signifi-
death by 90 days on unadjusted (OR, 1.97; 95% CI, 1.06-3.57;  cantly different among the 2 groups (Table 2). Notably, the

Table 1: Baseline characteristics of patients with no-to-minimal (van Sweeten score, 0-2)

and moderate-to-severe (van Swieten score, 3—4) white matter disease

van Swieten van Swieten

0-2 (n = 315) 34 (n =74) P Value
Age (mean) (£SD) (yr) 66 (*15) 76 (£12) <.001
Male (%) 164 (52) 32 (43) 2
Hypertension (%) 224 (N) 68 (92) <.001
Diabetes (%) 92 (29) 23 (3]) 78
Glucose (median) (IQR) 122 (102-146) 131 (115-162) .009
NIHSS (median) (IQR) 15 (10-20) 17 (-21) 16
ASPECTS (median) (IQR) 8 (7-10) 8 (7-9) 07
Core volume (mean) (£SD) 20 (+24) 19 (+26) .85
Penumbra volume (mean) (£SD) n9 (£71) 124 (£71) 69
Systolic BP on admission (mean) (* SD) 154 (+29) 168 (+29) <.001
Time from last known well to reperfusion 274 (180-534) 286 (190-676) 2

(median) (IQR)

Intravenous thrombolysis (%) 160 (51) 29 (39) .09
Prior stroke (%) 52 (16) 19 (26) .09

Note:—BP indicates blood pressure; IQR, interquartile range.

rate of any ICH was also not signifi-
cantly different between the 2 groups
(22%, n = 66, in patients with VSS 0-
2 versus 20%, n =15, in patients with
VSS 3-4; P = .86).

A successful recanalization was
achieved in 343 (88%) patients. Of
these, 90-day outcome was available
for 323 (94%) patients. Outcomes of
this subgroup of patients are out-
lined in Table 3. Overall, futile re-
canalization was observed in 80% of
the patients with VSS 3-4 compared
with 48% in those with VSS 0-2
(P < .001) when futile recanaliza-
tion was defined as 90-day mRS 3-6
in patients with successful recanali-
zation (OR, 4.19; 95% CI, 2.24-8.37,

FIGURE. Distribution of the 90-day mRS score according to white matter disease severity graded with the van Swieten scale score.
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Table 2: Outcomes of patients with no-to-minimal (van Swieten score, 0-2) and moderate-to-severe (van Swieten score, 3—4) white

matter disease

van Swieten 0-2 van Swieten 3—4

Unadjusted OR Adjusted OR

Outcome (n = 315) (n=74) with 95% CI P Value with 95% CI P Value
90-Day mRS 0-2 (%) 141/295 (45) 13/70 (18) 0.25 (0.13-0.46) <.001 037 (0.17-0.75) 008
90-Day mRS 0-3 (%) 184/295 (58) 29/70 (39) 043 (0.25-0.73) 002 075 (0.40-143) 38
Shift in the 90-day mRS NA NA 2.86 (1.83-4.52) <.001 3.05 (1.93-4.84) <.001
Death (%) 47 (15) 19 (26) 197 (1.06-3.57) 029 114 (0.56-2.26) 7
Symptomatic ICH (%) 13 (4) 4(5) 1.33 (0.37-3.88) 629 NA NA
mTICI = 2b (%) 275 (87) 68 (92) 1.65 (0.72-4.47) 27 NA NA
ENI (%) 132 (42) 30 (40) 0.95 (0.56-1.58) 83 NA NA

Note:—mTICl indicates modified TICI; ENI, early neurologic improvement; NA, not applicable.

Table 3: Outcomes of patients with successful recanalization
(mTICI 2 2b) according to the severity of baseline white matter
disease

van Swieten van Swieten
Outcome 0-2(n=275 3-4(n=68) P Value
90-Day mRS 0-2 (%) 132/258 (52) 13/65 (20) <.001
90-Day mRS 0-3 (%) 169/258 (65.5) 28/65 (43) .002
Death (%) 34 (12.4) 17 (25.0) .013
Symptomatic ICH (%) 10 (3.6) 3(4.4) 73
ENI (%) 124 (45.1) 30 (44.1) 1.0

Note:—ENI indicates early neurologic improvement.

P <.001; aOR, 2.59; 95% CI, 1.26-5.65; P=.012 for 90-day
mRS 3-6). When defined as 90-day mRS 4-6, futile recanali-
zation was observed in 57% of patients with VSS 3-4 versus
34.5% of those with VSS 0-2 (OR, 2.51; 95% CI, 1.45-4.40;
P <.001; aOR, 1.34; 95% CI, 0.7-2.57; P=.38 for a 90-day
mRS 4-6). Rates of symptomatic ICH and death were similar in
both groups. Among patients with VSS 3-4 who had a 90-day
outcome available (n = 70), none of the patients with unsuccess-
ful recanalization (n = 5) had a 90-day mRS 0-2 compared with
7165 (20%) patients with successful recanalization. Among
those with VSS 0-2 and a 90-day outcome available (n=295),
9/37 (24%) patients with unsuccessful recanalization had a 90-
day mRS 0-2, compared with 132/258 (51%) patients with suc-
cessful recanalization (OR, 0.31; 95% CI, 0.13-0.65; P =.003).

DISCUSSION

In this multicenter, prospective observational study, we found
that patients with moderate-to-severe WMD had significantly
worse functional outcomes at 90 days in terms of functional inde-
pendence compared with those with no-to-minimal WMD (18%
versus 45%; P<<.001). A significant overall shift toward worse
outcomes was also observed, though the rates of successful recan-
alization and hemorrhagic complications were not significantly
different between the 2 groups. An increasing shift toward a
worse outcome with each incremental grade of VSS may imply
an underlying dose response between WMD and outcomes and
suggests a possible causal relationship. Furthermore, the odds of
futile recanalization were nearly 4-fold higher in patients with
moderate-to-severe WMD.

Acquired WMD is common with aging and has heteroge-
neous clinical and pathologic correlates. It most frequently
represents the sequelae of chronic, inadequately controlled
hypertension, which was an overwhelmingly common risk
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factor and probably the major driver of WMD in the current
cohort. However, smoking, diabetes, cerebral amyloid angi-
opathy, rare hereditary cerebral small-vessel diseases, and
even migraines have been reported to be linked to WMD.'®'”
The presence of WMD on imaging is a useful biomarker for
compromised cognitive performance, particularly on meas-
ures of memory and processing speed.'”'® Common patho-
logic correlates of WMD include those commonly implicated in
neurodegeneration, such as elevated markers of axonal damage,
the presence of activated microglia, and disorganization of
aquaporin-4 localization on vessel-associated astrocytes.'® >

Mechanisms by which WMD may exert a negative effect on
outcomes following an acute stroke are multifold. First, it is asso-
ciated with disruption of endothelial function, resulting in dam-
age to the microvascular integrity, and blood-brain barrier
dysfunction, resulting in extravasation of blood products and
hemorrhagic complications.?® Second, it may reduce the ischemic
resilience of the cerebral tissue to a sudden lack of blood flow.**
Third, it can cause ongoing platelet activation and increased pro-
pensity for thrombosis, resulting in higher final infarct volumes.*®
The resulting clinical consequences include not only worse out-
comes with the incident stroke but also subsequent increased
cognitive decline and rates of recurrent strokes.”**’

Outcomes of patients with moderate-to-severe WMD in acute
reperfusion have mainly been studied in the context of intrave-
nous thrombolysis. There is an increased rate of symptomatic
ICH in patients with moderate-to-severe WMD.!028 However,
post hoc analysis of randomized data suggests that patients with
moderate-to-severe WMD continue to derive the benefit from in-
travenous thrombolysis with an overall improvement in func-
tional outcomes, compared with no thrombolytic treatment.”® A
limited number of studies have reported the effect of WMD on
outcomes after EVT.?** All of these studies were retrospective
in design, most were single-center, likely included patients treated
with older EVT devices, and included a relatively small number
of patients.

The results of these studies have been variable. One study
showed no difference in functional outcomes,” and others have
shown a worse functional outcome in moderate-to-severe
WMD.*>** All the studies have consistently reported no differ-
ence in rates of hemorrhagic complications in contrast to similar
studies involving intravenous thrombolysis. It is plausible that
blood vessels rendered “leaky” from the microvascular damage
from underlying WMD are more susceptible to the lytic effects of
systemic thrombolysis. However, as the field of acute stroke



advances, a heightened understanding of how varying substrates
impact recovery will not only impact patient selection but may
also lead to new targets for neurorestorative therapies.

Our study has the inherent limitations of an observational
study. Most important, we did not include patients with baseline
disability, likely introducing a selection bias. It is plausible that the
outcomes may change after factoring the patients’ disabled sta-
tuses, because patients with moderate-to-severe WMD are more
likely to have pre-existing disability. Additionally, due to selection
bias inherent to the inclusion criteria, our study population might
not reflect patients with the most severe WMD and, therefore,
may underestimate the negative impact of WMD on outcomes af-
ter EVT. Furthermore, without a placebo arm, it is impossible to
know whether the effect of EVT is truly attenuated in patients
with WMD. We may have been underpowered to detect a signifi-
cant effect of WMD of hemorrhage rates. Our study is strength-
ened by a relatively large number of patients compared with prior
studies, and its multi-institutional design makes the results more
generalizable. Additionally, the patients included in this study are
representative of the modern EVT population.

Our findings should be validated in large EVT cohorts, partic-
ularly those in randomized trials.

CONCLUSIONS

Moderate-to-severe WMD is associated with decreased rates of
functional independence in patients undergoing EVT; however,
there are no significant differences in the rates of procedural suc-
cess or intracranial hemorrhage. Currently, our data cannot sup-
port withholding EVT on the basis of the severity of WMD but
may provide some reassurance that the rate of symptomatic hem-
orrhage may not be significantly higher. Future analyses of
randomized trial data are needed to understand whether the
treatment effect of EVT is truly diminished in patients with mod-
erate-to-severe WMD.
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Glasgow Coma Scale on Presentation Predicts Outcome in
Endovascular Treatment for Acute Posterior Large-Vessel
Occlusion

W. McAuliffe

A.H. Chiu, ““D.A. Hince, and

ABSTRACT

SUMMARY: Use of mechanical thrombectomy for stroke has increased since the publication of trials describing outcome improve-
ment when used in the anterior circulation. These results, however, cannot be directly translated to the posterior circulation.
While a high NIHSS score has demonstrated an association with poor outcomes in posterior stroke, the NIHSS is weighted toward
hemispheric disease, and complex scores potentially delay definitive imaging diagnosis. We performed a retrospective analysis to
ascertain whether any rapidly obtainable demographic or clinical and imaging data have a correlation with patient outcome post-
thrombectomy. Seventy-three cases were audited between September 2010 and October 2017. Presenting with a Glasgow Coma
Scale score of >13 meant that the odds of reaching the primary end point of functional independence (defined as a 90-day modi-
fied Rankin Scale score of 0-2) were 5.70 times greater; similarly, presenting with a posterior circulation ASPECTS of >9 resulted in
the odds of reaching the primary end point being 4.03 times greater. Older age correlated to a lower odds of independence (0.97,
p = .04).

ABBREVIATIONS: F-mTICI = final modified TICI score; GCS = Glasgow Coma Scale; I-mTICI = initial modified TICI score; MT = mechanical thrombectomy;
mTIClI = modified TICI; PC = posterior circulation; PLVO = posterior large-vessel occlusion; RACE = Rapid Arterial oCclusion Evaluation

he caseload of mechanical thrombectomy (MT) for stroke

has increased since the publication of trials'® describing the
benefit in the anterior circulation. Given the questionable efficacy
of IV-tPA in the treatment of posterior circulation stroke, endo-
vascular treatment has long been considered an option for poste-
rior large-vessel occlusion (PLVO).*® Trials pertaining to the
anterior circulation, however, cannot be translated directly to
PLVO. While a high NIHSS score has also been associated with
poor outcomes in posterior stroke,”'® this association has been
questioned,'"'* given that the NIHSS is weighted toward hemi-
spheric disease.'? Other scales'* have been suggested to increase
the accuracy in posterior strokes; however, the use of these com-
plex scores potentially delays the imaging diagnosis, which is
unarguably more definitive for guiding management. We thus
sought to identify whether any rapidly obtainable demographic
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or clinical- and imaging-related data that are routinely collected
for PLVO have a correlation with outcome.

MATERIALS AND METHODS

Background

Our neurointerventional service has, for >10 years, been
organized as a single multisite state department encompassing
3 tertiary/quaternary hospitals, providing all elective and
acute neurovascular services. During data collection, stroke
care underwent an evolution from a neurology-driven throm-
bolysis service (organized per hospital) to a state-wide MT-
driven system. Ambulance triage using the Rapid Arterial
oCclusion Evaluation score (RACE)'® was implemented in
2016. Ambulances would be diverted to 1 of 2 MT centers on
the basis of the RACE, and on arrival to the emergency
department, a “code stroke” was activated.

As the service grew, the decision to proceed to MT evolved.
Use of the NIHSS became sporadic, given the nature of PLVO
but also because of the availability of RACE and increasingly ex-
peditious transfer to CT. The NIHSS was hence not included in
the study. Imaging protocols were hospital-dependent but
included noncontrast CT brain and CTA; use of perfusion varied.
MR imaging was not performed routinely before intervention.
Decision-making evolved to a parallel model with neurology and
neurointervention teams attending every code stroke, with the
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decision for IV-tPA and/or MT made collaboratively. MT was
performed with the patient under general anesthetic using stent
retriever a or suction techniques, with use of balloon-guide cathe-
ters and/or distal-access catheters per operator preference.

Data Collection

This was a retrospective analysis of a prospectively collected audit
data base encompassing all cases at all 3 hospitals. Adult patients
treated between September 2010 and October 2017 with MT for
an intracranial PLVO were included. Demographics collected
include age, sex, and time of onset (or wake-up/unknown-onset).
Clinical parameters collected included the Glasgow Coma Scale
(GCS) score on presentation, and whether IV-tPA was adminis-
tered. Imaging was reviewed, and the extent of infarction on pre-
treatment noncontrast brain CT was graded per the posterior
circulation ASPECTS (PC-ASPECTS) score.'® The presence of
posterior communicating arteries and the level of occlusion were
assessed on CTA; if this assessment was not possible, information
was sought on treatment angiography. Thrombectomy-related
data included the initial modified TICI (I-mTICI) score, final
modified TICI score (F-mTICL both with modified TICI
[mTICI] 3 defined by the entire basilar territory), and time of re-
canalization. Safety data recorded included procedural complica-
tions, separated into clinically relevant or technical (intracranial
perforation/extravasation, nonterritory embolism, or vessel dis-
section), imaging complications on routine day 1 noncontrast
brain CT (subarachnoid/intraparenchymal hemorrhage, subdi-
vided into symptomatic/asymptomatic), and clinically relevant
access complications (vascular occlusion, percutaneous thrombin
treatment, transfusion, or surgical repair). The 3-month mRS
score was determined at routine 3-month outpatient clinic. The
primary end point was defined as functional independence,
which was defined as a 3-month mRS of =2. The diagnosis for
the cause of stroke (cardiogenic, intracranial/extracranial ather-
oma, dissection, paradoxical, iatrogenic, or otherwise) was
recorded. Missing data were retrieved from medical records and
the PACS.

Statistical Analysis

Descriptive data are presented using means/SDs, median/inter-
quartile ranges, and frequency/percentage as appropriate. The
relationship between mRS and predictors of interest (time to re-
canalization, GCS, IV-tPA, sex, age, and PC-ASPECTS) was con-
sidered using univariable and multivariable logistic regression
models. The multivariable model was developed using backward
elimination, and P <.05 was used to determine predictor inclu-
sion in the model. The association between mRS and F-mTICI
(dichotomized as 0-2a versus 2b-3) was assessed using the Fisher
exact test because this variable perfectly predicts the mRS and
therefore a logistic model cannot be fitted. Similarly, the relation-
ship between mRS and I-mTICI was considered with the Fisher
test because of the small sample size in the 2b-3 group. The sensi-
tivity, specificity, and area under the curve for significant predic-
tors of interest were determined using a cutoff value that
produced the maximum product of sensitivity and specificity in
predicting the primary end point."” The probability cutoff from
the final multivariable model was determined in the same way
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and was used to assess the prediction performance of this model.
A bootstrap procedure (with 100 repetitions) was used to deter-
mine the 95% confidence interval for these cut-points. All analy-
ses were conducted using STATA, Version 15.0 (StataCorp,
College Station, Texas), and P < .05 was considered significant.

The study was reviewed and approved by the local institu-
tional review board for audit processes (Governance Evidence
Knowledge Outcomes [GEKO] System, Department of Health,
Western Australia).

RESULTS

Seventy-nine cases were recorded; 6 patients were excluded due
to incomplete follow-up data. Of the 73 remaining, 26 patients
(35.62%) were women. Ages ranged from 18 to 92 years (mean,
64.11 = 15.51 years). The time of onset of stroke was unknown
in 14 patients (19.18%), and the median presentation GCS was
10 (interquartile range, 8). A breakdown of presentation PC-
ASPECTS, posterior communicating artery status, and level of
occlusion is given in Table 1. IV-tPA was administered in 11/73
patients (15.07%). I-mTICI 0 was seen in 66/73 (90.41%);
F-mTICI = 2b was achieved in 63 (86.30%). Further break-
down is provided in Table 1. The median total time of ictus to
recanalization was 6.5 hours (interquartile range, 8.2 hours).

The procedural complication rate was 4.11% (3.80% when
including 6 patients with missing 3-month data); this consisted of
2 cases of perforation, and 1 technical complication (dissection)
that was non-flow-limiting and did not contribute to patient
deterioration.

Postprocedurally, there were 2 cases of new symptomatic
intraparenchymal hemorrhage (considered natural history), 1
symptomatic SAH (1 of the perforations), and 1 of access compli-
cation requiring both percutaneous thrombin injection and blood
transfusion, for a delayed complication rate of 5.48% (5.06%
when including 6 patients with missing 3-month data). Final out-
comes are listed in the On-line Table.

At 3-month follow-up, 25 patients (34.25%) reached the pri-
mary end point (mRS = 2). The most common cause for PLVO
was cardiogenic with 26/73 cases (35.62%), followed by intracra-
nial atheroma in 20 (27.40%); details are provided in Table 2.
Twenty-five patients (34.25%) died.

GCS, PC-ASPECTS, and age were found to be significant pre-
dictors (Table 3). Presenting with a GCS of >13 meant that the
odds of reaching the primary end point were 5.70 times greater;
similarly, presenting with a PC-ASPECTS of >9 resulted in the
odds of reaching the primary end point being 4.03 times greater.
No cut-point could be found for age. These are also significant on
the multivariable model; a predicted probability of 0.32 (95% CI,
0.18-0.46) has a sensitivity of 0.83 (95% CI, 0.61-0.95) and speci-
ficity of 0.71 (95% CI, 0.55-0.84) for mRS = 2. This produces an
area under the receiver operating characteristic curve of 0.77
(95% CI, 0.55-0.84). Details are listed in Table 4. No correlation
was seen for IV-tPA, sex, or time from ictus to recanalization
(Table 3). F-mTICI = 2b was significant for predicting mRS = 2,
whereas I-mTICI was not (Table 5). Given the difficulty in mean-
ingfully categorizing the level of occlusion and the robustness of
the posterior communicating arteries, the frequencies were found



Table 1: Initial and final mTICI for the 73 patients with com-
plete data

Table 2: Final documented causes for posterior circulatory
occlusion in the 73 patients with complete data

Category No. (%) Cause No. (%)
Level of occlusion Cardiogenic 26 (35.62)
RVA, no LVA 2 Intracranial atheroma 20 (27.40)
RVA, small LVA 1 Unknown 9 (12.33)
RVA, large LVA 0 Dissection 7(9.59)
LVA, no RVA 0 Other NOS 5 (6.85)
LVA, small RVA 1 latrogenic 3(4.0)
LVA, large RVA 0 Extracranial atheroma 2(2.74)
Bilateral VA 1 Paradoxical 1(1.37)
Lower basilar trunk 22 Note:—NOS indicates not otherwise specified.
Upper basilar trunk 9
Basilar apex 29
HAC 2 DISCUSSION
Ilgzgtzral . ? With MT, our workflow surrounding patients with stroke has
PC-ASPECTS changed to prehospital activation, assessment by multiple spe-
10 23 cialties, and patient transfer from the ambulance to the emer-
9 8 gency department, through imaging, and potentially to the
8 14 neurointerventional suite. Because of the potential time lost,
Z 1(5) there is interest in how time may be saved. While complex
5 2 clinical scores may give an edge to prognostication, even the
4 1 well-studied NTHSS has not been demonstrated to perform
3 1 better; Turc et al*® found, in 1004 patients, that cut-points of
2 0 NIHSS = 11 and RACE = 5 both achieved accuracies of 79%
10 8 for large-vessel occlusion, but with the NIHSS only demon-
No data 9 strating a 5% improvement in the false-negative rate (27%
PcomA versus 33%, respectively) and an inferior false-positive rate
None 30 (17% versus 15%, respectively). Introducing more scores
1 S mm 9 increases interoperator variability, especially when a mix of
1231‘;:1] mm ; junior and senior clinicians is involved, as is the reality of
2.1<1mm;1=1mm 9 acute stroke care. The additive value of these scores to actual
2, both =1 mm 12 patient care, in this time-sensitive environment, must hence
No data 2 be questioned.
el Most studies suggest poorer outcomes for PLVO compared
0 66 (90.41) . Lo 1920
1 5 (6.85) with anterior circulatory large-vessel occlusion,” ™ but these also
2b 10.37) generally demonstrate a longer ictus-to-recanalization time.
2c 1(1.37) Alawieh et al,>! however published an analysis of 536 patients in
F-mTICI which there was no significant difference in onset-to-groin times
? 2212])2) between anterior and posterior circulation thrombectomies (or
’a 1 (].'37) procedural times) and correlating equivalent functional out-
2b 20 (27.40) comes. Although we did not find an association between ictus to
2c 7(9.59) recanalization and outcome, the above study continues to rein-
3 36 (49.32) force the need to minimize time lost.
F-Om;I‘CI ranges 10 (13.70) Our results are notable in that favorable GCS and PC-
b3 63 (86.30) ASPECTS scores predict significant odds of functional inde-

Note:—PcomA indicates posterior communicating artery; RVA, right vertebral ar-
tery; LVA, left vertebral artery; VA, vertebral artery; RPCA, right posterior cerebral
artery; LPCA, left posterior cerebral artery; PCA, posterior cerebral artery.

to be too small to model; however, a breakdown is provided in
Table 1.

For completeness, in the 6 patients who had incomplete fol-
low-up data, 2 were women. All presented with an I-mTICI of 0.
F-mTICI consisted of 0 (n=1), 2a (n=2), 2b (n=1), and 3
(n=2). Causes of stroke were cardiogenic (n=1), extracranial
atheroma (n =1), iatrogenic (n = 1), intracranial atheroma (n=2),
and unknown (n=1).

pendence. GCS demonstrated a trend toward significance in an

earlier article by Mourand et al,*

albeit with a smaller popula-
tion of 31 patients. The GCS has been considered a biomarker
for outcome previously; however, in these studies it was either
used in a different timeframe, in patients treated without
thrombolysis or thrombectomy, solely with thrombolysis, or
with outdated devices such as the Merci Retriever System
(Concentric Medical, Mountain View, CA),23'25 all of which
have little relevance to modern thrombectomy. The relevance
of established infarct at presentation to outcome is self-explan-
atory, but the cut-point of >9 suggests that any established in-
farction is clinically relevant. While a cut-point for age could
not be established, for each year of increasing age, a 3%-5%
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Table 3: Univariable and multivariable odds ratios for the association between each predictor variable and binary mRS (where

mRS >2 is the reference group)

Predictor No. Univariable OR 95% Cl P Multivariable OR? 95% Cl P

Time to recanalization 67 1.01 -0.99-1.03 37
GCS 73 118 1.04-133 .01 1.21 1.04-142 .001
IV-tPA

No 62 1.00

Yes n 112 0.29-4.25 .87
Sex

F 26 1.00

M 47 1.28 0.46-3.55 .64
Age (yr) 73 0.97 0.94-1.00 .04 0.96 0.92-1.00 .05
PC-ASPECTS 64 1.66 112-2.47 .01 177 114-2.73 .01

?OR from the final model multivariable model (n = 64).

Table 4: Univariable odds ratios, sensitivities, specificities, and area under ROC curves for the association between each predictor

variable and binary mRS (where mRS >2 is the reference group)

Predictor Positive Group OR (95% ClI) Sensitivity (95% Cl) Specificity (95% Cl) AUC (95% CI)
GCS GCS > 13 570 (1.97-16.47) 0.60 (0.39-0.79) 079 (0.65-0.90) 070 (0.58-0.81)
PC-ASPECTS >9 4.03 (136-1.98) 057 (0.35-0.77) 076 (0.60-0.88) 0.66 (0.54-0.78)
Age (yr) <685 150 (0.56-4.07)° 0.64 (0.43-0.82) 0.46 (0.31-0.61) 0.55 (0.43-0.69)
Multivariable model Pr <032 1148 (3.22-40.9)) 0.83 (0.61-0.95) 071 (0.55-0.84) 077 (0.55-0.84)

Note:—AUC indicates area under the curve; Pr, predicted probability from the model; ROC, receiver operating characteristic.

?Not significant.

Table 5: Cross-tabulation and y? analyses for the association
between mRS (0-2 vs 3—6) and binary mTICI measures in the 73
patients with complete data

mRS
0-2 3-6 P'
F-mTICI
0-2a 0 10
2b-3 25 38 01
I-mTICI
0-2a 24 47
2b-3 1 1 63

decrease in the odds of mRS = 2 is also expected and confirms
the long-reported association of age with outcome in
stroke.”*®*” A E-mTICI = 2b was also significant for mRS =< 2,
similar to other studies for the posterior circulation, confirming
the importance of reperfusion, similar to that in the anterior
circulation.**® Our outcomes for mTICI=2b (86.30%) and
mRS = 2 (34.25%) are comparable with those in other articles
specifically assessing endovascular treatment of basilar artery
occlusion®'??*** and on the lower end of reported mortality
rates of 25%—47%.'>*°

Our study has a number of limitations. First, the nature of this
single-service cohort means that there is self-adjudication.
Second, patient numbers analyzed remained low; however, this
finding reflects the lower proportion of PLVO as a part of stroke
presentations overall. This number has affected some of our anal-
yses, such as our ability to analyze the effect of the level of occlu-
sion and the robustness of collaterals; however, we resisted the
urge to further group these because doing so would create catego-
ries that share little clinical similarity. Third, there is heterogene-
ity in our prehospital process, in-hospital management, and
endovascular therapy during the 7-year data collection, but this
reflects the real-life evolution of treatment. It is possible that cur-
rent outcomes may be better. Last, we did not seek to assess a
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broader range of clinical parameters such as serum glucose level,
medical history, anticoagulation and other medications, and, of
course, the NIHSS and hence could not include these in the anal-
ysis. However, this feature reflects the reality of endovascular
stroke care: Much of the information above may not be immedi-
ately available at time of decision making.

CONCLUSIONS
Our study suggests that the presentation GCS, a rapidly calcu-
lated and well-understood clinical score for all clinician groups
and seniorities, has correlation with patient outcome after poste-
rior circulation MT. Absence of an identifiable infarction on pre-
sentation CT portends a better prognosis. We also confirm that
functional independence is affected by recanalization and age.
Given the poor outcome of untreated PLVO, there is a tend-
ency to treat patients regardless of presentation status and at lon-
ger timeframes. While this practice theoretically gives the patient
the best possible chance of recovery, if through future research a
point of futility can be established, then better use of health care
resources can be established. The result of our study furthers this
aim and, in the meantime, may give some guidance to clinical de-
cision-making and informed consent.
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ORIGINAL RESEARCH
INTERVENTIONAL

Is Histologic Thrombus Composition in Acute Stroke Linked
to Stroke Etiology or to Interventional Parameters?

). Goebel, “/B.-J. Gaida, ““'I. Wanke, ““'C. Kleinschnitz, “’M. Koehrmann, “*’M. Forsting, ““'C. Moenninghoff, “*’A. Radbruch,
and ““A. Junker
=N )

ABSTRACT

BACKGROUND AND PURPOSE: Detailed insight into the composition of thrombi retrieved from patients with ischemic stroke by
mechanical thrombectomy might improve pathophysiologic understanding and therapy. Thus, this study searched for links between
histologic thrombus composition and stroke subtypes and mechanical thrombectomy results.

MATERIALS AND METHODS: Thrombi from 85 patients who had undergone mechanical thrombectomy for acute ischemic stroke
between December 2016 and March 2018 were studied retrospectively. Thrombi were examined histologically. Preinterventional
imaging features, stroke subtypes, and interventional parameters were re-analyzed. Statistical analysis was performed with the
Kruskal-Wallis test, Mann-Whitney U test, or Spearman correlation as appropriate.

RESULTS: Cardioembolic thrombi had a higher percentage of macrophages and a tendency toward more platelets than thrombi of
large-artery atherosclerotic stenosis (P = .021 and .003) or the embolic stroke of undetermined source (P = .037 and .099) subtype.
Thrombi prone to fragmentation required the combined use of contact aspiration and stent retrieval (P = .021) and were associated with
an increased number of retrieving maneuvers (P = .001), longer procedural times (P = .001), and a higher lymphocyte content (P = .035).

CONCLUSIONS: We interpreted the higher macrophage and platelet content in cardioembolic thrombi compared with large-artery athero-
sclerotic stenosis or embolic stroke of undetermined source thrombi as an indication that the latter type might be derived from an athero-
sclerotic plaque rather than from an undetermined cardiac source. The extent of thrombus fragmentation was associated with a more
challenging mechanical thrombectomy and a higher lymphocyte content of the thrombi. Thus, thrombus fragmentation not only might be
caused by the recanalization procedure but also might be a feature of a lymphocyte-rich, difficult-to-retrieve subgroup of thrombi.

ABBREVIATIONS: ESUS = embolic stroke of undetermined source; H&E = hematoxylin-eosin; LAA = large-artery atherosclerotic stenosis; MT = mechanical
thrombectomy; mTICI = modified TICI; RBC = red blood cells; WBC = white blood cells

he demonstrated efficacy of the endovascular therapeutic
approach to the occlusion of large vessels in the anterior circula-
tion initiated a fundamental change in stroke therapy. This currently
consists of the combination of thrombolysis with intravenous rtPA
and mechanical endovascular thrombectomy (MT).}¢
With the increasing performance of MT to extract the occlud-
ing thrombus, more thromboembolic material has become avail-

able for further analysis. Several studies of thrombus composition
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in acute ischemic stroke have been published, but a comparison
of their data is difficult because of a lack of standardization, often
with conflicting results.”® In addition, only a small number of
thrombi have been investigated, often with no differentiation
between fibrin and platelets or among the different subtypes of
white blood cells (WBC). Therefore, the current study searched for
the following: 1) histologic differences between the different stroke
subtypes with regard to thrombus composition—that is, the pro-
portions of fibrin, platelets, red blood cells (RBC), WBC, macro-
phages, lymphocytes, and granulocytes and the extent of thrombus
fragmentation; and 2) correlations between thrombus composition
and the parameters of the MT.

MATERIALS AND METHODS

Patients presenting at our center with acute ischemic stroke
between December 2016 and March 2018 were recruited for MT
and subsequent statistical analysis with the approval of the local
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Table 1: Antibodies and staining procedures

Antigen Source Pretreatment Dilution
CD68 (Ki-M1P) Dr Klapper, Institute for Pathology, Kiel, Germany None 1:10,000
CD45 (LCA) (mouse monoclonal, 2B11 4 PD7/26) Dako, Hamburg, Germany Citrate 1:1000

Note:—LCA indicates leukocyte common antigen.

ethics committee of the medical faculty of the university
Duisburg—Essen, Germany.

A total of 136 consecutive patients underwent MT during
this period (On-line Fig 1). Patients from whom thrombotic
material suitable for histopathologic analysis was obtained
during MT were included in the further analysis. Patient
characteristics were extracted from the electronic medical
records. The subtypes of ischemic stroke were classified
according to Hart.’

Preinterventional Imaging

Unenhanced brain CT and contrast-enhanced CTA of the supra-
aortic brain-supplying arteries (Somatom Definition Flash or
Definition AS+ scanner; Siemens, Erlangen, Germany) were per-
formed in all patients either in our center or in the referring hospi-
tal. All available unenhanced brain CT scans were retrospectively
re-analyzed for the presence or absence of the dense artery sign,
for thrombus density calculated as the average of 2 Hounsfield unit
measurements in the occlusion indicated by CTA and/or the dense
artery sign, and for early ischemic changes according to the
ASPECTS in cases of middle cerebral artery ischemia.'®

Mechanical Thrombectomy

MT using an aspiration catheter and/or a stent retriever was
performed with the patient under general anesthesia in a
biplanar DSA system (Allura Xper FD20; Philips Healthcare,
Best, the Netherlands). By means of the Seldinger technique,
a guiding catheter was inserted transfemorally, the large ves-
sel proximal to the suspected occlusion was probed, and
selective DSA was performed using Ultravist 300 as contrast
agent (iopromide; Bayer HealthCare, Berlin, Germany). After
identification of the arterial occlusion, a distal access or aspi-
ration catheter was introduced coaxially (5F Sofia distal
access catheter or 6F Sofia Plus aspiration catheter, Micro-
Vention, Aliso Viejo, California; 3MAX/4MAX/5MAX or
ACE 64 reperfusion catheter, Penumbra, Alameda, California)
over a microwire (Traxcessl4, MicroVention; Transend EX,
Stryker, Kalamazoo, Michigan) and, if possible, docked onto the
thrombus. Subsequently, direct contact thrombus aspiration
was performed using a VacLok syringe (Merit Medical, South
Jordan, Utah). If recanalization was not sufficient, the aspiration
maneuver was repeated or, as an alternative, a stent retriever
(Solitaire FR, Medtronic, Minneapolis, Minnesota; Trevo XP Provue
System, Stryker; EmboTrap II Revascularization Device, Cerenovus,
Galway, Ireland; Separator 3D System, Penumbra) was inserted, posi-
tioned in the thrombus, and 1 or multiple stent-retrieving maneuvers
were then performed under constant aspiration. The thrombi were
collected in a sterile manner, and those thrombi suitable for histo-
pathologic analysis were immediately preserved in formalin. The
records of the endovascular procedures were re-analyzed for

interventional parameters, including the time interval between stroke
onset and MT, the duration of MT, the endovascular devices/tech-
nique used, the number of retrieving maneuvers, and interventional
complications. The achieved global recanalization success was quanti-
fied using the modified TICI (mTICI) scale.!!

Histology and Immunohistochemistry

All investigations were performed on 1-um sections. Histochemical
and immunohistochemical staining was used to determine the
quantitative composition of the thrombi. The stains used were he-
matoxylin-eosin (H&E) for RBC (appears reddish), Ladewig tri-
chrome stain for fibrin deposits (appears brick red), Elastica van
Gieson stain for collagen fibers (appears reddish), Von Kossa stain
for calcifications (stains black, On-line Fig 2), naphthol AS-D
chloroacetate stain for granulocytes (detected by their esterase con-
tent, On-line Fig 3), and Prussian blue staining for iron ions
in siderophages. In addition, immunohistochemical staining for
CD68 (positive for Ki-M1P, macrophages, and activated platelets,
their size allowing exact quantification) and for CD45 (positive for
leukocyte common antigen and lymphocytes) was performed (On-
line Fig 3). Pretreatments and antibody dilutions were performed
as described in Table 1. In brief, the endogenous peroxidase activ-
ity was first blocked by incubating the sections in 3% H,O, in
phosphate-buffered saline. This step was followed by a blocking
step with 10% fetal calf serum in phosphate-buffered saline for 10
minutes at room temperature, followed by incubation with the pri-
mary antibody for 1 hour at room temperature. The sections were
then incubated with the secondary antibody (biotin-labeled anti-
body). Because the sections were stained using the Dako-
Autostainer-Plus (Agilent Technologies, Santa Clara, California),
the ZytoChemPlus horseradish peroxidase polymer system
(mouse/rabbit) (REF:POLHRP-100, Dako, Hamburg, Germany)
was used for detection. Cell nucleus counterstaining was per-
formed with hematoxylin.

The stained sections were digitized using a Leica slide
scanner (Leica Biosystems, Wetzlar, Germany). From the
scanned files, either the whole thrombus area (H&E for RBC
quantification, Ladewig trichrome for fibrin quantification)
or the whole thrombus area divided into subareas with an
edge length of 1000 um (CD68 for monocytes/macrophages
and activated platelets, CD45 for leukocytes) was extracted
and analyzed using Image] software (National Institutes of
Health, Bethesda, Maryland)."> After we adjusted the hue,
saturation, and brightness, we adjusted the “color threshold”
so that colored particles or colored areas could be determined
using the “Analyze Particles” function in Image]."> Regions
with densely packed RBC or platelets and areas of dense
fibrin deposition were included in the evaluation as coherent
areas (On-line Fig 4).

The applied staining methods also allowed an age estima-
tion of the thrombi. Because the Prussian blue stain,
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Table 2: Baseline characteristics and preinterventional imaging results of the studied

patients®

ranges, and means and SDs, as appro-
priate. The Kruskal-Wallis test was

Characteristics and Results

Total No. of patients
Sex (No.)
Age (yr)
Vascular risk factors (No.) (multiple choices possible)
Atrial fibrillation
Hypertension
Diabetes
High blood cholesterol levels
Smoking
Excessive alcohol intake
Obesity
Heart disease other than atrial fibrillation
Patients with previous ischemic stroke (No.)
Subtypes of ischemic stroke (No.)
Major-risk source cardiogenic embolism
Large-artery atherosclerotic stenosis
ESUS
Unusual (eg, dissection)
Initial NIHSS score
Initial stroke imaging (No.)
cT
DSA
Occlusion site (No.)
Internal carotid artery (intracranial)
MCA, M1 segment
MCA, M2 segment
Basilar artery
Anterior cerebral artery
Posterior cerebral artery
Dense artery sign (n = 71 patients)®
Mean thrombus attenuation (HU) (67 patients)®
Initial ASPECTS (in MCA ischemia; n = 64 patients)°
Patients given IV tPA (No.)
OTT (n = 56 patients) (min)°

used to evaluate overall group differ-

85 ences between stroke subtypes in

37 Men/48 women thrombus composition (fibrin, plate-

720 £129
lets, RBC, WBC, macrophages, lym-
50 (58.8%) phocytes, granulocytes, number of
70 (82.4%) thrombus fragments). In case of sig-
24 (28.2%) nificant overall group differences,
53 (62.4%) A . £ stroke sub
19 (22.4%) pair-wise comparisons of stroke sub-
1(1.2%) types were performed with the
7 (8.2%) Kruskal-Wallis 1-way ANOVA for
44 (51.8%) multiple samples with a Bonferroni
18 (21.2%) correction. To investigate a possible

51(60.0%) influence of thrombus composition

16 (18.8%) on MT, we performed a Kruskal-

17 (20.0%) Wallis test (with post hoc Bonferroni
1(1.2%) correction for the second step of anal-
13(0-28) ysis) or a Spearman rank correlation
83 analysis, as appropriate. Finally, a
2 Mann-Whitney U test was used to

determine whether rtPA administration

28 (32.9%) resulted in differences in fibrin content

o (ﬁzs‘t/ ) or fragmentation of the thrombi. A P
9 E]O 6‘7)) value < .05 was considered statistically
1(1.2%) Signiﬁcant.

1(1.2%)

43 (60.6%) RESULTS

58 (41-149
oE 3-10) ) Patients, Preinterventional Imaging,

52 (61.2%) and Interventional Parameters
172 (96-782) In 2 of the 136 initially recruited con-

Note:—OTT indicates time interval between symptom onset and start of thrombectomy.

@ Data are given as number (percent of total), mean * SD, or median (range).
® Data were not available from all 85 patients (On-line Table 1).

indicating iron ions in siderophages, turns positive approxi-
mately 72 hours after coagulation, the absence of any blue
coloration indicated a thrombus age of <72 hours. In addi-
tion, the intermingling of thrombi with collagen fibers, red-
dish in Elastica van Gieson staining, would argue for their
reorganization, a finding that does not occur in fresh
thrombi (<72 hours) (On-line Fig 2). Furthermore, calcifi-
cations (visualized by the Von Kossa staining) are not found
in fresh thrombi (On-line Fig 2).

The areas occupied by fibrin, platelets, RBC, and WBC
(including macrophages, lymphocytes, and granulocytes) were
quantified as percentages. Furthermore, we investigated the pres-
ence of siderophages, collagen fibers, calcifications, and the num-
ber of histologic fragments of the thrombi.

Statistical Analysis

Statistical analysis was performed with the SPSS software package
(Version 25.0; IBM, Armonk, New York). Normal distribution
was determined with the Kolmogorov-Smirnov test. Data are
given as frequency counts and percentage values, medians and

652 Goebel Apr2020 www.ajnr.org

secutive patients with acute ischemic
stroke selected for MT, intravenous
rtPA completely dissolved the occlud-
ing thrombi (On-line Fig 1). In the
remaining 134 patients, MT failed in
25 patients (mTICI 0 in 16 patients,
mTICI 1 in 2 patients, and mTICI 2a in 7 patients) and was
successful in 109 patients (mTICI 2b in 45 patients and mTICI
3 in 64 patients). In 48 patients, no evaluable thromboembolic
material was extracted. Thrombi suitable for histopathologic
analysis were retrieved from 86 patients, but 1 of these was
excluded due to the use of a nonstandard recanalization tech-
nique. Thus 85 patients and their thrombi were included in this
study.

Baseline characteristics, subtype of stroke, and preinter-
ventional imaging results of the studied patients are shown
in Table 2. Forty-five patients were directly admitted to our
center as emergency patients (52.9%), 33 patients (38.8%)
were referred to us by other hospitals, 5 patients developed
an acute cerebral artery occlusion as in-patients in our hos-
pital (5.9%), and in 2 patients (2.4%), artery occlusion was
diagnosed during an angiography. The initial CT was not
available for re-analysis in 11 of the patients transferred for
MT from other hospitals to our center. Interventional and
posttherapeutic parameters, including the duration of MT,
global recanalization success, and the ultimately successful



Table 3: Interventional parameters including revascularization rates and data on histopa-

thologic thrombus composition®

Mechanical Thrombectomy. Thrombi
retrieved from patients who had

Parameters

received intravenous rtPA contained

Duration of thrombectomy (interval between first and last obtained DSA;

n = 83 patients) (min)®
Achieved tissue reperfusion (No.)
mTICI O
mTICI1
mTICI 2a
mTICI 2b
mTICI 3
Ultimately successful recanalization technique (No.)
Aspiration (number of passes, median and range) 2 (1-8)
Stent retrieval (number of passes, median and range) 2 (1-5)

Combined aspiration and stent retrieval (number of passes, median and

range) 3 (2-8)
Occurrence of endovascular complications (No.)
Occurrence of symptomatic hemorrhage (No.)
ASPECTS 24 hr postthrombectomy (n = 73 patients)®
NIHSS score at 2-14 days postthrombectomy (n = 66 patients)®
Thrombus components (% from thrombus profile)
Fibrin
Platelets
RBC
WBC
Macrophages
Lymphocytes
Granulocytes
No. of thrombus fragments

46 (4-260) significantly less fibrin (38.4%, 2.8%-
66.4%) than those from patients

5 (59%) without rtPA administration (42.4%,
1(1.2%) 20.1%-68.2%; P = .027), whereas no
2 (2.4%) correlation was found between rtPA

34 (40.0%)
43 (50.6%)

administration and the extent of
thrombus fragmentation. With regard

47 (55.3%) to the ultimately successful recanaliza-

23 (27.1%)
15 (17.6%)

tion technique, thrombi that could only
be retrieved using a combination of
contact aspiration and stent retrieval

19 (22.4%) had a significantly smaller proportion

2 (24%) f platel 11.5%, 2.5%-35.3%) th:
8 (0-10) of platelets (11.5%, 2.5%-35.3%) than
3 (0-21) those that were removed by stent re-

trieval alone (18.4%, 5.2%-39.7%; P =
.034; Fig 2). Thrombi that were only
extractable using the combination tech-

409 (2.8-68.2)
161 (19-811)

417 (12-89.9
( ) nique had a significantly higher number

2.6 (0.4-8.5)

0.7 (0.0-5.2) of fragments (13, 3-40) than thrombi

0.3 (0.0-17) extractable by contact aspiration (8,
15(0.0-71) 2-35; P = .021) or stent retrieval alone
8 (2-47)

Note:— DSA indicates digital subtraction angriography.
?Data are given as number and percentage or median and range.
® Data were not available in all 85 patients (On-line Table 1).

recanalization technique with the number of retrieval
maneuvers, are given in Table 3.

Histologic Thrombus Composition

The quantitative contributions of fibrin, platelets, RBC, and
WBC to the investigated thrombi are shown in Fig 1. The per-
centage distribution of the different thrombus components is
shown in Table 3. Because blue staining for iron ions in sidero-
phages was always negative and neither calcifications nor collagen
fibers were detected, all thrombi were classified as fresh (ie, <3
days old).

Subtypes of Stroke. Because there was just 1 patient with an
unusual stroke subtype, statistical comparisons were possible
only in cardioembolic, large-artery atherosclerotic stenosis
(LAA), and embolic stroke of undetermined source (ESUS)
subtypes.

The proportion of macrophages was significantly higher in
cardioembolic thrombi (0.9%, 0.1%-3.3%) than in LAA (0.3%,
0.1%-3.8%; P = .021) or ESUS thrombi (0.4%, 0.0%-5.2%; P =
.037; Fig 2). Cardioembolic thrombi contained a higher propor-
tion of platelets (19.1%, 3.6%-81.1%) than LAA thrombi (10.3%,
2.3%-25.1%; P = .003) and showed a tendency toward a higher
platelet proportion compared with ESUS thrombi (12.2%, 1.9%-
39.7%; P = .099; Fig 2). LAA and ESUS thrombi did not differ
significantly with regard to platelet or macrophage content, nor
were other differences in thrombus composition found between
stroke subtypes.

(7, 2-47; P = .006; Fig 2). There was a
weak correlation between the number
of thrombus fragments and the re-
quired number of retrieving maneuvers
(r = 0.365, P = .001), procedural time
(r = 0.356, P = .001), and percentage of lymphocytes in the
thrombi (r = 0.229, P = .035).

DISCUSSION

This study showed, first, that cardioembolic thrombi had a higher
percentage of macrophages and a trend toward a higher percent-
age of platelets than thrombi of other stroke subtypes and, sec-
ond, thrombi presenting as severely fragmented for histologic
work-up had a higher lymphocyte content and often required the
combined application of contact aspiration and stent retrieval, as
well as more retrieving maneuvers and longer procedure times
for their removal.

Regarding stroke etiology, we observed a higher percentage of
macrophages and a trend toward a higher percentage of platelets
in cardioembolic thrombi than in LAA or ESUS thrombi, while
there were no such differences between LAA and ESUS stroke-
subtype thrombi. We interpreted this finding as an indication
that ESUS represents an embolism from an atherosclerotic plaque
rather than from an undetermined cardiac embolic source. This
is in line with the results of Boeckh-Behrens et al'* and Sporns
et al,"”> who reported higher WBC and fibrin/platelet content in
cardioembolic thrombi, and with the findings of Maekawa et al,t®
who reported an association between fibrin-rich thrombi and the
cardioembolic stroke subtype, though the latter did not differenti-
ate between fibrin and thrombocytes. The few published studies
with small numbers of examined thrombi did not find any associ-

ation between thrombus composition and stroke subtype.'”"* In

120

addition, contrary to our results, Kim et al™ reported a higher
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FIG 1. Percentages of the different clot components. Each investigated thrombus is shown in its quantitative composition of fibrin, platelets,
red blood cells, and white blood cells (including macrophages, leukocytes, and granulocytes).
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FIG 2. Differences between the different stroke subtypes in the proportions of platelets and macrophages (subunits A and B) and differences
between the individual thrombi in the proportions of platelets and the number of fragments that were ultimately retrieved by contact aspira-
tion alone, stent retrieval alone, or a combination of the 2 techniques (subunits C and D).

proportion of RBC and a lower proportion of fibrin in cardioem-
bolic thrombi than in LAA thrombi. Nevertheless, because only 8
LAA thrombi were included in their study, its validity might be
questionable.

Most interesting, we found significant relationships between
thrombus composition and parameters of the MT procedure as
described above. This finding raises the following the question:
Was, for example, increased thrombus fragmentation caused by
the MT procedure itself, because thrombus fragmentation with
peripheral embolization is a known complication of MT, or was

the tendency of some thrombi to fragment due to their composi-
tion?*! Tt is possible that thrombi prone to fragmentation are
more difficult to remove by MT and require more retrieving
maneuvers consecutively, resulting in a longer procedural time.
The additionally observed relationship between lymphocyte con-
tent and the degree of thrombus fragmentation supports the
assumption of a lymphocyte-rich subgroup of thrombi that are
susceptible to fragmentation. This would support the hypothesis
that the greater extent of thrombus fragmentation was not exclu-
sively due to the recanalization procedure but was, to a certain
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degree, an inherent tendency for these thrombi to fragment.
Because lymphocytes are known to play a role in thrombus for-
mation,'” might they not conceivably also make the thrombus
more prone to fragmentation? Our findings are partly in line
with those of Kaesmacher et al,> who reported an association
between a higher content of neutrophil granulocytes and
increased periprocedural thrombus fragmentation but found
no relationship between thrombus stability and the overall
WBC content. We found that thrombi that had required the
combined approach of contact aspiration and stent retrieval
for their extraction had a lower proportion of platelets than
those that could be extracted by stent retrieval alone. We are
not quite sure how to interpret this finding, and the results of other
studies on this topic are of no assistance because they did not dif-
ferentiate between platelets and fibrin,'®'”**2*

Our study has several limitations. The first of these is a selection
bias. We were obviously able to examine only those thrombi
that could be retrieved, thus excluding thrombectomy-resistant
thrombi. A second limitation is the small number of retrieved
thrombi and the skewed distribution between the different stroke
subtypes. Finally, we had no information on the prevalence of pri-
marily fragmented thrombi because the preinterventional imaging
was unenhanced brain CT and CTA and we directly probed the
large vessel proximal to the suspected occlusion during MT.

CONCLUSIONS

We found that cardioembolic thrombi had a higher percentage of mac-
rophages and a tendency toward a higher percentage of platelets than
thrombi of the LAA or ESUS stroke subtype. We interpreted this find-
ing as an indication that ESUS represents embolism from an athero-
sclerotic plaque rather than from an undetermined cardiac embolic
source. Moreover, we observed an association between the extent of
thrombus fragmentation and both a more challenging mechanical
thrombectomy and a higher lymphocyte content. Thus, thrombus frag-
mentation might be caused not only by the recanalization procedure
but might also be due to an inherent feature of lymphocyte-rich and
difficult-to-retrieve thrombi.
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ABSTRACT

BACKGROUND AND PURPOSE: Flow diversion for the posterior circulation remains a promising treatment option for selected posterior
circulation aneurysms. The Flow-Redirection Intraluminal Device (FRED) system has not been previously assessed in a large cohort of
patients with posterior circulation aneurysms. The purpose of the present study was to assess safety and efficacy of FRED in this location.

MATERIALS AND METHODS: Consecutive patients with posterior circulation aneurysms treated at 8 centers participating in the
European FRED study (EUuFRED) between April 2012 and January 2019 were retrospectively reviewed. Complication and radiographic
and functional outcomes were evaluated.

RESULTS: Eighty-four patients (median age, 54 years) with 84 posterior circulation aneurysms were treated with the FRED. A total
of 25 aneurysms (29.8%) had previously ruptured, even though most aneurysms were diagnosed incidentally (45.2%). The intradural
vertebral artery was the most common location (50%), and saccular, the most common morphology (40.5%). The median size was
7mm. There were 8 (9.5%) symptomatic thromboembolic and no hemorrhagic complications. Thromboembolic complications
occurred mostly (90.9%) in nonsaccular aneurysms. On last follow-up at a median of 24 months, 78.2% of aneurysms were com-
pletely occluded. Functional outcome at a median of 27 months was favorable in 94% of patients. All mortalities occurred in
patients with acute subarachnoid hemorrhage and its sequelae.

CONCLUSIONS: The largest cohort of posterior circulation aneurysms treated with the FRED to date demonstrated favorable
safety and efficacy profiles of the device for this indication. Treatment in the setting of acute subarachnoid hemorrhage was
strongly related to mortality, regardless of whether procedural complications occurred.

low diversion for aneurysms of the posterior circulation contin-  largest studies on posterior circulation flow diversion are currently

ues to be more controversial than other endovascular treatment  available for the Pipeline Embolization Device (PED; Covidien,
modalities in that location. Whereas it is established in the anterior  Irvine, California).*> Aneurysms of the vertebral artery have been
circulation, flow diversion in the posterior circulation remains  found to be particularly amenable to flow diversion.>® Larger
“off-label” according to the FDA, which has not granted approval  cohorts of other flow diverters used in the posterior circulation are
to any flow-diverting device for that indication. Still, flow-diverting  currently lacking. Here, we performed a subgroup analysis of pos-
stents are used at increasing frequency in those locations.'"> The  terior circulation cases treated with the Flow-Redirection
Endoluminal Device (FRED; MicroVention, Tustin, California) at

centers participating in the European FRED study (EuFRED).”
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MATERIALS AND METHODS

Study Design and Data Collection

The EuFRED study was a retrospective, multicenter postmarket
registry of consecutive patients with intracranial aneurysms
treated with the FRED at European high-volume neurovascular
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FIG 1. A 66-year-old woman presenting with an unruptured left vertebral artery aneurysm measuring 5mm in maximum diameter. A, Lateral
view of a left vertebral artery digital subtraction angiogram. B, Rotational 3D reconstruction. C, Angiogram post-FRED placement (arrows show
the proximal and distal ends of the flow diverter). D, Stasis in the aneurysm after flow-diverter placement. E, Conebeam CT with contrast
1month after stent placement shows complete occlusion of the aneurysm. F, Confirmation of aneurysm occlusion at 1year.

centers as previously described.” The decision to use the FRED
was at practitioner discretion to reflect real-world indications. An
independent study nurse not involved in the clinical decision-
making collected all raw data of the original EuFRED dataset. For
this subgroup analysis of the posterior circulation aneurysms
treated, 8 centers that had treated posterior circulation aneurysms
provided additional consecutive cases up to January 2019.
Aneurysms were classified according to the morphology as saccu-
lar, fusiform, dissecting, and blister/pseudoaneurysm with and
without intraluminal thrombus, with the maximum diameter
measured in millimiters. The categorization of aneurysm mor-
phology was performed at the individual centers and in ac-
cordance with prior classification of posterior circulation
aneurysms treated with flow diversion.” Details on platelet
function testing and antiplatelet regimen were obtained.
Complications were classified as thromboembolic, hemor-
rhagic, and other and divided in symptomatic and asymptom-
atic. Clinical and imaging follow-up time points were at the
discretion of the participating center as was the imaging tech-
nique. Angiographic outcome was evaluated locally at the indi-
vidual center by a radiologist not involved in the procedure
and graded as completely occluded, near-completely occluded
with neck remnant, or incompletely occluded. Functional out-
comes were assessed locally and by using the mRS. Internal
review board approval was obtained at all participating institu-
tions, and all patients signed approved consent forms.

Statistical Analyses

Continuous variables are presented as median and range, and cat-
egoric variables are presented as frequency and percentage.
Analyses were performed using y* and Fisher exact tests. P val-
ues < .05 were considered statistically significant.

RESULTS

Baseline Patient and Aneurysm Characteristics

A total of 84 aneurysms in 84 patients (median age, 54 years)
were treated with the FRED. All patients with electively treated

aneurysms had a good preprocedural functional status (mRS,
0-2). A history of aneurysm rupture was present in 25 (29.8%)
aneurysms, with 12 aneurysms (14.3%) treated in the acute phase
(within 48 hours) of aneurysm rupture. The intradural vertebral
artery (50%) (Fig 1) and basilar artery (26.1%) were the most
common locations of the aneurysm. The aneurysms were saccu-
lar (40.5%), fusiform (25.0%), dissecting (22.6%), or blister
(11.9%) and had a median maximum diameter of 7 mm (range,
2-67 mm). Intraluminal thrombus was present in 8.3% of aneur-
ysms (Table 1).

Treatment Characteristics and Outcomes

Most aneurysms were treated with a single FRED (95.2%).
Adjunctive coiling was performed in 16.7%. Platelet function test-
ing was available in 95.2% of cases and resulted in a regimen
change in 2.4%. The most common postprocedural antiplatelet
medication regimen was aspirin and clopidogrel (86.9%). Of the
12 aneurysms treated in the acute setting of subarachnoid hemor-
rhage, 9 patients (75%) were started on tirofiban and transitioned
to aspirin and clopidogrel (8 patients) or aspirin and ticagrelor (1
patient), while 2 (16.7%) were loaded with aspirin and clopidog-
rel, and 1 (8.3%), with aspirin and ticagrelor. There were 11
(13.1%) thromboembolic infarctions, most frequently affecting
the cerebellum and occurring mostly in nonsaccular aneurysms
(90.9%). Symptomatic infarctions occurred in 8 (9.5%) patients.
Imaging follow-up was available for 77 (91.7%) patients. Imaging
modalities included MRA (50%), DSA (45.6%), conebeam CT
with IV contrast (2.9%), and CTA (1.5%). At a median follow-up
of 24 months, 78.2% of aneurysms were completely and 9% near-
completely occluded. Retreatment with another flow diverter was
performed in 7.1% of patients (Fig 2). Functional outcome at a
median of 27 months was favorable in 94% of patients (mRS,
0-2) and available for 98.8% of patients. There were 5 (6%) mor-
talities, all occurring in patients treated in the acute setting of sub-
arachnoid hemorrhage. In one of those patients, mortality was
due to a thromboembolic infarction from the flow-diversion pro-
cedure (Table 2).
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Table 1: Baseline characteristics

Parameter No.
No. of patients 84
No. of aneurysms 84
Females 42 (50.0%)
Median age (range) (yr) 54 (15-81)
Pretreatment mRS of patients without SAH 58
0 53 (91.4%)
1 4 (6.9%)
2 1(17%)
3-5 0 (0.0%)
Index aneurysm presentation
Acute SAH (within 48 hours) 12 (14.3%)
<2 weeks since SAH 6 (71%)
>2 weeks since SAH 7 (8.3%)
Stroke 2 (2.4%)
Brain stem compression 5 (6.0%)
Brain stem infarction 2 (2.4%)
Incidental 38 (45.2%)
Other® 12 (14.3%)

Aneurysm location

Vertebral artery (intradural) 42 (50%)

Basilar artery 22 (26.1%)
Posterior cerebral artery 7 (8.3%)
Superior cerebellar artery 4 (4.8%)
Vertebral artery (extradural) 4 (4.8%)
Posterior inferior cerebellar artery 3(3.6%)
Vertebrobasilar junction 2 (2.4%)

Aneurysm morphology

Saccular 34 (40.5%)
Fusiform 21(25.0%)
Dissecting 19 (22.6%)

Blister/pseudoaneurysm 10 (11.9%)

Index aneurysm pretreated® 7 (8.3%)
Aneurysm size (median) (range) (mm) 7 (2-67)
Intra-aneurysmal thrombus 7 (8.3%)

@ Other Headache (n=7), vertigo (n=1), syncope (n=1), TIA (1), dizziness (n=1),
Traumatic brain injury (n=1).

®Pretreatment endovascular (n=6), endovascular, and open microsurgery
(n=1).

FIG 2. A 68-year-old male patient who had an SAH with a Hunt and Hess score of 3 (left).
Diagnostic angiography reveals a 3-mm dissecting aneurysm of the basilar artery at the origin of
the anterior inferior cerebellar artery (middle). Implantation of a FRED into the basilar artery with
good wall apposition and complete coverage of the aneurysm neck and anterior inferior cerebel-
lar artery origin was achieved. The patient was administered tirofiban for the first 24 hours after
implantation (right). During recovery, the patient presented with cranial nerve IX to XII palsies
and slight hemiparesis on the left. MR imaging showed only minimal DWI lesions in both cerebel-
lar hemispheres (MRI not shown). Diagnostic angiography 7 days after the primary intervention
revealed occlusion of the aneurysm and occlusion of the anterior inferior cerebellar artery. The

patient recovered to a mRS 2 after 3 months.
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Predictors of Complication and Occlusion Status at Last
Follow-Up

The small number of cases with complications and incomplete
occlusion status limited the ability to perform statistical analysis.
All thromboembolic complications occurred in aneurysms not
treated with adjunctive coiling, albeit this relationship did not
reach statistical significance. All patients with thromboembolic
complications had undergone platelet function testing, and no
adjustments to the antiplatelet regimen were warranted. There
were no associations of occlusion status or complications with
any of the recorded variables (On-line Table).

DISCUSSION

The present cohort is the largest reported on the FRED for aneur-
ysms of the posterior cerebral circulation. The FRED was success-
fully implanted in 84 patients with 84 aneurysms, most commonly
located along the intradural vertebral artery. Symptomatic throm-
boembolic complications occurred in 9.5% of patients, whereas no
hemorrhagic complications were reported. Complete or near-com-
plete occlusion was achieved in 87.2% of aneurysms at a median
follow-up of 24 months. At a median clinical follow-up of
27 months, all living patients had a favorable functional out-
come. Mortalities occurred only in patients treated in the acute
setting of subarachnoid hemorrhage.

The Flow-Redirection Intraluminal Device

The FRED is a dual-layer braided device with an inner low-po-
rosity stent that acts as the flow diverter and an outer part that
serves as a scaffold for the inner stent. The EuFRED study with
579 aneurysms treated with the FRED is the largest to date.
In aneurysms followed for >1year, complete occlusion was
achieved in 95.3%. Transient morbidity, permanent morbidity,
and mortality rates were 3.2%, 0.8%, and 1.5%, respectively.7

The Italian core lab-adjudicated FRED registry included 165
aneurysms.® Device-related morbidity and mortality occurred in
6.1% and 2.4% of patients. Complete or near-complete occlusion
at 12 to 24 months was 77% and 19%,
respectively. The study also included
29 aneurysms in the posterior circula-
tion. Even though this subgroup was
not discussed in detail, posterior circu-
lation aneurysms contributed to mor-
tality in particular. Among the 6
delayed deaths, 3 occurred in basilar
artery aneurysms.®

The Safety and efficacy Analysis of
FRED Embolic device in aneurysm
treatment (SAFE) study is the third
largest on FRED, enrolling 103 aneur-
ysms; posterior circulation aneurysms
were not included.”

In the United States, the FRED is
not approved currently. Still, in a com-
parative study of EuFRED anterior
circulation aneurysms matched to
aneurysms treated with the PED at US
centers, both safety and efficacy profiles



Table 2: Treatment characteristics and outcomes

Parameter No.

No. of FREDs per aneurysm

1FRED 80 (95.2%)
2 FREDs 3 (3.6%)
4 FREDs 1(12%)

Adjunctive coiling required
Platelet function testing
Antiplatelet regimen changed after testing
Postprocedural antiplatelet regimen
ASA —+ clopidogrel

14 (16.7%)
80 (95.2%)
2 (2.4%)

62 (73.8%)

Tirofiban loading followed by ASA + clopidogrel 11 (13.1%)
ASA + ticagrelor 6 (7.1%)
Prasugrel 3 (3.6%)
ASA —+ prasugrel 1(1.2%)
ASA + tirofiban + ticagrelor 1(1.2%)
Thromboembolic infarction due to procedure 1 (13.1%)
Symptomatic thromboembolic complication 8(9.5%)
Location of infarction
Cerebellum 7 (8.3%)
Brain stem 2 (2.4%)
Posterior cerebral artery territory 1(1.2%)
Thalamus 1(1.2%)
Hemorrhagic complications 0 (0.0%)
Other complications 3 (3.6%)
Parent artery occlusion 2 (24%)
Time of radiographic follow-up (median) 24 (0.03-72)

(range) (mo)*

Occlusion status last imaging follow-up®
Complete occlusion (100%)
Near-complete occlusion (>90%)
Incomplete occlusion (<90%)

Imaging technique®

61 (78.2%)
7 (9%)
10 (12.8%)

MRA 34 (50%)
DSA 31(45.6%)
Conebeam CT with IV contrast 2 (2.9%)
CTA 1(15%)
Retreatment® 6 (71%)
Time of functional outcome follow-up (median) 27 (0.03-72)
(range) (mo)®
Functional outcome®
MRS 0-2 78 (94%)
mRS 3-5 0
mRS 6 5 (6%)

Note:—ASA indicates acetylsalicylic acid.
?Data missing in 6 patients.

®Data missing in 16 patients.

©Data missing in 1 patient.

9 Data missing in 6 patients.

€ Data missing in 1 patient.

of both flow diverters were comparable.'® To overcome the limita-
tion of short angiographic follow-up of 6.6 months in the initial
EuFRED publication,” we updated both angiographic and clinical
follow-up for the current study. With median follow-ups of 24
and 27 months, respectively, this study also presents some of
the longest follow-up data on the FRED.*’

Occlusion of Posterior Circulation Aneurysms with Flow
Diverters
Per FDA regulations, flow diversion in the posterior circulation
continues to be considered off-label. Nevertheless, flow diversion
is increasingly used for posterior circulation aneurysms with
most data available for the PED.* !

The largest single-center series on posterior circulation aneur-
ysms treated with either the PED or the p64 (phenox, Bochum,

Germany) included 58 nonsaccular aneurysms.'" The cohort rep-
resents the most challenging aneurysm morphologies in the pos-
terior circulation.® Angiographic occlusion or minor remnants
were reported in 100% (5/5) of dolichoectatic, 95.5% (21/22) of
fusiform, and 63.2% (12/19) of transitional morphology at a
mean follow-up of 25.2months. Up to 8.3 flow diverters were
used, on average, in fusiform basilar artery aneurysms. A meta-
analysis of nonsaccular posterior circulation aneurysms treated
with flow diverters reported the average device number at 4.33
per aneurysm.® In contrast, the present study included 50 non-
saccular aneurysms classified as fusiform, dissecting, and blister,
with a median diameter of 7 mm. The median number of FREDs
used was 1. Among patients with angiographic follow-up and
nonsaccular aneurysms, the rates of complete and near-complete
occlusion were 81.8% and 4.6%, respectively, at 18.5 months.
Given the complexity of these lesions, however, any comparison
must be interpreted with caution. Still, data are promising in
terms of occlusion of some of the most challenging cerebral
aneurysms.

The second largest single-center series was published in 2019,
including 55 aneurysms treated with the PED.* The classification
of aneurysms was similar to that in the current study as saccular,
fusiform, and dissecting/pseudoaneurysm. One PED was used in
84% of procedures. Angiographic follow-up was short, with only
8 aneurysms imaged at 24 months. On last follow-up, however,
complete occlusion or trace filling was achieved in 72% and 9%,
respectively, which is comparable with the present study, espe-
cially given the shorter follow-up.

The largest series on posterior circulation flow diversion was a
multicenter study, including 131 aneurysms, all treated with the
PED.” At a median of 11 months, complete or near-complete
occlusion was achieved in 78.1% of aneurysms, with dissecting
and fusiform aneurysms occluding most and least frequently,
respectively. A predictor of occlusion in dissecting aneurysms
was age, with older aneurysms occluding less often, a relationship
that has also been demonstrated for anterior circulation aneur-
ysms after flow diversion.'? In fusiform aneurysms, no predictors
of occlusion were identified. Assessed variables were aneurysm
size and location, intraluminal thrombus, adjunctive coiling, and
the number of devices used. Saccular aneurysms of the basilar ar-
tery occluded less often than saccular aneurysms in other poste-
rior circulation locations, though this relationship was not
significant (P = .08).°

Complications Associated with Posterior Circulation Flow
Diversion

The posterior circulation is characterized by unique neurovascu-
lar anatomy with end arterial perforating vessels to the brain
stem arising from the distal vertebral artery, basilar trunk, and
proximal posterior cerebral arteries. Placement of flow diverters
inevitably results in coverage of smaller or larger side branches of
the vertebrobasilar system.'?

Reported morbidity and mortality are important. An afore-
mentioned meta-analysis of 131 posterior circulation aneurysms
treated with flow diversion reported overall morbidity and mor-
tality rates of 26% and 21%, respectively. Favorable clinical out-
come (mRS, =2) was most frequently achieved in the vertebral
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artery as opposed to other locations, likely owing to the relative
paucity of perforators in that location.® In the present study, 11
thromboembolic complications occurred. Even though there was
not a predilection for a specific location, 10 of 11 (90.9%) throm-
boembolic complications occurred in nonsaccular aneurysms,
and 5 of 11 (45.5%), in aneurysms that had previously ruptured.

The multicenter study of 131 posterior circulation aneurysms
treated with the PED also identified fusiform aneurysm morphol-
ogy as a risk factor for major complications.> Nevertheless, data
from the present study show that even nonsaccular aneurysms of
the posterior circulation can be treated safely with flow diverters
as long as treatment is performed in unruptured aneurysms.
Several key aspects, as summarized by Bhogal et al,'" are critical
to minimize complications. These include rigorous platelet func-
tion testing and regimen adjustments, performed in 95.2% of
patients in the current study; treatment of not acutely sympto-
matic patients, either due to rupture or brain stem compression
or ischemia; the use of fewer flow diverters per aneurysm (me-
dian of 1 in the current series); and adjunctive coiling. Applying
those principles in the current study may have explained the very
favorable safety profile.

Strengths and Limitations

The most significant limitation is the heterogeneity of posterior
circulation aneurysms. Given their variability in size and involve-
ment of various segments of the posterior circulation tree, com-
parative analyses are challenging. Thus, any related study is
exposed to significant selection bias across different neurovascu-
lar centers and individual neurovascular practitioners. Data col-
lection was performed at the individual institution and was not
core lab-adjudicated, introducing potential bias. Nevertheless,
the dataset was nearly complete. The inclusion of multiple insti-
tutions, on the other hand, improved the generalizability of the
findings. Another limitation was variability in the type of platelet
function test used at the individual institution, albeit most
patients underwent platelet function testing.

CONCLUSIONS

The largest cohort of posterior circulation aneurysms treated
with the FRED to date demonstrated favorable safety and effi-
cacy profiles of the device for this indication. Regardless of
location and morphology, flow diversion using the FRED rep-
resents a viable treatment option for those challenging lesions.
Thromboembolic complications occurred mostly in nonsaccular
aneurysms. Treatment in the setting of acute subarachnoid hemor-
rhage, however, was strongly related to mortality, regardless of
whether procedural complications occurred.
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ORIGINAL RESEARCH
INTERVENTIONAL

Efficacy and Safety of Flow-Diverter Therapy for Recurrent
Aneurysms after Stent-Assisted Coiling

K.Y. Park, ““).Y. Yeon, ““'B.M. Kim, “P. Jeon, ““).-H. Kim, “CK. Jang, ““DJ. Kim, ““J.W. Lee, ““'Y.B. Kim, “*'J. Chung,
D.H. Song, ““’H.G. Park, and “~J.S. Park
=
ABSTRACT

BACKGROUND AND PURPOSE: Flow-diverter treatment for previously stented aneurysms has been reported to be less effective
and prone to complications. In this study, we evaluated the effectiveness and safety of flow diverters for recurrent aneurysms af-
ter stent-assisted coiling.

MATERIALS AND METHODS: Patients who underwent flow-diverter placement for recurrent aneurysms after stent-assisted coiling
between March 2015 and March 2019 were recruited. Clinical and radiographic characteristics and clinical and angiographic out-
comes were retrospectively evaluated.

RESULTS: Among 133 patients who underwent flow-diverter insertion, 17 (male/female ratio = 5:12; mean age, 53.8 years) were treated
for recurrent aneurysms after stent placement with (n = 16) or without (n = 1) coiling. Eight patients initially presented with subar-
achnoid hemorrhage; 7, with headache; and 2, with visual field defects. Angiographic morphology included large/giant saccular in 12
patients, dissecting in 2, fusiform in 1, traumatic pseudoaneurysm in 1, and ruptured blood blister-like aneurysm in 1. The duration
between the first treatment and flow-diverter placement ranged from 2weeks to 15months (median, 6 months). Flow-diverter
placement was successful in all cases without any complications. All patients had favorable outcomes (mRS, 0-2), without any
newly appearing symptoms. Aneurysms were followed up with conventional angiography at least once in 6-18 months. Sixteen
aneurysms showed complete occlusion, and 1 aneurysm was enlarged.

CONCLUSIONS: Results from this case series investigating flow-diverter placement for recurrent aneurysms after stent-assisted
coiling suggested that the procedure is safe and effective. Further study in a larger population may be warranted.

ABBREVIATIONS: LVIS = low-profile visualized intraluminal support; PED = Pipeline Embolization Device; SAC = stent-assisted coiling

Endovascular coil embolization is a standard treatment for intra- successful stent-assisted coiling (SAC).? Conversely, retreatment of

cranial aneurysms. However, its durability and potential for  previously stented aneurysms is challenging for both neurosurgeons

angiographic recurrence are still major shortcomings."” Although
stent placement with coiling can help enhance durability, the recur-
rence rate is reported to be approximately up to 14.9%, even after
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and neurointerventionalists due to its questionable efficacy and
safety. > Thus, neither conventional clipping nor coiling has pro-
vided reasonable outcomes as a retreatment technique for recurrent
aneurysms after SAC.

Following the introduction of the early version of the
Pipeline Embolization Device (PED; Medtronic, Minneapolis,
Minnesota),*” flow diverters have gained increasing acceptance
for aneurysm treatment. In particular, these were useful for the
treatment of complex and complicated aneurysms, such as
large or giant, dissecting, and blood blister-like aneurysms.
Additionally, these types of aneurysms were also susceptible to
recurrence.® ! Thus, flow diverters may be an alternative treat-
ment option for recurrent aneurysms after SAC. Unfortunately,
previous studies on flow-diverter treatment for previously
stented aneurysms reported some technical issues and unfavor-
able results.">'® Nelson et al'? reported that 1 in 4 aneurysms
previously treated with another stent was not occluded at
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180 days after PED placement. Fischer et al'?

reported that the
adverse event rate was 13%, and the successful occlusion rate
was 65% in 30 cases of PED for recurrent aneurysms after SAC.
Daou et al'® reported that the complete occlusion rate was
55.6%, with a 14.3% complication rate in PEDs after SAC.
However, recent neurointerventional techniques and devices
may be helpful in overcoming these technical issues, and more
acceptable outcomes are expected.

In the present study, we report on the effectiveness and safety
of flow-diverter treatment for recurrent aneurysms after SAC.

MATERIALS AND METHODS

The institutional review board of each hospital approved this
study and waived the requirement for patient informed consent
due to its retrospective design. After the introduction of the PED,
patients who underwent flow-diverter placement for the treat-
ment of recurrent aneurysms after SAC in 5 hospitals between
March 2015 and March 2019 were recruited.

Planning of flow-diverter treatment was based on consensus
by a multidisciplinary team meeting after the careful evaluation
of 3D angiograms. Flow-diverter placement was chosen as a
retreatment method after agreement that the initial aneurysm
was large/giant, ruptured dissecting, or blood blister-like. On the
basis of previous results, those types of aneurysms were thought
to be prone to re-recurrence, even if retreatment was successful
with additional coil insertion.

In cases in which dual-antiplatelet medication was stopped or
changed to aspirin monotherapy before the PED retreatment
procedure, dual-antiplatelet medication (aspirin, 100 mg, and clo-
pidogrel, 75 mg) was resumed for at least 5days. Because no
patient showed resistance on the antiplatelet resistance test at the
initial SAC and no patient had thromboembolic events during
follow-up, an additional antiplatelet resistance test before PED
placement was not routinely performed. After the completion of
treatment, the dual-antiplatelet medication was maintained for at
least 6 months, and subsequently, the regimen was changed to as-
pirin monotherapy, which was continued indefinitely.

All clinical and radiologic data were obtained from the elec-
tronic medical records and a prospectively registered aneurysm
data base. Data were retrospectively reviewed.

Flow-Diverter Placement

All procedures were conducted with the patient under general
anesthesia. A 5F intermediate catheter was used in all except
3 cases, combined with a 6F or 7F Shuttle guide sheath (Cook,
Bloomington, Indiana) or a 6F Neuron MAX (Penumbra,
Alameda, California). The routine procedural details were as
follows: 1) After the placement of a 5F intermediate catheter
(Sofia; MicroVention, Aliso Viejo, California; Navien, Medtronic,
Minneapolis, Minnesota; Revive, Codman Neurovascular, Raynham,
Massachusetts) within a 6F or 7F Shuttle or a 6F Neuron MAX
catheter, the Marksman catheter (Medtronic) was introduced
and advanced over a 0.014-inch guidewire into 1 branch of the
parent artery beyond the stented segment; 2) the intermediate
catheter was advanced over the Marksman catheter and micro-
wire as far as possible beyond the stented segment of the parent
artery; 3) the size-matched flow diverter was introduced and
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placed to span the entire stented segment; if required, multiple
flow diverters were used to span the entire stented segment; and
4) if an immediate postimplantation angiogram or flat panel CT
image showed equivocal apposition of the flow diverter and a
previously placed stent in the segment where a metallic artifact
due to the coil mass was not prominent, or if the apposition
between the PED and the preplaced stent could not be assessed
due to the surrounding coil mass (Fig 1), balloon angioplasty was
performed for better apposition between the preplaced stent and
the flow diverter.

Clinical and Angiographic Follow-Up

Routine clinical follow-up was performed at 1, 3, 6, and
18 months. Routine angiographic follow-up was performed at
6 months. If the 6-month angiogram did not show complete
occlusion of the aneurysm, further follow-up angiographies
were scheduled at 12 months and 18-24 months.

Outcome Measurements
Procedural success was defined as the full expansion of the flow
diverter spanning the entire stented segment of the parent artery.

Clinical outcomes were assessed with the mRS at the latest
clinical follow-up. Treatment-related morbidity was defined as
the development of any new deficit due to treatment-related
complications that were still present at discharge. Treatment-
related mortality was defined as death of the patient from treat-
ment-related complications during admission or clinical follow-
up. In addition, any treatment-related complication other than
neurologic complication was evaluated. Follow-up angiographic
outcomes were assessed according to the Raymond class, in
which class 1 is defined as complete occlusion; class 2, as neck
remnant; and class 3, as sac remnant.'”

The procedural success rate, treatment-related morbidity and
mortality, and clinical and angiographic follow-up outcomes
were retrospectively assessed.

Statistical Analysis

Because this study included the results of a single arm of flow-
diverter insertion for recurrent aneurysms after SAC, without
comparison with other types of treatment, only descriptive sta-
tistics are presented. All data are presented as mean and range
for continuous variables and number and percentage for catego-
ric variables.

RESULTS

Among 133 patients who underwent flow-diverter insertion, 17
(male/female ratio = 5:12; mean age, 53.8 years) were treated for
recurrent aneurysms after stent placement with (n = 16) or with-
out (n = 1) coiling. Baseline characteristics of patients and aneur-
ysms and follow-up clinical and angiographic outcomes are
shown in the On-line Table.

Eight patients initially presented with subarachnoid hemor-
rhage; 7, with headache; and 2, with a visual field defect. Except
for 1 patient (case 7, Fig 1) who presented with a ruptured ICA
fusiform aneurysm and had end-stage renal disease, no patient
had an underlying comorbidity. The aneurysm types included
large/giant saccular in 12 patients, dissecting in 2, fusiform in 1



FIG 1. A 54-year-old man with subarachnoid hemorrhage. A, A nonenhanced CT image shows a diffuse subarachnoid hemorrhage in the basal
cistern. B, A 3D volume-reconstruction image shows a fusiform aneurysm of the left distal ICA. Both the anterior choroidal (solid arrow) and
posterior communicating (dashed arrow) arteries arise from the fusiform aneurysm. C, Three LVIS Blue devices are deployed in a telescopic
manner from the ICA cavernous segment to the middle cerebral artery M1 segment. D, Coil embolization performed using the balloon-in-stent
technique. E, Immediate postembolization shows near-complete embolization. Both the anterior choroidal (solid arrow) and posterior commu-
nicating (dashed arrow) arteries are saved. F, One-year follow-up angiogram shows a major recurrence. Note that the left anterior cerebral ar-
tery is tented due to the mass effect of the fusiform aneurysm. G, One-year follow-up angiogram after Pipeline Embolization Device
implantation shows complete occlusion. H, Subtracted 3D reconstruction image shows a well-remodeled ICA with both anterior choroidal (solid

arrow) and posterior communicating (dashed arrow) arteries saved.

(Fig 1), traumatic pseudoaneurysm in 1, and blood blister-like in
1; and the aneurysm locations were the ICA intradural segment
in 13 patients, ICA cavernous segment in 1, MCA in 2, and ante-
rior communicating artery in 1 (Fig 2). The types of stents ini-
tially used were the Enterprise (Codman Neurovascular) in 11
patients and the Low-Profile Visualized Intraluminal Support
(LVIS; MicroVention), Blue, or Jr in 6. Flow-diverter placement
was successful in all patients. At retreatment, the mRS was 0 in
nine, 1 in four, 2 in 2, and 3 in 2 patients, respectively. The dura-
tion between the first treatment and flow-diverter placement
ranged from 2weeks to 15months (median, 6 months). One
patient was retreated 2 weeks after initial treatment. The patient
(case 17) had a ruptured blood blister-like aneurysm and showed
aneurysm enlargement from 3.5 to 5mm at 2 weeks’ follow-up
angiography after overlapping of 3 LVIS stents as the initial treat-
ment. Due to fear of rehemorrhage, the patient was urgently
retreated with 2 PEDs.

A single PED was used in 14; two PEDs, in 2; and 3 PEDs, in 1
patient. Of a total of 21 PEDs, PED Classic and PED Flex were
used in 7 and 14, respectively. In every case, the previously stented
segment was completely covered by the PED. Balloon angioplasty
was performed because incomplete expansion or poor apposition
of the PED was suspected in 4 cases, and the apposition between
the PED and the preplaced stent could not be assessed due to a
surrounding coil mass in the fusiform aneurysm (case 7, Fig 1).
There was no difference in the frequency of balloon angioplasty
between PED Classic (2 of 7 patients, 28.6%) and PED Flex (3 of
10 patients, 30%). There were no periprocedural neurologic or

other complications including vascular injury, access site compli-
cation, and contrast material-induced kidney injury.

At the most recent follow-up (mean, 22 months; range, 6-48
months), all patients had favorable outcomes (mRS, 0-2), without
any newly appearing neurologic deficits. All aneurysms were fol-
lowed up with conventional angiography at least once, 6-
18 months after PED placement. Sixteen aneurysms (94.1%)
showed complete occlusion; however, 1 initially ruptured dissect-
ing MCA aneurysm (case 15) was enlarged. This enlarged dissect-
ing aneurysm underwent a third treatment using an additional
flow-diverter placement and has not yet undergone follow-up an-
giography. Asymptomatic in-stent stenosis (>50%) was observed
in 1 case on follow-up angiography.

DISCUSSION

In this case series, all aneurysms were successfully retreated using
the PED without any complications. Furthermore, although the
initial aneurysms (large-/giant-sized, ruptured dissecting, or
blood blister-like) were prone to re-recurrence even after success-
ful retreatment with additional coil insertion, 94.1% of the aneur-
ysms retreated using flow diverters had complete occlusion on
follow-up angiography.

During the coiling procedure for an intracranial aneurysm, a
stent may be used for multiple purposes, such as preservation of a
parent or branch artery, prevention of microcatheter kickback,
and increased durability. Despite these advantages, SAC has not
been widespread until recently due to its technical difficulty and
possible complications. However, with the recent development of
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FIG 2. A 67-year-old woman with a partially thrombosed giant aneurysm at the anterior communicating artery. A, Angiogram immediately after
LVIS Jr-assisted coiling shows complete occlusion of the aneurysm sac. B, The 14-month follow-up angiogram shows a major recurrence with
occlusion of the stent. The left anterior cerebral artery A2 segment is supplied through the recurrent aneurysm sac. Note blood flow from the
Al segment through the aneurysm sac to the A2 segment. The solid arrow indicates the inflow from Al into the aneurysm sac, and the dashed
arrow indicates the outflow from the aneurysm sac to A2. C, The A2 segment is navigated through the inside of the stent using a 0.0165-inch
microcatheter and a 0.014-inch microwire. Next, balloon angioplasty is performed to open the occluded stented segment of the anterior cere-
bral artery using a Gateway balloon (Stryker, Kalamazoo, Michigan). D, The Pipeline Flex is deployed spanning the entire stented segment. E, An
angiogram immediately after PED implantation shows complete occlusion of the recurrent aneurysm. F, The 10-month follow-up angiogram
shows complete occlusion of the aneurysm. MR image before PED implantation (G) and at 10-month follow-up (H) show the decreased size of

the thrombosed giant aneurysm (solid arrow).

low-profile stents, SAC may be an easier and safer procedure
than those using previous stents.'®*° Currently, SAC has become
more common and is used in up to 32.7% of all endovascular
coiling.21 However, because a recurrence after SAC is not uncom-
mon, management after recurrence is an important clinical issue
that remains controversial.

Surgical retreatment for previously stented aneurysms is chal-
lenging and complicated because direct manipulation of the
stented artery or extrusion of the previous coil mass is required,
which is associated with a risk of thromboembolism and arterial
tearing. Thus, endovascular coil addition with or without a stent
has been widely accepted as a retreatment technique for recurrent
aneurysms after SAC.*>** However, this conventional endovascu-
lar retreatment cannot fully overcome the risk of repeat recur-
rences because most target aneurysms in this study were
vulnerable to recurrence by nature.

Flow diverters are a new treatment strategy for intracranial
aneurysms. The flow diverter gradually occludes an aneurysm
within an organized thrombus by enhancing an intra-aneurysmal
flow diversion®* and neointima formation.”® Consequently, flow-
diverter treatment has a lower probability of recurrence than con-
ventional coiling, even in lesions vulnerable to recurrence.
Therefore, a flow diverter might be a better treatment option for
recurrent aneurysms even after SAC. However, in previous stud-
ies, flow-diverter treatment after stent placement was reportedly
less effective and more complicated, with 40.9%-75.0% occlusion
rates and a higher complication rate, up to 16.7%."*"'¢
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These unfavorable results may stem from several technical issues
regarding flow-diverter deployment within a previously placed
stent. First, the microwire may go through the strut of a previous
stent and potentially traverse in an “in-out-in” fashion. This phe-
nomenon results in incomplete opening of the flow diverter.
However, in most cases in the present study, this drawback was
overcome by advancing the 5F intermediate catheter distally over
the Marksman catheter, which promised the inner lumen and the
central axis of the previous stent. This method ensures that the in-
termediate catheter cannot traverse the previous stent in the “in-
out-in” fashion, though the microwire and microcatheter may.*®
Second, the previously placed stent strut or coil interrupts the visi-
bility of the flow diverter, and the entire process of flow-diverter
deployment cannot be easily identified using fluoroscopy. Thus,
incomplete expansion of the flow diverter may potentially occur de-
spite using a size-matched flow diverter and may be a main cause
of thromboembolic complications and less effective flow diversion.
In the present study, when a postimplantation angiogram or flat
panel CT image showed equivocal apposition of the flow diverter in
the segment where a metallic artifact due to coil mass was not
prominent or when the wall apposition of the PED could not be
assessed due to the surrounding coil mass, balloon angioplasty was
performed. Balloon angioplasty was helpful for better apposition of
the flow diverter to the previous stent.”” Third, during the deploy-
ment of the flow diverter within the previously stented artery, the
usual drag-and-drop technique can cause anchoring of the flow di-
verter to the previous stent, followed by a stretch of the flow



diverter. Therefore, instead of the drag-and-drop technique, direct
deployment of the flow diverter to its final location may be helpful
for the retreatment of stented aneurysms.'***

Finally, if the previous stent did not sufficiently appose the ves-
sel wall, blood flow may occur between the stent and vessel wall,
referred to as an endoleak. The risk of endoleak is greater in cases
with a previous stent than in those with a previous flow diverter®®
and may become an obstacle to flow diversion and neointima for-
mation. Therefore, careful review and selection of patients are
mandatory before using flow-diverter treatment for recurrent
aneurysms after SAC. In addition, the flow diverter should be
deployed to span the entire length of the previously placed stent,
and both proximal and distal ends of the flow diverter should con-
tact the normal parent artery, without interposition of the previ-
ous stent struts. Although an unrecognized gap may exist between
the parent artery and the previously placed stent, the gap could be
a semi-closed space and gradually obliterated if the flow diverter
fully covered the entire length of the stent.

The present study demonstrated better clinical and angio-
graphic outcomes compared with those of previous studies. This
improved outcome may be largely due to rapid development of
neurointerventional devices, including a new generation of PED
(PED Flex), and intermediate catheters. In addition, the opera-
tors’ gaining more experience in PED placement may also partly
contribute to the improved results.

In the present study, a selection bias existed due to the retro-
spective design. The treatment strategy for every patient was
determined after in-depth discussion among vascular neurosur-
geons and interventional neuroradiologists for better clinical and
anatomic outcomes. However, the present study was focused on
demonstrating that flow-diverter treatment can be a retreatment
option for specific situations such as SAC instead of the standard
treatment (coil addition). Another limitation was the relatively
small case series with a short-term follow-up. However, once
complete occlusion of the aneurysm was achieved with the flow
diverter, recurrence was extremely rare; therefore, long-term fol-
low-up did not appear necessary. Further studies with larger pop-
ulations are warranted to determine cases that are appropriate for
flow-diverter treatment for recurrences after SAC.

CONCLUSIONS

In this case series, flow-diverter treatment for recurrent aneur-
ysms after SAC was demonstrated to be safe and effective.
Further study in a larger population is warranted.
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Complications of Endovascular Treatments for Brain
Arteriovenous Malformations: A Nationwide Surveillance
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ABSTRACT

BACKGROUND AND PURPOSE: Embolization is widely performed to treat brain arteriovenous malformations, but little has been
reported on factors contributing to complications. We retrospectively reviewed a nationwide surveillance to identify risk fac-
tors contributing to complications and short-term clinical outcomes in the endovascular treatment of brain arteriovenous
malformations.

MATERIALS AND METHODS: Data for endovascular treatment of brain arteriovenous malformations were extracted from the
Japanese nationwide surveillance. Patient characteristics, brain arteriovenous malformation features, procedures, angiographic
results, complications, and clinical outcomes at 30 days postprocedure were analyzed.

RESULTS: A total of 1042 endovascular procedures (788 patients; mean, 143 = 0.85 procedures per patient) performed in 111 institu-
tions from 2010 to 2014 were reviewed. Liquid materials were used in 976 procedures (93.7%): to perform presurgical embolization
in 638 procedures (61.2%), preradiosurgical embolization in 160 (15.4%), and as sole endovascular treatment in 231 (22.2%). Complete
or near-complete obliteration of brain arteriovenous malformations was obtained in 386 procedures (37.0%). Procedure-related
complications occurred in 136 procedures (13.1%), including hemorrhagic complications in 59 (5.7%) and ischemic complications in 57
(5.5%). Univariate analysis identified deep venous drainage, associated aneurysms, infratentorial location, and preradiosurgical embo-
lization as statistically significant risk factors for complications. Multivariate analysis showed that embolization of brain arteriove-
nous malformations in the infratentorial location was significantly associated with complications. Patients with complications due
to endovascular procedures had worse clinical outcomes 30 days after the procedures than those without complications.

CONCLUSIONS: Complications arising after endovascular treatment of brain arteriovenous malformations are not negligible
even though they may play a role in adjunctive therapy, especially in the management of infratentorial brain arteriovenous
malformations.

ABBREVIATIONS: bAVM = brain arteriovenous malformation; JR-NET = Japanese Registry of Neuroendovascular Therapy

Brain arteriovenous malformations (bAVMs) are rare lesions  goal of therapy is complete AVM obliteration, which prevents

characterized by the presence of a nidus containing abnormal  future hemorrhage. Current treatment options include microsur-

tortuous vascular channels between feeding arteries and draining
veins without an intervening capillary network.! AVMs most
commonly result in hemorrhage, which carries a mortality rate of
10%~15% and a morbidity rate up to 50%.> The annual hemor-
rhage rate for AVMs is between 2% and 4% per year.”® The main
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gery, radiosurgery, embolization, or a combination of therapies.”
Endovascular embolization has typically been reserved as
an adjunctive therapy in the management of bAVMs, either
for preoperative devascularization or preradiosurgical volume
reduction.® In addition, palliative or target embolization may
be used in high-risk components of bAVMs to stabilize symp-
tomatic lesions.’ Recent technical advances, including flow-
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directed microcatheters and liquid embolic materials such as
n-BCA and ethylene-vinyl alcohol copolymer (Onyx; Medtronic,
Irvine, California), make it possible to treat bAVMs with emboli-
zation alone in selected cases.'®'? With expanded capabilities,
appropriate patient selection and risk estimation for the endovas-
cular procedure for treatment of bAVMs becomes paramount.
Nonetheless, studies of the complications of embolization using
multicenter data collection have been scarce.

In this study, we retrospectively reviewed a nationwide sur-
veillance to elucidate notable risk factors of procedure-related
complications and short-term clinical outcomes after endovascu-
lar treatment of bAVMs.

MATERIALS AND METHODS
Data Extraction
The Japanese Registry of Neuroendovascular Therapy (JR-NET)
is a nationwide retrospective registration study. Clinical and pro-
cedural data were enrolled through a Web site constructed by the
Translation Research Informatics Center (Kobe, Japan) and
anonymously reviewed by the principal investigators. The institu-
tional review board at Kobe City Medical Center General
Hospital approved the study protocol of JR-NET. Because of the
retrospective observational nature of the study, written informed
consent was not obtained from patients. Previous studies have
been reported on data from JR-NET1 and JR-NET2, which were
conducted from 2005 to 2006 and 2007 to 2009, respectively,'>'*
A total of 40,169 endovascular procedures were reviewed in the
JR-NET3 study from 2010 to 2014, including 1063 procedures
(2.7% of all procedures) for bAVMs treated by embolization.
After excluding incomplete or duplicate data, we analyzed 1042
procedures performed for bAVMs for which detailed data were
available.

JR-NET studies were performed according to the principles of
the Declaration of Helsinki.

Evaluation

The dataset of patients with bAVMs obtained from JR-NET3
included the following: basic information (patient age, sex, symptoms,
mRS score before the procedure, and mRS 30 days after the proce-
dure) and detailed information about the lesions (nidus location, max-
imal diameter, involvement of the eloquent brain area, associated
aneurysms, and the features of the draining vein, including deep ve-
nous drainage, occlusion, stenosis, and varix). AVMs were also classi-
fied according to the Spetzler-Martin grading system.”” Procedural
data were documented, including the number of participating physi-
cians, the number of procedures, scheduled or emergency procedures,
embolization strategy, sensory-evoked potential and/or motor-evoked
potential monitoring, provocation test, type of microcatheter and em-
bolic material used, the number of feeding vessels cannulated, emboli-
zation results, and complications. The embolization strategy was
defined as curative, target, presurgical, or preradiosurgical. Procedure-
related complications were classified as hemorrhagic (AVM rupture
and vessel perforation), ischemic (vessel occlusion and distal embo-
lism), or others. Clinical outcomes 30 days after endovascular proce-
dures were dichotomized into favorable (mRS 0-2) or poor (mRS
3-6) for statistical analysis.
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Statistical Analysis

Statistical analyses were performed using JMP software (Version
12; SAS Institute, Cary, North Carolina). Numeric data are
expressed as mean * SD. Group comparisons of mean and cate-
goric data were performed using the Student ¢ test and Pearson
X’ test as appropriate. P values < .05 were considered statistically
significant. A multivariate statistical analysis of factors related to
the occurrence of complications was performed using a logistic
regression model. Variables found to be significant in the univari-
ate analysis were selected for testing in the final model.

RESULTS

Patient Characteristics

Table 1 summarizes the baseline characteristics of the study pop-
ulation. We reviewed 788 patients (471 males [59.8%]; age range,
0-90 years; mean, 41.3 years of age) with bAVMs who underwent
a total of 1042 embolization procedures (1.43 = 0.85 procedures
per patient) in 111 institutions between January 2010 and
December 2014. Clinical presentation was hemorrhage in 548
patients (69.5%), while 110 patients were asymptomatic. A
Spetzler-Martin grade was determined for 752 of the treated
AVMs (95.4%). There were 136 grade I (17.3%), 273 grade II
(34.6%), 224 grade III (28.4%), 98 grade IV (12.4%), and 21 grade
V (2.7%) lesions. AVMs were located in the cortical regions in
574 patients (72.8%), were deep-seated in 35 (4.4%), in the cere-
bellum in 126 (16.0%), and in the brain stem in 17 (2.2%).
Associated aneurysms were found in 146 AVMs (18.5%), includ-
ing flow-related arterial aneurysms in 92 AVMs (11.7%) and
intranidal aneurysms in 45 (5.7%). Abnormalities of the drainage
route were detected in 290 AVMs (36.4%), including occlusion of
the draining vein in 12 (1.5%), stenosis in 92 (11.7%), and venous
varix in 186 (23.6%).

Modalities of Treatment

Endovascular treatment for bAVMs included presurgical emboli-
zation in 638 procedures (61.2%), preradiosurgical embolization
in 160 (15.4%), target embolization in 144 (13.8%), and curative
embolization in 87 (8.3%). The purposes of the endovascular pro-
cedure were unknown in 13 (1.2%). Presurgical embolization was
performed in patients with AVMs of Spetzler-Martin grade I in
107 (16.8%) procedures, grade II in 224 (35.1%), grade III in 165
(25.9%), grade IV in 91 (14.3%), and grade V in 50 (7.8%) (On-
line Table 1). Of all embolization procedures, 124 (11.9%) were
performed as an emergency procedure. Provocation and evoked-
potentials were monitored in 117 (11.2%) and 39 (3.7%) proce-
dures, respectively. Coils were used in 165 embolization proce-
dures (15.8%); n-BCA, in 627 (60.2%); and Onyx, in 432
(41.5%). An average of 3.3 embolization sessions per procedure
was achieved. All procedures were performed via a transarte-
rial approach.

Treatment Results

Technical success was achieved in 1023 procedures (98.2%). Curative
embolization achieved complete obliteration of the nidus in 55.2% (48
procedures) and near-complete obliteration in 27.6% (24 procedures).
Overall, endovascular procedures resulted in complete or near-com-
plete obliteration of the AVM in 37.0% (386 procedures) and partial



Table 1: Summary of baseline characteristics

Characteristics
No. of patients 788
Age (mean) (yr) 413 £19.9
Male (No.) (%) 471(59.8%)
Clinical presentation (No.) (%)

Hemorrhage 548 (69.5%)
NHND 130 (16.5%)
Asymptomatic 110 (14.0%)
Preprocedural mRS (No.) (%)
0 562 (713%)
1 84 (10.7%)
2 44 (5.6%)
3 34 (4.3%)
4 27 (3.4%)
5 15 (19%)
Unknown 22
Spetzler-Martin grade (No.) (%)
[ 136 (17.3%)
[ 273 (34.6%)
Il 224 (28.4%)
Y% 98 (12.4%)
v 21 (27%)
Unknown 36 (4.6%)
Size (No.) (%)
<3cm 443 (56.2%)
3-6cm 278 (35.3%)
>6cm 38 (3.8%)
Deep venous drainage (No.) (%) 438 (55.6%)
Eloguence (No.) (%) 318 (40.4%)

Location (No.) (%)

Cortical 574 (72.8%)
Deep 35 (4.4%)
Cerebellum 126 (16.0%)
Brain stem 17 (2.2%)
Others 36 (4.6%)
Associated aneurysm (No.) (%) 146 (18.5%)
Flow-related 92 (.7%)
Intranidal 45 (5.7%)
Unrelated 9 (11%)
Abnormality of drainage route (No.) (%)
Occlusion 12 (1.5%)
Stenosis 92 .7%)
Varix 186 (23.6%)

Note:—NHND indicates nonhemorrhagic neurologic deficit.

obliteration in 60.3% (628 procedures). No morphologic changes
were observed in the remaining 17 AVMs (1.6%) based on postopera-
tive radiologic examinations.

Complications

Complications occurred in 136 embolization procedures
(13.1%), with hemorrhage observed in 59 (5.7%) and ischemia
in 57 (5.5%). Hemorrhagic complications included AVM rup-
ture in 26 procedures (2.4%) and vessel perforation or rupture
due to catheterization in 33 (3.2%). AVM rupture occurred in-
traoperatively in 8 procedures (30.8% of patients with AVM
rupture), within 24 hours after endovascular procedures in 9
(34.6%), within 7days in 5 (19.2%), and within 30days in 4
(15.4%). Of the cases of AVM rupture, 12 patients (46.2% of
patients with AVM rupture) underwent emergency open sur-
gery for removal of a hematoma as well as ruptured AVMs after
embolization. Procedures with AVM rupture were associated
with severe persistent disability in 8 patients (30.8% of patients

with AVM rupture), mild persistent disability in 2 (7.7%), and
transient neurologic deficits in 6 (23.1%). Death occurred in 2
patients (7.7%) with AVM rupture. There was no significant
difference in patient characteristics, morphologic features of
AVM, and the strategy, embolic materials, or results of the
embolization between procedures with AVM rupture and
those without.

Ischemic complications included normal artery occlusion in 34
procedures (59.6% of patients with ischemic complications), distal
thrombotic embolism in 20 (35.1%), and arterial dissection due to
catheterization in 3 (5.3%). Procedures with ischemic complications
were associated with severe persistent disability in 9 patients (15.8%
of patients with ischemic complications), mild persistent disability in
13 (22.8%), and transient neurologic deficits in 12 (21.1%).

Univariate analyses in regard to AVM features revealed that
deep venous drainage (P <<.01), infratentorial location including
the cerebellum (P < .01) and/or brain stem (P <.01), and the pres-
ence of flow-related aneurysms (P = .01) were significantly corre-
lated with procedure-related complications, while cortical location
had a negative correlation with complications (P < .01, On-line
Table 2). In relation to the type of endovascular procedure, prera-
diosurgical embolization was associated with procedure-related
complications (P < .05, Table 2). Infrantentorial location, includ-
ing the cerebellum (OR, 2.38; 95% CI, 1.25-3.16) and brain stem
(OR, 2.14; 95% CI, 1.48-10.13), remained significantly associated
with procedure-related complications in a multivariate analysis
(P<.01). AVM rupture (7/147, 4.8%) and ischemia (14/147, 9.5%)
occurred more frequently in cerebellar AVMs than AVMs in other
regions (16/895, 1.8%, P < .05, and 40/895, 4.5%, P < .01, respec-
tively), while ischemic complications (6/20, 30%) occurred more
frequently in brain stem AVMs than in other regions (48/1022,
4.7%, P<.01).

Clinical Outcomes

The 30-day morbidity and mortality rates were 291 (27.9%) and
8 (0.8%) of 1042 procedures, respectively. Two of the 8 deaths
were accompanied by hemorrhagic complications (AVM rup-
ture, n = 2). Endovascular procedures with complications were
significantly associated with worse outcome compared with
procedures without complications (P < .05, Table 3).

To determine the risk factors associated with the deterioration of
mRS scores, we compared the procedures that led to worse mRS
scores 30 days after the endovascular procedures and those in which
mRS scores of patients improved or did not change (On-line Table
3). Univariate analyses revealed that older age (P=.001), hemor-
rhagic presentation (P = .001), nidus size =3 cm (P = .001), infra-
tentorial nidus location (P=.001), presurgical embolization (P =
.021), complete obliteration (P=.003), and procedure-related com-
plications (P = .001) were significantly correlated with the deteriora-
tion of mRS scores 30 days after endovascular treatment. Older age
(P = .026; OR, 0.99; 95% CI, 0.99-1.0), hemorrhagic presentation
(P =.001; OR, 4.05; 95% CI, 2.91-5.73), presurgical embolization
(P =.002; OR, 1.56; 95% ClI, 1.17-2.09), complete obliteration (P =
.021; OR, 1.71; 95% CI, 1.08-2.69), and procedure-related complica-
tions (P =.001; OR, 2.02; 95% CI, 1.36-3.02) remained significantly
associated with the deterioration of mRS scores 30 days after endo-
vascular treatment in a multivariate analysis.

AJNR Am J Neuroradiol 41:669-75 Apr 2020 www.ajnr.org 671



Table 2: Endovascular procedures

Complication P Value
Total Yes No Uni- Multi- OR (95% Cl)
No. of procedures (%) 1042 136 (13.1%) 906 (86.9%)
Emergency (No.) (%) 124 13 (9.6%) 1M (10.6%) 366
Provocation test (No.) (%) 17 (11.2%) 8 (5.9%) 109 (12.0%) .059
SEP and/or MEP monitoring (No.) (%) 39 (3.7%) 7 (5.1%) 32 (3.5%) .561
No. of treatments (No.) (%)
Initial 778 (75.6%) 104 (76.5%) 684 (75.5%) 48
Second and more 254 (24.4%) 32 (23.5%) 222 (24.5%) 48
Strategy (No.) (%)
Curative 87 (8.3%) 17 (12.5%) 70 (7.7%) 061
Target 144 (13.8%) 15 (11.0%) 129 (14.2%) 3n
Presurgical 638 (61.2%) 74 (54.4%) 564 (62.3%) .08
Preradiosurgical 160 (15.4%) 29 (21.3%) 131 (14.5%) .038 .074 113 (0.96-2.44)
No. of approaches (mean) 32+12 33*+15 28
Embolic material (No.) (%)
Coils 165 (15.8%) 16 (11.8%) 149 (153%) 163
n-BCA 627 (60.2%) 83 (61.0%) 544 (60.0%) 827
Onyx 432 (41.5%) 64 (47.1%) 368 (40.6%) 073
Results (No.) (%)
Complete obliteration 101 (9.7%) 18 (13.2%) 83 (9.2%) 134
Nearly complete 285 (27.3%) 38 (27.9%) 247 (27.3%) .869
Partial 628 (60.3%) 76 (55.9%) 552 (60.9%) 262
Unchanged 17 (16%) 3 (2.2%) 14 (1.5%) 571

Note:—SEP indicates sensory-evoked potential; MEP, motor-evoked potential.

Table 3: mRS at 30 days after endovascular procedure

neurologic deficits).>>*" After the

Complications

Total Yes No

introduction of Onyx for AVM

Univariate (P Value) embolizations, Bell et al*> reported

No. of Procedures (%)
mRS score (No.) (%)

1042 136 (13.1%) 906 (86.9%)

their experience of transarterial
embolization in 126 patients with

0-2 743 (71.3%) 87 (64.0%) 656 (72.4%) 046 bAVMs and concluded that proce-
B0 299 (28.7%) 49 (36.0%) 250 (27.6%) 046 dure-related complications did not
correlate with the Spetzler-Martin

DISCUSSION grade, but with a novel endovascular grading scale incorporat-

We reviewed 1042 AVM embolization procedures using data
extracted from a nationwide surveillance (JR-NET3). Of all the cases
reviewed, 13.1% experienced complications, including hemorrhage
in 5.7% and ischemia in 5.5%, which are consistent with the reported
1022 Multivariate
analysis showed that embolization for infratentorial AVMs was sig-

rates of complications in 6.4%-21% of procedures.

nificantly associated with complications. To our knowledge, this
study includes the largest number of patients with bAVMs treated
by endovascular procedures across multiple centers since the advent
of current neuroendovascular techniques.

With the advances in neuroendovascular treatment throughout
the past 2 decades, new techniques and devices have improved the
possibility for successful embolization of bAVMs, alone or in com-
bination with other therapeutic modalities.'”**** Despite the fairly
large number of patients with bAVMs who are treated with embo-
lization, published data on complications associated with emboli-
zation procedures are surprisingly scarce or only based on the
experience of a single institution. Refinement of bAVM risk assess-
ment for endovascular treatment is imperative in ensuring favor-
able outcome.”®

In the pre-Onyx era, endovascular treatment for bAVMs
was deemed to carry a procedural risk related to the Spetzler-
Martin grade, number of embolizations treated, and the patient
characteristics (increased age and absence of pretreatment
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ing the number of feeding arteries, eloquence, and the presence
of an arteriovenous fistula component. Pan et al'® categorized
complications of AVM embolization using liquid materials
into technique-related and non-technique-related. Technique-
related complications, such as those induced by navigation or
removal of the microcatheter and migration of embolic materi-
als, can be overcome by further improvement in the endovas-
cular procedures and devices. Complications unrelated to the
endovascular technique are mainly associated with angioarchi-
tectural characteristics of bAVMs, including eloquent cortical
location or exclusive deep venous drainage.'” Baharvahdat et
al'® analyzed 846 embolization procedures performed in their
institution during a 10-year period and reported that hemor-
rhagic complications occurred in 11% of cases, including
periprocedural arterial perforation (48%) and AVM rupture
(52%). They also identified premature venous occlusion as an
independent predictor of severe hemorrhagic complication.
Reportedly higher volumes of embolic agent injected in a single
session and deposition on the venous outflow before complete
occlusion of the bAVM could account for severe hemorrhagic
complications.'®?®

In the present study, although the volume of injected liquid
agent was not evaluated, the use of Onyx was not associated
with higher complication rates, probably because >60% of the



performed endovascular procedures were planned as presurgi-
cal embolizations followed by early surgical resection of the em-
bolized AVMs and not as a curative embolization. By contrast,
preradiosurgical embolization was significantly associated with
procedure-related complications in univariate statistical analy-
sis. This finding might be because preradiosurgical emboliza-
tions are mainly performed for bAVMs in locations not suitable
for surgical removal, such as AVMs in the eloquent or deep-
seated locations, both of which are reportedly associated with a
higher risk of complications after embolization."” The use of
Onyx in such locations does not preclude complications in the
preradiosurgical embolization (On-line Table 4). Considering
that embolization before radiosurgery can decrease the rate of
AVM obliteration, preradiosurgical AVM embolization should
be decided prudently.*

Patients with infratentorial AVMs have worse outcomes than
those with supratentorial lesions.*® They are more likely to pres-
ent with hemorrhage, with annual rates of hemorrhage ranging
from 4.4% to 11.6%, compared with all AVMs (2%-4%), and
with an annual rehemorrhage rate of 34.4% for ruptured AVMs
managed conservatively.’' Infratentorial AVMs are more fre-
quently associated with feeding artery aneurysms than supraten-
torial AVMs (25% versus 5%).>%>* Associated aneurysms are the
source of bleeding in 10.5% of cases of infratentorial AVMs, but
in only 1.7% of cases of supratentorial AVMs.>***> Hemorrhages
occurring from infratentorial AVMs are more likely to be symp-
tomatic, with a mortality rate of 60% due to their presence in the
narrow confines of the posterior fossa and the proximity to highly
eloquent structures,”®?!°

These findings support an aggressive management for infra-
tentorial AVMs both before and after rupture. However, infra-
tentorial AVMs have also been reported to be difficult to treat

37,38 39,40
and

with open surgery or stereotactic radiosurgery,
multimodal treatments including embolization have been rec-
ommended.* The present study shows that embolization of
infratentorial AVMs could also involve procedure-related com-
plications with a significantly higher rate. Vessel tortuosity, a
lower safety margin of eloquent areas, or frequent association
with flow-related aneurysms might complicate embolization of
infratentorial AVMs. A meticulous treatment plan is mandatory
because procedure-related complications tend to be severe fol-
lowing the endovascular treatment of infratentorial AVMs.

The JR-NET study group previously reported the procedural
complications of endovascular treatment for bAVMs (JR-NET1
and 2)" after analyzing the data from 987 endovascular proce-
dures for bAVMs performed from January 2005 and December
2009. We observed some differences in the results of bAVM
embolizations between the present study and JR-NET1 and JR-
NET2, possibly because of Onyx being approved for presurgical
embolization in September 2009. As a result, Onyx was used as
an embolic material in only 54 (5.5%) procedures assessed in JR-
NET1 and JR-NET?2, while 432 (41.5%) procedures in the present
study were performed using Onyx.

The introduction of Onyx might lead to a higher rate of AVM
occlusion and procedure-related complications, changing the risk
factors for endovascular treatments of bAVMs. In the present
study, we did not observe any significant change in the annual

rate of complete obliteration and procedure-related complica-
tions since Onyx has become widespread in the endovascular
treatment of bAVMs in Japan (data not shown). Moreover, the
recent advances in the field of embolization techniques such as
transvenous embolization®” and the introduction of dual-lumen
balloon microcatheters®® or the detachable-tip microcatheters**
for liquid embolic material are expected to improve the rate of
nidus occlusion with fewer complications, though none are cur-
rently available in Japan.

This study has some limitations, including its retrospective
nature and short-term follow-up period. The clinical outcomes
for patients with bAVM:s treated by an operation or radiosur-
gery after embolization were not available, so we could not
determine the mRS scores 30 days after presurgical emboliza-
tion to assess whether the outcomes or complications of open
surgery led to any score change in these patients. Long-term
outcomes, including recanalization and bleeding rates after cu-
rative embolization, were also not available. We extracted data
from JR-NET3, which includes the data from 111 major neuro-
interventional registered centers but may not represent the
nationwide total. Future studies evaluating the long-term clini-
cal outcomes, including recanalization and bleeding rates after
embolizations, may be warranted, and further analysis could
include a heterogeneous population of multiple medical cen-
ters in Japan as well as in other countries.

CONCLUSIONS

We observed that complications of endovascular treatment may
result in worse outcomes in patients with bAVMs. Thus, inter-
ventionalists should be aware of potential complications, espe-
cially in the management of infratentorial AVMs.
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Treatment Outcomes of Endovascular Embolization
Only in Patients with Unruptured Brain Arteriovenous
Malformations: A Subgroup Analysis of ARUBA

(A Randomized Trial of Unruptured Brain
Arteriovenous Malformations)

A.l. Qureshi, ““'O. Saeed,
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I. Lobanova, ). Liagat, “*'F. Siddig, and

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular embolization only has been advocated for treatment of brain arteriovenous malfor-
mations in recent trials. Our aim was to evaluate the results of embolization only in a cohort of patients who were enrolled in the
A Randomized Trial of Unruptured Brain Arteriovenous Malformations (ARUBA) study at 39 clinical sites in 9 countries.

MATERIALS AND METHODS: We analyzed the rates and severity of stroke and death in patients who underwent embolization
only. Events were identified through in-person neurologic follow-up visits performed at 6-month intervals during the first 2 years
and annually, with telephone contact every 6émonths thereafter. All event-related data were reviewed by independent
adjudicators.

RESULTS: Among 30 patients who had embolization planned, 26 underwent embolization only. A total of 13 stroke events were
reported in the follow-up period among 26 subjects (ischemic, hemorrhagic, or both in 4, 7, and 2 subjects, respectively). The
adverse event occurred after the first embolization in 11 of 13 patients. One patient had a major motor deficit, and 2 patients
developed major visual field deficits. One event was fatal. The modified Rankin Scale score was 0-2 at last follow-up in 11 of the 12
stroke survivors. Estimated stroke-free survival was 46% at 12 months.

CONCLUSIONS: Although the rates of stroke and/or death were high in patients treated with embolization only in ARUBA, the

rates of favorable outcomes following stroke were high during follow-up.

ABBREVIATION: BAVM = brain arteriovenous malformations

Randomized Trial of Unruptured Brain Arteriovenous
Malformations (ARUBA) reported the risk of death and
symptomatic stroke in 223 patients with an unruptured brain ar-
teriovenous malformation (BAVM) randomized to either medi-
cal management alone or medical management with interventional
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therapy.' For 114 patients allocated to interventional therapy, brain
arteriovenous malformations were treated by neurosurgery alone
(n=5), embolization alone (n=30), or radiation therapy alone
(n=31) or using a multimodal approach (= 28). The study was dis-
continued after the Data and Safety Monitoring Board appointed by
the National Institute of Neurological Disorders and Stroke of the
National Institutes of Health recommended halting randomization
because the composite end point of death or symptomatic stroke
had occurred in 10.1% patients in the medical management group
compared with 30.7% in the interventional therapy group, which
exceeded the prespecified stopping boundary.

Questions have been raised regarding the high-rate use of
primary (rather than adjunct) endovascular treatment in the
ARUBA trial, and other authors have recommended an in-
depth analysis of adverse events in patients who were treated
with embolization only in the trial.>*> Embolization as a pri-
mary treatment for BAVM has been reported in approximately
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2%-10% of the patients in other studies, which is much lower
than the 26% use rate in ARUBA.*® Furthermore, considerable
variation in the rates of severe complications with emboliza-
tion (overall, 6.6%; range, 0%-28%) was seen between studies
for unruptured and ruptured BAVMs in a meta-analysis, high-
lighting the role of study-specific in-depth analysis.®

We performed an in-depth analysis of the results of endovas-
cular embolization only in patients with BAVMs treated in
ARUBA trial.

MATERIALS AND METHODS

We acquired the public use of ARUBA dataset files from the
National Institute of Neurological Disorders and Stroke clini-
cal research archives. The design of the ARUBA trial has been
described previously." The trial was a prospective, multicen-
ter, randomized controlled trial involving 39 active clinical
sites in 9 countries. All patients included were 18 years of age
or older with an unruptured BAVM diagnosed by conven-
tional angiography, MR imaging or MR angiography, or CT
or CT angiography, with no imaging evidence of previous
BAVM-related intracerebral hemorrhage or any previous
interventional treatment attempt (endovascular, surgical,
radiation therapy), or who were considered untreatable by
the local investigators.

Patients who had concomitant vascular or brain disease that
interfered with/or contraindicated any interventional therapy
type (stenosis/occlusion of neck artery) or known allergy to io-
dine contrast agents were excluded. The trial excluded patients
with multifocal BAVMs, arteriovenous or spinal fistula, vein of
Galen type malformation, cavernous malformation, dural arteri-
ovenous fistula, developmental venous anomaly, neurocuta-
neous syndrome such as cerebroretinal angiomatosis (von
Hippel-Lindau syndrome), encephalo-trigeminal syndrome
(Sturge-Weber) or Wyburn-Mason syndrome, Moyamoya-
type changes, or hereditary hemorrhagic telangiectasia (Osler-
Weber-Rendu disease).

Participating sites had experience with the management of at
least 10 BAVMs per year, the presence of a multidisciplinary arte-
riovenous malformation treatment team, and documented aca-
demic interest in BAVM research. The choice of endovascular
treatment in patients allocated to the interventional therapy
group was made by local ARUBA investigators as the technique
to achieve complete eradication of the BAVM. Baseline imaging
(MR imaging or MR angiography, CT or CT angiography, or
conventional angiography) was collected after enrollment for
each patient. Additionally, all baseline imaging studies were
subject to independent centralized adjudication for diagnostic
accuracy. Lesion eradication was confirmed on the basis of con-
ventional angiography and central adjudication.

Patients were actively screened for the possibility of new
stroke, neurologic deficits, seizures, headaches, or any other
clinically important event during in-person neurologic follow-
up visits scheduled at 6-month intervals during the first 2 years
and then annually or with telephone contact, which was per-
formed every 6 months to supplement annual clinic visits after
the first 2years of randomization. Stroke was defined as a

clinically symptomatic event (any new focal neurologic deficit,
seizure, or new-onset headache) that was associated with imag-
ing findings of hemorrhage or infarction. Hemorrhage was
defined as fresh intracranial blood on head CT or MR imaging
or in the CSF. Infarction was defined as a new ischemic lesion
on cranial CT or MR imaging (diffusion-weighted, T2-
weighted, or fluid-attenuated inversion recovery MR imaging).
Any imaging studies related to neurologic adverse events were
systematically collected in electronic format and included in
the material for independent clinical event adjudication. All
primary and secondary outcome events were adjudicated by
an independent panel of 4 distinguished academic community
members (neurology, interventional neuroradiology, neuro-
surgery, and radiosurgery).” If a stroke related to a BAVM
occurred, the patient was seen within 48 hours of the event by
a designated neurologist, and the data coordinating center was
notified within 72 hours. The decision as to whether to con-
tinue with treatment and plans for the type of treatment were
made by the treating team.

We selected all the patients in whom endovascular treatment
was the only treatment used and reviewed the individual data ele-
ments in the public use trial dataset. For patients who developed
a stroke event, we collected age and sex, BAVM location and size,
Spetzler-Martin grade, number of embolizations, symptoms,
stroke subtype (ischemic or hemorrhage), time interval between
embolization and the stroke event, and the modified Rankin
Scale score at last follow-up. We reviewed the description of
events and classified them into visual field deficits, motor deficits,
level of consciousness deficits, and others. Visual field deficits
were classified as major if complete hemianopsia was reported.
Motor deficits were classified as major if hemiplegia or both
upper and lower extremities were involved. We also classified a
deficit as major if at follow-up, the modified Rankin Scale score
was >2.

Statistical Analysis

The analysis was predominantly descriptive. We calculated the 1-
month rate of stroke and death as the proportion of patients who
experienced the event relative to total number at risk. We com-
pared the baseline, clinical, and angiographic variables of patients
who were treated using embolization only according to whether
they had a stroke event. We used the x” test and ANOVA for cat-
egoric and continuous variables, respectively. Time to stroke
event or death after embolization or the last known follow-up pe-
riod in stroke-free patients was used to estimate the proportion
of patients who would be alive and stroke-free at 12 months using
Kaplan-Meier analysis and life tables. All data were analyzed
using SPSS Statistics for Windows, Version 23.00, 64-bit edition
(IBM, Armonk, New York).

RESULTS

Thirty patients of 116 randomized to interventional treatment
were scheduled to have embolization. Of the 30 patients with
intended embolization, only 26 patients underwent embolization.
In 1 patient, the diagnosis of BAVM was not confirmed on the
pretreatment angiogram. In 3 patients, the microcatheter could
not be placed in the target feeders for safe or effective
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embolization. Of the 26 patients, embolization was performed
using Onyx (Covidien, Irvine, California) in 21 patients;
Histoacryl (Braun, Melsungen, Germany) in 3 patients; and N-
butyl cyanoacrylate and Glubran Tiss (Aspide Medical, La
Talaudiére, France) in 1 patient each. The mean age of subjects
was 43.7 *11.1 years; 14 were men. The initial presentation was
seizure with headache (n=3), headache alone (n=6), seizure
alone (n=11), focal deficits with seizure (n = 1), and focal deficits
alone (n=3). The BAVM was graded as Spetzler-Martin grades I,
I, 11T, and IV in 7, 10, 8, and 1 subjects, respectively. The baseline
clinical and angiographic characteristics of the subjects are pre-
sented in On-line Table 1. The average number of embolizations
per subject was 3.2 (range, 1-9).

The median follow-up period after embolization was 11.8 =
9.4 months (range, 0-30 months). A total of 13 stroke events
were reported during the follow-up period among 26 subjects
(69.8 per 1000 person-days follow-up). The strokes were reported
as ischemic, hemorrhagic, or both in 4, 7, and 2 subjects, respec-
tively. The adverse event occurred after first embolization in 11 of
13 patients.

The proportion of women among those who experienced
stroke was significantly higher (69.2% versus 30.8%, P=.02).
There was a higher proportion of subjects who developed
stroke in subjects with Spetzler-Martin grades III and IV. The
maximum BAVM size (anterior-posterior length) was non-
significantly greater in patients who had a stroke (26.4 *
14.2mm versus 19.9 = 6.3mm, P=.1), and the side of the
lesion was not associated with the occurrence of stroke (On-
line Table 1). There appeared to be a higher prevalence of
unrelated aneurysms and deep venous drainage among
patients with stroke events. There was no difference in the
mean number of embolizations in those who had stroke events
(3.6 = 2.5versus 2.7 * 1.4, P = .3).

A review of description of events demonstrated that epi-
sodic headache, bruit in the ear, or unilateral myosis occurred
in 3 patients without any other neurologic deficits. One stroke
event was fatal. Of the 12 stroke survivors, the modified
Rankin Scale score was 0-2 at last follow-up in 11 subjects.
One patient had a major motor deficit, and 2 patients devel-
oped major visual field deficits. The fatal stroke occurred in a
61-year-old woman who underwent embolization with Onyx
for reduction of the BAVM nidus before stereotactic radiosur-
gery (On-line Table 2). The subject developed new-onset coma
secondary to intracerebral hemorrhage 9 days after emboliza-
tion and died a day later subsequent to withdrawal of care.
Two patients developed homonymous hemianopsia deficits
immediately postembolization with MR imaging demonstrat-
ing infarction in relevant distributions. Two others developed
partial visual field deficits. One patient with a partial visual
field had concurrent occipital headaches, and a second patient
had skew deviation and partial upper gaze palsy. Three
patients developed intraparenchymal hemorrhages, of which 1
was only associated with transient headache and the other 2
were associated with hemiplegia. Two patients developed
upper extremity weakness postembolization (1 preceded by
seizures). The estimated stroke-free survival was 46% at
12 months.
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DISCUSSION

Key Results

We provide a detailed description of the stroke events that
occurred in patients in the ARUBA trial who underwent emboli-
zation only. Stroke or death or both within 1 month following the
procedure occurred in 15.4% of patients. Four patients met the
definition of having a major neurologic deficit. Intracerebral
hemorrhage occurred in 9 of 13 patients with a stroke event. One
stroke event was fatal. One patient developed a major motor defi-
cit, and 2 patients developed major visual field deficits. In the
patient who developed a major motor deficit, the deficit occurred
after 101 days, so it may be considered related to the disease pro-
cess rather than the procedure. Some events were minor, such as
episodic headache, bruit in the ear, or unilateral myosis occurring
in 3 patients without any other neurologic deficits. The modified
Rankin Scale score was 0-2 at last follow-up in 11 of the 12 stroke
survivors. Therefore, major disability was infrequent among
patients who actually had a stroke postembolization.

Limitations

This is a retrospective analysis of prospectively collected data.
The issues regarding patient and procedure selection within the
ARUBA trial have been mentioned earlier. Without in-depth pro-
cedural data, the relationship between individual components of
the procedure and stroke and/or death cannot be determined.
Furthermore, issues like intraprocedural anticoagulation and
postprocedural blood pressure control could not be evaluated.
We included patients who underwent only embolization, but it is
possible that in some patients, additional treatment such as surgi-
cal excision or radiation therapy would have been performed in
the absence of any stroke or death.

Interpretation

Certain aspects are important to understand before interpretation
of the results. All the patients analyzed underwent embolization-
only; therefore, our analysis avoids contamination by the conse-
quences of surgery or radiosurgery. However, in some patients,
additional surgery or radiation therapy may have been planned
but was not performed, either due to good results or complica-
tions associated with embolization. We did not have data regard-
ing the percentage of angiographic obliteration following the
embolization, which prevented us from performing more in-
depth analysis.

The rates of stroke events appeared higher than in the Brain
Arteriovenous Malformations Embolization with Onyx (BRAVO)
study, which included patients with BAVMs treatable using an
endovascular approach who were included if the treatment was par-
tially or completely performed using Onyx.® Patients who had expe-
rienced recent intracranial bleeding (in the month before the first
embolization session) were excluded. Posttreatment intracerebral
hemorrhage occurred in 10 of 117 patients who had undergone 237
embolization sessions. Nonhemorrhagic deficits occurred in 16 of
117 patients (9 were transient). The overall rate of any stroke event
was 26 (22%) of 117 patients treated. Five (4.3%) patients died due
to treatment-related complications similar to the 1 (3.8%) of 26
patients in the ARUBA trial. However, the rate of major stroke was
5.1% in the BRAVO trial and 15.3% in the ARUBA trial (there



were some differences in defining major stroke between the trials).
There were 2 important differences between the 2 trials: The rate of
patients with Spetzler-Martin AVM grades IV (22% versus 4%) and
ruptured BAVM (34% versus none) was higher in the BRAVO trial.
Most interesting, the rate of postembolization intracerebral hemor-
rhage was higher in unruptured AVMs (11.7%) than in ruptured
AVMs (2.5%). Similarly, total obliteration was less common in
unruptured AVMs (18.7%) than in ruptured AVMs (32.5%).

A single-center retrospective review of patients with unrup-
tured BAVMs who met the inclusion criteria of ARUBA and
underwent primary Onyx embolization® reported a 1-month rate
of 13% for stroke or death and 3% for death following the proce-
dure. Six of the 8 stroke events or death were intracerebral hem-
orrhages. It is possible that primary embolization of unruptured
BAVMs is associated with a higher risk than ruptured BAVMs.
There are certain attributes of BAVMs that are more prevalent in
patients with ruptured BAVMs, such as intranidal fistulas'® and
flow-related aneurysms,'" deep venous drainage,'® small nidus
size,'* high feeding mean arterial pressure,'*deep location,"* ve-
nous stenosis,'* a single draining vein," and slow filling of feed-
ing arteries.'® It remains unclear whether certain angiographic
characteristics in unruptured BAVMs predispose to an increased
risk associated with embolization. Some studies have not found
such a relationship.'”®

There is no consensus regarding the interpretation of the
results of the ARUBA trial. Opinions vary as follows: 1) no impli-
cations because the trial design was full of flaws and not represen-
tative of current practices;3 2) a more limited role of embolization

19-21 and

with more emphasis on surgery and radiation therapy;
3) a limited role for any treatment technique with greater empha-
sis on conservative management in the treatment of unruptured
BAVMs." The American Heart Association/American Stroke
Association Scientific Statement acknowledges that the optimal
approach to management of unruptured BAVMs remains a sub-
ject of debate because of insufficient high-quality, consistent evi-
dence about the lifetime risks of intracerebral hemorrhage and its

predictors and the complications associated with treatment.”>

Generalizability

The implications of this analysis need to be discussed. The analy-
sis provides more details regarding the stroke events and associ-
ated characteristics of patients and BAVMs. The analysis is an
important step in understanding how to modify current practices
when choosing embolization for unruptured BAVMs. Minor
stroke events perhaps may not have the same significance com-
pared with major events (in regard to disability and resource
use), yet they may be classified as stroke events.” In the ARUBA
trial, only 2 of 13 stroke events resulted in moderate-to-severe
disability, categorized by a modified Rankin Scale score of >2 at
last follow-up. Minor postembolization deficits may be acceptable
if the treatment is effective in preventing major stroke and dis-
ability during follow-up,** considering that the incidence of first-
ever hemorrhage in untreated patients with BAVM during
follow-up was as follows: 0-9 years, 4.6%; 30-39 years, 21%; and
60-69 years, 40.0% in 1 study. The first intracranial hemorrhage
was fatal in 4.6% of the patients. Approximately 28% of treated
and untreated patients had a moderate-to-severe disability by the

Oxford Handicap Scale at a mean follow-up of 10 years.>?

Primary or recurrent hemorrhage in patients with BAVM
resulted in moderate-to-severe disability (modified Rankin Scale
score, >2) in approximately 40% of patients. Crawford et al*’
reported that there was a 42% risk of intracerebral hemorrhage, a
29% risk of death, an 18% risk of epilepsy, and a 27% risk of hav-
ing a neurologic handicap by 20 years after diagnosis in patients

with BAVMs without treatment.

CONCLUSIONS

A simulation analysis demonstrated that the risk of intervention
in unruptured BAVMs would have to be reduced by 50% to
achieve equivalence and by 80% to achieve superiority to medical

1.8 Newer

management on the basis of the results of ARUBA tria
embolization techniques have the promise of increasing the effi-
cacy of treatment, though safety and long-term effectiveness
remain unclear. There are some encouraging initial data support-
ing the role of targeted embolization focusing on selected regions

2931 in achiev-

such as intranidal aneurysms or high-flow fistulas
ing a better balance in the risk-benefit ratio. A transvenous
approach and embolization of BAVMs that are supplied by very
narrow and tortuous arterial pedicles may have the potential to
increase the curative rates.’”>>> The American Heart Association/
American Stroke Association Scientific Statement®* recommends
further clinical studies to investigate the reproducibility of the
findings of ARUBA and to investigate whether the balance of risk
between conservative management and intervention is different
in specific groups. Certain trials are already underway such
as the Treatment of Brain AVMs (TOBAS) study and the
Transvenous Approach for the Treatment of Cerebral Arteriovenous
Malformations (TATAM) study to add additional information
regarding the role of embolization in BAVM treatment.
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Intermixed Dimethyl-Sulfoxide—Based Nonadhesive Liquid
Embolic Agents Delivered Serially via the Same
Microcatheter for Cerebral AVM Treatment

A. Sirakov, ““K. Minkin, and “*'S. Sirakov

ABSTRACT

BACKGROUND AND PURPOSE: Conventional nonadhesive liquid embolic agents currently are the criterion standard for endovascu-
lar embolization of cerebral AVMs. However, inadequate distal penetration into the nidus and unstable proximal plug formation
are the major limitations of this approach and of the currently available embolic materials. The aim of this study was to evaluate
the hypothetic efficacy of combining liquid embolic agents with different properties and viscosities for use in endovascular emboli-
zation of cerebral AVMs.

MATERIALS AND METHODS: From March 2018 to March 2019, sixteen patients with cerebral AVMs (12 women, 4 men; age range,
33—61years) underwent endovascular embolization with combined liquid embolic agents delivered serially via a single microcatheter.
The procedure consists of initial embolization with PHIL 30%, followed by Menox 18 through the same microcatheter. According
to the Spetzler-Martin scale, 11 (68.75%) AVMs were grades |-II, 4 (25%) were grade I, and 1 (6.25%) was grade IV. Angiographic,
technical, and clinical outcomes were analyzed independently.

RESULTS: Combined PHIL and Menox embolization through the same microcatheter via 21 pedicles was performed in these 16 patients.
Once the length of the reflux reached approximately 2cm, PHIL 30% was switched to Menox 18. Antegrade flow and distal penetra-
tion of the serially applied liquid embolic agents were observed in all 16 cases. The ability to completely control the flow of the mate-
rials and avoid any dangerous proximal reflux was noted in all performed embolizations. The estimated average size reduction of the
treated AVMs was 85%, ranging from 50% to 100%. Complete embolization was achieved in 10/16 or 62.5% of the cases. There was no
procedure-related complication during or after the embolization. No mortality or postprocedural clinical worsening was seen. Clinical
success and complete obliteration were confirmed with at least 1 follow-up angiography in 10/16 patients.

CONCLUSIONS: Serial delivery of nonadhesive liquid embolic agents via the same microcatheter was safe and effective in our
study and may be a potential technique for routine AVM treatment. However, further investigations are required to validate the
safety and the efficacy of the method.

ABBREVIATIONS: DMSO = dimethyl-sulfoxide; EVOH = ethylene-vinyl alcohol copolymer; LEA = liquid embolic agent

Liquid embolic agents are primarily used for treatment of
cerebral AVMs.! The most widely used liquid embolic
agents are the nonadhesive ethylene-vinyl alcohol copoly-
mers (EVOHs): Onyx (Covidien, Irvine, California), SQUID
(Emboflu, Gland, Switzerland), Menox (Meril Life Sciences,
Gujarat India), and polyhydroxyethylmethacrylate copolymer—
Precipitating Hydrophobic Injectable Liquid (PHIL; MicroVention,
Tustin, California), along with the well-known n-BCA.2* The major
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limitation of the conventional EVOH embolization technique is that
on some occasions, it is difficult to control the reflux of the material
at the level of microcatheter tip and the formation of a stable prox-
imal plug. Establishing a stable proximal plug is crucial
because it allows better distal antegrade nidal penetration.
Technically speaking, EVOHs with extra-low viscosity could
improve the distal penetration of the embolic agent.
Currently, the only commercially available extra-low-viscosity for-
mulation of EVOH is SQUID 12.°

Initial experience with the recently introduced liquid embolic
agent PHIL has shown that this agent may, due to its intrinsic
properties, address the limitation of its nonadhesive EVOH com-
petitors in terms of proximal plug formation.®

We sought to explore whether 2 different, serially applied
nonadhesive liquid embolic agents via the same microcatheter
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could increase the embolization success rate of cerebral AVMs.
We hypothesized that using liquid embolic agents with different
properties and viscosities could improve the AVM embolization
with less proximal reflux. The technical aspects of this approach
were evaluated as were immediate clinical and angiographic
results.

MATERIALS AND METHODS

The study protocol was reviewed and approved according to the
local institutional policy, and appropriate consent was obtained
from each patient. From March 2018 to March 2019, in a single-
center institution, a total of 16 patients with cerebral AVMs
underwent endovascular embolization with combined liquid em-
bolic agents (LEAs) serially delivered via a single microcatheter.
All patient demographics, AVM angioarchitecture, procedural
details, pre- and postprocedural mRS scores, and clinical data
were collected (Table 1). The study population consisted of 12
women and 4 men, with ages ranging from 33 to 61 years. The
most common clinical presentation was hemorrhage in 75% of
patients (12/16), with the remaining 25% (4/16) presenting with
headaches and epileptic seizures. Based on the size, eloquence,
and venous drainage of the lesions per the Spetzler-Martin scale,
11 (68.75%) AVMs were grades I-1I, 4 (25%) were grade III, and
1 (6.25%) was grade IV. Low-grade AVMs (Spetzler-Martin
grades I and II) were intended to be definitively treated, while
staged endovascular embolization was planned for larger AVMs,
rendering them suitable for subsequent microsurgical resection.
None of the included patients had any previous microsurgical or
endovascular treatment.

Description of the Technique

All procedures were performed with the patient under general
anesthesia in a dedicated neuroangiography suite. During the
procedures, systolic blood pressure was maintained between
80 and 100 mm Hg to prevent any possible migration of em-
bolic material to the venous compartment of the AVM.
Catheterization of the right distal radial artery was performed
in all 16 patients. A 6F guiding catheter was then introduced
into the appropriate feeding artery over an exchange-length
wire using standard techniques. The choice of arterial feeders
most suitable for intermixed embolization was made by the treating
physician on a case-by-case basis. Dimethyl-sulfoxide (DMSO)-
compatible Apollo microcatheters (Covidien) were delivered over a
0.010- or 0.008-inch microwire into the selected feeding pedicle and
its desired segment with the tip positioned as close as possible to the
nidus of the AVM. The hub lumen and the dead space of the micro-
catheter were then primed with 0.25 mL of DMSO.

The basis of the embolization technique was to first perform
primary injections with PHIL 30% to optimize the initial plug
formation. As soon as the length of injected PHIL reached 1.5 cm
or was close to the proximal marker of the microcatheter, Menox
18 was applied as a second embolic agent via the same microcath-
eter. Additional DMSO was not injected between applications of
the 2 liquid embolic agents. Because a solid proximal plug was al-
ready formed, Menox, due to its different intrinsic properties,
was able to penetrate more distally and thus achieve an optimized
AVM embolization via the same microcatheter. On completion
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Table 1: Baseline characteristics of the treated patients

Variable Value

Age (yr)

Mean 335

Median 42

Range 33-61
Sex (No.) (%)

Male 25% (4)

Female 75% (12)
Presentation (No.) (%)

Hemorrhage 75% (12)

Neurologic deficit -

Headache 12.5% (2)

Epilepsy 12.5% (2)

Asymptomatic -
Size (%) (No.)

=30mm 75% (12)

=30 mm 25% (4)
No. of arterial feeders (%)

Single 43.7% (7)

Multiple 56.3% (9)
Venous pattern (No.) (%)

Superficial 68.7% (1)

Deep 18.7% (3)

Deep and superficial 12.5% (2)
Spetzler-Martin score

| 31.2% (5)

[ 37.5% (6)

1l 25% (4)

Y% 6.3% (1)
mRS prior to embolization

1 68.7% (1)

2 25% (4)

3 63% ()

Note:—— indicates absence of particular determinant; mRS, modified ranking

score.

of the endovascular embolization, control contrast injections
were performed through the guide catheter and the microcatheter
was subsequently removed from the pedicle under fluoroscopy.
This technique was performed in all cases (Fig 1). No pressure-
cooker technique or any other antireflux modifications were used
in this cohort.”

At the end of each embolization session and for each
microcatheter used, the amount of traction force required to
successfully retrieve the catheter was individually assessed.
The perceived difficulty (eg, easy, moderate, strong) was sub-
jectively documented by the main operator following every
microcatheter removal.

Distal detachable tips of the microcatheters used were care-
fully examined under stereomicroscopy for any evidence of ad-
herent or mixed embolic material fragments.

Angiographic results were determined by estimating the per-
centage of nidus reduction observed in the last intraprocedural
angiogram. All angiograms were blindly and independently
reviewed by 2 outside interventionists. Final verdict and complete
interpretation of the data were reached through a consensus
session.

Study Outcome Measures
As per our institutional routine protocol, the first follow-up with
DSA combined with clinical evaluation was performed 6 months



FIG 1. A 35-year-old female patient who presented with left-sided headache and seizures. DSA
revealed a left parietal (A and B) AVM supplied by the left MCA. The AVM was drained by the su-
perficial cortical vein to the superior sagittal sinus. An Apollo microcatheter was positioned into
a distal arterial feeder arising from the left MCA (C). A PHIL 30 plug was created with 2 rounds of
injections (D, arrows). After 1.2 mL of PHIL 30 was injected into the AVM, embolization was con-
tinued with Menox 18 (E and F) to ensure successful distal and continuous penetration. No further
proximal reflux was observed (G). Note the different radiopacities of the used liquid embolic
agents (black arrows, Menox 18; white arrows, PHIL 30.) At the end of the procedure, 100% size
reduction was achieved by delivering a total amount of 2.7 mL of embolic material from 1feeder

during 1 session (H).

Table 2: Embolization characteristics and technical results®
Study Group (n= 16)

Applied LEA
Total fluoroscopy time (sec)

Value

PHIL 30 Menox 18
2460 (900-3761)

Total injection time (sec) 55 (51-70) 325 (480-980)
Time per single injection (sec) 5.8 (6.6-12.1) 211 (12-50.1)
Injection pause time (sec) 04 (11-22) 1.1(0.4-30)
Injections (No.) 41(2-5) 11 (8-35)
Total volume of LEA per 0.9 (0.7-2.3) 4.1(1.2-6)

procedure (mL)

?Data are presented as median (lower quartile; upper quartile).

after the treatment. A cranial MR imaging and clinical assessment
were performed on discharge after each endovascular session and
on each follow-up if considered mandatory. The neurologic ex-
amination was performed by a neurologist or a certified stroke
nurse and recorded using the mRS.

Primary End Points

The primary end points were complete nidal occlusion of
Spetzler-Martin grade I-II AVMs, with the rate of favorable clini-
cal outcomes defined as mRS 0-2 at 30 days after embolization.

Secondary End Points

Secondary outcomes included either intraprocedural or postpro-
cedural intervention-related complications leading to permanent
neurologic deficits. Other secondary outcomes included parent
vessel injury, extravasation of the applied LEAs, rerupture of the
AVM, the degree of the nidal obliteration, and the occurrence of
intervention-related stroke or death. Technical complications were
defined as unsuccessful microcatheter retrieval, microcatheter

occlusion, and any adverse physiologic
changes due to the combination of both
agents.

RESULTS

Combined PHIL and Menox emboli-
zation was performed in all 16 patients.
Fast and solid proximal plug formation
was achieved in all cases via initial
applications of PHIL 30%. Proximal
plug formation with PHIL 30% was per-
formed without difficulty in 21 pedicles,
and the embolization proceeded accord-
ingly. Successful and continuous applica-
tion of the second embolic agent, Menox
18, was performed in all patients.
Antegrade flow of the EVOH material
into the nidal components was observed
in all 16 cases. The mean volume of
PHIL used was 0.9mL (range, 0.7-
2.3 mL), and the mean volume of EVOH
injected was 4.1 mL (range, 1.2-6mL).
We noted mean injections pause times
of 0.4 seconds for the PHIL and 1.1 sec-
onds for the EVOH with a mean time
under fluoroscopy of just 41 minutes per
procedure. Technical results are summarized in Table 2.

No microcatheter remained irreversibly trapped in the
plug, and no technical complications such as microcatheter
occlusion or rapid tantalum sedimentation occurred. Six
detachable distal tips of the used microcatheters were suc-
cessfully retrieved. Among those 6 microcatheters, in 2 of
them, adherent microscopic particles of the liquid embolic
cast and structural crack scratches were noted over the most
distal portion of the tip.

No adverse physiologic changes such as vessel injury, embolic
agent extravasation, or microcatheter rupture were observed.

Angiographic Outcomes and Follow-Up Examinations
AVM volume was calculated using the method of Pasqualin et
al.® Adequate nidal penetration was achieved in all cases. The
estimated average size reduction of the treated AVMs was 85%,
ranging from 50% to 100%. We achieved complete angiographic
obliteration of the nidus in 10/16 (62.5%) patients after the initial
session with serially combined LEAs, all of whom had small
AVMs (Spetzler-Martin grade I or II) (Fig 2). Favorable clinical
outcome and complete obliteration were confirmed with at least
1 follow-up angiography after a mean of 5.1 months (range, 3-
6 months) in each of the 10 patients.

Partial embolization was achieved in 6/16 (37.5%) patients.
One of those patients underwent microsurgical resection
of the nidus due to enlargement of the intraparenchymal he-
matoma that was present during radiologic examination at
admission.

Planned embolization via the same method was performed
for the remaining 5/16 (31.25%) patients to achieve sufficient
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FIG 2. Step-by-step embolization of a ruptured left-sided parietal AVM, Spetzler-Martin grade Il. The tip of the microcatheter was placed into
the nidus (A and B). Initial injections of PHIL 30 (C, D, E, F, G, and H; arrows) were needed to create a stable proximal plug. The embolic material
was switched with Menox 18 to successfully achieve distal and continuous nidal penetration (I-L; arrows). Note the distal extent of the Menox

agent (M, N, arrow) and the different radio-opacities of the applied LEAs.

AVM nidal occlusion suitable for subsequent radiosurgery or sur-
gical resection.

There was no procedure-related complication during or after
the embolization. No mortality or worsening mRS postprocedur-
ally was seen in this cohort.

DISCUSSION

Today, dimethyl-sulfoxide-based nonadhesive embolic agents
are the main tool used for the multimodality treatment of cere-
bral AVMs.” EVOH was pioneered in the neurointerventional
field and quickly became proclaimed the criterion standard for
curative AVM embolization.'® This liquid embolic material is
thought to be an easily manageable agent. Its greatest advantage
of slowly controllable embolization and the ability to initiate and
interrupt injections may reduce the risk of any dangerous migra-
tion of the embolic mass. However, the major limitation of
EVOH is that its nonadhesive nature limits control over the
direction of polymer flow and can lead to excessive reflux, which
may result in incomplete nidal embolization or dangerous proxi-
mal backflow and obstruction of normal arterial feeders. Usually,
this issue can be addressed by intentionally allowing the agent to
cover a small portion of the detachable tip of the microcatheter,
creating a proximal “plug.”'" This process often requires multiple
short cycles of repeat injections, thereby increasing the total dura-
tion of the procedure as well as the risk of vessel rupture or rapid
tantalum sedimentation inside the microcatheter.'* The waiting
time between applications of the agent to ensure an appropriate
degree of hardening of the LEA is important because not waiting
long enough can lead to premature embolization of the feeding
artery. On the other hand, the flow pattern through the nidus can
be somehow redirected by allowing the already-injected material
to harden and thus creating a new low-resistance channel."> All
of these shortcomings are associated with the effect of the plug
and properties of the EVOH technique.

The polylactide-co-glycolide and polyhydroxyethylmethacry-
late copolymer PHIL is a nonadhesive and inherently radio-opaque
LEA. Initial experience with this agent has revealed the potential
advantages of this LEA over the standard EVOH technique.
Reported differences include the ability to create a faster and
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stable proximal plug, a constant degree of distal nidal penetration,
and consistent visibility due to the presence of iodine as its radio-
opacity component. The material is available in 3 different con-
centrations and viscosities: PHIL 25, 30, and 35. Higher concen-
trations are preferred in the presence of a fistulous component,
whereas lower concentrations are used to achieve better distal
penetration. It has already been demonstrated that the successful
outcome of embolization can be based on the effect of the proxi-
mal plug and the viscosity of the material used.'*'>

Both Menox 18 and PHIL are DMSO-based liquid embolic
agents that require DMSO-compatible microcatheters to enable a
safe and efficient embolization process. Special emphasis is placed
on the need for deliberation when choosing the most appropriate
embolic material. Depending on the specific angioarchitecture
and the geometry of the feeding arteries, use or even the com-
bination of liquid embolic agents is often required. In our ex-
perience, combined injections of PHIL and Menox via the
same microcatheter have been technically possible and safe,
offering the advantage of switching between agents without
the additional application of DMSO. The lesser layering effect
and higher viscosity of PHIL 30 offer better properties of the
proximal plug, thus ensuring successful distal penetration of
Menox 18, which has 50% lower viscosity (36 cSt, PHIL 30,
versus 18 cSt, Menox 18). More specifically, the initial injec-
tion of PHIL 30 creates a proximal stop that successfully
blocks the flow and creates a distinctive change in the pres-
sure gradient within the nidus, thus supporting the forward,
more distal penetration of Menox due to its lower viscosity.
We believe this may limit potentially dangerous proximal
backflow and decrease the amount of embolic agent used. We
noted a mean time under fluoroscopy of only 41 minutes and
relatively shorter EVOH pause times.

From our routinely collected data, we performed direct com-
parisons among the Menox or PHIL infiltration times using this
approach versus the conventional method. The reported injection
pause times and the mean fluoroscopy times were relatively
shorter than those we observe on a daily basis in comparison
with injections of EVOH or PHIL as stand-alone liquid embolic
agents.m’17 However, direct head-to-head comparison is difficult



to perform with great accuracy because each AVM has distinct
anatomic and flow characteristics.

Serial application of EVOH and PHIL via the same micro-
catheter was reported by Koger et al® in a single case scenario
during their preliminary experience with PHIL. The authors did
not report any technical complications or adverse physiologic
changes due to the combination of both agents.

Recently, Xu et al'® described an efficient method of combin-
ing regular and diluted viscosities of EVOH to treat cerebral
AVMs. The proposed method consists of initial embolization
with regular-viscosity formulations of EVOH, followed by injec-
tion of a lower viscosity mixture of 1.5mL of EVOH diluted with
0.5mL of DMSO through the same microcatheter. The technique
was performed in 15 patients with a reported average of 90%
(range, 55%-100%) estimated size reduction. In 6 patients, the
AVMs were completely obliterated. Control over the proximal
reflux and success of the technique was achieved in 80% of the
cases.

In regards to fluid resistance to deformation, extra-low-viscos-
ity formulations of the established nonadhesive LEAs, PHIL 25%
low viscosity and SQUID 12. As mentioned above, of the com-
mercially available precipitating, nonadhesive embolic agents,
SQUID 12 is the only extra-low-viscosity version so far with a
growing body of literature supporting the effectiveness of this
agent when used for embolization of vascular malformations.'*?°
Several experimental studies investigated the improved features
of PHIL 25% low-viscosity and SQUID 12 formulations.*"*?
Both reports confirmed the embolization extent and the distal
penetration to be higher for the low-viscosity agents compared
with the standard ones. All investigated embolic agents demon-
strated optimal flow control and a significantly lower amount of
reflux. This aspect can be highly relevant in clinical practice.
However, the authors suggested conceivable drawbacks of extra-
low-viscosity LEAs in terms of early distal embolization, thus
increasing the risk of premature obliteration of the draining veins
or unintentional embolization of vital vasculature. Nevertheless,
the yielded technical results suggest that for selected types of vas-
cular lesions, the low-viscosity LEAs can be the preferred agents
over the currently available standard-viscosity LEAs (eg, Onyx
18, SQUID 18, Menox 18, and PHIL 25%).

Several antireflux modifications are being developed to gain
better control over the flow during embolization. The so-called
pressure-cooker technique is designed to create an antireflux plug
by trapping the detachable part of the microcatheter used for
Onyx delivery via coils and glue. Successful execution of this
method is reported to obtain a better forceful and controlled
EVOH embolization.

The emergence of DMSO-compatible balloons provides better
reflux control and improved flow conditions when using non-
adhesive LEAs, allowing the agents to travel more distally.>®
Difficulties in navigation in distal arterial sites and the risks of
vessel rupture due to balloon overinflation exist in this tech-
nique.”* Using double-lumen balloon catheters with even smaller
diameters may reduce the technical complications and increase the
embolization rates.”® In this context, commercially available proto-
types of extra-small balloon microcatheters can be extremely ad-
vantageous and make untreatable lesions curable.

Our initial experience with combining nonadhesive liquid
embolic agents with different viscosities for AVM treatment
yielded promising results. The average estimated size reduction
of the nidus was 85%. Total endovascular obliteration in 1 endo-
vascular session was achieved in more than half of the included
patients (10/16). In our initial-but-limited experience with this
method, we did not observe an increased risk of inadequate nidal
embolization, retraction failures, or any occasions in which the
used LEAs precipitated and blocked the microcatheter.

Limitations

Despite being the largest clinical study of the treatment of cere-
bral AVMs with combined liquid embolic agents delivered via
the same microcatheter reported to date, our study has several
important limitations. First, this is a single-center experience, and
the technical results are limited by the authors’ individual techni-
ques and experiences. Second, the sample is relatively small.
Thus, the results of our study should be interpreted with caution
because they may not be widely applicable to general practice.
Last, pharmacoeconomics in developing countries holds promise
for patients with certain neurovascular diseases, particularly those
who require multiple treatment modalities. Unfortunately, this
issue was the only reason for particularly choosing Menox 18
over the other available EVOHs. The same is true for the use of
PHIL 30% for the initial plug formation followed by further
embolization with PHIL 25%.

CONCLUSIONS

Combined nonadhesive liquid embolic agents delivered via the
same microcatheter have the potential to facilitate and increase
the success rate of endovascular embolization of cerebral AVMs
while carrying risks similar to those of other available approaches.
Due to the relatively small size of our study, further investigations
are required to validate the safety and the efficacy of the method.
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Facial Nerve Arterial Arcade Supply in Dural Arteriovenous
Fistulas: Anatomy and Treatment Strategies

K.D. Bhatia, ““'H. Kortman, ““'H. Lee, “'T. Waelchli, ““'I. Radovanovic, ‘*“).D. Schaafsma, ““'V.M. Pereira, and ““'T. Krings

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular treatment of petrous dural AVFs may carry a risk of iatrogenic facial nerve palsy if
the facial nerve arterial arcade, an anastomotic arterial arch that supplies the geniculate ganglion, is not respected or recognized.
Our purpose was to demonstrate that the use of a treatment strategy algorithm incorporating detailed angiographic anatomic
assessment allows identification of the facial nerve arterial arcade and therefore safe endovascular treatment.

MATERIALS AND METHODS: This was a retrospective cohort study of consecutive petrous dural AVF cases managed at Toronto
Western Hospital between 2006 and 2018. Our standard of care consists of detailed angiographic assessment followed by multidis-
ciplinary discussion on management. Arterial supply, primary and secondary treatments undertaken, angiographic outcomes, and
clinical outcomes were assessed by 2 independent fellowship-trained interventional neuroradiologists.

RESULTS: Fifteen patients had 15 fistulas localized over the petrous temporal bone. Fistulas in all 15 patients had direct cortical ve-
nous drainage and received at least partial supply from the facial nerve arterial arcade. Following multidisciplinary evaluation, treat-
ment was performed by endovascular embolization in 8 patients (53%) and microsurgical disconnection in 7 patients (47%). All
patients had long-term angiographic cure, and none developed iatrogenic facial nerve palsy.

CONCLUSIONS: By means of our treatment strategy based on detailed angiographic assessment and multidisciplinary discussion,
approximately half of our patients with petrous AVFs were cured by endovascular treatment, half were cured by an operation, and
all had preserved facial nerve function.

ABBREVIATIONS: EVOH = ethylene-vinyl alcohol copolymer; MMA = middle meningeal artery; TAE transarterial embolization; TVE = transvenous
embolization

he arterial arcade of the facial nerve is an anastomotic arch of ~ dural AVFs because these lesions are frequently supplied by the
arteries traversing the petrous temporal bone that supplies  vessels that form the arterial arcade."*>°
the geniculate ganglion and tympanic segment of the facial

nerve."? Care must be taken during embolization from the proxi- Anatomy

mal aspect of external carotid artery branches to avoid occlusion Ty arteries form the facial nerve arterial arcade: 1) the petrous
of the facial nerve arterial arcade, which may result in iatrogenic  pranch of the middle meningeal artery (MMA), and 2) the stylo-
facial nerve (Bell) palsy.* The risk of occluding the facial nerve  agtoid branch of the posterior auricular or occipital artery
arterial arcade is particularly elevated when embolizing petrous (Fig 1).">” Branches of these 2 arteries anastomose adjacent to the

geniculate ganglion.> The arcade can be reinforced by the inferior
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FIG 1. DSA images via left external carotid artery injection from a patient with a left petrous AVF
(patient 5) demonstrate the anatomy of the facial nerve arterial arcade. A, Anterior-posterior
projection demonstrates supply to the fistula by the petrous branch of the left MMA (white
arrow), stylomastoid branch of the left posterior auricular artery (black arrows), and the anasto-
motic arcade between these 2 arteries (black-border arrow). B, Lateral projection shows the pet-
rous branch of the MMA (white arrow), stylomastoid artery (black arrow), and the anastomotic
facial nerve arterial arcade (black-border arrow). C, Anterior-posterior projection during selective
injection of the left posterior auricular artery confirms supply to the fistula from the left stylo-

deterioration or rupture®' At our
institution, we use management princi-
ples based on detailed angiographic
anatomic assessment and multi-
disciplinary discussion (retrospec-
tively summarized in our treatment
algorithm shown in Fig 2) to avoid iat-
rogenic facial nerve palsy while achiev-
ing angiographic cure. In this study, we
assess the treatment approaches and out-
comes using these principles.

MATERIALS AND METHODS
Ethics approval for this study was
granted by the Research Ethics Board
of the University Health Network,
Toronto (approval No. 19-5018).

Study Design and Selection
Criteria

This was a retrospective study of a
cohort of patients with intracranial
AVFs managed at Toronto Western
Hospital between 2006 and 2018.
Inclusion criteria were the following:
1) confirmed diagnosis of intracra-
nial AVF on DSA with the fistula
point localized over the petrous tem-
poral bone, and 2) follow-up DSA or
time-resolved MRA after an inter-
ventional or conservative manage-
ment. All included cases underwent

mastoid artery (black arrow). D, Lateral projection during selective left ascending pharyngeal ar-

tery injection demonstrates additional supply to the AVF from its hypoglossal branch (white

arrow).

ganglion by 1-3 small branches and then supplying the second
(tympanic) segment of the intraosseous facial nerve.>*'°

The stylomastoid artery can arise from the posterior auricular
artery, from the proximal third of the occipital artery, or from a
common trunk of these 2 arteries."”” Traveling superiorly through
the stylomastoid foramen and lying anterior or anteromedial to
the facial nerve, it provides arterial supply to the third (mastoid)
intraosseous segment of the facial nerve.”®'! The artery then
ascends to the level of the facial genu and the tympanic cavity
where it divides into several branches and provides additional sup-
ply to the second (tympanic) segment of the nerve.”® Here, a net-
work of its branches anastomoses with branches of the petrous
branch of the MMA to form the facial nerve arterial arcade (Fig
1).” These arteries are, in the absence of shunts, most often too
small to be detected on conventional angiography.”

Rationale for the Study

Petrous dural AVFs drain into cortical veins (most often the
superior petrosal vein, ie, vein of Dandy) rather than
directly into dural venous sinuses.® They are therefore high-
grade fistulas (Borden III, Cognard [I-1V)'*!® and thus warrant
treatment due to their well described risk of subsequent neurologic
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data collection and imaging analysis.

Data Collection and Analysis

In all cases, 6-vessel cerebral angiogra-

phy, high-frame-rate magnified acquis-
itions, and 3D rotational angiography with MPRs were
undertaken for treatment planning. Clinical data points were
obtained from the electronic patient records. Baseline and follow-
up DSA and MRA for each patient were independently reviewed
by 2 fellowship-trained interventional neuroradiologists (K.D.B.
and H.K.). Disagreements were resolved by consensus; otherwise,
they were resolved by the supervising senior interventional neu-
roradiologist (T.K.). We assessed the following imaging charac-
teristics of each petrous AVF: location, arterial supply (in
particular supply by vessels that form the facial nerve arterial ar-
cade), venous drainage, Borden'? and Cognard13 classifications,
endovascular approach, embolic agents used, angiographic out-
come after primary treatment, and long-term angiographic
outcome.

Treatment Planning

All AVF cases were discussed in a multidisciplinary conference
among neurologists, radiosurgeons, cerebrovascular neurosurgeons,
and interventional neuroradiologists to decide on management. On
the basis of our review of the conference minutes for these cases, the



available in a dimethyl-sulfoxide-
compatible microcatheter (15 mm tip,
Apollo Onyx Delivery Microcatheter;
Medtronic, Irvine, California).

In the absence of favorable features
for TAE, transvenous embolization
(TVE) would be considered if there
was an accessible draining vein that
could be safely occluded. In the remain-
ing cases or if endovascular treatment
was unsuccessful, microsurgical discon-
nection was recommended.

RESULTS

Fifteen patients (5 women; mean age,
63.5years) had 15 dural AVFs with
the fistulous point localized over
the petrous temporal bone (8.7%
of all patients with dural arteriove-
nous fistulas managed at our center).
Clinical presentations are detailed in
On-line Table 1. All 15 petrous shunts
had direct cortical venous drainage
(Borden type III),' 6 were Cognard
type III (cortical venous drainage), and
9 were Cognard type IV (ie, with corti-
cal venous ectasia).”” Angiographic
characteristics are detailed in On-line
Table 2.

FIG 2. Retrospective summary of our treatment strategy algorithm for petrous dural AVFs.

primary treatment choice was determined by taking a stepwise
approach. First, consensus agreement was reached that conservative
treatment was not indicated in these cases due to the direct cortical
venous drainage that occurs in petrous AVFs. Second, anatomic fac-
tors were assessed that would allow a safe endovascular treatment
through an arterial, venous, or combined approach. For this article,
we have retrospectively summarized the management principles
outlined in the conference minutes for these cases in a treatment
algorithm, shown in Fig 2.

Factors favoring an attempt at primary transarterial embo-
lization (TAE) included the following: 1) accessible nonarcade
arterial feeders supplying the AVF, 2) a direct arteriovenous
fistulous point without an intervening nidus, and 3) a reason-
able safety margin (for our purposes defined as the ability to
place the distal end of the embolization microcatheter a mini-
mum of 20mm distal to the origin of or communication
points with vessels of the facial nerve arterial arcade) for
reflux of the embolic agent while preserving facial nerve arte-
rial supply. The choice of a minimum distance of 20 mm was
based on our experience of the working margin required to
safely withdraw the microcatheter once glue begins to reflux
and, for pressure-cooker/ethylene-vinyl alcohol copolymer
(EVOH) approaches, the minimum detachable tip length

Arterial Supply and Venous

Drainage

All 15 patients (100%) demonstrated
arterial supply to the AVF from either or both vessels involved in
the facial nerve arterial arcade. The petrous branch of the MMA
was seen in 13 patients (87%), while the stylomastoid artery was
seen in 9 cases (60%); both vessels were involved in 7 cases (47%).
Additional nonarcade supply to the fistulas discussed herein is
outlined in On-line Table 2. The venous drainage outflow path-
ways were through cortical veins in all cases (superior petrosal
vein, n = 13; subtemporal vein, n=2). The detailed drainage pat-
terns are summarized in On-line Table 3.

Primary Treatment Choice

Using the treatment strategy algorithm outlined in Fig 2, the mul-
tidisciplinary conference opinion for the primary treatment
approach was TAE in 8 cases, TVE in 3 cases, and an operation
in 4 cases. One patient initially declined an operation and chose
the alternative option of gamma knife radiosurgery but subse-
quently underwent microsurgical disconnection because of resid-
ual AVF filling 2 years later.

Treatment Outcomes

The primary and secondary treatments undertaken, curative
treatment, complications, and long-term angiographic and func-
tional outcomes are summarized in On-line Table 4.
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curative surgical treatment. All 3 cases
of primary TVE (patients 7, 14, and
15) were cured using a reverse pres-
sure-cooker technique (On-line Figure).

Microsurgical disconnection was rec-
ommended as the primary treatment
in 4 cases in which an endovascular
approach was deemed too dangerous
(Fig 2) and as the secondary treatment
in 3 unsuccessful TAE cases (see above).
In all 7 cases, an extended retrosigmoid
approach was used to expose and
occlude the draining petrosal vein with
subsequent angiographic cure. One
primary surgical case (patient 6) was
complicated by hemorrhagic venous
infarction of the ipsilateral cerebellum.

In summary, all 15 patients had
long-term angiographic cure, and none
developed iatrogenic facial nerve palsy.
Approximately half of these patients
(n=8) had cure by endovascular treat-
ment, and half (n="7), by microsurgical
disconnection. Two patients (patient 1:
TAE and patient 6: an operation) had

FIG 3. DSA and transarterial embolization using EVOH copolymer of a right-sided Borden lil/
Cognard IV petrous dural AVF. All images are in the lateral projection. A, Right external carotid ar-
tery injection demonstrates arterial supply to the AVF from the squamous temporal branch of
the right MMA (black-border arrow) from an enlarged petrous branch of the MMA (white arrow)
and from an enlarged stylomastoid artery (black arrow). Note that the facial nerve arterial arcade
is formed by the latter 2 vessels. B, A microcatheter is present in the squamous branch of the
MMA (black-border arrow). Microcatheter injection DSA from a distal point in the vessel dem-
onstrates the fistulous point (white arrow) entering an ectatic petrosal varix. C, Spot film follow-
ing EVOH embolization via the squamous branch of the MMA demonstrates the EVOH cast
(black arrow) across the fistulous point and into the venous sac. The proximal marker of the
detachable tip is visible (white arrow). D, Magnified right common carotid artery injection follow-
ing embolization demonstrates the subtracted EVOH cast (black-border arrow) with no remnant
filling of the AVF. The petrous branch of the MMA (white arrows) and the stylomastoid artery
(black arrow) remain patent after treatment. The patient had preserved facial nerve function

significant treatment-related neurologic
complications resulting in permanent
worsening of their mRS at presentation
by 1 point.

DISCUSSION
Endovascular treatment of petrous
AVFs supplied by vessels of the facial
nerve arterial arcade is associated with
certain strategic and technical chal-

lenges to preserve facial nerve function.

postprocedure.

Of the 8 patients with primary TAE, 5 had angiographic
cure after a single session. All 5 of these patients were treated
using liquid embolic agents (glue 4, EVOH 1) to occlude the
fistulous point, with the microcatheter placed distally in the
squamous (nonpetrous) branch of the middle meningeal ar-
tery in all cases and additional glue embolization via the
meningohypophyseal trunk in 1 case. An example of TAE
(patient 3) using EVOH via the squamous branch of the
MMA is demonstrated in Fig 3.

One case with TAE with angiographic cure (patient 1) was
complicated by pial arterial infarction due to the passage of glue
droplets across an external carotid—internal carotid anastomosis,
in this case most likely between the squamous branch of the mid-
dle meningeal artery and the lateral tentorial branch of the
meningohypophyseal trunk. The TAE session was aborted in 2
cases due to inability to gain a distal or safe microcatheter posi-
tion (patients 2 and 13), and in a third case (patient 5), only par-
tial fistula reduction was achieved; these cases underwent

690 Bhatia 2020 www.ajnr.org

In our cohort, all patients with petrous

AVFs had at least partial arterial supply

to the fistula from vessels of the facial
nerve arterial arcade. In addition, these patients warranted inter-
ventional treatment due to direct cortical venous drainage in all
cases, in keeping with the known venous drainage pattern of lateral
epidural shunts into cortical veins.'> Because of these challenges,
some groups have adopted a primary surgical approach for petrous
AVFs.'*'®!7 Use of the principles outlined retrospectively in our
treatment strategy algorithm (Fig 2) resulted in endovascular cure
in approximately half of cases (8/15: 53%) and surgical cure in the
other half (7/15: 47%), with preserved facial nerve function in all
cases.

Surgical Treatment

Surgical management of AVFs is based on the principle that
microsurgical disconnection of the draining vein will cure the
AVE." Lawton et al'” recommended use of an extended retrosig-
moid approach for petrosal AVFs to expose and occlude the
superior petrosal (Dandy) vein as it enters the superior petrosal
sinus. This involves lateral positioning for a vertical trajectory to



the cerebellopontine angle and anterior mobilization of the ske-
letonized sigmoid sinus, allowing ideal visualization of the pet-
rous-tentorial angle.'*'”'® In the series of Lawton et al of 8
patients with petrosal AVFs, all patients underwent presurgical
TAE to minimize blood loss.)” Therefore, when safe to do so, an
attempt at endovascular treatment is still the recommended pri-
mary approach.*'®

The surgical goal of disconnecting the superior petrosal vein
carries a risk of cerebellar venous infarction if the ipsilateral cere-
bellum is dependent on the petrosal vein complex for drainage."
This complication is well-described following petrosal vein sacri-
fice during microvascular decompression for trigeminal neuralgia
(4%-7% in larger series).'>*" The rate of neurologic deterioration
following an operation for petrosal AVFs may be even higher
(13%-33% in small series, including facial nerve palsy, hemipare-
sis from venous infarct, and death from intraoperative cerebellar
edema).!”?! Surgical management of petrosal AVFs, therefore,
requires careful assessment of the cerebellar venous drainage pat-
tern on DSA to ensure that the petrosal vein can be safely
sacrificed.

Transarterial Embolization

The treatment goal for curative TAE is occlusion of the fistulous
point and the foot of the draining vein.** A safe TAE approach to
petrosal AVFs is optimized by detailed analysis of high-frame-
rate magnified angiography and 3D rotational angiography with
MPRs.**** Anatomic factors that best allow safe TAE are outlined
in the Materials and Methods section and in Fig 2.**%° If such
favorable factors are not present, then TVE may be considered.?”
Otherwise, a primary surgical disconnection is suggested by our
group (Fig 2).

The advantage of glue in petrosal AVFs is the ability to rapidly
penetrate the fistulous point while minimizing reflux toward the
facial arcade if a distal wedged position can be achieved.”
However, if a distal perifistulous microcatheter position cannot
be achieved or the microcatheter is not retrieved at the appropri-
ate moment of the injection, there may be glue inflow or reflux
into the facial nerve arterial arcade. Other complications may
involve gluing of the microcatheter tip so that it cannot be
retrieved or nontarget embolization of pial arteries across exter-
nal carotid-internal carotid anastomoses (ie, branches of the
inferolateral or meningohypophyseal trunks), resulting in arterial
infarction (as occurred in patient 1 in our series)."® Thus, the
use of liquid embolic agents requires extensive experience with
the agent, a distal microcatheter position, and a thorough knowl-
edge of the external carotid-internal carotid anastomoses and
cranial nerve supply in this region.">>**

EVOH can be injected more slowly without the need for rapid
removal of the microcatheter (Fig 3), but it is associated with lon-
ger radiation times and risks of reflux into both external carotid-
internal carotid anastomoses and cranial nerve supply.***
EVOH was used for TAE in 1 patient in our series (patient 3, Fig
3) with injection performed via the squamous branch of the
MMA through a detachable-tip microcatheter. The use of detach-
able-tip microcatheters, which can also be combined with a pres-
sure-cooker technique, in which a coil/glue plug is deployed over
the detachable tip by a second microcatheter to minimize EVOH

reflux, allows controlled embolization if there is a reasonable ana-
tomic safety margin back to the facial arcade (the shortest avail-
able detachable-tip length is 15mm).*' The presence of an
intervening nidus between the embolization point and the venous
drainage increases the potential for reflux of the embolic agent
across nidal channels into the facial nerve arterial arcade (Fig 2
and On-line Figure).

Transvenous Embolization

TVE of petrosal AVFs may be considered when there are relative
anatomic contraindications to TAE or TAE has failed to occlude
the fistula.”” Safe TVE requires successful navigation of the
microcatheter to the foot of the draining vein, limited tortuosity
of the draining vein, and absence of normal cortical venous
drainage into the target vein (Fig 2 and On-line Figure).”* To
achieve retrograde flow of the embolic agent toward the fistula
point, a reverse pressure-cooker (dual microcatheter) technique
(On-line Figure) or a dual-lumen balloon may be required.*>™*
Given the need for navigation in pial veins, this approach requires
experience to prevent potentially catastrophic venous hemor-
rhagic complications and, thus, in the authors’ opinion, should
be performed only in centers with experience in pial transvenous
approaches.

Utility of Our Treatment Strategy Algorithm

Our retrospective treatment-strategy algorithm (Fig 2) is based on
detailed angiographic assessment and multidisciplinary discussion,
with the aim of primary TAE or TVE when safe to do so. Safe
microsurgical disconnection requires careful evaluation of the ve-
nous drainage of the cerebellum on preoperative DSA to ensure
nondependence on the petrosal vein complex. Advancements in
detachable-tip microcatheters, liquid embolics, and treatment
strategies (eg, pressure-cooker technique) potentially allow greater

rates of endovascular cure.'”®

Limitations
This study is limited by its retrospective nature and relatively
small sample size.

CONCLUSIONS

Petrous AVFs are always supplied by arteries of the facial nerve
arterial arcade and always have cortical venous drainage. This
raises the risk of iatrogenic facial nerve palsy via endovascular ar-
terial routes during clinically necessary treatments. Using the
principles outlined in our treatment-strategy algorithm, approxi-
mately half of our patients were cured by endovascular treatment,
half were cured by an operation, and all had preserved facial
nerve function.
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Network, Toronto, Comments: paid employment as clinical fellow in interven-
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Assessment of Apparent Internal Carotid Tandem Occlusion
on High-Resolution Vessel Wall Imaging: Comparison with
Digital Subtraction Angiography
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ABSTRACT

BACKGROUND AND PURPOSE: Not all tandem occlusions diagnosed on traditional vascular imaging modalities, such as MRA, repre-
sent actual complete ICA occlusion. This study aimed to explore the utility of high-resolution vessel wall imaging in identifying
true ICA tandem occlusions and screening patients for their suitability for endovascular recanalization.

MATERIALS AND METHODS: Patients with no signal in the ICA on MRA were retrospectively reviewed. Two neuroradiologists inde-
pendently reviewed their high-resolution vessel wall images to assess whether there were true tandem occlusions and categorized
all cases into intracranial ICA occlusion, extracranial ICA occlusion, tandem occlusion, or near-occlusion. DSA classified patient
images into the same 4 categories, which were used as the comparison with high-resolution vessel wall imaging. The suitability for
recanalization of occluded vessels was evaluated on high-resolution vessel wall imaging compared with DSA.

RESULTS: Forty-five patients with no ICA signal on MRA who had available high-resolution vessel wall imaging and DSA images
were included. Among the 34 patients (34/45, 75.6%) with tandem occlusions on DSA, 18 cases also showed tandem occlusions on
high-resolution vessel wall imaging. The remaining 16 patients, intracranial ICA, extracranial ICA occlusions and near-occlusions were
found in 2, 6, and 8 patients, respectively, on the basis of high-resolution vessel wall imaging. A total of 20 cases (20/45, 44.4%)
were considered suitable for recanalization on the basis of both DSA and high-resolution vessel wall imaging. Among the 25
patients deemed unsuitable for recanalization by DSA, 11 were deemed suitable for recanalization by high-resolution vessel wall
imaging.

CONCLUSIONS: High-resolution vessel wall imaging could allow identification of true ICA tandem occlusion in patients with an ab-
sence of signal on MRA. Findings on high-resolution vessel wall imaging can be used to screen more suitable candidates for recana-
lization therapy.

ABBREVIATIONS: EICA = extracranial ICA; IICA = intracranial ICA; HR-VWI = High-resolution vessel wall imaging

I nternal carotid artery occlusion is a relatively uncommon-
yet-important cause of TIAs and cerebral infarction.' Tandem
occlusion of the ICA, typically diagnosed on Doppler sonogra-
phy, CTA, or MRA by the absence of flow, contrast media, or sig-
nal of the extracranial ICA (EICA) concomitant ipsilateral to the
intracranial ICA (IICA), is often associated with a poor prognosis
due to a low arterial recanalization rate.*™*
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However, not all tandem occlusions identified on these lumi-
nal imaging modalities represent actual complete ICA occlusion.
Near-occlusion with or without full collapse (defined as promi-
nent carotid bulb stenosis with a string-like or otherwise normal-

)>¢ and isolated intracranial or extracra-

appearing distal lumen
nial occlusion caused by atherosclerosis or dissection may mas-
querade as complete occlusion of the ICA.”° In these cases of
slow blood flow and altered flow dynamics, CTA or MRA acqui-

sition can “outrun” the arrival of a blood signal or contrast media,
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resulting in inadequate arterial angiography and the appearance
of an occlusion. This process can confound planning for recanali-
zation treatment because many neurointerventionists would
offer surgery to patients with apparent tandem occlusion on
conventional luminal imaging if focal occlusion or near-occlu-
sion was confirmed during intraoperative angiography.''"** The
process can also cause misclassification of patients with isolated
ICA occlusion or near-occlusion during clinical trial screening
if the evaluation is based solely on CTA or MRA. Consequently,
accurate noninvasive imaging is necessary to visualize the true
occlusion site and to help screen potential candidates for recan-
alization therapy.

High-resolution vessel wall imaging (HR-VWI) techniques
allow direct characterization of the vessel wall and intraluminal
status by suppressing the signal in flowing blood," providing in-
formation about the location, length, and etiology of the occlu-
sion and the presence or absence of intraluminal thrombus.'*'” To
the best of our knowledge, our study is the first to determine
whether HR-VWI would enable superior identification of true tan-
dem occlusions.

We hypothesized that HR-VWI could more accurately iden-
tify true tandem occlusion in patients with apparent ICA occlu-
sion detected on MRA. The aims of this study were to explore the
utility of HR-VWTI for identifying true ICA tandem occlusions
and to determine the suitability for endovascular recanalization
in patients with an absence of signal on MRA compared with
DSA.

MATERIALS AND METHODS

Patient Selection and Data Collection

This retrospective study was approved by the research ethics
board at Tianjin First Central Hospital (project identification No.
2018N133KY), and the informed consent requirement was waived.
A total of 355 diagnostic HR-VWI scans were obtained from
September 2016 to November 2018. Patients who had apparent
tandem ICA occlusion on MRA and underwent both HR-VWI
and DSA examinations were included in the study. The exclusion
criteria were the following: 1) the presence of ICA signal, 2)
the absence of DSA images for comparison, 3) insufficient
vessel coverage or uninterpretable images due to motion arti-
facts, and 4) nonatherosclerotic or dissection occlusion,
including Moyamoya disease, vasculitis, and trauma.

The patient data, including demographics, vascular risk fac-
tors (hypertension, hyperlipidemia, diabetes mellitus, coronary
disease, prior stroke history, smoking, and alcohol intake), and
their NIHSS scores, were retrospectively collected. The interval
time from the HR-VWI examination to symptom onset and the
time between HR-VWTI and DSA were also recorded.

MR Imaging Protocols

All patients underwent routine brain MR imaging examinations
and HR-VWI on a 3T system (Magnetom Prisma; Siemens,
Erlangen, Germany) with a standard 64-channel head coil. Routine
brain MRIs, including DWI and TOF-MRA, were initially per-
formed for assessment of acute infarction and the vessels, respec-
tively. The HR-VWI was performed by an inversion-recovery
sampling perfection with application-optimized contrasts by using
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different flip angle evolution (IR-SPACE; Siemens) sequence to vis-
ualize the intraluminal status by suppressing blood flow and CSF
signal, with the following parameters: TR = 900 ms; TE = 15 ms;
flip angle = 120°% FOV = 240 x 210 mm?; matrix = 384 x 336; 240
slices with 0.55-mm section thickness; reconstructed voxel
size = 0.55 x 0.55 x 0.55 mm3; and acquisition time = 7
minutes 43 seconds. Image reconstruction was performed
with the 3D function of the PACS. On-line Table 1 shows
more detailed sequence parameters.

MRA Analysis

All baseline MRA images were assessed by 2 diagnostic neurora-
diologists (with 3 and 7 years of experience in neuroimaging,
respectively) who were blinded to the DSA and HR-VWI findings
for the apparent tandem occlusion in the ICA. “Apparent tandem
occlusion” was defined as the absence of signal in the extracranial
ICA concomitant ipsilateral to the intracranial ICA.

HR-VWI Analysis
Two additional diagnostic neuroradiologists (both with 3 years of
experience in HR-VWI interpretation) who were both blinded to
the DSA findings and clinical treatment information separately
reviewed the HR-VWI and determined the presence or absence
of occlusions from the carotid bulb to the circle of Willis.
“Occlusion” was defined as discontinuation of lumen >5 mm in
length,'® which presented as no black-blood signal on HR-VWT.

The horizontal segment of the carotid canal was used as the
landmark to divide the ICA into extracranial and intracranial seg-
ments. The occlusion types were categorized as EICA occlusion,
IICA occlusion, tandem occlusion, and near-occlusion with or
without full collapse. “Tandem occlusion” was defined as cervical
carotid occlusion with a concomitant intracranial occlusion."?
Near-occlusion with and without full collapse was distinguished
by prominent carotid bulb plaque with a string-like or more nor-
mal distal lumen, respectively. On-line Figure 1 shows different
occlusion types on HR-VWI. The morphologic characteristics,
including distal ICA reconstitution and the occlusion segment,
were recorded. “Reconstitution” was defined as the ICA distal to
the occlusion being visible. Segments of the ICA were evaluated
on the basis of the classification criteria proposed by Bouthillier
etal®

To evaluate intraobserver agreement, 1 reader reassessed
the same images and measured vessel occlusion length 3
months after the first reading session. The measurement
method of vessel occlusion length is shown on On-line Fig
2A. The cause of the occlusion, thrombus, or dissection with
intramural hematoma was recorded, according to previously
published parameters.?!

Identification of Candidates Suitable for Endovascular
Recanalization on the Basis of Occluded Vascular
Features

Criteria of apparent suitability for endovascular recanalization
based on occlusion segment, occlusion type, and distal ICA
reconstitution were proposed.>**** Therefore, the vessels were
further classified into 4 groups based on these morphologic fea-
tures as follows:



1. Suitable for recanalization: near-occlusion without full collapse.

2. Probably suitable for recanalization: focal occlusion at or
above the clinoid segment, tandem occlusion with distal ICA
reconstitution before the clinoid segment, and near-occlusion
with full collapse.

3. Probably unsuitable for recanalization: tandem occlusion with
distal ICA reconstitution at or above the clinoid segment.

4. Not suitable for recanalization: tandem occlusion without
reconstitution.

DSA Analysis

Conventional selective cerebral angiography was performed using
the transfemoral approach, including cervical and intracranial
views in the anterior-posterior and lateral projections on the
biplane angiography suite system (Allura Xper FD20 biplane sys-
tem; Philips Healthcare, Best, the Netherlands). The injected vol-
ume of the contrast media was 6-8 mL.

Two interventional neuroradiologists (with 6 and 7 years
of experience in interventional neuroradiology, respectively)
reviewed all the DSA images in a blinded fashion to classify
those images into the same 4 occlusion types, including IICA
occlusion, EICA occlusion, tandem occlusion, and near-
occlusion. The morphologic characteristics, including distal
ICA reconstitution and occlusion segment, were defined
using criteria similar to that for HR-VWI. If DSA showed no
occlusion but only high-grade (90%-99%) stenosis in the ca-
rotid bulb with or without narrowing of the poststenotic ICA,
the finding was deemed to show near-occlusion.>* The vessel
occlusion length was measured by 1 of the readers (On-line
Fig 2B). The suitability of the occluded vessels for endovascu-
lar recanalization was also classified into 4 groups using the
same criteria as used for HR-VWI. Reperfusion was graded in
patients who underwent recanalization treatment according
to modified TICI perfusion categories, and procedural suc-
cess was defined as TICI 2b or 3.

Statistical Analysis

Statistical analysis was performed using SPSS, Version 22.0
(IBM, Armonk, New York) and GraphPad Prism software 5.0
(GraphPad Software, San Diego, California). Categoric variables
were reported as proportions. Intra- and interneuroradiologist
agreement regarding the qualitative parameters associated with
the suitability for endovascular recanalization, occlusion site and
reconstitution, were assessed using the Cohen «. Disagreements
in the interpretation of occlusion categories and suitability for
endovascular recanalization were resolved by consensus review of
the images. The Fisher exact test was used to calculate the statisti-
cal differences in the categoric proportions from contingency ta-
ble analysis.

RESULTS

Patient Characteristics

In total, 355 patients with HR-VWTI examinations were retro-
spectively analyzed; 78 patients were found to have an absence
of signal in the ICA on MRA. Fifteen patients without DSA
data for comparison were excluded; 4 patients were excluded
due to insufficient vessel coverage or motion artifacts.

FIG 1. Flow chart of patient selection.

Patients with other causes of ICA occlusion, including 11 with
Moyamoya disease, 2 with vasculitis, and 1 with trauma were
also ruled out. Finally, 45 patients were included in the cur-
rent study for analysis (Fig 1).

Of the 45 patients, 39 (86.7%) were men and 6 (13.3%) were
women, with an average age of 62 years. The median and mean
interval time between HR-VWI scanning and DSA was 6.0 * 3.5
days (ranging from 1 to 15 days). More demographics and base-
line characteristics are presented in On-line Table 2.

Assessment Reproducibility

Interobserver agreement coefficients regarding the occlusion cat-
egory, reconstitution, and suitability for recanalization on HR-
VWI and DSA were almost perfect (On-line Table 3). Agreement
coefficients were interpreted according to the methods described
by Kundel and Polansky.” Intraobserver agreement for the above
qualitative analysis on HR-VWI was excellent, with « (95% CI) =
0.968 (0.907-1.000), 0.941 (0.861-1.000), and 0.945 (0.837-
1.000), respectively.

Findings on HR-VWI

Among the 45 included cases with apparent occlusions on MRA,
HR-VWI showed tandem occlusion in 18 cases (18/45, 40.0%).
All 18 cases also showed tandem occlusions on DSA (Table 1).
Figure 2 shows an example of a case with matching classifications
of tandem occlusion on both DSA and HR-VWTI. In addition, dis-
section with intramural hematoma was detected on HR-VWTI in
33.3% (6/18) of the cases of tandem occlusion.
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Table 1: Different types of occlusion on HR-VWI versus DSA

DSA
HR-VWI 1ICA Occlusion EICA Occlusion Tandem Occlusion Near-Occlusion Total
ICA occlusion 4(8.9%) 0 (0.0%) 2 (4.4%) 0 (0.0%) 6 (13.3%)
EICA occlusion 0 (0.0%) 1(2.2%) 6 (13.3%) 0 (0.0%) 7 (15.6%)
Tandem occlusion® 0 (0.0%) 0 (0.0%) 18 (40.0%) 0 (0.0%) 18 (40.0%)
Near-occlusion 0 (0.0%) 0 (0.0%) 8 (17.8%) 6 (13.3%) 14 (311%)
Total 4 (8.9%) 1(2.2%) 34 (75.6%) 6 (13.3%) 45 (100%)

@Tandem occlusion, concomitant extracranial ICA ipsilateral to the intracranial ICA occlusion. Fisher exact test: P<<.001.

FIG 2. An example of tandem occlusion of the ICA. A, MRA shows an absence of signal in the
left ICA. B, DSA presents contrast cutoff (arrow) at the level of the carotid bulb with distal ICA
reconstitution (arrowhead). C, HR-VWI shows occlusion from the carotid bulb to the clinoid seg-
ment of the left ICA (arrowhead), with reconstitution at the supraclinoid segment, which was

considered unsuitable for recanalization. LICA indicates left ICA.

FIG 3. An example of apparent right internal carotid tandem occlusion on MRA (A) and preoper-
ative DSA (B, arrow). C, HR-VWI shows a patent ICA with a narrow residual cavity (arrowhead),
defined as near-occlusion with full collapse, which was considered suitable for recanalization. D,
Postoperative DSA demonstrates successful recanalization with TICI 3. RICA indicates right ICA.

In the 27 (60%) remaining vessels, no tandem occlusions were
found. Instead, IICA occlusions, EICA occlusions, and near-occlu-
sions were observed in 6 (13.3%), 7 (15.6%), and 14 (31.1%) cases,
respectively. Of the 14 near-occlusion cases, 5 were near-occlusion
without full collapse and 9 were near-occlusion with full collapse
(Table 1 and On line Fig 3A). Therefore, near-occlusion with full col-
lapse was most frequently categorized as tandem occlusion by DSA.
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Figure 3 depicts a case with apparent in-
ternal carotid tandem occlusion on MRA
and preoperative DSA, which was shown
to display near-occlusion with full col-
lapse on HR-VWL

Findings on DSA
ICA tandem occlusions were detected
on DSA in 34 of 45 (75.6%) cases.
Sixteen patients (47.1%) had tandem
occlusion on DSA, but HR-VWI showed
IICA occlusion in 2, EICA occlusion in
6, and near-occlusion in 8 patients. The
remaining 11 (24.4%) patients without
tandem occlusion on DSA were correctly
ruled out on HR-VWI. Among these
patients, near-occlusion was observed in
6 (13.3%) (of which 5 showed near-
occlusion without full collapse and 1
showed near-occlusion with full col-
lapse), isolated IICA occlusion was seen
in 4 (36.4%), and EICA occlusion in 1
(2.2%) (Table 1 and On-line Fig 3A).
The length distribution of the tan-
dem occlusion with the 2 imaging
methods is presented in On line Fig
3B. The length of occlusion measured
on HR-VWI was significantly shorter
than that shown on DSA (P < .001).

Suitability for Recanalization
Evaluated by HR-VWI versus DSA
A total of 20 patients were deemed
suitable for recanalization by both
DSA and HR-VWI (Table 2). The
extent of occlusion in these patients
(n = 20) included 5 occlusions from
the bulb to the cavernous ICA, 4 from
the bulb to the petrous ICA, 1 at the
cervical ICA, 4 localized at the supra-
clinoid ICA, 1 near-occlusion with full collapse at the ICA, and
5 near-occlusions without full collapse at the ICA. These num-
bers were 2, 2, 7, 6, 9, and 5, respectively, evaluated by HR-VWI
(Fig 4).

In the remaining 25 patients who were deemed unsuitable
for recanalization by DSA, 11 were found to be suitable for re-
canalization on the basis of HR-VWI, and 14 were considered



Table 2: Performance of HR-VWI versus DSA in assessing tandem occlusion and suitability for recanalization of ICA*

DSA HR-VWI
Present Absent Suitable Unsuitable
HR-VWI present 18 (40.0%) 0 (0.0%) 4 (8.9%) 14 (311%)
HR-VWI absent 16 (35.6%) 11 (24.4%) 27 (60.0%) 0 (0.0%)
DSA (suitability for recanalization)
Suitable 9 (20.0%) 1 (24.4%) 20 (44.4%) 0 (0.0%)
Unsuitable 25 (55.6%) 0 (0.0%) 11 (24.4%) 14 (311%)

@ “Present” means tandem occlusion—positive; “Absent” means tandem occlusion—negative. The table shows the proportional relationship between the presence of
tandem occlusion and the suitablity for recanalization. The percentage was calculated on the basis of a total number of patients of 45.

FIG 4. The extent of occlusion of 45 patients and their suitability for recanalization evaluated by
DSA and VWI. The black part represents occlusion or near-occlusion. OA indicates ophthalmic

artery.

unsuitable for recanalization by both HR-VWI and DSA
(Table 2). The extent of occlusion in these 25 patients included
15 occlusions from the carotid bulb to the clinoid segment
with reconstitution at the supraclinoid segment of the ICA, 2
occlusions from the bulb to the supraclinoid ICA, and 8 occlu-
sions from the bulb to the MCA. These numbers were 12, 2,
and 0, respectively, evaluated by HR-VWI (Fig 4).

Surgical Results for Endovascular Recanalization

Twelve patients underwent recanalization surgery successfully
with TICI 2b or 3 among the 20 patients deemed suitable for re-
canalization by both DSA and HR-VWI. One patient presented
with a history of recurrent stroke and underwent the operation
successfully, with TICI 3 in the 11 patients deemed suitable for
recanalization by HR-VWI but unsuitable by DSA. No operation
was performed in the 14 patients deemed unsuitable for re-
canalization evaluated by both HR-VWTI and DSA.

DISCUSSION

This study demonstrates that HR-VWI could allow identification
of true ICA tandem occlusion in patients with apparent tandem
occlusion on MRA. Furthermore, we proposed a method for pre-
operative evaluation of recanalization.

The study also shows that the
arteries in approximately half of the
patients with an apparent tandem
ICA occlusion on DSA had patent or
focal occlusion on HR-VWI This
finding may be due to the existence
of pseudo-occlusion on luminal imag-
ing techniques, including TOF-MRA,
CTA, and DSA. Previous studies have
indicated that even specialized radiolog-
ists may not be reliably able to distin-
guish true cervical occlusion from
pseudo-occlusion in patients with
ICA nonattenuation on single-phase
CTA.®* Many studies have advocated the
use of DSA to diagnose pseudo-occlu-
sion. However, in the series studied by
Grossberg et al” 71% of patients also
showed a pseudo-occlusion on DSA.
The authors considered microcatheter
exploration to be the only method able
to accurately diagnose the location of
the occlusion. This method, however, was invasive, with a substan-
tial number of risks and potential complications. Thus, the nonin-
vasive HR-VWI could serve as a more convenient technique for
the identification of true ICA tandem occlusion.

Prominent proximal stenosis or occlusion of the extracranial
carotid or distal occlusions in the intracranial ICA could give the
appearance that the ICA was totally occluded on luminal imag-
ing. The findings in our study were consistent with those of other
recent studies.”**® Patients with isolated vessel occlusion or near-
occlusion could have overestimation and exaggeration on images
captured with these luminal imaging techniques. Normal blood
flow may be interrupted, possibly leading to an absence of signal
or nonattenuation.®?**° To the best of our knowledge, there is no
existing literature focusing on whether HR-VWI would enable
superior identification of true tandem occlusion. As a result, the
literature available to evaluate true ICA tandem occlusion using
HR-VWTI is limited. However, excellent interobserver agreement
in our study suggests that detection of true occlusion sites by HR-
VWI in patients with an absence of signal on MRA is highly
reproducible.

Recent research has shown that technical success rates in
patients with reconstitution below the clinoid segment on pre-
procedural CTA were significantly higher than in those with
reconstitution at or above the clinoid segment.22 Therefore, we
regarded the clinoid segment as the standard for suitability of
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endovascular recanalization. Because DSA was also used for re-
canalization-procedure planning, a false-positive finding of tan-
dem occlusion suggested that patients might be candidates for
the recanalization treatment. This could significantly impact deci-
sion-making for some patients who might otherwise be excluded
from selection as candidates for recanalization.’"

Notably, 10 patients in our study had intramural hematomas,
which have previously been described as being characteristic of
dissection.’>** Because the treatment for dissection is different
from that of an isolated thrombus, this finding further proves the
importance of HR-VWL

Our study had several limitations. First, given the reliance on
HR-VWI, there was a potential for ascertainment bias because
these kinds of studies may have not been documented in previous
literature and it was often difficult to have a criterion standard to
confirm the occlusions. Second, this was a retrospective study
with a relatively small sample size, but compared with other trials

8:31.34-36 \ve had a simi-

that focus on tandem or pseudo-occlusion,
lar or even relatively larger sample size. Third, although we pro-
posed a method to identify candidates for recanalization, this
method could not be well-validated due to a limited number of
surgery cases. Therefore, larger sample sizes are needed in the
future to validate the accuracy of the identification method.
Finally, we could not completely exclude the possibility of recana-
lization during the period between HR-VWT and the DSA exami-
nation; the spontaneous recanalization rate of ICA occlusion is
low, and the intervals are usually long, with an average interval of
>1 year.””*® We believe that the chance of spontaneous recanali-
zation in our patients was small because the intervals between
HR-VWTI and DSA were short, with mean intervals of 6.8 days.

CONCLUSIONS

Compared with DSA, HR-VWI could allow identification of true
ICA tandem occlusion in patients with an absence of signal on
MRA. Findings on HR-VWI can be used to identify more suita-
ble candidates for recanalization therapy.
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Radiomics Study of Thyroid Ultrasound for Predicting
BRAF Mutation in Papillary Thyroid Carcinoma:
Preliminary Results
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ABSTRACT

BACKGROUND AND PURPOSE: It is not known how radiomics using ultrasound images contribute to the detection of BRAF muta-
tion. This study aimed to evaluate whether a radiomics study of gray-scale ultrasound can predict the presence or absence of B-
Raf proto-oncogene, serine/threonine kinase (BRAF) mutation in papillary thyroid cancer.

MATERIALS AND METHODS: The study retrospectively included 96 thyroid nodules that were surgically confirmed papillary thyroid
cancers between January 2012 and June 2013. BRAF mutation was positive in 48 nodules and negative in 48 nodules. For analysis,
ROIs from the nodules were demarcated manually on both longitudinal and transverse sonographic images. We extracted a total
of 86 radiomics features derived from histogram parameters, gray-level co-occurrence matrix, intensity size zone matrix, and shape
features. These features were used to build 3 different classifier models, including logistic regression, support vector machine, and
random forest using 5-fold cross-validation. The performance including accuracy, sensitivity, specificity, positive predictive value,
negative predictive value, and area under the receiver operating characteristic curve, of the different models was evaluated.

RESULTS: The incidence of high-suspicion nodules diagnosed on ultrasound was higher in the BRAF mutation—positive group than
in the mutation—negative group (P = .004). The radiomics approach demonstrated that all classification models showed moderate
performance for predicting the presence of BRAF mutation in papillary thyroid cancers with an area under the curve value of 0.65],
accuracy of 64.3%, sensitivity of 66.8%, and specificity of 61.8%, on average, for the 3 models.

CONCLUSIONS: Radiomics study using thyroid sonography is limited in predicting the BRAF mutation status of papillary thyroid
carcinoma. Further studies will be needed to validate our results using various diagnostic methods.

ABBREVIATIONS: AUC = area under the receiver operating characteristic curve; GLCM = gray-level co-occurrence matrix; ISZM = intensity size zone ma-
trix; K-TIRADS = Korean Thyroid Imaging Reporting and Data System; mRMR = minimum redundancy maximum relevance; PTC = papillary thyroid carcinoma;

US = ultrasound

Papillary thyroid carcinoma (PTC) is the most common type
of thyroid malignancy and accounts for the rapidly increasing
incidence of thyroid cancer worldwide."” The B-Raf proto-onco-
gene, serine/threonine kinase (BRAF) mutation plays a central role
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in the pathogenesis of PTC, promoting carcinogenesis through
the action of the mitogen-activated protein kinase pathway.>*
The frequency of the BRAF mutation in PTC has been reported
to range from 29% to 83% and is known to be the most com-
mon genetic alteration in PTC.>® Many studies have reported
that the BRAF mutation is associated with poor clinicopatho-
logic outcomes, such as a high incidence of advanced clinical
stage, extrathyroidal extension, and increased recurrence.®”
These results suggest that preoperative knowledge of the BRAF
mutation status can be helpful in categorizing patients as
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high risk and planning an appropriate treatment strategy.
According to 2015 American Thyroid Association guidelines,
active surveillance of PTC has emerged as a safe alternative to
surgical intervention in low-risk patient with PTCs.'® In this
era, preoperative knowledge of the BRAF mutation status can
be one of preoperative modulators for planning an appropri-
ate treatment strategy, such as the determination of an early
surgical intervention.

Several studies have investigated whether gray-scale ultrasound
(US) findings could predict the presence of the BRAF mutation in
PTC and have reported controversial results. Kabaker et al''
reported that most of the suspicious US findings, including a
taller-than-wide shape, ill-defined margin, hypoechogenicity, calci-
fications, and absent halo were associated with BRAF mutation
positivity, and Hahn et al'* reported that hypoechogenicity and
nonparallel orientation were associated with BRAF mutation posi-
tivity. Conversely, other studies have found no close correlation
between suspicious US features and the BRAF mutation.”'>'*

With these various results, visual interpretation of US images
has limitations, including a high dependency on the radiologist’s
experience and interobserver variation. In addition, substantial
objective information from the image may not be evaluated
through visual interpretation. Radiomics, which automatically
extracts innumerable high-dimensional features from images, has
recently emerged and shows promising results for decision sup-
port."> Previous studies have reported that histograms and texture
analyses of US are useful for differentiating benign and malignant
thyroid nodules.'**! To our knowledge, there have been no pub-
lished studies aimed at identifying the presence of BRAF mutation
using radiomics features of US.

Therefore, the purpose of this study was to evaluate whether
radiomics study of gray-scale US could predict the presence or
absence of BRAF mutation in PTC.

MATERIALS AND METHODS

Patient Selection

The institutional review board of our institution (Samsung
Medical Center) approved this retrospective study. We retro-
spectively reviewed our institutional data base to identify
patients with surgically confirmed PTC who underwent preop-
erative thyroid US and successful DNA sequencing for BRAF
mutations between January 2012 and June 2013. The exclusion
criteria were as follows: 1) nodule diameter of <10 mm in
small nodules because the ROI method has lower accuracy and
current guidelines do not recommend fine-needle aspiration
for nodules with a diameter of <10 mm;*>** 2) lack of precise
correlation between pathology, the BRAF mutation study, and
US findings in patients with multiple nodules; and 3) both
transverse and longitudinal US images not being available.
Finally, this study included a total of 96 PTCs from 96 patients
(mean age, 44.9 * 13.2years; range, 19-77 years). The final
surgical diagnoses and BRAF mutation results of the thyroid
nodules were analyzed.

US Examinations and Image Evaluation
All patients underwent preoperative thyroid US using an
iU22 Vision 2010 machine (Philips Healthcare, Seattle,

Washington) with a commercially available 7- to 12-MHz
linear-array transducer. All scans were performed by 1 of 7
radiologists with between 2 and 15years of experience in
thyroid US. Longitudinal and transverse images were
obtained for each nodule.

One radiologist (M.-r.K.) retrospectively reviewed preopera-
tive US and assessed image features, and another radiologist
(J.H.S.) with 15 years of experience in thyroid US supervised this
step. According to the Korean Thyroid Imaging Reporting and
Data System (K-TIRADS),? all thyroid nodules were evaluated
for internal content, echogenicity, shape, orientation, margin,
and calcifications. The final category assessment was divided into
5 categories according to the K-TIRADS as follows: category 1,
no nodule; category 2, benign nodule; category 3, low-suspicion
nodule; category 4, intermediate-suspicion nodule; and category
5, high-suspicion nodule.

Radiomics Feature Analysis

The most representative transverse and longitudinal images of
each tumor were selected for radiomics feature extraction. An
ROI in the thyroid tumor was delineated manually along the
border of each tumor on representative US images using
MRIcron software (http://www.mricro.com/mricron) by 2
radiologists (M.-r.K. and J.H.S.). The intraclass correlation
coefficient was computed to assess the reproducibility of fea-
tures using 2 sets of ROIs. The first set of ROIs was used for
the radiomics analysis.

A total of 86 radiomics features were extracted using
open-source radiomics software, Py-Radiomics (https://
www.radiomics.io/pyradiomics.html).>*  Forty-three fea-
tures were computed for each technique (transverse and
longitudinal images). Features computed from both orienta-
tions were considered. The features were grouped into shape
(6 features), histogram-based (19 features), intensity size
zone matrix (ISZM, 2 features), and gray-level co-occur-
rence matrix (GLCM, 16 features). The histogram-based
features were computed from 64-bin histograms calculated
over the intratumoral intensity range. The GLCM features
assess textural information and reflect intratumoral hetero-
geneity using a 2D histogram with 64 bins. A total of 8 mat-
rices corresponding to eight 2D directions with an offset of
1 were computed and then averaged to yield a single matrix.
The averaged matrix was used to compute the GLCM fea-
tures. The ISZM features were also related to texture using
blobs of similar intensity and differing sizes. We con-
structed a 32 x 256 matrix in which the first dimension was
binned intensity and the second dimension was the size of
the blobs. Further details regarding the features are given in
On-line Tables 1-3.

Due to the lack of external validation data, we applied 5-fold
cross-validation to separate our data into training and test sets
to reduce overfitting. Models were built using the training set
only and tested on a left-out test set. Each model was trained
using 80% of the data (n = 77) and later tested on the
remaining 20% of the data (n=18). Feature selection was
performed using minimum redundancy maximum rele-
vance (mRMR) from the training set.?> The number of
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chosen features of mRMR was set using a grid search
between 3 and 11. Within the cross-validation, the opti-
mal number of features was chosen on the basis of the
maximum performance in the test set on average for the 3
classifiers (On-line Figure). The selected features were
used as input to train 3 different classifier models, includ-
ing logistic regression, support vector machine using the
linear kernel, and random forest with 50 trees. As for tun-
ing the hyperparameters of the support vector machine,
we tried different kernels, including linear, quadratic, and
radial basis functions for the support vector machine, and
linear kernel worked the best. The random forest classifier
has feature-selection capabilities. However, the other 2
models, logistic regression and support vector machine,
do not have such capabilities. We adopted an external fea-
ture-selection procedure (ie, mRMR) so that all 3 models

Table 1: Clinical and tumor characteristics of study population

were subjected to the same feature-selection procedure.
The trained classifiers were further tested on a left-out
test fold. Because we adopted 5-fold cross-validation, we
repeated the procedures of feature selection, model train-
ing, and testing steps 5 times, each time leaving out a dif-
ferent test fold. The performance of the classifier models
was assessed on the basis of accuracy, sensitivity, specific-
ity, positive predictive value, negative predictive value,
and area under the receiver operating characteristic curve
(AUCQ).

Statistical Analysis

To compare BRAF mutation-positive and -negative PTCs, we
analyzed categoric variables using a y” or Fisher exact test, while
continuous variables were analyzed using a Student ¢ test. A P
value < .05 was considered statistically significant.

RESULTS

The clinical, pathologic, and imaging

BRAF (+) PTC (n = 48) BRAF (=) PTC (n=48) P Value findings of 96 patients are shown in
Age (mean) (yr) 46.9 *13.8 428 =124 13 Tables 1 and 2. Among the total of 96
Se);A 1 (229) 7 (4.6) 27 patients, 78 were women (mean age,
F 37 (77:]) a (85..4) 45.1 * 13.9years; range, 19-77 years)
Tumor size (mean) (cm) 159 = 0.57 187 =105 12 and 18 were men (mean age, 43.9 =
Central lymph node metastasis 15 10.2 years; range, 21-62 years).
No 16 (33.3) 24.(50.0) The 96 nodules consisted of 48
Ve ) 32(667) 24 (50.0) BRAF mutation—positive PTCs and 48
Lateral lymph node metastasis >99 . . .
No 38 (79.2) 38 (79.2) BRAF mutation—negative PTCs. Clinical
Yes 10 (20.8) 10 (20.8) characteristics, including patient age and

Table 2: Relationship between BRAF mutation and US imaging characteristics by visual

assessment of papillary thyroid carcinomas

sex, were not significantly different. The
mean tumor size was 1.73 * 0.85cm
(range, 1-6 cm). The mean tumor size
was not significantly different between

BRAF (+) PTC (n = 48)

BRAF (—) PTC (n = 48)

P Value the 2 groups (BRAF mutation—positive

Internal content

16 group: 1.59 £ 0.57 cm; BRAF muta-

Solid 46 (95.8) 41(85.4) tion—negative group: 187 * 1.05cm,
Predominantly solid 2(42) 7(14.6) P = .12). Central and lateral lymph node
chxginlg;tyh boi 2 (@17) 8 (167) 012 metastases were not significantly differ-
arkedly hypoechoic . . _ -~ .
e ot 23 (47.9) 26 (54.2) ent (P = .15 and P = 1.00, respectively).
eadhsie 5 (10.4) 13(27]) Among US characteristics, echogenicity
Hyperechoic 0(0.0) 1(2)) was significantly different between the 2
Shape .08 groups (P = .012). BRAF mutation
:{cr:iiﬂatro oval 3]2 g:g; gg 545‘1373?) positive groups significantly showed
Orientation ’ ' 007 nonparallel orientation (P = .007)
Nonparallel 26 (54.2) 13(27]) (Table 2). The incidence of K-TIRADS
Parallel 22 (45.8) 35 (72.9) category 5 (high suspicion) was higher
Margin _ 66 than that of K-TIRADS 3 (low suspi-
Islﬁg:#feej/ microlobulated 32 gz;) 3;%%456)) cion) or 4 (intermédiate sgs.picion) in
St 9 (18.8) 1(229) the BRAF mutation—positive group
Calcification 33 (P = .004). The intraclass correlation
No 18 (37.5) 16 (33.3) coefficient of 86 features was a mean of
Microcalcification 19 (39.6) 22 (45.8) 0.89 + of 0.09 as shown in On-line
Macrocalcification 6 (12.5) 9 (18.8) Table 4
Rim calcification 5 (10.4) 1(27) ) L
Final K-TIRADS category 004 We adopted 5-fold cross-validation;
3 (Low suspicion) 1(2) 3(6.3) thus, the selected features varied from
4 (Intermediate suspicion) 9 (18.8) 22 (45.8) fold to fold. There were 2 features that
5 (High suspicion) 38 (79.2) 23 (47.9) were selected >3 times: the mean
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(histogram) of the longitudinal image and informational measure
of correlation (GLCM) of the longitudinal image. We reported
the mean values of the performance metric along with confidence
intervals over the 5 folds in On-line Table 5. The averages for the
3 classifier models were as follows: accuracy, 64.3% (range,
63.68%-64.68%); sensitivity, 66.8% (range, 64.67%-70.89%);
and specificity, 61.8% (range, 58.22%-64.67%). The receiver
operating characteristic of the 3 models yielded a relatively low
AUC of 0.65 on average (range, 0.6446-0.6562) (Figure).

We also performed a different feature-selection approach (ie,
Pearson correlation-based feature selection) to see if it led to bet-
ter performance. We computed the correlation between all possi-
ble pairs of features, and if the correlation exceeded 0.5, we kept
the feature that had a higher correlation with the mutation status
for a given pair of features. After feature selection, 3 models were
trained and tested. The results of 3 classifiers using a simple
Pearson correlation-based feature selection are given in On-line
Table 6. Results showed that training performance was better
than those using the mRMR feature selection, but test perform-
ance was worse, which implied that models were overfitting. The
averages for the 3 classifier models were as follows: accuracy,
58.6% (range, 56.16%-60.42%); sensitivity, 63.9% (range,
60.44%-66.89%); and specificity, 53.8% (range, 52.22%-56.67%).
The receiver operating characteristic of the 3 models yielded a rel-
atively low AUC of 0.61 on average. The test performance in
terms of AUC showed the lower bound of the confidence interval
as 0.52, slightly above the chance level (ie, 0.50).

DISCUSSION

Since the introduction of radiomics, many previous studies have
tried to investigate the relationship between image characteristics
and genetic mutations in various malignancies, including lung,
colon, brain, and breast cancers.**** They proposed a CT- or MR
imaging-based radiomics model to detect gene mutation status
as a noninvasive method. These models were useful to predict the
presence of gene mutations in malignancies.

To our knowledge, this is the first study to apply radiomics in
the estimation of BRAF mutation in patients with PTC. We eval-
uated the ability of radiomics, using various machine learning
approaches, to help predict the presence of the BRAF mutation in
patients with PTC. In our study, BRAF-mutated PTCs tended to
show nonparallel orientation and marked hypoechogenicity, sim-
ilar to findings in some previous studies.'>"> Although visual
assessment of thyroid nodules suggested that high-suspicion find-
ings on US were significantly more frequent in BRAF-mutated
PTCs, radiomics demonstrated that all classification models failed
to show excellent performance for predicting the presence of
BRAF mutation in PTCs.

Radiomics is usually performed using tomographic images,
including CT, MR imaging, or PET images because these modal-
ities can acquire 3D volume data and data acquisition can be
standardized by setting scan parameters of the machines so that
they are identical.'”® US has several limitations in quantitative
analysis in contrast to tomographic images: Only 2D data can be
acquired through this technique along with lack of representative
features due to a limited amount of image data, operator depend-
ency, and dependency on US machines.*® These factors may have

FIGURE. Heatmap showing the correlation of radiomics features
with BRAF mutation prediction after feature selection using mRMR.
Red indicates higher correlation relative to blue.

affected our results. However, US is the most widely used stand-
ard imaging tool in thyroid pathology and is very helpful in dis-
criminating between malignant and benign thyroid nodules.
Until now, a number of studies have been published that have
reported that quantitative features extracted from US images
have favorable results.'®>' Further studies with a larger amount
of data will be necessary.

In our study, 3 different classifiers were applied to demon-
strate the effectiveness of the chosen features. A simple model,
such as logistic regression, has few parameters and is interpreta-
ble; conversely, complex models, such as support vector machine
and random forest, are difficult to interpret and have many pa-
rameters. No superiority among the classifiers was noted in this
study, and the difference among the AUCs of the 3 classifiers was
very small; this finding indicates that choosing any classifier did
not affect the overall performance. One possible reason for this
result could be that the selected features were not very effective;
thus, the results remained comparable regardless of the simple or
complex classifier model.

In many studies using machine learning, the performance of
the unseen test set tends to be lower than that of the training set
because data overfitting might occur in the training set. In particu-
lar, using too many trees in the random forest classifier might
inflate the performance measures in the training set.’’ We con-
ducted a Pearson correlation, one of the other ways to perform fea-
ture selection. Results showed that training performance increased,
but test performance decreased; these findings imply that the
selected features overfitted the training data.

Two features, mean (histogram-based feature) and informa-
tional measures of correlation (texture feature) of the longitudinal
image, were selected >3 times. Thus, they were important fea-
tures to explain the BRAF mutation. There was a relatively small
overlap between the 2 features when we computed a Pearson cor-
relation (r=0.15 with P = .14). The mean value reflects echoge-
nicity of the ROI, which is compatible with our visual assessment
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of US images.'"® The informational measure of correlation is
related to the heterogeneity of the ROI and thus could have a
potential correlation with pathology. BRAF genetic alterations
coexist in thyroid tumors in which some cells provide a basis for
mutation and others do not have mutations, forming intratumor
heterogeneity. Intratumor heterogeneity may foster tumor evolu-
tion and adaptation.*>**

Our study had several limitations. First, this was a retrospective
study from a single institution, which introduces the possibility of
selection bias. Additionally, the small datasets in our study made it
difficult to achieve reliable results. With added samples, applying
deep learning approaches combined with electronic medical
records might be possible; this process might improve the overall
performance. Second, although preoperative US was performed
with the same US machine set with similar parameters to avoid
equipment-based variability, this feature and patient-related factors
may still have influenced the pixel intensity of US images.*® Third,
we focused on predicting the BRAF status of patients with papillary
thyroid cancer. Our main goal was not to contrast healthy controls
and patients with papillary thyroid cancer. Still, including healthy
controls would lead to less positive bias. Last, the lack of external
validation data is also a limitation of this study. Our results from
this study need to be further validated in a larger dataset to better
assess their potential clinical use.

CONCLUSIONS
Our preliminary study shows that radiomics study of thyroid US
was limited in predicting BRAF mutation in PTC.

Disclosures: Hyunjin Park—RELATED: Grant: Institute for Basic Science, National
Research Foundation of Korea, Ministry of Science and information and communi-
cation technology, Institute for Information and Communication Technology
Promotion.* *Money paid to the institution.
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Comparison of Enhancement of the Vestibular Perilymph

between Variable and Constant Flip Angle—Delayed 3D-FLAIR

Sequences in Meniére Disease

M. Eliezer
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ABSTRACT

BACKGROUND AND PURPOSE: Endolymphatic hydrops in patients with Meniére disease relies on delayed postcontrast 3D-FLAIR
sequences. The purpose of this study was to compare the degree of perilymphatic enhancement and the detection rate of endo-
lymphatic hydrops using constant and variable flip angles sequences.

MATERIALS AND METHODS: This was a retrospective study performed in 16 patients with Meniére disease who underwent 3T MR
imaging 4 hours after gadolinium injection using two 3D-FLAIR sequences with a constant flip angle at 140° for the first and a heav-
ily-T2 variable flip angle for the second. The signal intensity ratio was measured using the ROl method. We graded endolymphatic
hydrops and evaluated the cochlear blood-labyrinth barrier impairment.

RESULTS: Both for symptomatic and asymptomatic ears, the median signal intensity ratio was significantly higher with the constant
flip angle than with the heavily-T2 variable flip angle (7.16 versus 154 and 7.00 versus 145, P <.001). Cochlear blood-labyrinth barrier
impairment was observed in 4/18 symptomatic ears with the heavily-T2 variable flip angle versus 8/19 with constant flip angle
sequences. With heavily-T2 variable flip angle sequences, endolymphatic hydrops was observed in 7-10/19 symptomatic ears versus
12/19 ears with constant flip angle sequences. We found a significant association between the clinical symptomatology and the
presence of endolymphatic hydrops with constant flip angle but not with heavily-T2 variable flip angle sequences. Interreader
agreement was always perfect with constant flip angle sequences while it was fair-to-moderate with heavily-T2 variable flip angle

sequences.

CONCLUSIONS: 3D-FLAIR constant flip angle sequences provide a higher signal intensity ratio and are superior to heavily-T2 vari-
able flip angle sequences in reliably evaluating the cochlear blood-labyrinth barrier impairment and the endolymphatic space.

ABBREVIATIONS: BLB = blood-labyrinth barrier; CFA = constant flip angle; EH = endolymphatic hydrops; hVFA = heavily-T2 variable flip angle; MD =
Meniére disease; SIR = signal intensity ratio; VFA = variable flip angle

M eniére Disease (MD), consisting of recurrent spells of
spontaneous vertigo and fluctuating aural symptoms, is
associated with endolymphatic hydrops (EH), which is an accu-
mulation of excessive endolymph fluid in the inner ear, but also
with blood-labyrinth barrier (BLB) impairment.'”

During the past decade, to define EH on MR imaging, most
studies have used the semiquantitative grading system introduced
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by the nakashima et al., while some authors have suggested that
this grading system was not specific.> On the basis of these find-
ings, an anatomic grading system based on the saccular morphol-
ogy in combination with cochlear BLB impairment has been
introduced.*”

There are 2 reported methods for contrast media administra-
tion: intratympanic and intravenous.>” The main advantage of
an intratympanic administration is a higher perilymphatic con-
trast, allowing the use of 3D-real inversion recovery sequences,
which are less sensitive to gadolinium but enable the visualiz-
ation of endolymph, perilymph, and bone in a single image.*’
However, due to its invasiveness, the intratympanic method has
been replaced by the intravenous method.” It requires a shorter
waiting time (4hours) and allows the evaluation of the perme-
ability of the BLB in both ears. 3D-FLAIR sequences, which are
more sensitive to T1-shortening than 3D-real inversion recovery
sequences, were adjusted to enable the best evaluation of EH."
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FIG 1. A 42-year-old woman with right possible MD. Axial 3D-FLAIR CFA at the level of the lateral
semicircular canal (A) shows a normal utricle (white arrow) and lateral ampulla (right dotted
arrow). C, Axial 3D-FLAIR CFA through the inferior part of the vestibule shows a normal saccule
(white arrow) and posterior ampulla (white dotted arrow). Axial 3D-FLAIR heavily-T2 VFA at the
level of the lateral semicircular canal (B) shows a normal utricle (white arrow), while the lateral
ampulla (right dotted arrow) is barely visible. D, Axial 3D-FLAIR heavily-T2 VFA through the infe-
rior part of the vestibule shows a normal saccule (white arrow) and posterior ampulla (white dot-

ted arrow).

In the same way, a postprocessing technique implying a
fusion of gray-scale inverted positive endolymph with native
positive perilymph images has been developed to overcome the
lower contrast obtained after intravenous injection.'’ Other authors
reported that 3D-FLAIR sequences using a constant flip angle
(CFA) instead of a variable flip angle (VFA), without postprocessing,
were self-sufficient to provide a good contrast-to-noise ratio."**
However, to this day, VFA sequences remain more widespread than
CFA sequences because of their lower specific absorption rate depo-
sition and enable reducing scan times by increasing the echo-train
length without blurring."

In a previous study, Naganawa et al'® stated that the 3D-
FLAIR heavily-T2 variable flip angle (hVFA) was superior to
CFA sequences in improving the contrast-to-noise ratio and the
recognition of the endolymphatic space compartments. Yet, dif-
ferent acquisition parameters between both sequences were used;
thus, no proper comparison should be made.

The purpose of this study was to compare the degree of peril-
ymphatic enhancement and the detection rate of EH in patients
with MD using CFA and hVFA sequences with equivalent techni-
cal parameters.

MATERIALS AND METHODS

Patients

This was a retrospective imaging study approved by our insti-
tutional review board (Lariboisiere University Hospital; IRB
2214440) and conducted between December 2018 and March

2019. Patients with a clinical diagnosis
of definite, probable, and possible MD
based on the 1995 American Academy
of Otolaryngology-Head and Neck
Surgery recommendations were in-
cluded."” Patients with a history of
intratympanic treatment or opera-
tions were excluded.

Audiometric Test

The mean pure-tone average hearing
levels measured at 500, 1000, 2000, and
4000Hz in each ear were evaluated.
When symptoms were bilateral, we con-
sidered both ears as symptomatic.

Imaging

MR imaging examinations were per-
formed on a 3T Magnetom Skyra
scanner (Siemens, Erlangen, Germany)
with a head/neck 64 coil. All patients
underwent MR imaging 4 hours after a
single intravenous dose of gadobutrol
(Gadovist, 0.1 mmol/kg, 1mmol/mL;
Bayer Schering Pharma, Berlin,
Germany), which provided high con-
trast in the labyrinth.'® We performed
two 3D-FLAIR MR imaging sequen-
ces. The first was acquired with a CFA
(140°) and the second with a VFA.

We performed the 3D-FLAIR sequences with the following
parameters: FOV = 140 x 140 mm, TR = 10,000 ms, TE =
640 ms, TI = 2600 ms, matrix size = 256 X 256 mm, NEX = 2,
generalized autocalibrating partially parallel acquisition = 2,
section thickness = 0.8 mm, scan time = 7 minutes 50 seconds.

Imaging Analysis

For each patient, MR images were evaluated independently with
Carestream Vue (Carestream health) 12.1 by 2 readers (A = S.N.
and B = M.E.) with, respectively, 1 and 6 years of experience in
inner ear imaging, blinded to the clinical data.

Quantitative Assessment. Quantitative assessment of the BLB
permeability was performed with the ROI method, as previously
reported.'* A 5-mm? circular ROI was placed in the basal turn of
the cochlea and a 50- mm? circular ROI was placed at the same
level in the medulla. The signal intensity ratio (SIR) was defined
as the signal intensity of the basal turn divided by that of the me-
dulla. The mean SIR value was calculated for each ear.

Qualitative Assessment. We verified the presence of the follow-
ing structures (Fig 1): 1) the saccule, an area of hypointense signal
located at the medial and anterior walls of the vestibule at the
level of the oval window;'>® 2) the utricle, an elliptic area of
hypointense signal located in the superior part of the vestibule at
the level of the lateral semicircular canal;'**° and 3) the ampulla
of each semicircular canal, an area of hypointense signal sur-
rounded by perilymphatic fluid.
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FIG 2. A 63-year-old woman with right definite MD. A, Axial CFA at the level of the basal turn of
the cochlea shows a marked right cochlear BLB impairment compared with the left side (white
arrow). B, The right cochlear BLB impairment (white dotted arrow) is less obvious with hVFA.

We used a modified EH grading system according to Bernaerts
et al” and defined the presence of EH when the saccule became equal
to or larger than the utricle or when there was a confluence of the
saccule and utricle.* We also assessed the presence of cochlear BLB
impairment, defined as a subjective marked perilymphatic enhance-
ment in the basal turn of the cochlea (0, no BLB impairment; 1, BLB
impairment) relative to the contralateral cochlea, as previously
reported.”

A visual assessment based on a binary scale was performed to
evaluate the distinction between the utricle and the saccule, and
the ampullas from the perilymphatic space (0, no distinction;
1, distinction).

Statistical Analysis

Data were analyzed using R statistical and computing software,
Version 3.3.2 (http://www.r-project.org/). Comparison of SIR
between CFA and hVFA sequences was assessed with the
Wilcoxon signed ranked test. Comparison of the SIR between
symptomatic and asymptomatic ears was assessed by the Mann-
Whitney test. Comparison for visual assessment between CFA
and hVFA sequences was made using the Fisher exact test.
Interreader agreement was calculated with the Cohen k coeffi-
cient, to evaluate the reproducibility of the qualitative analysis.
Continuous data were expressed as medians (Q1; Q3) and ranges.
Categoric data were expressed as frequencies and percentages.
Significance was set at P < .05.

RESULTS

Population

Sixteen patients with MD (10 women and 6 men, 7 with right-
sided MD, 6 with left-sided MD, and 3 with bilateral MD) with a
median age of 46 years (Q1: 43 years, Q3: 52 years; range, 35-68
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years) were included in this study. A
total of 32 ears were analyzed, includ-
ing 19 symptomatic and 13 asymp-
tomatic ears.

The median of the pure-tone aver-
age levels in the symptomatic ears was
23dB (Q1: 17 dB, Q3: 50 dB; range, 4-
73 dB), and 15dB (QI: 15 dB, Q3: 19
dB; range, 3-34 dB) in the asymptom-
atic ears.

MR Imaging Data
Quantitative Analysis. For the symp-
tomatic ears, the SIR was significantly
lower with hVFA (median, 1.54; Ql:
1.44, Q3: 1.84; range, 0.93-2.55) than
with CFA (median, 7.16; Q1: 5.65, Q3:
8.46; range, 4.39-15.71) (P < .001).
For the asymptomatic ears, there
were also significant differences in the
SIR between hVFA (median, 1.45; Q1:
1.30, Q3: 1.68; range, 1.10-1.91) and
CFA sequences (median, 7; Q1: 5.85,
Q3: 7.6; range, 4.65-11.04) (P < .001).
No significant differences in the SIR were found between sympto-
matic and asymptomatic ears, either with CFA (P = .70) or hVFA
sequences (P=.25).

Qualitative Analysis. Cochlear Blood Labyrinth Barrier Impairment.
With hVFA sequences (Fig 2), cochlear BLB impairment was
observed in 6/32 ears (18.7%) (6/19 symptomatic and 0/13 asymp-
tomatic ears) according to reader A and 4/32 ears (12.5%) according
to reader B (4/19 symptomatic, 0/13 asymptomatic ears). The Cohen
k coefficient was 0.53. There was no significant association between
cochlear BLB impairment and clinical symptomatology (P=.06 for
reader A and P = .12 for reader B).

With CFA sequences (Fig 2), cochlear BLB impairment was
observed in 8/32 ears (25.0%) according to both readers (8/19 sympto-
matic and 0/13 asymptomatic ears). Interreader agreement was perfect
(Cohen k coefficient = 1). There was a significant association between
cochlear BLB impairment and clinical symptomatology (P = .01).

Data are summarized in the On-line Table.

Endolymphatic Hydrops. With hVFA sequences (Fig 3), EH was
observed in 13/32 ears (40.6%) according to reader A (10/19 symp-
tomatic and 3/13 asymptomatic ears) and 10/32 ears (31.3%)
according to reader B (7/19 symptomatic and 3/13 asymptomatic
ears). The Cohen « coefficient was 0.26. There was no significant
association between the clinical symptomatology and the presence
of EH (P = .15, OR = 3.55; 95% CI, 0.63-26.62; and P = .47, OR =
1.90; 95% CI, 0.32-14.47, according to readers A and B respectively).

With CFA sequences (Fig 3), both readers reported EH in 14/32
ears (43.7%: 12/19 symptomatic and 2/13 asymptomatic ears). The
Cohen « coefficient was 1. We found a significant association between
the clinical symptomatology and the presence of EH (P = .01, OR =
8.73; 95% CI, 1.33 — 103.73).

Data are summarized in the On-line Table.
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FIG 3. A 42-year-old woman with right possible MD. Right axial CFA (A) and hVFA (B) sequences
through the inferior part of the vestibule show a normal saccule (white arrow) and posterior
ampulla (white dotted arrow) in both sequences. A 43-year-old man with a right definite MD.
Right axial CFA (C) and hVFA (D) sequences through the inferior part of the vestibule show saccu-
lar hydrops (white arrow) in both sequences. A 35-year-old woman with a right possible MD.
Right axial CFA (E) and hVFA (F) sequences through the inferior part of the vestibule and the pos-
terior ampulla (white dotted arrow). With the CFA sequence, the right saccule appears normal

4/13 asymptomatic ears) and 10/32
ears (31.3%) according to reader B (8/
19 symptomatic and 2/13 asymptom-
atic ears). The Cohen k coefficient
was 0.31. The distinction of the lateral
ampulla was not possible in 17/32 ears
(53.1%) according to reader A (10/19
symptomatic and 7/13 asymptomatic
ears) and 21/32 (65.6%) according to
reader B (12/19 symptomatic and 9/13
asymptomatic ears). The Cohen «
coefficient was 0.49. For both read-
ers, the absence of discrimination of
the ampullas was not significantly
related to the clinically symptomatic
ear or the presence of endolymphatic
hydrops.

With CFA sequences (Fig 3), the
distinction between the utricle and the
saccule was not possible in 10/32 ears
(31.3%) for both readers (9/19 symp-
tomatic and 1/13 asymptomatic ears).
The Cohen k coefficient was 1.
Among the 10 ears in which the dis-
tinction between the utricle and the
saccule was not possible, EH was
identified in all ears according to
both readers. There was a significant
association between the absence of
utricle/saccule discrimination and the
clinically symptomatic ear (OR =
0.09; 95% CI, 0.01-0.93; P = .02).

The distinction of the lateral and
posterior ampullas was always ob-
served for both readers. Interreader
agreement was perfect (Cohen « coef-
ficient = 1).

Data are summarized in the On-
line Table.

(white arrow). With the hVFA sequence, reader A described a right saccular hydrops, while reader
B defined the right saccule as normal. The saccule (white arrow) and the posterior and lower

parts of the utricle (white arrowhead) were confluent without expansion of these 2 structures.

Endolymphatic Space Evaluation. With hVFA sequences (Fig 3),
the distinction between the utricle and the saccule was not possi-
ble in 13/32 ears (40.6%) according to reader A (8/19 sympto-
matic and 5/13 asymptomatic ears) and 13/32 ears (40.6%)
according to reader B (9/19 symptomatic and 4/13 asymptomatic
ears). The Cohen k coefficient was 0.35. For both readers, there
were no significant differences in the distinction between the utri-
cle and the saccule whether the patient was symptomatic or not
(P=1 for reader A and P=.47 for reader B). Among the ears in
which the distinction between the saccule and the utricle was not
possible, EH was described in only 6/13 ears (46.2%) according to
reader A and 9/13 ears (69.2%) according to reader B.

The distinction of the posterior ampulla was not possible in
12/32 ears (37.5%) according to reader A (8/19 symptomatic and

DISCUSSION

We demonstrated that CFA was supe-
rior to hVFA sequences for evaluating
the SIR, cochlear BLB impairment, and the endolymphatic space,
with high reliability.

MR imaging evaluation of the endolymphatic space is based
on the difference in signal between the endolymphatic and peril-
ymphatic spaces due to the selective enhancement of the perilym-
phatic space after contrast media administration. In our study,
SIR, which is an indirect evaluation of the contrast-to-noise ratio,
was significantly higher with CFA than hVFA sequences.
Naganawa et al'! have reported the opposite association, yet the
parameters of these 2 sequences were not strictly similar; thus, no
proper comparison should be made.

In the literature, hVFA sequences are most commonly used
for the diagnosis of EH because they allow keeping the high sig-
nal amplitude through the long readout duration.'® After a 90°
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radiofrequency pulse, equally spaced 180° radiofrequency pulses
are the most appropriate ones to refocus transverse magnetiza-
tion generating a train of spin echoes without compromising
longitudinal relaxation. However, constant high flip angle refo-
cusing radiofrequency pulses are responsible for high-power
deposition in tissues, which must be monitored in the brain due
to the specific absorption rate regulatory limits (2 W/kg)."” VFA
radiofrequency pulses have been designed to provide higher sig-
nal amplitude and low specific absorption rate deposition, by
maintaining a transverse magnetization as well as using longitu-
dinal magnetization to contribute to the signal during sequence
readouts. It is based on the principle of stimulated echo, which
cannot be reached by a 180° CFA. One of the consequences is a
decrease in contrast in T1 due to a permanent residual trans-
verse magnetization but also lower flip angle values. This is an
obvious impediment in the EH imaging, in which the main
focus is to highlight the shortening of the longitudinal relaxation
induced by gadolinium. Thus, a constant 140° radiofrequency
pulse has been found to be the best compromise to limit stimu-
lated echoes, as well as specific absorption rate deposition. In
our study, specific absorption rate deposition was around 0.03-
0.05 W/kg with hVFA and 0.16-0.22 W/kg with CFA sequences.

We found a strong correlation between the cochlear BLB
impairment and the symptomatic ear with CFA (P = .01) but
not with hVFA sequences (P = .06 for reader A and P = .13 for
reader B). Hydrops protocol enables the assessment of not only
the endolymphatic space but also the permeability of the BLB,
which might be slightly impaired in MD but also in various
inner ear diseases.'>'**!"** Various authors have demonstrated
that some patients with MD could also have cochlear BLB
impairment, either isolated or in association with EH.>?*
Therefore, we recommend the use of CFA instead of hVFA
sequences to evaluate the permeability of the BLB with a high
reliability.

The distinction between the utricle and the saccule is crucial
because the diagnosis of EH on MR imaging relies on the pres-
ence of saccular dilation.* However, in cases of severe dilation,
one can observe an expansion of the dilation from the saccule to
the utricle, making it impossible to distinguish these 2 structures.
With CFA sequences, this distinction was not possible in 10 ears
because EH was identified in all of them according to both read-
ers. By contrast, with hVFA sequences, the utricle and the saccule
could not be distinguished in 7 and 4 ears (respectively, for read-
ers A and B), while no sign of EH was observed. Indeed, we
observed cases in which the saccule and the utricle were not
dilated but seemed to be confluent at a focal point with surround-
ing perilymphatic space.

EH in the asymptomatic ears was observed in 3 patients with
MD with hVFA and CFA sequences. However, with hVFA
sequences, both readers were in agreement on only 1 of these 3
patients. In the literature, the rate of EH in asymptomatic ears on
MR imaging ranges from 20% to 65%.”*” Here, we propose the
hypothesis that previously published discrepancies may be related
to the use of different flip angle parameters in addition to the dis-
ease itself.

The distinction of the ampullas from the surrounding peril-
ymphatic space is a strong indicator of the spatial resolution of
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the sequence, which is highly recommended for hydrops proto-
col. Although ampullar hydrops is uncommon, lately, it has
been reported that some patients with atypical acute vestibular
syndrome could present with a collapse of the endolymphatic
space of the pars superior (utricle and ampullas).?® With CFA
sequences, the visualization of the ampullas was possible in all
cases, while this evaluation was more inconsistent with hVFA
sequences.

Therapeutic Applications

The treatment of MD is based on lifestyle change and various drug
therapies for the management of vertigo.”> More invasive treatments
such as endolymphatic sac surgery, vestibular nerve section, or intra-
tympanic drugs can be suggested in cases of medical treatment fail-
ure.**** The pathophysiologic effect of endolymphatic sac surgery is
still widely discussed and could be further discussed in light of
results from the MR imaging hydrops protocol, suggesting that ves-
tibular neurectomy should be preferred to control vertigo in patients
without saccular hydrops.

Our study has several limitations, first, by its retrospective na-
ture. Second, because 15% of patients with MD might present with
EH on the contralateral asymptomatic ear, the presence of a con-
trol group would have been interesting. We had no possibility of
quantifying the volume of the vestibular endolymphatic space in
vivo; thus, it was not possible to assess whether the observed radio-
logic hydrops is well-correlated with the true presence of an endo-
lymphatic hydrops in histopathology. Another limitation of our
study was the small number of patients, which could explain some
nonsignificant results. However, those results were only related to
the hVFA sequences but never to the CFA sequences.

CONCLUSIONS

The diagnosis of EH in patients with MD can be difficult on MR
imaging because it requires fine analysis of small anatomic
structures. When performing hydrops protocol, radiologists
should keep in mind that FLAIR sequences require optimal pa-
rameters to evaluate the endolymphatic space and the perme-
ability of the BLB accurately. We demonstrated that CFA
sequences provided higher SIR and were superior to hVFA
sequences in reliably evaluating the cochlear BLB impairment
and the endolymphatic space.
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Involvement of the Olfactory Apparatus by Gliomas
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=
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ABSTRACT

SUMMARY: The olfactory bulbs and tracts are central nervous system white matter tracts maintained by central neuroglia.
Although rare, gliomas can originate from and progress to involve the olfactory apparatus. Through a Health Insurance Portability
and Accountability Act—compliant retrospective review of the institutional teaching files and brain MR imaging reports spanning
10 years, we identified 12 cases of gliomas involving the olfactory bulbs and tracts, including 6 cases of glioblastoma, 2 cases of ana-
plastic oligodendroglioma, and 1 case each of pilocytic astrocytoma, diffuse (grade Il) astrocytoma, anaplastic astrocytoma (grade
Ill), and diffuse midline glioma. All except the pilocytic astrocytoma occurred in patients with known primary glial tumors else-
where. Imaging findings of olfactory tumor involvement ranged from well-demarcated enhancing masses to ill-defined enhancing
infiltrative lesions to nonenhancing masslike FLAIR signal abnormality within the olfactory tracts. Familiarity with the imaging find-
ings of glioma involvement of the olfactory nerves is important for timely diagnosis and treatment of recurrent gliomas and to dis-
tinguish them from other disease processes.

ABBREVIATIONS: GBM = glioblastoma multiforme; TMZ = temozolomide; EGFR = epidermal growth factor receptor; IDHI = Isocitrate dehydrogenase 1,

MGMT = O6-methylguanine methyltransferase

he olfactory bulbs and tracts are central nervous system white

matter tracts extending directly to the cerebrum, maintained
by a combination of specialized olfactory ensheathing cells and
central neuroglia, including astrocytes and oligodendrocytes." As
a result, gliomas can rarely originate from and progress to involve
the olfactory apparatus. Relatively common neoplasms that
involve the olfactory grooves include meningiomas arising from
the anterior cranial fossa dura and sinonasal malignancies
extending intracranially such as squamous cell carcinoma and
esthesioneuroblastoma.” These entities have characteristic imag-
ing findings, and the purpose of this article is to characterize the
range of imaging findings of gliomas that affect the olfactory
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bulbs and tracts and to differentiate them from other masses of
the anterior cranial fossa.

Case Series

A Health Insurance Portability and Accountability Act-compli-
ant retrospective search through University of California San
Francisco radiology institutional teaching files and radiology
reports for patients with olfactory masses was conducted, with an
inclusion criterion of a known history of glioma or pathologically
proved glial neoplastic involvement of the olfactory nerve.
Twelve patients (3 women and 9 men) were identified with glial
masses involving the olfactory bulbs. Patient ages ranged from 10
to 74years (On-line Table). A single case of primary pilocytic
astrocytoma originating from the olfactory bulb was identified.
The remaining 11 patients had known pre-existing glial tumors
elsewhere, with multicentric or progressive involvement of the ol-
factory bulb/tract. There were 6 cases of glioblastomas, 2 cases of
anaplastic oligodendrogliomas, and 1 case each of diffuse astrocy-
toma, anaplastic astrocytoma, and diffuse midline glioma.

Case 1. A 27-year-old man presented with mild hyperprolactine-
mia and underwent a dedicated pituitary and sella protocol MR
imaging, on which a well-circumscribed uniformly enhancing
mass was seen to arise from the left olfactory groove, with mild
surrounding dural thickening and enhancement (Fig 1). There
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was no tumor extension through the cribriform plate, and no
other intracranial lesions were identified on follow-up brain
imaging. On further questioning, the patient revealed partial
anosmia. The radiology interpretation favored a diagnosis of me-
ningioma, and the operative note even indicated a dural tail asso-
ciated with the mass, which was inseparable from the left
olfactory nerve. The final pathologic diagnosis yielded pilocytic
astrocytoma, World Health Organization grade L.

Case 2. A 51-year-old man with a history of left frontal lobe grade
II astrocytoma treated 12years prior by surgical resection and
temozolomide (TMZ) was found to have nonenhancing masslike
T2-weighted/FLAIR signal abnormality in the olfactory nerve ip-
silateral to his original tumor, concerning for slowly progressive
recurrence.

Case 3. A 46-year-old woman was originally diagnosed with
grade III diffuse anaplastic oligodendroglioma of the left inferior
frontal lobe, treated with resection and chemoradiation. She pre-
sented to our institution 8 years after the initial treatment for con-
tinued follow-up. During the subsequent 8years, the tumor
demonstrated subtle and slow progression during multiple
examinations, as manifested by progressive nonenhancing mass-
like FLAIR signal abnormality involving the left anterior perfo-
rated substance and olfactory nerve (Fig 2).

FIG 1. A 27-year-old man with mild hyperprolactinemia (case 1). Sagittal FIESTA (A) demonstrates
a T2 hyperintense apparent extra-axial mass (arrowhead) within the left anterior cranial fossa. On
the sagittal postcontrast Tl-weighted image (B), the mass has uniform enhancement with a subtle
adjacent dural tail (arrowhead). On imaging, this was believed to be a meningioma, but at resec-

tion, it was determined to be a pilocytic astrocytoma.

Case 4. A 53-year-old male patient with a right temporal anaplas-
tic oligodendroglioma had undergone subtotal resection 7 years
prior followed by chemoradiation. He demonstrated slowly pro-
gressive bulky nonenhancing disease involving the olfactory cor-
tex and olfactory bulb (Fig 3).

Case 5. A 10-year-old boy presented for continued management
of his orbital rhabdomyosarcoma, originally diagnosed and
treated 8years prior. On his initial (pretreatment) imaging, a
right anterior temporal mass was also identified. On further
work-up and biopsy, this tumor was found to represent a grade
III anaplastic astrocytoma. Abnormal nonenhancing nodular T2
hyperintensity was present along the olfactory nerve, though
there was no definite involvement of the ipsilateral olfactory cor-
tex (Fig 4). Signal abnormality was also seen in the bilateral inter-
nal auditory canals and along the expected course of the left
abducens nerve, likely due to leptomeningeal disease spread.

Case 6. A 15-year-old male patient presented with diffuse midline
glioma diagnosed 2years prior, when he underwent treatment
with chemoradiation. One year after the diagnosis, additional
treatment was required with radiation, nivolumab, and bevacizu-
mab. Imaging demonstrated diffuse nonenhancing T2/FLAIR
signal abnormality of the bilateral frontotemporal lobes and ol-
factory nerves (Fig 5).

Case 7. A 61-year-old woman originally
presented with a right temporal lobe mass
diagnosed as Isocitrate dehydrogenase 1
(IDHI) R132H wild-type, epidermal
growth factor receptor (EGFR)-ampli-
fied, O6-methylguanine methyltransfer-
ase (MGMT) unmethylated glioblastoma
multiforme (GBM), which underwent
partial resection, radiation, and TMZ
therapy. A year later, there was a new
nodular enhancing mass within the surgi-
cal bed compatible with disease progres-
sion. The contralateral olfactory nerve
also demonstrated progressive masslike
FLAIR signal abnormality as well as
enhancement, compatible with multicen-
tric disease recurrence and progression.

FIG 2. A 46-year-old woman with left inferior frontal grade Il diffuse anaplastic oligodendroglioma previously treated with resection and che-
moradiation (case 3). Axial and coronal FLAIR images obtained 8 years after the initial treatment (A) demonstrate a left temporal resection cavity
(asterisk) and unchanged FLAIR signal in the left frontal lobe (arrow). There is subtle nodular FLAIR signal abnormality (arrowheads) of the left ol-
factory bulb. Axial and coronal FLAIR images obtained 16 years after the initial treatment (B) show minimal change around the resection cavity
(asterisk) but progressive enlargement of the hyperintense left olfactory bulb (arrowheads).
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FIG 3. A 53-year-old man with a right temporal anaplastic oligodendroglioma previously treated
with subtotal resection and chemoradiation (case 4). Axial FLAIR image (A) obtained 7 years after
the initial treatment demonstrates masslike FLAIR signal abnormality within the right olfactory
cortex as well as the right olfactory tract and bulb (arrowhead), compatible with oligodendro-
glioma involvement. Coronal FLAIR image (B) obtained at the same time illustrates an asymmetric
masslike FLAIR signal abnormality within the right olfactory tract and bulb (arrowhead), while the
contralateral olfactory bulb remains normal in caliber.

FIG 4. A 10-year-old boy with right anterior temporal grade Ill anaplastic astrocytoma detected
8 years prior (case 5). Coronal FLAIR image (A) demonstrates a nonenhancing masslike signal ab-
normality within the right olfactory tract (arrowhead), while an axial FLAIR image (B) obtained at
the same time demonstrates a nonenhancing masslike signal abnormality within the left internal
auditory canal (arrowhead) as well as in the prepontine cistern, along the presumed location of
the left abducens nerve/CN VI (arrow). Combined, findings are compatible with leptomeningeal

frontal operculum, resected 4 years prior
(Fig 6). The mass was resected and was
demonstrated to be glioblastoma.

Case 11. A 36-year-old man with an
IDHI wild-type, p53-positive, phospha-
tase and tensin homolog-intact, EGFR-
negative GBM centered in the corpus
callosum underwent treatment with
radiation and TMZ. One year later, he
presented with abnormal enlargement
and patchy enhancement in the left ol-
factory nerve accompanied by extensive
masslike FLAIR signal abnormality in
the ipsilateral olfactory cortex. There
was progressive worsening of the mass-
like signal abnormality and enhance-
ment within the left olfactory nerve
during studies spanning the next 3
months (Fig 7).

Case 12. A 3l-year-old man was origi-
nally diagnosed with right frontal lobe
grade III anaplastic astrocytoma 6 years
prior. On presentation to our institution,
the tumor had undergone transform-
ation to an IDHI-mutant, EGFR-negative,
MGMT-methylated GBM, which was
1p19g-codeleted. There was bulky nonen-
hancing signal abnormality in the right
gyrus rectus, orbitofrontal gyrus, anterior
temporal lobe, and olfactory nerve, com-
patible with progressive disease involve-
ment (Fig 8).

DISCUSSION
The first cranial nerve (CN I), also

disease spread involving multiple cranial nerves.

Case 8. A 69-year-old woman presented with a large left frontal
IDHI RI132H wild-type, MGMT-unmethylated, and EGFR-
unamplified GBM with sarcomatous features. She underwent
radiation therapy with concurrent TMZ. When the tumor pro-
gressed, she underwent adjuvant TMZ followed by a MEDI4736
vaccine trial and bevacizumab. A nodular enhancing mass devel-
oped in the left olfactory groove during treatment, inseparable
from the olfactory nerve.

Case 9. A 74-year-old man presented with a right frontal GBM,
which did not involve the olfactory cortex. He was then found to
have an enhancing nodular mass involving the contralateral ol-
factory nerve compatible with progressive disease.

Case 10. A 37-year-old man presented with a nonenhancing left ol-
factory nerve mass and a history of GBM centered in the right
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known as the olfactory nerve, is a

purely sensory nerve that supplies the

sensation of smell via specialized ol-
factory sensory neurons that arise from the nasal mucosa of the
superior nasal cavity. Extending through the cribriform plate,
small fibers of unmyelinated bipolar olfactory nerve cells synapse
with secondary mitral and tufted neurons in the olfactory bulbs.
Also known as projection neurons, these mitral and tufted neu-
rons form myelinated olfactory tracts that lie within the bony ol-
factory sulcus and groove in the medial-most portions of the
floor of the anterior cranial fossa. The olfactory tracts directly
project to the olfactory cortices bilaterally, which include the pos-
terior orbitofrontal gyrus, amygdala, and uncus, where the sensa-
tion of smell is synthesized and processed.>*

Our study of 12 patients with glioma involving the olfactory
bulbs and tracts highlights an uncommon-but-clinically impor-
tant phenomenon. All except 1 of the cases represented secondary
involvement through direct infiltration of tumor or multifocal/
multicentric disease in patients with known glioma diagnoses,
including anaplastic oligodendroglioma, diffuse and anaplastic



FIG 5. A 15-year-old boy presenting for follow-up of diffuse midline glioma initially diagnosed 2
years earlier and treated with chemoradiation (case 6). An axial FLAIR image (A) demonstrates
nonenhancing T2/FLAIR signal abnormality of the bilateral olfactory nerves (arrowheads) and left
dorsal pons (arrow), as well as cortical thickening and signal abnormality in the left anterior tem-
poral lobe. Coronal FLAIR image (B) illustrates thickening and FLAIR signal abnormality involving
the bilateral olfactory nerves (arrowheads) as well as multiple cortical areas in the bilateral frontal
lobes (arrows). Findings are compatible with multifocal glioma involvement.

FIG 6. A 37-year-old man with a history of right frontal operculum
GBM resected 4 years prior (case 10). Coronal FLAIR image demon-
strates masslike FLAIR signal abnormality in the left olfactory nerve
and surrounding left inferior frontal lobe (arrowhead), pathologically
proved to reflect disease recurrence on resection.

astrocytomas, diffuse midline glioma, and GBM. None of the
gliomas in our series demonstrated osseous destruction, exten-
sion through the skull base, or involvement of the olfactory
recess. The lack of these features distinguishes these tumors
radiographically from other aggressive lesions common to this
site, including enthesioneuroblastoma, aggressive primary osse-
ous lesions, and intracranial extension of primary head and neck
neoplasms, such as squamous cell carcinoma.>®

In all patients with GBM, olfactory bulb and tract involvement
represented progression of previously treated disease elsewhere in

the cerebrum. In 3 cases, the olfactory
nerve affected was located contralateral
to the site of the originally treated tu-
mor, compatible with the underlying
multifocal/infiltrative nature of GBM.
From animal studies, there is evidence
that GBM cancer-initiating cells may
have special affinity for the subventric-
ular zones and olfactory bulbs, mimick-
ing the behavior or neural stem cells.”
This mechanism potentially explains
the tropism for the olfactory system
that is demonstrated by progressive
gliomas in our series.

Typically, the imaging characteris-
tics of progressive olfactory tract
involvement mirrored those of the
pre-existing glial tumor. In our series,
4 of the 6 patients with GBM had
enhancing disease involving the olfac-
tory bulb, while 2 patients had nonen-
hancing infiltrative lesions. For 4 of the 6 patients, the IDHI
genotyping was available. Of these patients, 1 patient with sec-
ondary IDHI-mutant disease demonstrated nonenhancing
involvement of the olfactory nerve, while 3 patients with IDH1
wild-type disease all demonstrated enhancing tumor along the
olfactory nerve. These findings are compatible with the most
common MR imaging appearance of IDHI wild-type versus
mutant GBMs.®

In 1 case with a pre-existing glial tumor, there was widespread
intracranial disease, including involvement of multiple cranial
nerves, raising suspicion for leptomeningeal spread of disease,
which resulted in the signal abnormality involving the olfactory
nerve. However, in 6 of the remaining 10 progressive cases, there
was concurrent or prior involvement of ipsilateral olfactory cor-
tex by tumor, supporting the hypothesis of direct tumor progres-
sion through parenchymal glial tracts.

The sole case of primary glioma arising from the olfactory
bulbs in our series was a pilocytic astrocytoma, which mim-
icked a meningioma on imaging as well as during surgical
resection. While often seen in the setting of meningiomas,
dural enhancement and thickening (also known as the dural
tail sign) are nonspecific and have been reported with a variety
of peripherally located parenchymal lesions.” More specifically,
supratentorial pilocytic astrocytomas adjacent to the cerebral
convexity and anterior clinoid process have been reported to
mimic meningiomas.'®"!

To our knowledge, this is the first time that a primary glial
neoplasm has been reported to arise from the olfactory tract.
Although a case report has previously reported olfactory groove
involvement by a large pleomorphic xanthoastrocytoma, it is
unclear whether the lesion originated from the inferior frontal
lobe parenchyma or olfactory tracts on the basis of imaging and
intraoperative findings.'> Primary ganglioglioma, which contains
both glial and neuronal cells, has previously been reported to involve
the olfactory cortex and olfactory nerve."® Primary tumors arising from
olfactory ensheathing cells have also been previously described."* These
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FIG 7. A 36-year-old man with a history of IDHT wild-type GBM centered in the corpus callosum,
treated with radiation and TMZ (case 11). Coronal postcontrast Tl-weighted echo-spoiled gradient
echo image (A) obtained 1 year from initial treatment demonstrates abnormal enlargement and
patchy enhancement of the left olfactory nerve (arrowhead). On a follow-up coronal postcon-
trast Tl-weighted spin-echo image obtained 3 months later (B), the enhancing mass has enlarged
(arrowhead) and appears to involve the leptomeningeal space, compatible with progressive

recurrence.

FIG 8. A 3l-year-old man originally treated for right frontal lobe grade Ill anaplastic astrocytoma
6 years prior and now presenting with tumor transformation to an IDHI-mutant, Tp19g-codeleted
GBM (case 12). Coronal and axial FLAIR images on re-presentation demonstrate a bulky nonen-
hancing masslike signal abnormality involving the right olfactory cortex (arrowheads) and olfac-

tory nerve (arrow), compatible with GBM involvement.

tumors can histologically resemble olfactory groove schwannomas,
which are entities of unclear origin because Schwann cells are not found
in the olfactory system, though various developmental and nondevelop-
mental theories have been proposed to explain the origin of these
tumors.">"” These lesions can all appear similar radiologically as
enhancing olfactory groove masses, which may remodel but not erode
the skull base.

In all our cases, olfactory nerve involvement was detected on
imaging follow-up of the patients’ known gliomas or work-up for
an unrelated symptom/laboratory findings without a related
symptom. In at least 3 of the progressive glioma cases, abnormal
signal intensity could be seen in the olfactory nerve on retrospec-
tive review of examinations performed when the finding was first
reported. This highlights the importance of including the olfac-
tory nerves in one’s search pattern, because our study suggests
that most patients would not present with new olfactory-related

symptoms.
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One of the limitations of this
study is the lack of pathologic confir-
mation for most cases in which there
was suspected involvement of the ol-
factory nerve by progressive glioma.
In most of these cases, the ipsilateral
olfactory nerve was involved or pro-
gressive disease was evident in other
parts of the brain parenchyma. Thus,
treatment strategies were altered on
the basis of a combination of clinical
and radiologic evidence of disease
progression because pathologic con-
firmation would have demanded
invasive procedures, which were not
favored in risk-benefit analyses. In
the single case in which a biopsy was
obtained to confirm progressive dis-
ease (case 10), olfactory involvement
represented the sole site of suspected
recurrence and was located contra-
lateral to the site of the previously
resected tumor, thus presenting a
diagnostic dilemma, which required
pathologic confirmation.

CONCLUSIONS

Awareness and early detection of un-
usual occurrence or recurrence of
gliomas involving the olfactory bulb
and tract are important for diagn-
osis and proper clinical management.
Because it can be a subtle site of tu-
mor recurrence, the olfactory groove
is an important search pattern for
accurate and early diagnosis of tumor
recurrence in a patient with a diagno-
sis of glioma, especially if the patient’s
tumor previously involved the olfac-
tory cortex. Furthermore, gliomas
can rarely arise from the olfactory nerve, appear discrete, and
mimic meningiomas.

REFERENCES

1. Garcia-Gonzalez D, Murcia-Belmonte V, Clemente D, et al
Olfactory system and demyelination. Anat Rec (Hoboken)
2013;296:1424-34 CrossRef Medline

2. Francies O, Makalanda L, Paraskevopolous D, et al. Imaging review
of the anterior skull base. Acta Radiology Open 2018;7:20584601
18776487 CrossRef Medline

3. Rea P. Olfactory Nerve. In Rea P, ed. Clinical Anatomy of the Cranial
Nerves. San Diego: Academic Press; 2014:1-6

4. Som PM, Curtin HD. Head and Neck Imaging. St. Louis: Mosby; 1996

5. Dublin AB, Bobinski M. Imaging characteristics of olfactory neu-
roblastoma (esthesioneuroblastoma). | Neurol Surg B Skull Base
2016;77:1-5 CrossRef Medline

6. Hudgins PA, Baugnon KL. Head and neck: skull base imaging.
Neurosurgery 2018;82:255-67 CrossRef Medline


http://dx.doi.org/10.1002/ar.22736
https://www.ncbi.nlm.nih.gov/pubmed/23904351
http://dx.doi.org/10.1177/2058460118776487
https://www.ncbi.nlm.nih.gov/pubmed/29872547
http://dx.doi.org/10.1055/s-0035-1564053
https://www.ncbi.nlm.nih.gov/pubmed/26949582
http://dx.doi.org/10.1093/neuros/nyx492
https://www.ncbi.nlm.nih.gov/pubmed/29040722

10.

11.

. Kroonen J, Nassen ], Boulanger YG, et al. Human glioblastoma-ini-

tiating cells invade specifically the subventricular zones and olfac-
tory bulbs of mice after striatal injection. Int ] Cancer 2011;129:574-
85 CrossRef Medline

. Yamashita K, Hiwatashi A, Togao O, et al. MR imaging-based

analysis of glioblastoma multiforme: estimation of IDH1 muta-
tion status. AJNR Am ] Neuroradiol 2016;37:58-65 CrossRef
Medline

. Guermazi A, Lafitte F, Miaux Y, et al. The dural tail sign: beyond

meningioma. Clin Radiology 2005;60:171-88 CrossRef Medline

Lee JH, Sung SK, Choi CH. Supratentorial pilocytic astrocytoma
mimicking convexity meningioma with early anaplastic transfor-
mation: a case report. Brain Tumor Res Treat 2017;5:105-09
CrossRef Medline

Hong CS, Lehman NL, Sauvageau E. A pilocytic astrocytoma mim-
icking a clinoidal meningioma. Case Rep Radiology 2014;2014:524
574 CrossRef Medline

12.

13.

14.

15.

16.

17.

Kaku MV, Bhat DI, Shukla D, et al. Pleomorphic xanthoastrocy-
toma arising from olfactory groove: a rare location for a rare tu-
mor. Pediatr Neurosurg 2013;49:292-96 CrossRef Medline

Singla N, Gupta K, Kapoor A. Ganglioglioma arising from olfactory
sheath: a rare site of an uncommon tumor. | Clin Neurosci
2016;28:182-84 CrossRef Medline

Darie I, Riffaud L, Saikali S, et al. Olfactory ensheathing cell tumour:
case report and literature review. J Neurooncol 2010;100:285-89
CrossRef Medline

Praharaj SS, Vajramani GV, Santosh V, et al. Solitary olfactory
groove schwannoma: case report with review of the literature. Clin
Neurol Neurosurg 1999;101:26-28 CrossRef Medline

Murakami M, Tsukahara T, Hatano T, et al. Olfactory groove
schwannoma: case report. Neurol Med Chir (Tokyo) 2004;44:191-94
CrossRef Medline

Li YP, Jiang S, Zhou PZ, et al. Solitary olfactory schwannoma with-
out olfactory dysfunction: a new case report and literature review.
Neurol Sci 2012;33:137-42 CrossRef Medline

AJNR Am J Neuroradiol 41:712-17  Apr 2020 www.ajnr.org n7


http://dx.doi.org/10.1002/ijc.25709
https://www.ncbi.nlm.nih.gov/pubmed/20886597
http://dx.doi.org/10.3174/ajnr.A4491
https://www.ncbi.nlm.nih.gov/pubmed/26405082
http://dx.doi.org/10.1016/j.crad.2004.01.019
https://www.ncbi.nlm.nih.gov/pubmed/15664571
http://dx.doi.org/10.14791/btrt.2017.5.2.105
https://www.ncbi.nlm.nih.gov/pubmed/29188212
http://dx.doi.org/10.1155/2014/524574
https://www.ncbi.nlm.nih.gov/pubmed/24744944
http://dx.doi.org/10.1159/000363626
https://www.ncbi.nlm.nih.gov/pubmed/25247328
http://dx.doi.org/10.1016/j.jocn.2015.11.022
https://www.ncbi.nlm.nih.gov/pubmed/26874814
http://dx.doi.org/10.1007/s11060-010-0162-4
https://www.ncbi.nlm.nih.gov/pubmed/20376552
http://dx.doi.org/10.1016/s0303-8467(98)00058-4
https://www.ncbi.nlm.nih.gov/pubmed/10350200
http://dx.doi.org/10.2176/nmc.44.191
https://www.ncbi.nlm.nih.gov/pubmed/15185758
http://dx.doi.org/10.1007/s10072-011-0573-9
https://www.ncbi.nlm.nih.gov/pubmed/21484358

ORIGINAL RESEARCH
PEDIATRICS

Advanced ADC Histogram, Perfusion, and Permeability Metrics
Show an Association with Survival and Pseudoprogression in
Newly Diagnosed Diffuse Intrinsic Pontine Glioma: A Report

from the Pediatric Brain Tumor Consortium

S. Vajapeyam, ““'D. Brown, ““'C. Billups, “*'Z. Patay, ““’G. Vezina, “/M.S. Shiroishi, “M. Law, ““'P. Baxter, ““’A. Onar-Thomas,
J.R. Fangusaro, ““'I). Dunkel, and ““'T.Y. Poussaint
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ABSTRACT

BACKGROUND AND PURPOSE: Diffuse intrinsic pontine glioma is a lethal childhood brain cancer with dismal prognosis and MR imaging
is the primary methodology used for diagnosis and monitoring. Our aim was to determine whether advanced diffusion, perfusion, and per-
meability MR imaging metrics predict survival and pseudoprogression in children with newly diagnosed diffuse intrinsic pontine glioma.

MATERIALS AND METHODS: A clinical trial using the poly (adenosine diphosphate ribose) polymerase (PARP) inhibitor veliparib con-
currently with radiation therapy, followed by maintenance therapy with veliparib + temozolomide, in children with diffuse intrinsic
pontine glioma was conducted by the Pediatric Brain Tumor Consortium. Standard MR imaging, DWI, dynamic contrast-enhanced
perfusion, and DSC perfusion were performed at baseline and approximately every 2 months throughout treatment. ADC histogram
metrics of T2-weighted FLAIR and enhancing tumor volume, dynamic contrast-enhanced permeability metrics for enhancing tumors,
and tumor relative CBV from DSC perfusion MR imaging were calculated. Baseline values, post-radiation therapy changes, and longi-
tudinal trends for all metrics were evaluated for associations with survival and pseudoprogression.

RESULTS: Fifty children were evaluable for survival analyses. Higher baseline relative CBV was associated with shorter progression-free
survival (P =.02, Q =0.089) and overall survival (P =.006, Q = 0.055). Associations of higher baseline mean transfer constant from the
blood plasma into the extravascular extracellular space with shorter progression-free survival (P=.03, Q = 0.105) and overall survival
(P =.03, Q=0.102) trended toward significance. An increase in relative CBV with time was associated with shorter progression-free sur-
vival (P <.001, Q < 0.001) and overall survival (P =.004, Q = 0.043). Associations of longitudinal mean extravascular extracellular volume
fraction with progression-free survival (P =.03, Q = 0.104) and overall survival (P =.03, Q = 0.105) and maximum transfer constant from
the blood plasma into the extravascular extracellular space with progression-free survival (P =.03, Q =0.102) trended toward signifi-
cance. Greater increases with time were associated with worse outcomes. True radiologic progression showed greater post-radiation
therapy decreases in mode_ADC_FLAIR compared with pseudoprogression (means, —268.15 versus —26.11, P = .01.)

CONCLUSIONS: ADC histogram, perfusion, and permeability MR imaging metrics in diffuse intrinsic pontine glioma are useful in
predicting survival and pseudoprogression.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; DIPG = diffuse intrinsic pontine glioma; Ke, = rate constant from extravascular extracellular space
back into blood plasma; K"™" = transfer constant from blood plasma into extravascular extracellular space; OS = overall survival; PBTC = Pediatric Brain
Tumor Consortium; PFS = progression-free survival; rCBV = relative CBV; RT = radiation therapy; TMZ = temozolomide; v, = extravascular extracellular vol-
ume fraction; v, = blood-plasma volume fraction
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iffuseintrinsic pontine gliomas (DIPGs) represent 80% of all

brain stem gliomas, and brain stem tumors constitute approx-
imately 10%-15% of pediatric CNS tumors." The prognosis for
DIPG has been uniformly dismal, with >90% of patients suc-
cumbing to the disease within 2 years of diagnosis, with a median
overall survival of 9 months.> Radiation therapy (RT) has shown
transient improvement of neurologic symptoms and marginal sur-
vival benefit.”

In this study, we assessed associations between survival and
imaging metrics derived from advanced diffusion, perfusion, and
permeability MR imaging data in a cohort of patients with newly
diagnosed DIPG treated with veliparib concurrent with RT, fol-
lowed by maintenance therapy of veliparib plus temozolomide
(TMZ) treated in a Pediatric Brain Tumor Consortium (PBTC)
Phase I/II trial. Poly (adenosine diphospate ribose) polymerase
(PARP) inhibitors such as veliparib have been shown to over-
come TMZ resistance while also increasing radiosensitivity.*”
Advanced ADC histogram metrics have been shown to correlate
with survival® in DIPG, whereas perfusion and permeability met-
rics have shown associations with survival as well as pseudoprog-
ression’” in pediatric and adult gliomas. We therefore explored
the utility of these imaging metrics to predict pseudoprogression
versus early true progression.

MATERIALS AND METHODS

Patients and Treatment Protocol

Fifty-three children (33 girls, 20 boys; median age 6.6 years;
range, 2.5-12.9 years) with newly diagnosed DIPGs were enrolled
in a Phase IT PBTC trial (PBTC-033, NCT01514201) to determine
the efficacy of administering veliparib concurrently with radia-
tion therapy, followed by maintenance therapy with veliparib and
temozolomide (TMZ). All patients received photon radiation
with a planned target volume of 5400 cGy administered in 30
fractions of 180 cGy and a 50-mg/m* dose of veliparib, followed
by maintenance therapy with veliparib at 25 mg/m* two times a
day and TMZ at 135 mg/m*/day for 5 days every 28 days.

Imaging and Image Analysis

MR Imaging Evaluation. Standard MR imaging (which included
axial T2, axial T2-weighted FLAIR and axial pre- and postcon-
trast T1-weighted images) was performed within 2 weeks before
registration; at the end of radiation therapy (week 10); within
1 week before courses 3, 5, and 8 of maintenance therapy; and at
the end of treatment. Images were transferred to a Vitrea work-
station (Vital Images, Minnetonka, Minnesota), and 3D FLAIR
and enhancing tumor volumes were calculated from the axial T2-
weighted FLAIR and axial postcontrast T1-weighted images,
respectively. DSC perfusion, dynamic contrast-enhanced (DCE)
permeability imaging, and DTI were performed at the same time
points as standard MR imaging through week 26 (6 months from
the initiation of treatment).

DCE Permeability Imaging and Analysis. All patients underwent
a DCE-MR imaging protocol as follows: 1) variable flip angle
echo-spoiled gradient-echo T1-mapping sequences using flip
angles of 15°, 10°, 5°, and 2° TR = 5seconds; TE = minimum;

FOV = 240 mm; section thickness = 5mm; 2) A 3D fast gradi-
ent-echo DCE-MR imaging axial sequence of 50 phases,
7 seconds apart, with flip angle = 15°, TR = 4 seconds, TE =
minimum. FOV, section thickness, and scan locations were
identical to those in the T1-mapping sequences to allow the
use of the T1-maps to calculate permeability metrics. A bolus
of gadobutrol (0.05mmol/kg of body weight) was injected
20 seconds after the start of scanning.

DCE-MR images were transferred to a DynaCAD worksta-
tion (https://www.invivocorp.com/solutions; Invivo, Gainesville,
Florida) for automated processing using OmniLook software.
Voxelwise T1-maps were generated from the variable flip angle
images as described in Fram et al,'® and the 2-compartment
extended Tofts model'' was used to generate maps of the phar-
macokinetic parameters, namely transfer constant from the
blood plasma into the extravascular extracellular space (K""),
rate constant from extravascular extracellular space back into
blood plasma (kp), extravascular extracellular volume fraction
(ve), and blood plasma volume fraction (v,). ROIs were drawn
on each section of tumor around contrast-enhancing portions of
the tumor by an imaging data analyst or by a PhD scientist and
verified by a Certificate of Added Qualification-certified neuro-
radiologist, and the mean (over voxels) and SDs of each of the
variables were recorded for statistical analysis.

DSC Perfusion Imaging and Analysis. An axial 2D T2* gradient
recalled-echo EPI sequence was used with TR= 2000 ms, TE =
23 ms, section thickness = 5.0 mm with a 2-mm gap, flip angle =
60°, and 50-60 time points. With the bolus for the DCE-MR
imaging serving as preloading, another bolus injection of
0.05 mmol/kg body weight of gadobutrol was administered
20 seconds after start of scanning, followed by a 10-mL saline
flush. Corrected CBV maps'? were generated off-line and nor-
malized using an ROI selected in normal-appearing white matter.
A 2D ROI corresponding to the area of greatest enhancement in
the tumor was selected in the normalized relative CBV (rCBV)
map and used as the rCBV of the tumor.

DTI Acquisition and ADC Histogram Analysis. DTI data were
acquired with the following acquisition parameters on a 3T scan-
ner: section thickness = 2.2mm, TR = 8800ms, TE = 88 ms,
FOV = 220 mm, b-value = 1000 s/mm?, 35 directions. Due to
their superior anatomic contrast, axial B, images from the DTI
sequence were registered to the axial FLAIR images using the
mutual information algorithm in FSL (www.fmrib.ox.ac.uk/
fs1),'*'* and the same transformation matrix was used on the
ADC maps to register them to the FLAIR images. Axial postcon-
trast images were also similarly registered to FLAIR images. 3D
ROIs comprising the tumor FLAIR volume and the postcontrast
enhancing tumor volume were automatically generated using the
thresholding feature in Fiji (https://imagej.net/Fiji/Downloads)."”
The ADC values of the voxels in FLAIR and enhancing volumes
were then used to generate the ADC_FLAIR and ADC_enhancing
volumes, respectively. These volumes were thresholded using a uni-
form range of 600-2600 x 10~®mm?/s to automatically exclude
cysts, necrosis, and hemorrhage, and corresponding ADC_FLAIR
and ADC_enhancing histograms were generated. Histogram
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metrics used for statistical analysis were the number of peaks
(unimodal or bimodal), mean, SD, skewness, and kurtosis of these
histograms. In the case of tumors showing bimodal ADC histo-
grams, the lower peak was measured for mean and SD, and skew-
ness and kurtosis were not recorded.

For each of the imaging metrics, the baseline value, the post-
RT change (defined as the value at the 10-week post-RT scan
minus the baseline value), and the time-dependent longitudinal
change in the metric during the course of treatment were exam-
ined for associations with progression-free survival (PFS), overall
survival (OS), and pseudoprogression.

For patients suspected of having pseudoprogression during
the first 6 months of therapy, the treating physician had the
option of allowing the patient to continue protocol treatment and
repeat the disease assessment in 4-6 weeks. Pseudoprogression
was defined as tumors that met the =25% progressive disease
threshold by bidimensional MR imaging area but improved
spontaneously to a size of stable disease or smaller compared
with initial imaging on subsequent scans. Provided that the
patient did not show clinical deterioration consistent with tumor
progression and subsequent MR imaging demonstrated tumor
regression or stable disease, the patient could remain on treat-
ment. If the repeat MR imaging after 4-6 weeks showed true radi-
ographic disease progression, rather than pseudoprogression,
then the date of progression was the date of the initial MR imag-
ing, not the follow-up scan.

Statistical Methods

To examine associations between imaging parameters and out-
come, we used only eligible and evaluable Phase II patients. OS
was defined as the time interval from the date of treatment to the
date of death from any cause or to the date of last follow-up. PES
was defined as the time interval from the date of treatment to the
earliest date of failure (disease progression or death from any
cause) for patients who failed or to the date of last contact for
patients who had not failed.

Exact Wilcoxon rank sum tests were used to compare distri-
butions of continuous imaging metrics among patient groups.
For each of the imaging metrics, the baseline value, the post-RT
change (defined as the value at the 10-week post-RT scan minus
the baseline value), and the time-dependent longitudinal change
in the metrics during the course of treatment were examined for
associations with outcome (PFS and OS) using Cox regression
models. Overall survival was compared among those with pseu-
doprogression versus those with true early progression using an
exact log-rank test. For exploratory analyses examining associa-
tions with outcome (OS and PFS), unadjusted P values are
reported along with Q values based on the false discovery rate,
given the large number of statistical tests performed. These were
calculated using the fdrtool package in R (http://www.r-project.
org). 17
ered significant.

Q values less than a fixed threshold of 0.1 were consid-

RESULTS

Patients

Of 53 patients enrolled in the study, 1 patient withdrew before
therapy and 2 patients received <1 full dose of veliparib, leaving
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50 patients evaluable for survival analyses. Forty-three patients
died, and 45 experienced a PFS event. Seven patients had sus-
pected pseudoprogression confirmed by repeat imaging and were
compared with 20 patients identified as having true progression
in the first 6 months of treatment. None of the patients had intra-
tumoral hemorrhage, and no biopsy was performed.

MR Imaging Evaluation

Most of the tumors were T1-hypointense and T2-hyperintense at
presentation. Larger baseline tumor volumes on FLAIR were
associated with worse PFS (P=.01, Q=0.079) but not OS.
Larger enhancing tumor volumes at baseline were associated with
worse OS (P=.005, Q=0.047) and PFS (P=.01, Q=0.070).
Larger percentage increases in FLAIR tumor volume with RT
correlated with worse PES (P=.01, Q=0.084). Larger increases
in enhancing tumor volume with RT correlated with worse PFS
(P=.01, Q=0.078). Volumetric analysis showed no difference
between pseudoprogression and true early progression groups.

DCE Permeability

Associations of higher baseline mean K™ (1n=22) and
shorter OS (P=.03, Q=0.102) and PFS (P=.03, Q=0.105)
trended toward significance. When analyzed as continuous
time-dependent variables, associations of mean v, with PFS
(P=.03, Q=0.104) and OS (P=.03, Q=0.105) and maximum
K™ with PFS (P=.03, Q=0.102) trended toward signifi-
cance. Greater increases with time were associated with worse
outcomes (Fig 1). Permeability metrics showed no difference
between pseudoprogression and true early progression groups.

DSC Perfusion

Higher baseline rCBV was associated with shorter PES (P =.02,
Q=0.089) and OS (P=.006, Q=0.055). When analyzed as a
time-dependent variable, an increase in rCBV with time was
associated with shorter OS (P=.004, Q=0.043) and PFS
(P<.001, Q<<0.001). Post-RT change in rCBV was not associ-
ated with survival or pseudoprogression.

ADC Histogram Analyses
Associations of higher baseline mode_ADC_enhancing with lon-
ger PFS (P=.03, Q=0.106) and of greater post-RT increase in
skewness_ ADC_FLAIR with longer PFS (P=.03, Q=0.102)
trended toward significance. Mode ADC_FLAIR showed a
greater decrease after RT for true early progression compared
with tumors that showed pseudoprogression (means, —268.15
versus —26.11, P=.01) (Fig 2).

A complete set of results of all relevant statistical tests can be
found in the On-line Tables 1-7.

DISCUSSION

While some early studies concluded that standard imaging
could not predict survival in DIPG,'® several more recent stud-
ies have shown metrics derived from standard imaging, such as
baseline and post-RT changes on FLAIR, enhancing tumor vol-
ume, and the presence or absence of enhancement at baseline,
are correlated with survival.'”*' Our results showing associa-
tions between larger baseline FLAIR and enhancing tumor
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FIG 1. Large increase with time in rCBV and mean v, in a 6.6-year-old female short-term survivor (OS = 124 days) with DIPG. Increase in rCBV
with time was associated with shorter PFS (P =.004, Q = 0.043) and OS (P <.001, Q < 0.001). An increase in mean v, was marginally associated

with shorter PFS (P =.028, Q = 0.104) and OS (P =.030, Q = 0.105).

volumes and survival are further confirmation of the role of
standard MR imaging in predicting survival.

Advanced MR imaging techniques such as DSC and DCE-
MR perfusion imaging,”*>* arterial spin-labeling,® diffusion
imaging including ADC histograms and functional diffusion
maps,>***> MR spectroscopy,*® and PET*” have proved increas-
ingly useful in characterizing the heterogeneity in DIPG for pre-
dicting survival and may even provide insight into molecular
subgroups.>®*

Our DCE-MR imaging findings show that increased baseline
mean K" was associated with shorter survival, which again
suggests that greater perfusion in enhancing tumors indicates a
worse prognosis. The association of increased v, and shorter
survival found in this study is consistent with an earlier report
linking higher v, to higher grade tumors in a pediatric popula-
tion.>® V., is the extravascular extracellular volume fraction of
the tissue and, thus, is dependent on the cellularity as well as the
vascularity of the tumor. Because both cellularity and vascular-
ity change with treatment, our findings suggest that the rate of

change of v, during the course of treatment could be used to
monitor the efficacy of treatment: A rapid increase in v, may
indicate an ineffective treatment regimen.

Our findings of higher baseline rCBV as well as an increase of
rCBV during treatment being associated with shorter survival is
in agreement with earlier findings reported by Hipp et al** as well
as other studies showing that enhancement at baseline and across
time is associated with a worse prognosis.*>*' Sedlacik et al,®
however, found that tumors with a higher baseline cerebral blood
flow measured by DSC and a higher increase in these metrics
through RT had a longer PFS. Similarly, Calmon et al® found that
higher rCBV measured immediately following RT correlated
with longer PFS. Higher baseline rCBV has, however, been linked
to increased angiogenesis>' and a biopsy-confirmed higher grade
in DIPG.>* The lack of consistent DSC perfusion findings in
DIPG is likely due to differences in acquisition and postprocess-
ing parameters, susceptibility artifacts associated with the loca-
tion of the tumor in the brain stem, and also the challenges of
choosing a representative 2D tumor ROI, given the tumor
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FIG 2. Post-RT change in mode_ADC_FLAIR for pseudoprogression cases on the left and true early
progression on the right. The striking difference between groups is evident. Note the sharp drop
between baseline and post-RT scans in the mode of ADC_FLAIR for true early progression cases on
the right compared with the pseudoprogression cases on the left (means, —268.15 versus —26.11;

P =.0099). All ADC values are in 10 ~ ¢ mm?/s.

heterogeneity seen in DIPG. In addition, it has been shown that
there are rapid changes in cerebral blood volume and flow in
DIPG both during RT and also immediately following RT.>*> The
time point when DSC perfusion is measured during therapy is
therefore critical and may also explain the divergent findings in
the literature.

A greater post-RT increase in skewness_ ADC_FLAIR implies
a larger post-RT drop in ADC and was associated with longer
survival in our study, and correlates with published data from a
large cohort.® The drop in ADC could be due to a decrease in
vasogenic edema, indicating that the radiation therapy is
effective.®

We report on 7/50 (14%) cases of pseudoprogression in this
DIPG cohort. A post-RT decrease in mode_ ADC_FLAIR was sig-
nificantly lower in those showing pseudoprogression compared
with those who went on to show true early progression in our
study. While pseudoprogression is well-documented in adult gli-
blastomas treated with RT + TMZ, typically seen within the first
3 months after radiation,® there are very few reports on DIPG.
Chassot et al** reported 4/22 (18%) cases of pseudoprogression in
children with DIPG treated with RT + TMZ and found no differ-
ence in overall survival between pseudoprogression and true pro-
gression cases. Carceller et al® reported 6/44 (13.6%) cases of
pseudoprogression in a DIPG cohort treated with various differ-
ent treatment regimens and found no difference in overall sur-
vival between pseudoprogression and true progression groups.
We also observed no evidence of a significant difference in overall
survival among our patients with pseudoprogression versus those
with true early progression (P=.75). In a peptide-based vaccine
DIPG trial, Ceschin et al*® found that parametric response maps
of ADC were able to retrospectively identify 4/21 (19%) cases of
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pseudoprogression and reported bet-
ter overall survival in these cases.
More recently, Calmon et al*” re-
ported 19/43 (44%) cases of pseudo-
progression in a DIPG cohort treated
with RT along with various concur-
rent chemotherapy agents in 37 of
the cases. There are thus very few
cases of pseudoprogression reported
in the literature, confounded by the
fact that they have all undergone
varying treatment regimens. In addi-
tion, the definition of pseudoprogres-
sion is inconsistent across these
reports and affects the frequency of
the occurrence of pseudoprogression
reported.

While most previous studies have
retrospectively compared diffusion and
perfusion properties of pseudoprogres-
sion and true progression groups at the
time of radiologic progression,”*>*>**
our results show post-RT changes in
ADC histograms that precede radio-
logic progression and could be used to
predict pseudoprogression. A recent
report by Calmon et al*’ found differences in post-RT changes in
DSC perfusion between pseudoprogression and true progression
groups, confirming the usefulness of looking at post-RT changes in
DIPG as a predictive radiologic marker of pseudoprogression.
Because pseudoprogression is most often seen within the first
3 months after RT, it is plausible that radiosensitivity and response
to radiation affect the incidence of pseudoprogression.

Our understanding of DIPG has changed in the past few
years with the advent of biopsy for DIPG and the subsequent
discovery of novel histone and genetic mutations.*® This study
preceded many of these findings and could benefit from genetic
and molecular information available from biopsy data. The
methodology outlined in this study, particularly the 3D volu-
metric ADC histogram analyses, may be particularly well-suited
to study these tumors. Future work will focus on correlating
these advanced diffusion, perfusion, and permeability metrics
with molecular signatures.

CONCLUSIONS

The data from this study demonstrate that higher baseline
FLAIR and enhancing tumor volumes, rCBV, and mean K'rans
are all associated with shorter survival in newly diagnosed
DIPGs treated with veliparib given concurrently with focal
radiation, followed by maintenance therapy of veliparib +
TMZ in children with DIPG. Smaller percentage increases in
FLAIR tumor volume, smaller increases in enhancing tumor
volume, smaller increases in skewness of ADC_FLAIR, and
larger decreases of mean_ADC_enhancing were associated
with longer survival. Higher increases with time in rCBV and
V. in the course of treatment were associated with shorter sur-
vival. Tumors with pseudoprogression had a smaller post-RT



decrease in mode_ADC_FLAIR than those that had true early
progressive disease. These results incorporating advanced dif-
fusion, perfusion, and permeability metrics and the association
with survival and pseudoprogression will need to be validated
in larger prospective clinical trials.
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ABSTRACT

BACKGROUND AND PURPOSE: In the medicolegal literature, notching of the corpus callosum has been reported to be associated
with fetal alcohol spectrum disorders. Our purpose was to analyze the prevalence of notching of the corpus callosum in a fetal
alcohol spectrum disorders group and a healthy population to determine whether notching occurs with increased frequency in the
fetal alcohol spectrum disorders population.

MATERIALS AND METHODS: We performed a multicenter search for cases of fetal alcohol spectrum disorders and included all
patients who had a sagittal TI-weighted brain MR imaging. Patients with concomitant intracranial pathology were excluded. The
corpus callosum was examined for notches using previously published methods. A x? test was used to compare the fetal alcohol
spectrum disorders and healthy groups.

RESULTS: Thirty-three of 59 patients with fetal alcohol spectrum disorders (0—44 years of age) identified across all centers had cor-
pus callosum notching. Of these, 8 had an anterior corpus callosum notch (prevalence, 13.6%), 23 had a posterior corpus callosum
notch (prevalence, 39%), and 2 patients demonstrated undulated morphology (prevalence, 3.4%). In the healthy population, the an-
terior notch prevalence was 139/875 (15.8%), posterior notch prevalence was 378/875 (43.2%), and undulating prevalence was 37/875
(4.2%). There was no significant difference among the anterior (P =.635), posterior (P =.526), and undulating (P =.755) notch preva-
lence in the fetal alcohol spectrum disorders and healthy groups.

CONCLUSIONS: There was no significant difference in notching of the corpus callosum between patients with fetal alcohol
spectrum disorders and the healthy population. Although reported to be a marker of fetal alcohol spectrum disorders,
notching of the corpus callosum should not be viewed as a specific finding associated with fetal alcohol spectrum
disorders.

ABBREVIATIONS: CC = corpus callosum; FAS = fetal alcohol syndrome; FASD = fetal alcohol spectrum disorders

Fetal alcohol syndrome (FAS) was first described >45 years
ago' with detrimental effects of prenatal alcohol exposure on
the developing brain that are now well-known.>™ The nondiag-
nostic umbrella term, fetal alcohol spectrum disorders (FASD), is
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used to describe the spectrum of disorders occurring from in
utero alcohol exposure. Estimated to affect approximately 2%-
5% of live births in the United States, Canada, and Western
Europe,® the range of neuropsychologic deficits associated with
FASD is independent from formal FAS diagnostic criteria, which
mandate the presence of midline craniofacial anomalies.” Instead,
dysmorphology of intracranial midline structures such as the cor-
pus callosum (CC) are implicated in FASD in addition to other
neurocognitive and psychiatric disorders.>*%!

The CC is the largest white matter tract in the brain and is an
integral structure in the transmission and synthesis of complex
information between the 2 hemispheres. The CC may be dispro-
portionally affected by prenatal alcohol exposure given that most
callosal fibers are formed in utero during a period of rapid growth
between 12 and 16-20 weeks of gestation.'>"> Although the total
number of callosal fibers is fixed at birth, this structure continues
to develop in the postnatal period due to fiber myelination,
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FIGURE. Midsagittal Tl-weighted images. A, A normal corpus callosum with no notch. B, A cor-
pus callosum with anterior and posterior notches measuring 1 and 3 mm in depth (pink lines),
respectively. A “notch” was defined as a depression in the dorsal surface whose depth was at
least Tmm from a tangential green line to the surface of the CC. Notches are classified as either
anterior or posterior on the basis of their relationship to the midcallosal body (blue line).

redirection, and pruning throughout the first 2 decades of
life."*'> These varying rates and timing of CC component devel-

opment result in a dynamic morphology throughout both gesta-

1617 with additional alterations in CC

18-20

tion and early life,
morphology visualized throughout the life span.

The clarity of corpus callosum visualization with MR imaging
lends itself to statistical shape analysis, a field that is used in the
US court system for legal defense.”’ A 1995 article by Riley et al®
remains frequently cited in the medicolegal literature for estab-
lishing focal abnormalities of the CC as part of the FAS spec-
trum.' Subsequent literature suggests focal thinning or concavity
of the CC, which the current authors refer to as “notching,” to be
an indicator of brain damage from fetal alcohol exposure.***

The goal of this study was to further characterize the CC in
the FASD population. Specifically, we sought to compare the
prevalence of dorsal notching in a patient group with known
FASD with the prevalence of dorsal notching in a population
with no history of FASD and no gross abnormalities on brain
MR imaging. Recent studies have suggested that focal concavities
along the anterior and posterior surfaces of the CC are manifesta-
tions of normal growth and development®*** An analysis
of >1600 brain MR imaging studies by Krause et al** showed a
CC notch in 50% of men and women. In addition, the lack of
identified notches in the first week of life led the authors to sug-
gest that notching is an acquired characteristic of normal CC de-
velopment. Furthermore, the overall prevalence of notching was
found to be greater than the expected prevalence of FASD, sug-
gesting that notching is a normal morphologic feature and not
pathognomonic of FASD.**

Building on recent work>** examining CC notching in a
healthy population, we used the same methodology to character-
ize the dorsal contour of the corpus callosum within an FASD
group. The goal of this study was to determine whether notching
along the dorsal surface of the CC is more prevalent in FASD
compared with a healthy population.

MATERIALS AND METHODS
This retrospective, multicenter study was approved by the respec-
tive institutional review board with a waiver of patient consent.
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Subjects were obtained from an ICD-
10 search of the electronic medical re-
cord for an FASD diagnosis with avail-
able MR imaging examinations of the
brain that met the inclusion criteria.
Imaging was reviewed and patients
were excluded for any intracranial ab-
normality including but not limited to
tumor, stroke, infection, migrational
or structural abnormalities to include
partial or complete corpus callosum
dysgenesis, and surgery.

All MR imaging was performed
using 1.5T or 3T machines. T1-weighted
sagittal slices were obtained with 1- to 4-
mm section thickness. A team of neuro-
radiologists from 7 medical centers
throughout the United States visually
inspected the dorsal surface of each CC on a midline sagittal T1-
weighted image obtained at respective institutions. The morphol-
ogy of each corpus callosum was assessed using a previously
described protocol.** A CC was designated “normal” if the dorsal
surface contained no notching (Fig 14). A “notch” was defined as
a focal concavity in the dorsal surface, the depth of which was at
least 1 mm from a tangential line to the surface of the CC (Fig
1B). The location of the notch was recorded as anterior or poste-
rior with the midbody of the CC separating the 2 locations. The
CC was considered “undulating” if >2 notches involving both
the anterior and posterior CC were present. Each center submit-
ted measurements and anonymized images of their cases.

Age-matched data from prior work analyzing 1639 unique
brain MR imaging studies with normal findings using identical
methodology and inclusion and exclusion criteria were used to
define the radiographically healthy control group with no clinical
history of FASD.**

Statistical Analysis

Statistical analysis with a y” test was performed to determine
whether there were significant differences among anterior, poste-
rior, and undulating notch prevalence in FASD compared with a
healthy population. Values were calculated in Excel (Microsoft,
Redmond, Washington) and were then imported into SPSS
Statistics, Version 24 (IBM, Armonk, New York). Statistical anal-
ysis was performed using SPSS. P values < .05 were considered
significant.

RESULTS

One hundred forty-one patients with a clinical diagnosis of FASD
were initially identified. Ninety-six of those patients had adequate
MR imaging examination findings. Fifty-nine of the patients with
FASD (0-44 years of age; mean, 11.5 years) with MR imaging met
all the inclusion and exclusion criteria. A spectrum of structural
abnormalities was the most common reason for the 37 exclusions
(23 dysgenesis of the CC, 8 cortical migration abnormalities, 3
Chiari 1 malformations, and 3 cases of periventricular leukomala-
cia). Eight notches of the anterior CC were identified in the
FASD group (prevalence, 13.6%). Twenty-three patients had



Review summary

pathologic, feature of normal development.

FASD These findings are corroborated by our mul-
ticenter analysis of an opulation,
(Excluded i lysis of FASD populati
TR R which demonstrates that the prevalence of
Control Structural . ) .

FASD Group  Abnormality) notching is not increased in the FASD group

Brain MR imaging studies reviewed (No.) 59 875 37 compared with an age-matched control pop-

Brain MR imaging studies with notches 33(55.9%) 554 (633%)  T(29.7%) ulation. Thus, the neuroradiologist should

(No.) (%) recognize notching as a common finding on

Posterior position (No.) (%) 23 (39%) 378 (43.2%) 10 (27%) brain MRIs and not a pathologic finding spe-
Anterior position (No.) (%) 8 (13.6%) 139 (15.8%) 1(27%) .

i cific for FASD.
Undulating, >2 notches (No.) (%) 2 (3.4%) 37 (4.2%) 0 (0%)

a posterior CC notch (prevalence, 39%). Two patients demon-
strated undulated morphology (prevalence, 3.4%). In the healthy
age-matched control group, the anterior notch prevalence was
139/875 (15.8%), the posterior notch prevalence was 378/875
(43.2%), and the undulating prevalence was 37/875 (4.2%). There
was no significant difference among the anterior (P =.635), pos-
terior (P =.526), and undulating (P =.755) notch prevalence in
the FASD and healthy groups (Table).

We also reviewed the 37 patients with FASD who were initially
excluded due to structural abnormalities and found 1 anterior
notch (prevalence, 2.7%) and 10 posterior notches (prevalence,
27%). There was no significant difference in the FASD groups des-
ignated “structurally normal” and having “structurally abnormal”
findings between the anterior (P=.076) and posterior (P=.230)
notch prevalence. There was no significant difference between the
prevalence of anterior (P=.086) and posterior (P =.129) notches
among the FASD group, the FASD group with structural abnor-
malities, and healthy age-matched controls.

DISCUSSION
In our multicenter study population, there was no significant dif-
ference in CC notching between our subjects with FASD and
healthy populations. Although the developing CC may be suscep-
tible to the effects of prenatal alcohol exposure, focal notching
was not found to have an increased prevalence in our FASD pop-
ulation compared with age-matched controls. These findings
conflict with the medicolegal use of MR imaging to suggest that
notching of the CC is evidence of an individual having FASD.’
In an era in which the US judicial system is increasingly will-
ing to accept brain imaging as evidence of injury or pre-existing
conditions, the importance of defining both normal and patho-
logic morphology is paramount. This study builds on recent
work examining MR imaging characteristics of the CC that found
dorsal notching as both an acquired and dynamic feature of nor-
mal corpus callosum development. This prior examination of
1639 MR imaging examinations with normal findings also served
as the age-matched control group of the current study. In this
study, the authors noted increasing prevalence (P<.001) and
depth (P =.028) of anterior notching with increasing age as well
as decreasing prevalence of posterior notching as age increased
(P<.001).>* Although the study of Krause et al** was not
adequately powered to perform a dedicated cohort study of the
FASD population, lack of notching in the first week of life led the
authors to suggest that notching can be an anatomic, not

MR imaging has served as a tool to
describe brain morphologic differences in
FASD populations in relation to associated
cognitive deficits.”**> However, much remains unknown regard-
ing the impact of prenatal alcohol exposure on the developing
brain without a diagnostic pattern of abnormalities yet available
on MR imaging examinations.”® A single anatomic feature such
as focal thinning or notching is unlikely to be a suitable marker
of FASD, given the complex process involving the development
and maturation of the corpus callosum. Whereas the effects of
intrauterine alcohol exposure occur on a spectrum, so do the
morphologic features of the corpus callosum within a healthy
population.

A limitation of this study is the narrow focus of solely
examining the dorsal surface of the CC. Although this is a
multicenter study, the regional and global characteristics that
may affect CC morphology were not quantified. In addition,
the current study is not a longitudinal study because patients
were not tracked along their dedicated life span, a critical gap
across the available MR imaging literature.” Due to the purely
radiographic nature of this study, we do not have any clinical
data of the potential functional deficits of the patients or
a quantitative assessment of alcohol exposure that these
patients experienced in utero. Last, a retrospective review of
both the healthy and FASD populations leads to an inherent
selection bias. These findings may be further confounded by
excluding studies with concomitant pathology.

CONCLUSIONS

In the medicolegal field, focal concavity or notching has been
considered a diagnostic structural finding associated with
FASD.>' Whereas prior studies have suggested corpus cal-
losum notching to be a manifestation of normal development
and growth, our multicenter study sought to compare the
prevalence of notching in FASD to a healthy population. Lack
of a significant difference of notching between FASD and
healthy groups suggests that notching of the corpus callosum
should not be viewed as a specific finding associated with
FASD. This study does not contradict other dysmorphias of
fetal alcohol exposure but broadens prior work suggesting
CC notching to be a normal anatomic feature without patho-
gnomonic correlation to FASD.
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Thalamic Massa Intermedia in Children with and without
Midline Brain Malformations

M.T. Whitehead and “*’N. Najim

ABSTRACT

BACKGROUND AND PURPOSE: The massa intermedia is a normal midline transventricular thalamic connection. Massa intermedia
aberrations are common in schizophrenia, Chiari Il malformation, X-linked hydrocephalus, Cornelia de Lange syndrome, and dience-
phalic-mesencephalic junction dysplasia, among others. We have noticed that massa intermedia abnormalities often accompany
other midline malformations. The massa intermedia has never been formally evaluated in a group of exclusively pediatric patients,
to our knowledge. We sought to compare and contrast the prevalence, size, and location of the massa intermedia in pediatric
patients with and without congenital midline brain abnormalities.

MATERIALS AND METHODS: Successive 3T brain MR imaging examinations from pediatric patients with and without midline malfor-
mations were procured from the imaging data base at a pediatric hospital. Massa intermedia presence, size, morphology, and posi-
tion were determined using 3D-TIWI with 1-mm isotropic resolution. The brain commissures, septum pellucidum, hypothalamus,
hippocampus, vermis, and brain stem were evaluated to determine whether alterations were related to or predictive of massa
intermedia abnormalities.

RESULTS: The massa intermedia was more frequently absent, dysmorphic, and/or displaced in patients with additional midline
abnormalities than in those without. The massa intermedia was absent in 40% of patients with midline malformations versus 12% of
patients with normal findings (P <.001). Massa intermedia absence, surface area, and morphology were predictable by various attrib-
utes and alterations of the commissures, hippocampus, hypothalamus, vermis, brain stem, and third ventricle.

CONCLUSIONS: Most pediatric patients have a thalamic massa intermedia centered in the anterior/superior third ventricle. Massa
intermedia abnormalities are commonly associated with other midline malformations. Normal-variant massa intermedia absence is a
diagnosis of exclusion.

ABBREVIATION: MI = massa intermedia

he massa intermedia (MI) is a normal midline transventricu-

lar thalamic link that develops around 13-17 weeks’ gesta-
tional age.'” It is not considered a commissure because no
reciprocal interhemispheric connections have been found within
it in humans. Nonetheless, its cytoarchitecture suggests that it is
functionally active.* The MI comprises neurons and neuropil
with circularly oriented fibers postulated to represent neuro-

sphere correlates (neuronal and glial progenitors).* Stria
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medullaris fibers that modulate motivation and mood may cross
through the MI as suggested by DTI tractography.® In a separate
DTI study, Damle et al® showed that MI size correlates with ante-
rior thalamic radiation integrity and mediates the relationship
between age and attention in healthy female subjects.

Animal studies have also enhanced our understanding of
MI anatomy and potential functions. Widespread frontal, periro-
landic/pericruciate, and limbic axonal MI crossings have been
documented histologically in monkeys, rats, and cats.” Crossing
nigro-caudate and caudo-caudate connections have also been
identified.® A rhesus monkey study demonstrated loss of the nor-
mal crossed tactile placing response in stroke-induced monkeys
following concurrent transection of the corpus callosum and MI
but not in stroke-induced monkeys after callosotomy alone, sug-
gesting that the paralytic effect of cortical damage may be damp-
ened with an intact MI and accentuated without it.”
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Multiple studies have shown that the MI may be small or
absent more frequently in patients with schizophrenia spectrum
disorders.>'*""® It may also be small in borderline personality and
bipolar disorders.'®'” MI abnormalities can also occur in associa-
tion with Chiari II malformation, X-linked hydrocephalus,
Cornelia de Lange syndrome, and diencephalic-mesencephalic
junction dysplasia, among others.'®**

The thalamic massa intermedia has never been formally eval-
uated in a group of exclusively pediatric patients, to our knowl-
edge. We have observed that the MI is commonly absent, small,
thickened, and/or displaced in patients with additional midline
abnormalities. We sought to compare and contrast the preva-
lence, size, and location of the MI in 3T MR imaging examina-
tions with normal findings in pediatric patients with and without
congenital midline brain abnormalities and to determine whether
there are structural variables that can predict MI abnormalities.

MATERIALS AND METHODS

After Children’s National Hospital institutional review board ap-
proval, the MR imaging data base at a single academic pediatric
hospital was searched for all consecutive 3T brain MR imaging
examinations performed during 8 years (2012-2019) from pediat-
ric patients (0-18 years of age) using the following key words/

» » «

phrases: “normal brain,” “midline abnormality,” “agenesis,” “dys-
genesis,” and “hypogenesis.” These terms were selected because
they are a common lexicon used in neuroradiology reports from
our institution to describe various midline malformations of the tel-
encephalon, diencephalon, hindbrain, face, and skull. Each study
was reviewed to verify the lack of abnormalities in the healthy group
and the presence of =1 congenital midline abnormality in the
abnormal group. Examinations with excessive motion artifacts, lack
of 3D-T1WI, prior surgical intervention, tumor, and clastic lesions
other than mild gliosis were excluded. In the healthy group, develop-
mental delay and seizures were additional exclusion criteria. Age,
sex, and examination indications were documented. Medical records
were reviewed to clarify history and document diagnoses.

All MR imaging studies were performed on a 3T scanner
(Signa HDxt Optima; GE Healthcare, Milwaukee, Wisconsin).
Pulse sequences included a 3D sagittal echo-spoiled gradient-
echo TIWI with 3 plane reformats, T2WI, T2-FLAIR, susceptibil-
ity-weighted (T2* weighted angiography), and DTI with 7 di-
rections of encoding. 3D echo-spoiled gradient-echo TIWI
parameters were the following: TE/TR = 3/8 ms, TT= 450 ms, flip
angle = 12°, section thickness = 1 mm, section spacing = 0.5 mm,
matrix = 256 x 256, FOV = 40-58 x 16-24cm (based on head
size). All examinations were evaluated, in consensus, by a board-
certified neuroradiologist and pediatric neuroradiologist with
6years of practice experience following certification (M.T.W.)
and a second reader that had completed an Accreditation
Council for Graduate Medical Education Pediatric Radiology
Fellowship.

3D-T1WI was used to evaluate the MI presence, morphology
(normal/thin/thick), location (third ventricle quadrant center),”
anterior-posterior diameter, craniocaudal diameter, and surface
area. The corpus callosum (presence, morphology, length, surface
area, and diameters of the genu, rostrum, and splenium) and an-
terior commissure (presence, morphology, surface area, and
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anterior-posterior and craniocaudal diameters) were assessed
using sagittal 3D-T1WI. The transverse diameters of the MI, an-
terior commissure, and third ventricle were measured on refor-
matted axial 3D-T1WI. Additional brain structures were assessed
qualitatively in the following manner: septum pellucidum (nor-
mal/cavum/hypoplastic/absent), fornix (normal/hypoplastic/
absent), hypothalamus (normal/interhypothalamic adhesion),
hippocampus (normal/under-rotated/dysplastic/sclerosis), vermis
(normal/hypoplastic/dysplastic * hypoplastic), and brain stem
(normal/hypoplastic/dysplastic = hypoplastic).

Using descriptive data derived from the healthy group, 2 SDs
from the mean upper and lower bound cut points were deter-
mined for the MI, corpus callosum, and anterior commissure
continuous data. Measurements falling below and above these
boundaries were classified as “thin/hypoplastic” and “thickened/

dysplastic,” respectively.

Statistical Methods

Normal Gaussian distribution of the data means was confirmed
by a Shapiro-Wilk test. Subsequently, 2-tailed unpaired ¢ tests
were used to compare the continuous data means within and
between the healthy and midline abnormality groups. x* tests
were used to evaluate categoric variable distribution differences
within and between groups. Multiple logistic and linear regres-
sion analyses were conducted to determine whether there were
age, sex, or MR imaging predictors of MI absence, size, or mor-
phology. Additionally, logistic regression analyses were used to
determine whether age predicted MI absence after controlling for
sex. P <.05 was considered significant.

RESULTS

The healthy group comprised 111 examinations from 105 unique
patients after excluding 4 cases (3D-T1WI lacking, n = 3; motion,
n=1). Six examinations from 5 patients were follow-ups. The
most common primary indications were headache (n=283) and
encephalopathy (n=11). The midline abnormality group con-
sisted of 119 examinations from 103 patients after excluding 6
(catheters, n=3; normal, n= 2; glioma, n=1). Sixteen examina-
tions from 14 patients were follow-ups. The most common pri-
mary indications in the abnormal group were fetal imaging
with abnormal findings (n=32), seizures (n=16), dysmor-
phia (n=15), and developmental delay (n = 10); a unifying di-
agnosis was achieved in 36/103 (35%), 19 (53%) of which
were genetic diagnoses and 17 (47%) of which were clinical/
imaging diagnoses, most commonly septo-optic dysplasia
(n=6) and Dandy-Walker malformation (n=4). The average
age of the healthy group was 11.7 * 5.3 years (range, 9 days to
18 years) versus 4.1 * 5.5years (range, 1day to 18 years) in
the midline abnormality group (P <.001). There was no sig-
nificant sex difference between groups (P=.78) (Table).

MI absence was more common in patients with midline
abnormalities (41/103; 40%) than in patients with normal find-
ings (13/105; 12%) (P <<.001) (Figs 1-4). It was absent in 4/4
(100%) Dandy-Walker Malformation cases and 1/6 (17%) septo-
optic dysplasia cases. The MI was duplicated in 1 case from the
midline abnormality group. The MI transverse diameter was the
only MI measurement with a statistical difference between



Demographic and structural variables in healthy and midline abnormality groups

Healthy Group (Avg = SD) Midline Group (Avg = SD) Total (Avg = SD) P

Age (yr) N7 =53 41+£55 79 * 6.6 .001

Sex n=55f (52%) n=52f (50%) n=107 f (51%) 78

MI present n=92 (88%) n=62(60%) n=154 (74%) .001
Morphology n=89 (n); 3(T) n=45 (n); 10(T); 7(t) n =134 (n); 13(T); 7(t) .001
tr (mm) 15+ 02 2+02 17 =1 002
ap (mm) 73 %23 68+ 39 7 £ 3] 144
cc (mm) 67 + 56 61+ 35 64+ 49 202
Area (mmz) 429 £ 239 442 *= 489 43.2 =359 458
Location n=84 (a/s); 6 (p/s); 2 (p/i) n=34(a/s); 14 (p/s); 3 (p/i); n="8 (a/s); 20 (p/s); 5 (p/i); .001

1(a/i); 10 (all) 1(a/i); 10 (all)

CC present n=105 (100%) n=70 (68%) n=175 (84%) 001
Morphology n=105 (n) n=13(n); 6 (h); 46 (h/d); 5 (d) n=18 (n); 6 (h); 46 (h/); (5d) .001
Length (mm) 682 76 39.9 =215 57 =202 .001
Genu (mm) 105+ 2 74 £10 93X 66 .007
Body (mm) 57 +12 35+ 22 49 %19 001
Splen (mm) 1032 47 +29 84 *36 001
Area (mmz) 546 * 129 214 =199 415 * 228 .001

AC present n=105 (100%) n=101(98%) n =206 (99%) 151
Morphology n=105 (n) n=41(n); 53 (h), 7 (T) n=146 (n); 53 (h); 7 (T) .001
tr (mm) 18 £04 3915 28 15 .001
ap (mm) 26 =07 17 =11 22 %1 001
cc (mm) 35 %1 22 %13 29 +13 .001
Area (mm?) 81+ 38 44 + 5] 63+ 49 .001

Septum pellucidum n=96(n); 9 (c) n=13(n); 7 (c); 47 (a); 36 (h) n =109 (n); 16 (c); 47 (a); 36 (h) .001

Fornix n=105 (n) n=36 (n); 25 (a); 42 (h) n=141(n); 25 (a); 42 (h) .001

Hypothalamus n=105 (n) n =284 (n); 19 (IHA) n=189 (n); 19 (IHA) .001

Hippocampus n=_87 (n); 18 (u) n=11(n); 88 (u); 2 (d); 2 (mts) n=98 (n); 106 (u); 2 (d); 2 (mts) .001

Brain stem n=105 (n) n=67 (n); 18 (h); 18 (d) n=172 (n); 18 (h); 18 (d) .001

Vermis n=105 (n) n=77 (n); 15 (h); 11 (d) n=182 (n); 15 (h); 11 (d) .001

3rd Ventricle (mm) 28 £ 09 5.5+ 33 41+28 .001

Note:—Avg indicates average; tr, transverse diameter; ap, anteroposterior diameter; cc, craniocaudal diameter; CC, corpus callosum; Splen, splenium; AC, anterior com-
missure; n, normal; T, thick; t, thin; a/s, anterior/superior quadrant of 3rd ventricle; a/i, anterior-inferior; p/s, posterior-superior; p/i, posterior-inferior; all, all quadrants;
h, hypoplastic; h/d, hypogenetic = dysgenetic; d, dysgenetic/dysplastic; c, cavum; a, absent; IHA, interhypothalamic adhesion; u, under-rotated; mts, hippocampal sclero-

sis; f, female.

groups. The MI mean surface area was not significantly different
between groups (healthy group, 43 = 24 mm; range, 6-140 mmy;
abnormal group, 44 * 49mm; range, 2-214mm; P=.46).
However, the MI morphology differed and was almost always
normal in examinations with normal findings (89/92, 97%) and
frequently-but-less commonly normal in patients with midline
abnormalities (45/62, 73%) (P <.001) (Figs 5 and 6). Further-
more, the MI location differed between groups; in examinations
with normal findings, it was almost always centered in the ante-
rior/superior quadrant of the third ventricle (n=284, 91%) and
was more variable in patients with midline abnormalities
(P<.001). Neither MI presence nor surface area nor morphology
was predictable on the basis of age or sex (P> .05). There was no
significant change in the presence, size, morphology, or location
of the MI on any of the 6 follow-up examinations in the healthy
group; however, 6/11 (55%) follow-up examinations from
patients with an MI in the abnormal group had interval MI vol-
ume loss. When the MI surface area remained stable on follow-
up, there was no significant change in third ventricle diameter in
either group (P> .67). However, the third ventricle diameter sig-
nificantly increased when the MI surface area decreased
(P=.013). Specific data of additional groups are presented in the
Table.

Logistic regression analysis showed that the odds of an absent
MI were 1.5 times greater (OR, 0.68; 95% CI, 0.59-0.79; P <.001)

with every 1-mm increase in the third ventricle transverse diame-
ter and 1.7 times greater (OR, 0.6; 95% CI, 0.48-0.75; P <<.001)
with every 1-mm increase in the anterior commissure transverse
diameter in both groups combined. Furthermore, third ventricle
diameter and anterior commissure diameter were strong predic-
tors of MI surface area and morphology in both groups combined
(P <.001). Corpus callosum presence was predictive of MI pres-
ence (OR, 3.9; 95% CI, 1.8-8.5; P <<.001) and MI area (P=.002)
in both groups combined. Interhypothalamic adhesions were pre-
dictive of MI surface area and morphology in both groups com-
bined (P < .03). Hippocampal abnormalities tripled the odds of
MI absence (OR, 0.33; 95% CI, 0.17-0.65; P<.001) and were
predictive of MI surface area and morphology abnormalities
(P<.02) in both groups combined. Brain stem hypoplasia or
dysplasia or both were predictive of MI surface area and mor-
phology in both groups combined (P < .001). The odds of MI ab-
sence were 2.4 times greater in patients with vermian hypoplasia
and/or dysplasia (OR, 0.42; 95% CI, 0.24-0.73; P=.002) in both
groups combined (On-line Table).

DISCUSSION

The thalamic massa intermedia is more commonly absent (40%
versus 12%), dysmorphic, and/or displaced in children with other
structural midline brain abnormalities than in those without. MI
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FIG 1. Sagittal midline TIWI from a brain MR imaging with normal
findings in a 17-year-old adolescent girl with retroauricular pain
depicting the normal thalamic MI centered in the anterior/superior
portion of the third ventricle (arrow).

FIG 2. Sagittal midline TIWI from a brain MR imaging with normal
findings in an T-year-old girl with headache, showing a normal Ml
with part of its superior and posterior margin volume averaged with
the medial thalami in a patient with a small third ventricle (large
arrow). This appearance has the potential to compromise Ml evalua-
tion both qualitatively and quantitatively. However, a faint marginal
distinction is often seen when carefully analyzed (small arrow).

absence, surface area, and morphology are predictable by various
attributes and abnormalities involving the corpus callosum, ante-
rior commissure, hippocampus, hypothalamus, vermis, brain
stem, and third ventricle.

Midline brain malformations are often multiple and may
involve the MI. For example, the MI diameter is generally smaller
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FIG 3. Sagittal midline TIWI demonstrating MI absence in association
with multiple additional midline abnormalities, including marked
enlargement of the fourth ventricle/posterior fossa and under-rota-
tion of a hypoplastic/dysplastic vermis (Dandy-Walker malformation),
hypoplasia of the anterior commissure (arrow), pontine hypoplasia,
and agenesis of the corpus callosum.

FIG 4. Sagittal midline TIWI showing MI absence in association with
multiple additional midline abnormalities in a patient with septo-
preoptic holoprosencephaly. Additional findings include agenesis of
the corpus callosum, interhypothalamic adhesion (small straight
arrow), tectal dysplasia (small curved arrow), and hypoplasia of the
vermis (long straight arrow).

in fetuses with corpus callosum agenesis.** In our experience, the
MI is an often-neglected midline brain component on MR imag-
ing, perhaps due to lack of familiarity/awareness, perceived lack
of importance, and/or satisfaction with the search when other



FIG 5. Sagittal midline T2WI from a patient with diencephalic-mesen-
cephalic junction dysplasia showing a thickened thalamic massa inter-
media connected to the midbrain (arrow). The midbrain is dysplastic
with associated aqueductal stenosis and consequent hydrocephalus.

FIG 6. Sagittal midline TIWI depicting MI thinning/hypoplasia in a
patient with Aicardi syndrome (arrow). Other findings include callosal
dysgenesis and a pericallosal arachnoid cyst (star).

abnormalities exist. However, 1 midline abnormality should
heighten radiologists” suspicion for others, and all abnormalities
should be carefully documented in an effort to diagnose an
underlying syndrome/disorder, or at least to lay the groundwork
for a future diagnosis. Massa intermedia abnormalities can be a
clue to the presence of additional abnormalities.

The MI mean surface area was 43 = 24 mm” in examinations
with normal findings. This is congruent with previous pathology
literature comprising mostly adult specimens (mean surface area
range, 13-46 mm?®).>>*® Although the average MI surface area

did not significantly differ between groups, MI dysmorphology
was more common in the midline abnormality group (27% ver-
sus 3%). MI dysmorphology has been reported in several diseases.
Chiari IT malformation-related MI thickening may be the best-
known disease-associated condition.'® Yamasaki et al'® found MI
thickening in all 6 patients with X-linked hydrocephalus exam-
ined by MR imaging. Loss of function LI cell adhesion molecule
(LICAM) gene defects seems to result in the most severe neuroi-
maging phenotype, with 100% prevalence of MI thickening.*® In
diencephalic-mesencephalic junction dysplasia, the MI may be
dysplastic and connected to the midbrain.** MI thickening was
also demonstrated in 60% (3/5) of patients with 6q terminal dele-
tion syndrome.*

MI size tends to decrease with age in adults.">*>*° However,
the association between MI abnormality and age has not been
previously addressed in children. We found no relationship
between age and MI abnormalities. On the other hand, the MI
surface area decreased in more than one-third of follow-up
examinations in the midline abnormality group. The transverse
diameters of the MI, anterior commissure, and third ventricle
were correlated variables, and the MI area was inversely related
to them. Prior studies have also shown inverse relationships
between the third ventricle diameter and MI thickness.'******!
Acquired MI absence can occur secondary to hydrocephalus-
induced rupture.®® If we add our findings to the existing litera-
ture, it seems that MI volume loss and/or absence can occur in 3
main scenarios: 1) congenital, decreased or lack of the normal MI
constraint leading to third ventriculomegaly; 2) acquired, primary
or secondary MI volume loss associated with loss of cerebral vol-
ume; and 3) acquired, increased third ventricular pressure/dila-
tion causing stretching or rupture.

MI duplication has been sparsely described on postmortem
examination and imaging.*****"** By means of MR imaging, it
has been shown in Dandy-Walker continuum and in a patient
with a presumed-but-unknown genetic disorder.’*** The MI was
duplicated in 1 of our patients with midline malformations,
including callosal dysgenesis and anterior commissure hypoplasia.

Previous literature mainly from adult subjects has shown the
prevalence of MI absence in healthy subjects to be 2%-25%; this
wide range is probably related to varied imaging and pathology
techniques used in its assessment.>>>!1 131923283136 Tyyq brjor
imaging studies, one primarily and the other exclusively in adults,
performed using 3T MR imaging and 1-mm-thick sections akin
to our study, found the normal prevalence of MI absence to be
4%-10%.> Similar to these, we discovered MI absence in 12% of
pediatric patients with otherwise normal MR imaging findings.
MI absence may be present at a higher rate in association with
other brain malformations. For instance, the MI was absent in
greater than one-third of patients with Cornelia de Lange syn-
drome in 1 study.”' We determined that the MI was more likely
to be absent in children with additional structural midline brain
abnormalities. Furthermore, the MI was absent in all of our
patients with Dandy-Walker malformation and infrequently in
septo-optic dysplasia.

Reported MI sex differences have been conflicting, but
many studies have suggested a higher prevalence of MI ab-
sence and decreased MI volume in males compared with
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females,>23:27:28:31.36 1y conqrast, we found no significant sex
differences between groups among the variables examined. It is
possible that the reported sexual dimorphism of the MI may be
present only in the adult population.

MI location impacts local CSF flow dynamics.*® The maxi-
mum pressure within the third ventricle can vary up to 50%
on the basis of MI location.”® In healthy patients, the MI
tends to be centered in the anterior/superior quadrant of the
third ventricle.>®*® Our findings are in agreement. However,
it was significantly more variable in location in the midline
abnormality group.

Hippocampal abnormalities increased the likelihood of
MI absence, altered surface area, and abnormal morphology.
Animal studies have demonstrated functional connectivity
between the medial temporal lobes and MI. In felines with
amygdaloid-stimulation-induced seizure kindling, the MI
plays a role in interhemispheric ictal propagation.’” MI-
induced kindling in rats resembles an amygdaloid kindling
response.’® N-methyl-D-aspartate injection into the MI indu-
ces seizures and facilitates limbic kindling in rats.>**°
However, under-rotation, or “incomplete hippocampal inver-
sion” may be found in up to 17% of healthy subjects, similar
to our findings in the brain MR imaging group with normal
findings.*'

MI absence, surface area, and morphology were predicted by
the presence of an interhypothalamic adhesion. Congenital inter-
hypothalamic adhesions may be markers of additional midline
abnormalities.*"**

Several limitations warrant mention. We acknowledge that
MI prevalence and size cannot be verified without histologic cor-
relation. However, 3-plane high-resolution T1WTs were carefully
scrutinized to make determinations. Furthermore, MI prevalence
and size in the healthy group are within the range previously
reported for healthy adults. Even with current state-of-the-art
MR imaging techniques, however, MI absence may be underap-
preciated because volume averaging remains a challenge, espe-
cially when the third ventricle is small (Fig 2). Therefore, there is
a tendency to underdiagnose MI absence and overestimate MI
size with neuroimaging. Another limitation is that the mean age
between groups was statistically different, with the abnormal
group being imaged at a younger age on average. This difference
was unavoidable given the retrospective nature of the study.
Nonetheless, there was no difference within or between groups
with regard to MI absence, area, or morphology. Another poten-
tial limitation is that most patients in the healthy group were
imaged due to headache symptoms, making pediatric migraine a
potential-albeit-unlikely confounding variable. Finally, few uni-
fied diagnoses were known in the midline abnormality group,
limiting disease-specific generalizability. Future work would be
useful to determine whether disease-specific MI abnormalities
exist.

CONCLUSIONS

Most pediatric patients have a thalamic massa intermedia cen-
tered in the anterior/superior third ventricle. The MI is more
frequently absent, dysmorphic, and/or displaced in pediatric
patients with additional midline abnormalities than in those
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without. These findings support the notion that the MI cannot be
ignored during MR imaging assessment of the brain. It can be a
clue to the presence of additional abnormalities. Normal-variant
MI absence is a diagnosis of exclusion, which should only be pro-
posed when it is isolated and in patients without any associated
clinical deficits.
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LETTERS

Time to Refine How We Tweet?

read with great interest the article by Tomblinson et al' about

the role of hidden metrics for the evaluation of social media
effectiveness. I think the topic is quite important while setting a
social media strategy for a professional institution like the
American Society of Neuroradiology (ASNR), which is spreading
knowledge. Beyond the simple gaining of visibility, the presence
on social media is meant to drive correct and high-level content,
which is invariably stored on the Web sites of official journals
and societies.

Luckily, we are not able to properly summarize an article in
the short space available on Twitter, and the existence of a robust
Web site where all content is available is crucial to preserve the
knowledge.

A single post on social media lasts hours, then is forgotten,
but we want to deliver science. As correctly highlighted by the
authors, we have to think beyond Likes and Retweets because
Tweets also are open to users not signed in to Twitter. Users
could be interested in the topic of the Tweet and click on the link,
with no interaction with the post itself.

http://dx.doi.org/10.3174/ajnr.A6457

I appreciated so much the awareness of the American Journal
of Neuroradiology/ ASNR in including in most of their tweets a
link to their Web site. Moreover, quantifying which content is
accessed and downloaded and how is important to discern the
audience’s satisfaction with a specific strategy.

As an example, in the European Society of Neuroradiology,
last August, we proposed a review per day on social media chan-
nels, with highly interesting preliminary data about downloading
of cited articles, regardless of whether they were open access. I am
sure that paper can change the way some authors and educators
think about health care social media posting, enhancing its use as
a driver of content available on a specific (personal) Web site.
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LETTERS

Do the Magic Angle Effects or Susceptibility Effects Affect
the Visualization of Nigrosome 1?

I read with great interest the recently published article by Arai
et al' in the American Journal of Neuroradiology. In this article,
the authors claimed that the asymmetric visualization of nigro-
some 1 is affected by the magic angle and susceptibility. They also
suggested that these challenges in visualization are caused by the
anatomic slant structure of nigrosome 1. For proper assessment
of nigrosome 1 on MR imaging, it is of the utmost importance
that researchers should be familiar with its anatomy and obtain
high-spatial-resolution imaging to reduce partial-volume effects.
In this regard, I am concerned about the methods used by the
authors of this article.

First, the authors claimed that the MR imaging visualization
of nigrosome 1 is often poor because of the asymmetry of this cell
cluster, regardless of whether nigrosome 1 is healthy. I tried to
find any relevant studies with regard to the cell cluster asymmetry
in nigrosome 1 but to no avail. It, therefore, would be better to
add any reference to this description.

Second, it has been reported that the CNS does not show
magic angle effects (T2 prolongation at certain angles) because it
has no ordered collagen.2 It, therefore, is implausible to describe
that visualization of nigrosome 1 is affected by magic angle
effects. Because a multiecho gradient recalled-echo sequence was
used in this study, there may be changes of T2* contrast in certain
regions of the white matter. It has been shown that the relative
orientation of white matter fibers to the By field significantly
affects T2* measurements, and the dominant source of this orien-
tation dependency is susceptibility effects from myelin.> Myelin,
however, is not, or is scarcely, present in nigrosome 14 Thus, nei-
ther magic angle effects nor susceptibility effects may affect the
image contrast in healthy nigrosome 1.

Third, even if nigrosome 1 visualization is affected by the
magic angle effects due to its slant, nigrosome 1 should have
higher signal intensity in nontilted head imaging than in tilted
head imaging. The opposite results, however, were presented in
this study.

Fourth, the authors indicated nigrosome 1 on the susceptibil-
ity map in Fig 5." The indicated structures with hypointensity are

http://dx.doi.org/10.3174/ajnr.A6458
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connected to the slightly hypointense regions below the substan-

tia nigra. Nigrosome 1, however, is located between the 2 hyper-
intense areas on quantitative susceptibility mapping because it is
seen as a hyperintense region between the 2 hypointense regions
on SWI (also known as the “swallow tail sign”). Nigrosome 1 is
also located more anteriorly than that in Fig 5. The structure
indicated by the authors, rather, would be the medial lemniscus
(based on the Duvernoy’s Atlas of the Human Brain Stem and
Cerebellum),” not nigrosome 1, which is supported by the fact
that it shows orientation-dependent signal changes because of its
myelin content. It would have been better to test if higher-spatial
resolution imaging (eg, 0.5 x 0.5 x 1.0mm®) shows similar
results because nigrosome 1 is very small and easily affected by
a partial-volume effect.®
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REPLY:

We greatly appreciate the interest of Dr Kim in our work
and his knowledgeable comments regarding our article
that was recently published in the American Journal of
Neuroradiology." He has highlighted several important points
that we will address in this response.

The first implication on the meaning of the asymmetry of the
cell cluster, regardless of whether nigrosome-1 is healthy, is im-
portant and should be clarified. Our study discussed the visual-
ization of nigrosome-1 asymmetry using clinical MR imaging.2
We believe that our views are shared by most authors with con-
siderable experience in clinical MR imaging examinations.

Dr Kim suggests that the magic angle effect appears hyperin-
tense because of sequences using a short TE. It is rightfully
pointed out that this is an MR imaging phenomenon that is often
discussed with regard to fiber structures in orthopedic and neuro-
logic cases, among others. However, we discuss the magic angle
that presents universally in the B, direction. In particular, the
change in the magnitude of the interaction becomes a conspicu-
ous interference along the magic angle because of the dipole-
dipole interaction.* This change affects the MR signal intensity
around the boundary between the susceptibility of different tis-
sues. As mentioned earlier in the Discussion section, quantitative
susceptibility mapping was performed to support the magic
angle. Our response to the third question is the same as previ-
ously mentioned. It is not the relation to the fiber array
dependency.

Fig 5A reveals the quantitative susceptibility mapping, which
was not used to describe the nigrosome-1 regions. Quantitative
susceptibility mapping eliminates the magic angle effect because
of the deconvolution of phase data with a dipole kernel.
The imaging techniques that make nigrosome-1 hyperintense (ie,
the swallow tail sign) affect the magic angle; therefore, there are
differences in image contrasts.

Finally, the volume of nigrosome-1 is 7 slices’ worth that was
0.5 %
0.5 x 1.0mm?).” The partial volume effect cannot be assumed

reported in a previous study by Dr Kim (ie,

because our voxel size parameter (ie, 0.63 X 0.63 x 1.5 mm3) was

http://dx.doi.org/10.3174/ajnr.A6473

FIGURE. Examples of nigrosome-1 visualization in the By direction
using high resolution (ie, 0.5 x 0.5 x 0.9 mm?), with a right head tilt
(A), without a head tilt (B), and with a left head tilt (C).

slightly larger than that reported by Dr Kim. To be sure, we
performed high-resolution (ie, 0.5x 0.5x 0.9mm®) imaging
(Figure). As indicated, the same result was obtained in Fig 4 of
our article, hence, proving that there was no partial volume effect.
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LETTERS

Authorship Trends in the American Journal

he authorship demographics in the American Journal of

Neuroradiology (AJNR) have been changing with time. The
clinical demands on neuroradiologists have increased recently.
We sought to determine whether there has been a commensu-
rate shift toward more nonradiologist, PhD, multi-institu-
tional, and funded articles being published in the AJNR. We
assessed AJNR-published articles for each branch of neurora-
diology (Brain, Spine, Head and Neck, Neurointerventional
Radiology [NIR], and Pediatrics [Ped]) to determine changes
in the authorship characteristics of those who publish in the
AJNR across time. We predicted a shift toward multi-institu-
tional, PhD-driven research in all fields except NIR, due to
increasing clinical demands on physician neuroradiologists
and the need for large datasets for writing definitive articles.

We reviewed 3 months of AJNR articles published during
1998, 2003, 2008, 2013, and 2018 and characterized the degrees
and specialties of the first authors, funding status, institutional
affiliations, and type of article to assess trends across time. Only
original publications were included. A binary logistic model was
fitted to the data to test the research hypothesis regarding the
relationship between the likelihood that multi-institutional and
radiology field, and funding were associated with MDs (com-
pared with PhDs).

Tables 1, 2, and 3 present the results of these analyses. Of the
367 original articles, a radiologist was the first author in 280
(76.3%) articles, followed by neurosurgeons (27, 7.4%) and neu-
rologists (26, 7.1%). Three hundred sixteen (86.1%) articles were
written by MD or MD-PhD first authors. One hundred forty-five
(39.5%) articles were from multiple institutions; 115 articles
(31.3%) were mentioned as funded. Of the funded articles, 74
(64.3%) were first-authored by MDs, and 41 (35.7%), by non-
MDs. MDs had a gradually decreasing trend of first authorship
from 96.6% in 1998 to 72.0% in 2018. Among MDs, radiologists
contributed 80% of the original articles in 1998, which decreased
to 66.7% in 2013 and increased back to 77.5% in 2018. The
regression model showed that multi-institutional studies were
associated with MDs as first authors (OR = 6.5; 95% CI, 3.59-
11.77). Also, radiologists exceeded all other subspecialties (OR =
3.42; 95% CI, 1.69-6.93) for MD authors.

http://dx.doi.org/10.3174/ajnr.A6463
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of Neuroradiology

Characteristics of AJNR Authors

By viewing trends in authorship, one can assess the state of
the specialty in terms of academic output. In radiology, in
which MDs and PhDs own considerable authorship space,
these trends can reveal the evolution of research productiv-
ity. In a study by Emamzadehfard et al,' the country of the
first author’s institution in published articles in AJNR issues
from January 2016 to June 2018 was categorized by Brain,
Head and Neck, Spine, NIR, and Ped sections. They con-
cluded that contributions to the AJNR from non-US authors
dominated in the NIR category, likely due to the more re-
strictive limitations of the FDA on new NIR devices in the
United States compared with Europe. Authors from Asian
countries contributed more to Head and Neck articles, likely
due to the increased prevalence of thyroid and nasopharyn-
geal carcinomas as well as Epstein-Barr virus infections in
Asia. Authors from European countries published more
articles than those in Asian countries in Pediatrics, in part
due to authoritative and prolific Italian experts in pediatric
neuroradiology. The US prominence was foremost in the
Spine, and authors from Canada dominated the non-US
spine contributions. Overall, the contributions from non-US
authors (55.9%) to the AJNR exceeded those originating
from the United States (44.1%)."

Trend Towards PhD Authorship

Our results show a decline of MD authorship from 96.6% in 1998
to 72.0% in 2018 (P = .003). What accounts for the shift away
from MD first authorship to more PhD-first authored AJNR
articles in this time period? One possibility is the changing
research environment for academic radiologists in the United
States, who have taken on more clinical responsibilities, with con-
sequent reduction of academic time, energy, and resources for
research. Another factor may be the increasing challenge of
obtaining research funding in the United States. Fang and
Casadevall* documented the lack of academic support granted
to American investigators, particularly compared with prior
time periods. These findings are in line with our results, which
showed the large role of PhD first authors who may benefit
from greater resources for research and more funded time.



Table 1: The distribution of first authors, degrees, institutions, funding, and fields across time

1998 2003 2008 2013 2018
Count % Count % Count % Count % Count %

Radiologist vs nonradiologist

Radiologists 48 80.0% 55 83.3% 52 76.4% 56 66.7% 69 77.5%

Nonradiologists 12 20.0% T 16.7% 16 23.6% 28 33.3% 20 22.5%
Degree

Both MD and PhD 1 17% 4 6.2% 5 8.6% 9 1.3% 16 18.0%

MD 56 96.6% 56 86.2% 47 81.0% 58 72.5% 64 72.0%

PhD 2 3.4% 5 7.6% 6 10.4% 10 12.5% 8 8.9%

Master of Science 0 0.0% 0 0.0% 0 0.0% 3 37% 1 11%
Institution

Multiple institutions 7 28.3% 15 227% 19 27.9% 43 51.2% 51 34.5%

Single institution 43 7.7% 51 77.3% 49 721% 41 48.8% 38 65.5%
Funding

Funded 12 20.0% 14 212% 7 25.0% 39 46.4% 33 37.1%

Unfunded 48 80.0% 52 78.8% 51 75.0% 45 53.6% 56 62.9%
Field

Brain 13 217% 26 39.4% 30 44.8% 28 337% 33 39.8%

Head and Neck 24 40.0% 7 10.7% 9 13.4% 14 16.9% 13 15.7%

IR-Vascular 16 267% 14 212% 19 28.4% 25 30.1% 22 26.5%

Peds 6 10.0% 13 19.7% 2 3.0% 10 12.0% 5 6.0%

PNS-Spine 1 1.6% 6 9.0% 7 10.4% 6 7.3% 10 12.0%

Note:—IR indicates interventional radiology; PNS, peripheral nervous system.

Table 2: Distribution of radiologists versus nonradiologists in
the field of neuro-IR

Field Nonradiologist (Count) Radiologist (Count)
Non-IR 57 214
Neuro-IR 30 66

Table 3: Regression model of predictor factors and association
with radiology versus nonradiology

95% CI
Predictor Factor Exp(B) for Exp(B) P Value

Funding (funded vs unfunded)®* 0.662 0.372 1178 160
Degree (PhD vs MD) 0.826 0.351 1.947 663
Field

Head and neck .019

Brain 191 1.012 3.611 .046

Spine 2.551 0.860 7.564 .091

Neuro-IR 1269 0.696 2.315 437

Pediatric 6.758 1.900 24.035 .003
Year

1998 .029

2003 2856 1295 6.299 .009

2008 2271 1.065 4.843 .034

2013 1601  0.819 3128 169

2018 2.414 1232 4732 .010

Note:—Exp(B) indicates exponential of the regression coefficient.
“Studies we are analyzing that were funded or non-funded.

Funded versus Unfunded Research

We found a concomitant increasing trend toward funded articles
in the AJNR. Lim et al’ studied the publishing of funded original
articles in 2 major American radiology journals, the American
Journal of Roentgenology (AJR) and Radiology, between 2001 and
2010. They showed that only 26.9% (1758 of 6542) of original
articles were funded, a proportion that is remarkably low in com-
parison with other specialties, but close to the 31.3% of AJNR

articles that we report herein.®> One study documented that 77%
of the original articles published in the major medical and neuro-
logic journals in 1991 were funded.* While the trend in the AJNR
is toward an increase in funded original articles, radiology litera-
ture still trails other specialties significantly in the publication of
funded studies.

Radiologist versus Nonradiologist Authorship in the AJNR
In our study, we show that of the 367 original articles, radiol-
ogists were the first authors in 280 (76.3%) articles, followed
by neurosurgeons (27, 7.4%) and neurologists (26, 7.1%). Lim
et al’ also evaluated the contributions of radiologists versus
nonradiologists in original radiology articles and found that
although radiologists still have the most prominent role in ra-
diology research, 12.4% (811 of 6542) of articles had a non-
radiologist as the first author, including 15.4% in Radiology
(541 of 3571).> One contributing factor to high number non-
radiologist contributions was likely the growth in multidisci-
plinary collaborative studies among radiologists and clinicians
from other medical specialties in which the first author was
not a radiologist. Additionally, many nonradiologists who are
performing radiology or radiology-related research may be
choosing to submit their publications to radiology journals
rather than clinical journals. This possibility may be particu-
larly true in NIR, in which neurosurgeons and neurologists
have a greater participation rate than diagnostic neuroradiol-
ogists. These trends indicate that radiology research is spreading
throughout the clinical literature with more interplay between
radiologists and nonradiologists. In summary, MDs and radiolog-
ists still dominate authorship in the AJNR; however, there are
trends from 1998 to 2018 toward more PhD-authored, multi-insti-
tutional, and funded articles.
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