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REVIEW ARTICLE

4D-DSA: Development and Current Neurovascular

ABSTRACT

K.L. Ruedinger,

Applications

C.M. Strother
o.'-'.

S. Schafer, “/M.A. Speidel, and

SUMMARY: Originally described by Davis et al in 2013, 4D-Digital Subtraction Angiography (4D-DSA) has developed into a commercially
available application of DSA in the angiography suite. 4D-DSA provides the user with 3D time-resolved images, allowing observation of a

contrast bolus at any desired viewing angle through the vasculature and at any time point during the acquisition (any view at any time).

4D-DSA mitigates some limitations that are intrinsic to both 2D- and 3D-DSA images. The clinical applications for 4D-DSA include evalua-

tions of AVMs and AVFs, intracranial aneurysms, and atherosclerotic occlusive disease. Recent advances in blood flow quantification using

4D-DSA indicate that these data provide both the velocity and geometric information necessary for the quantification of blood flow. In

this review, we will discuss the development, acquisition, reconstruction, and current neurovascular applications of 4D-DSA volumes.

ABBREVIATION: TDC = time-density curve

n many clinical scenarios, multidetector CT angiography and
MRA are adequate for endovascular diagnosis and treatment-
planning. However, for complex vascular abnormalities such as
aneurysms and AVMs/AVFs, DSA is superior to CTA and MRA
due to its improved spatial and temporal resolution."” The intra-
cranial vessels most applicable to DSA range in size from 4 to
5mm (internal carotid artery) to <1 mm (ie, the ophthalmic
and anterior choroidal arteries, and the second-division branches
and perforators of the middle cerebral artery). These vessels are
tortuous and lie in very close proximity to one another; often,
they overlap to such a degree that it is challenging to obtain a 2D
projection or a 3D volume free of vascular overlap on the display.
In 1997, Fahrig et al® showed the feasibility of using the projec-
tions from 2 rotational acquisitions (one to acquire a mask, the
other to acquire projections containing contrast) to obtain a single
3D vascular volume (3D-DSA).* QuicKly, the clinical utility of 3D-
DSA became apparent. The ability to view the vasculature from
any desired angle and with postprocessing capabilities allowing it
to be viewed either as a surface-rendered volume or as multiplanar
images, offered obvious advantages over 2D projections. However,

Received July 7, 2020; accepted after revision July 30.

From the School of Medicine and Public Health (K.L.R)) and Departments of
Biomedical Engineering (K.L.R.), Medical Physics (M.A.S.), and Radiology (C.M.S.),
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(S.S.), Malvern, Pennsylvania.
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even with these advantages, the lack of temporal information in
the 3D volume still made it impossible to visualize key characteris-
tics of some abnormalities, eg, the interior features of an AVM
nidus or the sequence of blood flow entering and leaving an
abnormality.

In 2013, Davis et al® described a reconstruction technique that
provided a series of fully time-resolved vascular volumes derived
from the projections of a conventional 3D-DSA rotational acquisi-
tion. Application of this algorithm generated a time-resolved 3D-
DSA, also called 4D-DSA. A 4D-DSA volume can not only be
viewed at any desired angle but may also be viewed at any desired
time during the passage of a contrast bolus through the vasculature.
This volume is achieved using the same x-ray exposure and contrast
medium dose that is required to create a single 3D-DSA volume,
therefore providing more information with the same parameters.

In the following pages, we will describe and illustrate the fol-
lowing: 1) the development and evolution of DSA from 2D to 3D
and 3D to 4D, 2) the injection and acquisition protocol used to
obtain a 4D-DSA, 3) the reconstruction workflow to create a 4D
vascular volume, 4) the current clinical utility of 4D-DSA, 5) the
use of 4D-DSA for calculation of velocity and flow, and 6) current
limitations to and helpful solutions for 4D-DSA.

Development and Evolution of 4D-DSA

In 1997, Fahrig et al> used an image intensifier to reconstruct a
3D vascular volume from projections acquired with 2 C-arm
rotations, leading to broad acceptance of the 3D-DSA technology
once flat panel detectors became readily available.* The increased


https://orcid.org/0000-0001-7646-2541
https://orcid.org/0000-0002-6989-5215
https://orcid.org/0000-0003-3042-6769
https://orcid.org/0000-0002-4235-8081
mailto:klruedinger@wisc.edu;
http://@Katrina_Rued

size and high spatial resolution of these detectors (<0.2-mm pixel
side length), in combination with intra-arterial contrast injec-
tions, allowed volumetric depiction of vascular abnormalities
showing anatomic relationships to adjacent structures and visual-
ization of implanted devices.>” Today, in clinical practice when
diagnosing and treating complex cerebrovascular abnormalities,
a combination of 2D- and 3D-DSA is used to depict the complex
vascular abnormalities (3D) and analyze the dynamic informa-
tion about the passage of contrast medium from arteries into
veins (2D). In most instances though, the topography of these
conditions is such that this combination still does not remove the
limitations caused by vascular overlap. For example, while both
2D and 3D images typically provide excellent information about
the major arteries and veins supplying an AVM, neither allow
detailed assessment of the angioarchitecture of the nidus of the
AVM, eg, the presence of intranidal aneurysms or direct AVFs.

Methods aimed at mitigating this limitation by combining the
benefits of both 2D- and 3D-DSA have been proposed since the
early 2000s. Schmitt et al® developed a method encoding bolus ar-
rival time from 2D-DSA images onto a static 3D-DSA, but each ac-
quisition was acquired separately. Copeland et al® furthered this
approach by encoding the contrast passage from biplane 2D-DSA
onto a 3D-DSA. Mistretta'® and Davis et al> combined the above
approaches, altering the 3D-DSA contrast injection protocol to
that of 2D-DSA and started injections at the beginning of a 3D ac-
quisition. Very quickly, this protocol was modified so that the con-
trast medium was injected 0.5-1second after the start of an
acquisition. Encoding this temporal information about the passage
of a contrast bolus on the 3D-DSA allowed reconstruction of fully
time-resolved 4D-DSA. This method became commercially avail-
able in 2015 (Siemens). Although the availability of a time-resolved
3D volume diminishes some of the problems caused by vascular
overlap, it does not completely resolve this issue. During the rota-
tional acquisition of a 4D-DSA, some degradation of temporal in-
formation may occur in any of the 2D projections, ie, when a ray
from the source passes through opacified vessels at the same time
on its way to the detector.

4D-DSA Acquisition Technique and Injection Protocol

The acquisition technique of a 4D-DSA is generalized into 2 steps:
1) a C-arm rotational acquisition without contrast injection
(mask), and 2) a second acquisition with contrast injection (fill).
4D-DSA is designed to allow visualization of the passage of con-
trast through the 3D vasculature for inspection. For facilitating this
process, a contrast-injection protocol was designed to start at the
same time or just after (0.5-1 second) the start of the fill acquisition
and to stop before the end of the rotation, thereby visualizing both
inflow and outflow of blood/contrast. Consideration should be
given to the type of vascular abnormality, eg, AVM or stenosis, as
well as the patient’s cardiac status, eg, normal or abnormal stroke
volume.

Accurate geometric reconstruction of the vasculature for 3D-
DSA requires that projections be available from about 200° of
rotation. However, to ensure the accuracy of both the geometric
and temporal information of a 4D-DSA, it was necessary for the
angular range to be increased to at least 260° so that different
parts of the vasculature, ie, arteries and veins, are all opacified for

the required 200°. In research and clinical practice, a 6- or 12-sec-
ond 260° fill acquisition during contrast injection is used in ac-
cordance with a noninjection mask acquisition. The setup for
contrast delivery is the same as for 2D- and 3D-DSA, with appro-
priate arterial access, catheters, and contrast medium. For a 4D-
DSA, the contrast injection is started simultaneous with or just
after the beginning of the fill acquisition, depending on the site of
injection (close to or further away from the relevant vasculature).
Contrast is usually injected for 8 seconds so that each vascular
segment in the arterial phase and early venous phase is filled for
about 200°. If the rate (milliliters/second) of a contrast medium
injection is too high, there will be downstream reflux of the con-
trast bolus. It has been shown that this phenomenon may prevent
mixing of the bolus with the nonopacified blood arriving with
each systole, thereby obscuring the pulsatile waveform normally
seen in the time concentration curves of the 4D projections.
Without the pulsatile information from the contrast bolus mixing
with nonopacified blood between systole and diastole, it would be
impossible to quantify blood flow using 4D-DSA data.'™'?
Ruedinger et al'? reported that an injection protocol of 75% con-
trast (iopamidol, Isovue 370; Bracco) injected at 2.5mL/s for
8 seconds satisfies these requirements by producing strong pulsa-
tility in the area of interest.

After a 4D acquisition (both mask and fill acquisitions) and
reconstruction, a user has a 4D-DSA vascular volume of 512 x
512 x 396 voxels with resolution of 0.5 mm. It may be viewed on
the software as either a movie or interactively using a slider bar to
progress through the sequences of timeframes (X Workplace;
Siemens). Cropping, thresholding, and dual-volume visualiza-
tions of implanted devices are available to the user as well.

4D-DSA Reconstruction Workflow

The reconstruction of 4D-DSA uses the data from a conventional
3D-DSA rotational acquisition (fill run subtracted from the mask
run) to create the vasculature geometry. This is then merged with
the temporal information from the 2D-DSA projection images
generated in the same acquisition. Figure 1 illustrates an overview
of the automated reconstruction workflow. First, a thresholded
3D-DSA reconstruction, called a constraint volume, is generated
(geometry). Next, for each acquisition angle (and time point), the
measured 2D-DSA image is divided by a digital forward projec-
tion of the constraint volume. The resulting ratio images describe
temporal changes in x-ray intensity, relative to the constraint vol-
ume, due to the passage of contrast medium (temporal informa-
tion). Finally, the temporal information, encoded in the sequence
of ratio images, is individually back-projected onto the 3D con-
straint volume, producing a temporal sequence of 3D images.
Each foreground voxel within the constraint volume is corrected
by a function based on the ray-dependent ratio.

The result is a fully time-resolved 3D-DSA image (4D-DSA) of
the anatomy of interest. The frame rate is identical to the acquisi-
tion frame rate (commonly 30 frames/second), and the total num-
ber of volumes is identical to the number of projection images in a
rotation. For example, a 12-second acquisition rotation would
have 304 frames over 260°, yielding >1 frame per degree of rota-
tion. Ultimately, a 4D-DSA vascular volume allows viewing of the
contrast bolus passage at any time and any desired viewing angle.
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FIG 1. 4D-DSA reconstruction workflow. Starting at the upper left, projection images from a rotational acquisition are reconstructed into a 3D-
DSA. Following a threshold approach, a constraint volume is generated, which provides the geometric information for the 4D-DSA. Combining
the constraint volume with the angle-specific temporal information results in the volumetric, time-resolved 4D-DSA volume.

Clinical Applications of 4D-DSA

In many instances, noninvasive imaging, ie, CTA or MRA, is suffi-
cient to establish the presence and type of cerebrovascular anoma-
lies; however, the superior spatial resolution of 2D- and 3D-DSA
enhances the user’s ability to understand some of the important
details of the vascular anatomy. After 4D-DSA became commer-
cially available in 2015, it further improved this capability.

AVMs and AVFs. In a preclinical study, Sandovol-Garcia et al'?
compared the utility and accuracy of 4D-DSA with that of 2D- and
3D-DSA in a canine model. Angiographic data of the 3 techniques,
showing both the intracranial and extracranial vasculature, were
scored by 3 experienced neuroradiologists for the technique’s abil-
ity to do the following: 1) display a series of previously determined
vascular segments, 2) determine the direction of filling of the seg-
ment (antegrade or retrograde), and 3) determine the technique
they would choose for performing the previous 2 tasks. In 74% of
the datasets, 4D-DSA was judged to be superior to the other meth-
ods. It was also reported that the use of the 4D-DSA reconstruction
alone would have resulted in a very meaningful reduction in both
contrast dose and radiation exposure."?

Later reports by Sandovol-Garcia et al'* and by Lescher et al'®
demonstrated the value of 4D-DSA in the diagnostic evaluation of
AVMs. In the 2017 study of Sandovol-Garcia et al,'® the angioarch-
itecture from 2D, 3D, and 4D-DSA acquisitions of 6 AVMs was
compared by 4 experienced observers. By consensus, the 4D-DSA
studies provided the best ability to display the presence of intrani-
dal aneurysms, fistulas, venous obstructions, and the sequence of
filling and draining, all of which are important for diagnosis.'®
Figure 2 illustrates the difficulty of 3D-DSA in viewing the
angioarchitecture of the nidus due to vessel overlap and the
improvement when viewing the nidus with the combined spatial
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and temporal features of 4D-DSA. Lescher et al'® also evaluated
the utility of 2D, 3D, and 4D reconstructions for displaying these
same features. In both AVMs (n = 19) and AVFs (n = 9), the
4D-DSA studies provided the best detail of the angioarchitecture at
the fistulous point or the nidus. Figure 3 illustrates the improved
viewing of an AVF with time-resolved 4D-DSA.

In a single-center study of 26 AVMs, Lang et al'” confirmed
the ability of 4D-DSA to show details of anatomy, as well as 2D
images; additionally, nidal features of the AVMs were most clearly
seen in the 4D reconstructions. On the basis of their observations,
they postulated that the availability of the 4D application would
decrease the number of 2D studies needed, therefore decreasing
the radiation dose.

In addition to diagnosis, 4D-DSA added value over conven-
tional techniques when used to create a treatment plan for AVMs
for gamma knife radiosurgery (stereotactic radiosurgery). Chen
et al'® compared the original treatment plans based on MR imag-
ing and 2D-DSA with ones based on 4D-DSA in 20 consecutive
patients with AVMs (n = 12) or AVFs (n = 8) who were sched-
uled for gamma knife radiosurgery. The radiosurgery treatment
plans were overlaid, and the registration errors were compared.
The determined area for treatment created with 4D-DSA was
generally smaller and more clearly demonstrated the AVM nidus
(in instances when it was supplied by multiple arteries) in com-
parison with the areas from conventional treatment plans. This
study suggests that the use of 4D-DSA for AVM radiosurgery
could reduce the target volumes of irradiation, which may result
in a decrease in the adverse effects of vascular radiosurgery.'®

Intracranial Aneurysms. Endovascular treatment is now an
option for most intracranial aneurysms. For safe and effective
treatment, it is essential that both the relationship of an aneurysm



FIG 2. Three views from 3D-DSA of a patient with an AVM supplied by the lenticulostriate arteries (upper row). While the anatomic detail is
excellent, vascular overlap in and around the nidus makes it impossible to see the angioarchitecture and to understand the sequences of blood
flow into and out of the AVM. Early timeframes of the 4D-DSA (lower row) show details of the AVM nidus that are not visible on 3D-DSA. Note
the small aneurysm on one of the lenticulostriate arteries (white arrow). No intranidal aneurysms are seen. Although the 4D-DSA images pro-
vided here are at 1angle (angle B), these images may be viewed at any desired angle at any time of bolus passage.

FIG 3. Three 4D-DSA images from early timeframes (t1-t3) of the filling of an AVF located along the
intracranial surface of the petrous bone (blue circle). t1 shows several small arteries supplying the AVF
(blue arrow). In the image from t3, acquired less than a second later, these arteries are obscured. This
information is helpful when trying to plan an endovascular approach to this abnormality.

to the parent artery and to adjacent branches and the character-
istics of the aneurysm be precisely defined. The accuracy of this
information depends on the imaging technique chosen and the
reconstruction tools used. Figure 4 illustrates a case with an in-
tracranial aneurysm in which the spatial and temporal data
obtained from 4D-DSA provide the ability to see the aneurysm
in an unobstructed view, which is not possible with 3D-DSA
modalities.

As discussed earlier, the geometry
obtained from 3D-DSA is used to create
a 4D-DSA, so the geometric accuracy of
the 3D-DSA reconstruction is essential
for achieving accurate measurements
from a 4D-DSA. Studies have shown
the ability of 3D-DSA to accurately dis-
play the dimensions of intracranial
vasculature, as well as intracranial aneu-
rysm volume, with satisfactory preci-
sion.'”* In an effort to further impr-
ove the precision of dimensional meas-
obtained from 4D-DSA,
Ruedinger et al*' evaluated the impact

urements

of various commercial reconstruction
parameters on the accuracy of these
measurements. Vessel reconstructions
were performed using edge enhancement or Hounsfield unit kernels
and normal or smooth image characteristics. Aneurysm volume,
surface area, dome height, and minimum and maximum ostium di-
ameter measurement were made on 5 patient-specific 3D printed
aneurysm models. The actual dimensions were determined from
microCT measurements of the models, and it was concluded that
reconstruction parameters had very little impact on aneurysm and
vessel measurements.”® A subsequent article by this same group
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FIG 4. An anterior communicating artery aneurysm viewed from the anterior, posterior, and cra-
nial-caudal positions of a 3D-DSA (upper row) and a 4D-DSA (lower row). The branches that
obscure the view of the aneurysm (yellow circle) in the 3D-DSA are not yet filled in the 4D-DSA
image, making the aneurysm neck and its relationship to adjacent branches visible. This informa-

tion aids in the endovascular treatment of intracranial aneurysms.

showed that when using a proper protocol for the injection of con-
trast medium, both the spatial information of 3D-DSA (geometry)
and the temporal information of 4D-DSA (flow) remained highly
accurate.'” Additionally, Sandoval-Garcia et al'® also found com-
plete agreement in diagnostic characteristics in images from 2D-,
3D-, and 4D-DSA datasets. For endovascular treatment of aneur-
ysms, it is critical that precise information on vessel sizes, ostium
characteristics, and parent artery branch relationships be available.

Occlusive Disease. There are few reports about the use of 4D-
DSA in the diagnosis or treatment-planning of patients with occlu-
sive disease. However, in patients for whom stent placement or
angioplasty is indicated, the ability to make measurements from
images with better spatial resolution than either CTA or MRA
improves the ability to select optimal stent and balloon sizes. In a
series of 24 patients with (n = 6) and without (n = 18) an MCA
stenosis, Kammerer et al*> compared the utility of 4D-DSA with
that of 3D-DSA for displaying the anatomy of the lenticulostriate
arteries. Overall, the 4D-DSA reconstructions provided a superior
display of the lenticulostriate artery anatomy; in patients with a
chronic MCA stenosis, the 4D images also showed connections to
the collateral network. The ability to view any time point in the
contrast filling of a time-resolved 3D geometry was advantageous,
compared with a conventional plain 3D geometry.**

Quantification of Blood Flow from 4D-DSA

The temporal information contained in 4D-DSA is sufficient to
quantify blood velocity, and when combined with accurate vessel
measurements, blood flow can be quantified.'>** Flow derivation is
based on identifying the time needed for a contrast bolus to pass
between 2 points; this movement is captured in the time-density
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curves (TDCs) of 4D-DSA (also called
time-concentration curves). Each voxel
contains a TDC depicting bolus inflow,
steady state, and bolus outflow. As the
bolus moves through the vasculature,
cardiac-derived oscillation in a ratio of
contrast medium to nonopacified blood
is observed. This oscillation superim-
poses on the TDC:s as a quasi-sine wave
(Fig 5). Investigating the TDCs shows
a position-dependent temporal shift
between the contrast-arrival time and
the phase of the contained quasi-sine
curve. Figure 5 illustrates a simplified
schematic of how blood flow is quanti-
fied using 4D-DSA.

This effect, as first identified by
Waechter et al,** can be used to der-
ive velocity and flow of the liquid.
Waechter et al used a 2D representa-
tion of the contrast agent over a given
vessel segment and fit virtual maps rep-
resenting a given velocity and flow to
the measured data. For measuring the
data, the vessel centerline and radii are
first determined in 3D. Subsequently, a
2D flow map is determined showing the TDC of a given centerline
voxel along the y-axis and displaying each centerline voxel in direc-
tional order. Then, by means of mathematic models of the blood
flow, contrast injection, and fluid mixture and propagation, a
simulated flow map is determined. The final step is error minimi-
zation between the simulated and measured flow map.

Wu et al®® applied a shifted least-squares analysis to time
curves in a given phantom vessel segment. The vessel centerline
and radii of each vessel segment of interest were determined at
discrete intervals, and TDCs were recorded. Each TDC was
shifted with respect to all other TDCs, and the temporal shift
yielding the minimum least-squares difference was computed. A
velocity for the segment was determined from temporal shift and
spatial distance information with a relative root-mean-square
error of 11% and a Pearson correlation coefficient with phase
contrast (PC)-MR imaging of r = 0.835.%°

Shaughnessy et al*® derived a similar shift from the phase sig-
nal in the Fourier domain to determine liquid velocities in a given
3D-printed, patient-specific vessel segment. In each vessel seg-
ment, the vessel centerline, discrete distances, and radii were
determined. TDCs for each vessel centerline point were Fourier-
transformed, and the fundamental frequency and associated
phases were determined. The temporal shift of the TDC between
2 vessel centerline points was determined as the phase shift at the
TDC fundamental frequency. This work yielded velocities within
10% of the ultrasonic flow meter and was extended to include a
mass-preservation constraint to establish preserved flow across
multiple bifurcations.”**’

In a study of AVMs, Lin et al*® showed the feasibility of meas-
uring blood velocity in the angiography suite using 4D-DSA. The
study used a similar approach by taking the pulsatile information



FIG 5. Simplified schematic of how flow is quantified using 4D-DSA: 1) Variations in the contrast density are due to the mixing of contrast with
nonopacified blood at and downstream from the injection site with each cardiac cycle. These variations can be tracked in a time density curve
(TDQ) at any point along the vessel. 2) The time it takes the contrast bolus to arrive at a more distal location is quantified by the time-shift
between the peak of the curves (At). 3) Velocity is calculated by knowing the distance and time between 2 points in the vasculature. 4) The area
of the vessel is calculated from the 4D-DSA geometry. 5) The flow is quantified using the velocity and area.

of the TDC and determining the peak-to-peak distance in ICA
segments. With the temporal shift, as well as distance and vessel
diameter determined, the contrast/blood mixture velocity and
flow were derived. Evaluation of hemorrhagic-versus-nonhemor-
rhagic AVMs showed an increased velocity and flow in the hem-
orrhagic group, albeit the results were not statistically significant.
To our knowledge, it is not known how vascular overlap may
affect the accuracy of flow quantification. All methods mentioned
above have been evaluated in noncommercial implementations
of 4D-DSA algorithms and are currently not clinically available.

Limitations and Helpful Solutions
As is the case for 3D-DSA, patient motion, improper timing of the
contrast injection, and involuntary vessel and muscle movement
can all degrade the spatial and temporal information contained in
a 4D-DSA reconstruction. If the injection sequence is used appro-
priately and no patient motion occurs, Lang et al*” showed that the
geometry of the vasculature from a 4D-DSA is as reliable as con-
ventional 3D-DSA. As briefly mentioned, vascular overlap may
occur in =1 of the 2D projections acquired during a rotational ac-
quisition, which may have an impact on some of the temporal in-
formation in the 4D volume of the projection. Nonetheless, the
added temporal dimension in a 4D-DSA means that the clinician
is no longer forced to view vasculature solely at the time of maxi-
mum contrast enhancement, as is the case in a conventional 3D-
DSA. By selecting different timeframes of bolus passage and view-
ing angles for image display, one can separate vascular structures
that fill at different time points and that would have previously
been obscured by overlap on many 2D projections and 3D images.
As previously mentioned, there is a distinct overlap phenom-
enon, arising at specific 2D projection angles during the acquisition

when 2D images of superimposed contrast-enhanced arteries and
veins are captured. Although these structures may be spatially sep-
arated in the 4D-DSA reconstruction and not visually overlapped,
there is a possibility that, in some voxels, there may be mixing of
temporal information at certain time points. The degree to which
this affects flow quantification has not, to our knowledge, been
defined. To resolve the ambiguity, Huizinga et al*® detailed, in a
recent publication, the use of a novel reconstruction algorithm that
uses a logical flow constraint. The algorithm enforces a connectiv-
ity between filling vasculature segments, removing erroneous early
filling in distal vasculature by requiring a previously filled con-
nected vessel.

From the perspective of a clinician using 4D-DSA for diagnosis
and treatment-planning, postprocessing techniques have been
found useful to further reduce the limitations caused by vascular
overlap. One example is when vessels from one vascular territory
are, in many viewing angles, superimposed on those from another
territory, eg, MCA territory on ACA territory. We refer to this
type of overlap as “superimposition,” which is different from the
vascular overlap that occurs when vessels in such close proximity
can only be separated by viewing 4D timeframes acquired before
the overlapping vessels are opacified. Superimposition can usually
be resolved by simply cutting out the part of the 4D volume that is
not of clinical interest, eg, the ACA territory when trying to view
the details of an MCA aneurysm.

Another limitation of using a 4D-DSA volume occurs when a
user thresholds an entire 4D volume. The optimal threshold for
arteries will not be the same as those for veins because of the differ-
ences in contrast concentration and volume. Likewise, the optimal
threshold for large arteries and veins will be different from that for
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small arteries or veins. By using the postprocessing tool to cut out
a small ROI from the 4D volume and then thresholding it, one can
view the anatomic and blood flow features; this outcome is not
possible when thresholding the entire 4D volume at once.

Summary

4D-DSA, first developed in 2013, is a commercially available angio-
graphic technique that provides the user with a fully time-resolved
3D volume of the vasculature. The ability to see any desired viewing
angle at any desired time of bolus passage adds benefit over conven-
tional 2D- and 3D-DSAs for cerebrovascular diseases.
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REVIEW ARTICLE

Multiphase CT Angiography: A Useful Technique in Acute
Stroke Imaging—Collaterals and Beyond

ABSTRACT

DJ. Choi
O=

S. Dundamadappa, ““K. lyer, ““’ A. Agrawal, and

SUMMARY: Multiphase CTA offers several important advantages over the traditional single-phase CTA technique in acute ischemic

stroke, including improved detection of large-vessel occlusion, improved characterization of collateral status, improved tolerance

of patient motion and poor hemodynamics, and higher interrater reliability. These benefits are gleaned at little additional cost in

terms of time, risk to the patient, and capital expense. Existing data suggest that there are important benefits to using multiphase

CTA in lieu of single-phase CTA in the initial vessel assessment of patients with acute stroke.

ABBREVIATIONS: AlS = acute ischemic stroke; mCTA = multiphase CTA; sCTA = single-phase CTA

he introduction of IV reperfusion therapy for acute ischemic

stroke (AIS) more than 20 years ago spawned an era of dra-
matic advances in the treatment of patients with AIS. Neuroimaging
has consistently played a critical role in triaging patients with acute
stroke by helping providers weigh the risks and benefits of treatment
options. Important imaging findings during triage of patients with
stroke have included intracranial hemorrhage, large-vessel occlu-
sion, core infarct, penumbra, and collateral circulation status. Other
less commonly used imaging findings such as thrombus length and
thrombus perviousness have also assisted stroke treatment teams.

Neuroradiologists involved in the care of patients with stroke
must be conversant with the diagnostic strengths and limitations
of various stroke imaging modalities. The value of any imaging
test should be considered in the context of its availability, acquisi-
tion and postprocessing speed, tolerance of suboptimal patient
factors such as motion, and interrater reliability.

Multiple clinical trials have prompted the stroke community
to recommend specific imaging modalities for various stroke sce-
narios, as stated in the latest 2019 American Heart Association/
American Stroke Association Guidelines for Management of
AIS." In patients with AIS presenting within 6 hours of symptom
onset and with a small core infarct on NCCT, CTA or MRA is
advised to guide patient selection for mechanical thrombectomy
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without the need for additional modalities such as CTP. In patients
presenting in the extended 6- to 24-hour window after onset and
who have a large-vessel occlusion in the anterior circulation, CTP or
diffusion-weighted MR imaging with or without MR perfusion is
advised, as supported by the more recent DWI or CTP Assessment
with Clinical Mismatch in the Triage of Wake-Up and Late
Presenting Strokes Undergoing Neurointervention with Trevo
(DAWN) and Endovascular Therapy Following Imaging Evaluation
for Ischemic Stroke 3 (DEFUSE 3) trials.>® The Endovascular
Treatment for Small Core and Proximal Occlusion Ischemic Stroke
(ESCAPE) trial* and secondary analysis from the Multicenter
Randomized Clinical Trial of Endovascular Treatment for Acute
Ischemic Stroke in the Netherlands (MR CLEAN) trial® have sug-
gested that collateral status might also be considered when selecting
patients for thrombectomy.

In patients with AIS, CTA has been the study of choice for the
initial diagnosis of large-vessel occlusion and other important vascu-
lar pathology such as dissection. Multiphase CTA (mCTA) is a more
recently studied, time-resolved CTA variant in which an arterial and
2 venous phases are acquired. mCTA offers several advantages over
the traditional single-phase CTA technique (sCTA), including
improved detection of large-vessel occlusion,” higher interrater reli-
ability, and improved characterization of collateral status.” There has
been increasing use of mCTA in recent clinical trials.* Our institu-
tion, a comprehensive stroke center, adopted mCTA as its standard
noninvasive vessel imaging technique for AIS several years ago.

In this review, we discuss the acquisition technique and inter-
pretation of mCTA, its role in AIS patient assessment, its advan-
tages over sCTA, and its limitations. We hope this review will
help stroke providers understand the advantages of this evolving
technique.
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FIG 1. Delayed vessel sign. Peak arterial (A), early venous (B), and late venous (C) phase axial MIP
mCTA images show occlusion of a proximal M2 segment (arrow in A) of the left MCA. The
delayed vessel sign is demonstrated in the early venous and late venous phases (arrows in B and

C), assisting in detection of occlusion.

METHODS
Imaging Protocol for Acute Stroke
At our institution, initial imaging for patients with AIS includes
NCCT and mCTA with the goal of door-to-CT table time of less
than 20 minutes. For patients presenting between 6 to 24 hours af-
ter onset of symptoms or when the time of onset is unknown, CTP
is also performed. For a subset of patients (eg, those with strong
contraindication to iodinated contrast or those with unclear corre-
lation between imaging findings and neurologic signs), an abbrevi-
ated hyperacute MR imaging protocol may be performed instead
(consisting of DWT, axial T2 FLAIR, and axial SWT with or without
MRA).

Our mCTA protocol (Edge CT scanner; Siemens) is as
follows:

¢ Contrast bolus of 80 cc (Omnipaque 300), at the rate of 4 mL/
s followed by a saline chaser.

e First phase (peak arterial phase): Coverage extends from the
aortic arch through the vertex. Image acquisition is triggered
by bolus monitoring with ROI in proximal descending aorta
with a trigger value of 115 HU.

e Second phase (equilibrium/peak venous phase): Coverage
extends from the skull base through the vertex performed
4 seconds after completion of the peak arterial phase scan.

o Third phase (late venous phase): Coverage extends from the
skull base through the vertex performed 4 seconds after com-
pletion of the second phase.

mCTA imposes little burden at postprocessing, requiring only
the creation of multiplanar MIP images of the 3 phases. Such
MIP images can be generated automatically within minutes using
standard vendor software. In the neck, coronal and sagittal plane
MIP images are created with a thickness of 5mm and an inter-
slice gap of 2 mm. In the head, axial plane MIP images are created
with a thickness of 20 mm and an interslice gap of 3 mm; MIP
images in the coronal and sagittal planes are created with a thick-
ness of 10 mm and an interslice gap of 3 mm. On the PACS, head
MIP images are best displayed for each plane with the 3 phases
side by side. This arrangement facilitates appreciation of the
dynamic behavior of vessel opacification over time. Collateral sta-
tus is often best assessed on axial head MIP images.

Compared with sCTA, the additional time cost to acquire mCTA
includes the scan time for the additional 2 phases of head CTA
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(3seconds each), the time between
phases (4seconds each), and the time
required for reconstruction of the addi-
tional head MIPs (2-3 minutes). At our
institution, iterative reconstruction is
turned off at mCTA to shorten the
reconstruction time.

Vendor software is available that can
create color-coded summation maps of
mCTA MIP images, such as the
Faststroke package Colorviz view (GE
Healthcare). This tool combines infor-
mation from all 3 phases by color cod-
ing vascular segments according to their
peak phase of enhancement. These
color-coded mCTA summation maps may facilitate assessment of
perfusion delay, distal and multivessel occlusion, critical stenosis,
and collateral flow patterns, particularly for less experienced read-
ers.® Although promising, such a tool is not required to realize the
benefits of mCTA described in this review, and we have not yet
adopted such a tool at our institution.

DISCUSSION

mCTA can be performed on most standard CT platforms. The
technique is readily available, rapidly performed, needs no
additional contrast material, requires no additional vendor
package for specialized postprocessing (as is needed for CTP),
and is relatively easy to interpret. mCTA is more accurate than
sCTA in assessing collateral status, a useful factor for revascu-
larization decisions in some patients with AIS. In addition,
mCTA increases sensitivity for arteriovenous shunting and ve-
nous abnormalities.

Sensitivity for Vessel Occlusion

mCTA increases interrater agreement for both proximal (M1, Al
segment) and distal (M2, M3, A2 segment) vessel occlusions
compared with sCTA, particularly for trainees, general radiolog-

ists, and neurologists.g’10

mCTA improves the detection rate of
distal vessel occlusions compared with sCTA by virtue of the
1% (Figs 1 and 2). This sign refers to the

delayed enhancement of a vessel segment distal to the point of an

“delayed vessel sign

occlusion or critical stenosis. The “delayed vessel” reaches peak
enhancement at a later phase than equivalent nonoccluded ves-
sels, which can increase the conspicuity of distal vessel occlusions.
Such occlusions are sometimes difficult to detect by sCTA
regardless of reader experience. It is likely that this “delayed ves-
sel” enhancement reflects retrograde flow via pial collaterals. The
delayed vessel sign is less sensitive when there are poor collaterals
in the ischemic territory, in occlusions of end arteries or perfora-
tor arteries, and with small cortical infarcts.'°

Endovascular intervention has become more common place
for some distal vessel occlusions, such as the M2 segment. The
safety profile and clinical benefits for treating some M2 occlusions
approach that of M1 occlusions."' > Occlusions of the M2 segment
highlight the value of the improved distal vessel detection rate by
mCTA compared with sCTA. Even in patients who are not candi-
dates for revascularization therapy, the detection of a distal



segment occlusion may provide added value to patient manage-
ment, such as when there is unclear correlation between neurologic
signs and imaging findings or when there is no core infarct at
imaging.

Studies of the time needed for neuroradiologists, radiology
trainees, and neurologists to diagnose a large-vessel occlusion by
mCTA versus sSCTA have favored mCTA.>'" After a training pe-
riod, readers on average consistently reported greater diagnostic
confidence with and expended less time diagnosing large-vessel
occlusion by mCTA compared with sCTA examinations. In a
study of 2 radiology residents and 2 neuroradiologists, Byrne et
al'® reported the average time needed for the radiology trainees to
diagnose proximal M1 occlusions as 34 seconds by mCTA versus
72 seconds by sSCTA. The average time for the radiology trainees to
diagnose distal vessel occlusions (A2, M2, A3, M3) was 44 seconds
by mCTA versus 99 seconds by sSCTA. For the 2 neuroradiologists,
the average time to diagnose proximal M1 occlusions was
29 seconds by mCTA versus 67 seconds by sCTA. Although the
sheer number of additional source and MIP images generated by
mCTA may seem discouraging at first, Byrne et al'® suggested that
the diagnostic efficiency of mCTA may be related to the value of
the delayed vessel sign.

Length of Occlusion

Accurate assessment of thrombus length has prognostic signifi-
cance and assists in the planning and execution of thrombectomy.
Thrombus burden is a predictor for infarct size, hemorrhagic
transformation, and clinical outcome'* and has implications for
therapy. Recanalization is unlikely for IV tPA when the thrombus

FIG 2. Axial arterial phase mCTA MIP image of a left PCA occlusion (A), which is rendered more
conspicuous by delayed vessel opacification in the second and third phases (arrows in B and C).

length surpasses 8 mm.'> The clot length is used to select the size
of the stent retriever device at thrombectomy.

sCTA may overestimate the length of occlusion because of
nonopacification of the vessel distal to the thrombus. Loss of the
normal pressure gradient may also result in collapse of the vessel
wall distal to the thrombus and may overestimate the length of
occlusion (Figs 3 and 4). Clot length has been found to be subjec-
tively easier to measure by mCTA than by catheter angiography
even though mCTA is just as reliable.'®

Assessment of Collaterals

There is often marked variability in the extent of neural damage
and its clinical manifestation in patients with anterior circulation
AIS, especially during the first few hours after onset.'” Studies have
suggested that this variability is in part related to the quantity and
quality of collateral circulation.'® In a 1989 study of 80 patients
with AIS, Bozzao et al'’ showed that more extensive collaterals
assessed with conventional angiography correlated with smaller
final infarct size and better prognosis. More robust collaterals have
been linked to lower risk of hemorrhage after endovascular ther-
apy.”® In patients with AIS who do not receive reperfusion treat-
ment, good collaterals have been strongly correlated with better
clinical outcomes.”! Secondary analysis of CTA collateral status
from the MR CLEAN randomized clinical trial showed a positive
correlation between collateral score and the degree of endovascular
therapy benefit. Conversely, patients with poorer collaterals were
less likely to benefit.” Such studies suggest that collateral status
may be a useful factor in the management of some patients with
AIS, as proposed by the recent 2019 American Heart Association
AIS guidelines.”

Interest in a time-resolved CTA
technique was in part initially moti-
vated by investigators seeking a better
tool for collateral status assessment.
Because collateral flow to penumbral
tissue tends to disperse over time, col-
lateral status is often better assessed
using information from multiple time
points. Delayed filling of pial collaterals
may be underestimated by a single
phase. Patients with moderate or good
collaterals on mCTA can be errone-
ously labeled as having poor collaterals

FIG 3. Coronal mCTA MIP images from the arterial phase (A) and late venous phase (B) show a right MCA M1 segment occlusion. The M1 seg-
ment thrombus length is estimated more accurately during the venous phase (7 mm in B, arrow) than in the arterial phase (1l mm in A, arrow).
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FIG 4. Pseudoocclusion of the left vertebral artery. The left vertebral artery appears occluded at its intracranial V4 segment during the arterial
phase of mCTA (arrow in A). This is related to severe stenosis at its origin (D). The previously unopacified intracranial V4 segment is shown to
enhance in the delayed phases of mCTA (arrows in B and C). If only single-phase CTA had been used (analogous to the arterial phase of the
mCTA, A), a V4 segment occlusion would have been diagnosed.

FIG 5. Coronal arterial phase mCTA MIP image demonstrates right M1 segment occlusion (A). Axial arterial phase mCTA MIP image (B) shows fill-
ing of at most 50% of distal branches. Axial delayed phase mCTA MIP image (C) shows filling of most distal branches. The patient underwent me-
chanical thrombectomy with restoration of TICI 2c flow. Follow-up diffusion-weighted MR image shows a small infarct core. If only sCTA had
been used in this case (analogous to the arterial phase of the mCTA, B), the collateral status would have been classified as “poor to moderate
distal collaterals” instead of “good collaterals.”

FIG 6. Right M1 segment occlusion. mCTA axial MIP images from the arterial phase (A), early venous phase (B), and late venous phase (C) show
progressive collateral filling of distal MCA branches. The patient underwent endovascular recanalization with restoration of TICI 3 flow. Follow-
up diffusion-weighted MR image shows a small infarct core.

at sSCTA’ (Figs 5-7). Mis-timing of acquisition with SCTA is com-  images were acquired either too early or too late, which may have

mon, given the older age and variable cardiac status typical of the  resulted in mislabeling of collateral status. Pial collateral supply
AIS population. In a study by Casault et al,”* nearly 12% of sSCTA  between PCA and MCA territories may be slower than that
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between ACA and MCA territories.”” This may contribute to lim-
ited assessment of collateral status on sCTA.

Several other techniques, including MR-based techniques and
processing of CT perfusion data to create dynamic CTA, have
been used for assessment of collateral circulation. Although prom-
ising, these techniques have yet to reach widespread availability.”

Ischemic Core
Rapid and accurate assessment of early infarct core and salvagea-
ble tissue is important in AIS management. Endovascular therapy
has generally been considered to carry a higher risk of hemor-
rhage when the infarct core volume is greater than 70 to
100 mL.*** DWT is widely considered the criterion standard for
core infarct assessment. However, MR imaging is not always
practical in the acute stroke setting.

Perfusion studies have widely been used to estimate infarct
core and penumbra volumes. Perfusion studies are typically

performed in patients with anterior circulation large-vessel occlu-
sion who are being considered for mechanical thrombectomy in
the extended time window (6-24 hours after onset). Smaller com-
munity hospitals often do not have the ability to perform these
studies nor the personnel needed for postprocessing and inter-
pretation. Although thrombectomy is not typically performed in
the community hospital setting, the superior diagnostic perform-
ance of mCTA compared with sCTA may still provide added
value in clinical management whether at a community hospital
or at a comprehensive stroke center after patient transfer.

Reid et al*® studied the potential value of mCTA in delineating
the core ischemic area and detecting tissue at risk. Hypoattenuation
that persisted into the venous phase of mCTA was considered bet-
ter than NCCT in assessing an area of severe ischemia.”® Their data
suggested that hypoattenuation in the arterial phase may be useful
in identifying tissue at risk for infarction®® (Fig 8). Future clinical
trials will be needed to define the value of mCTA in this role.

Currently, mCTA cannot be used to
assess penumbra volume, though it
may offer some value when penumbra
imaging is not feasible, such as in the
nontertiary hospital setting.

Thrombus Perviousness

Thrombus permeability (assessed by
thrombus perviousness measures) was
reported to be an independent predic-
tor of clinical outcome in patients with
acute stroke.”” Although it seems intui-
tive to assume the superiority of
mCTA in assessing thrombus pervious-
ness given its temporal resolution,
studies have shown little benefit of
mCTA over sCTA.”

FIG 7. Multiphase CTA arterial phase axial MIP image shows occlusion of the right M1 segment

(A, arrow) with no right MCA distal branches. The arterial phase of mCTA is analogous to sCTA
and would have been classified as “poor collaterals” in this patient, if considered without the ben-
efit of delayed-phase CTA images. mCTA delayed phase axial MIP in the same patient (B) shows
filling of about 50% of right MCA distal branches, resulting in a more accurate assessment of col-

lateral status.

Predicting Clinical Outcome

Collateral circulation status may pre-
dict clinical outcome in AIS, though
this has not been consistently repro-
duced in studies. Menon et al” found

FIG 8. Correlation between mCTA and CT perfusion imaging in a patient with left MCA M2 segment occlusion. A region of hypoattenuation in
an arterial phase mCTA source image (A, circled area) closely correlates with a region of delayed Tmax in a CT perfusion image (B), suggestive of
tissue at risk. Absence of hypoattenuation in a delayed venous phase mCTA source image (C) is matched by preservation of cerebral blood vol-
ume in a CT perfusion image (D), suggestive of no infarct core. The patient underwent endovascular intervention with restoration of TICI 2b
antegrade flow. Subsequent diffusion-weighted MR imaging showed only small foci of acute ischemia in the frontoparietal region (not shown).
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mCTA to be superior to sCTA and CTP in determining clinical
outcome. In contrast, secondary analysis of data from the
DEFUSE 3 randomized clinical trial by de Havenon et al*®
showed no correlation between good collaterals assessed by CTA
and improved clinical outcome. Among the limitations cited by
de Havenon et al*® were the possibility of continued collateral sta-
tus evolution after imaging assessment and the use of sCTA.
Zhang et al*® found that good collaterals are better predictors of
favorable outcome in the cardioembolism stroke subtype than in
the large artery atherosclerosis stroke subtype.

Radiation Dose

The mean estimated effective dose of mCTA is typically only 20%
above that of SCTA compared with 70% added dose for CT per-
fusion.”*® The added radiation dose to the eye is typically 4 times
higher with CT perfusion than with mCTA.”

CT Perfusion and mCTA

The DAWN? and DEFUSE 3’ randomized clinical trials have
shown benefit from endovascular therapy in the extended time
window (6-24 hours), provided that the infarct core was small and
there was a large amount of tissue at risk. The 2019 American
Heart Association AIS guidelines recommend obtaining CTP or
DWTI with or without MR perfusion in the extended time window
after anterior circulation large-vessel occlusion.! However, the
AHA guidelines also suggest that collateral assessment may be use-
ful in selecting some patients for mechanical thrombectomy, citing
the use of mCTA collateral assessment for patient selection in the
ESCAPE randomized clinical trial.* Secondary analysis from the
MR CLEAN trial has also supported the utility of collateral status.’
These initial studies have prompted increased use of mCTA in
recent randomized clinical trials. Definitive recommendations on
the role of mCTA in AIS management will await the completion of
such trials.

The improved vessel occlusion detection rate, higher inter-
rater reliability, improved measurement of thrombus length, and
relatively low costs of mCTA support its use in lieu of sSCTA as
the standard initial vessel imaging test in the AIS setting. mCTA
may be more resistant to patient motion, poor hemodynamics,
and other technical factors compared with sCTA or CTP.

Limitations
As with any other test, mCTA should be interpreted in conjunc-
tion with clinical information and other available imaging, includ-
ing NCCT. Flow-limiting stenosis in proximal neck vessels can
potentially delay opacification of pial vessels in both ischemic and
nonischemic tissue and thus lead to suboptimal assessment of col-
lateral status. Poor hemodynamics can result in poor pial vessel
opacification and thereby limit the benefits of temporal resolution
at vessel imaging.

mCTA is of limited value in posterior circulation AIS,
except in cases involving the posterior cerebral artery.” This is
likely related to the highly variable vascular anatomy of the

posterior circulation and thus its poorly understood collateral
supply.
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CONCLUSIONS

In summary, mCTA offers several significant advantages over the
traditional sCTA technique in AIS assessment, including
improved detection of vessel occlusion, improved collateral status
assessment, improved tolerance of suboptimal patient factors,
and higher interrater reliability.”® These benefits are gleaned at
little additional cost in terms of time, risk to the patient, and capi-
tal expense. Although future study results will be needed to ascer-
tain the role of mCTA in relation to perfusion techniques and
DWI in the extended time window, existing data already suggest
that there are important benefits to using mCTA in lieu of sCTA
in the initial vessel assessment of patients with acute stroke.
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RADIOLOGY-PATHOLOGY CORRELATION

Optic Nerve Choristoma Mimicking a Neurenteric Cyst

J.C. Benson, ““'C. Giannini, “’S. Cohen Cohen,

ABSTRACT

J. Van Gompel,

D.K. Kim, ““J. Port, ““'F. Diehn, “*'L. Eckel, and “*'C. Carr

SUMMARY: Optic nerve choristomas are rare entities in which a developmental focus of histologically normal tissue is abnormally

located within or along a segment of the optic nerve. Although benign, choristomas may demonstrate slow growth, ultimately resulting

in visual field deficits due to compression of the adjacent nerve in the few cases reported in the anterior fossa. Choristomas may have

cystic components, though this has not been described in such lesions along the optic nerve. Here, a predominantly cystic optic nerve

choristoma is described, with radiologic features mimicking those of an anterior cranial fossa neurenteric cyst. The case highlights the ra-

diology-pathology correlates of choristomas and reviews the surgical approach and management of patients with such lesions.

he patient was a 64-year-old woman who presented from an

outside institution with an intracranial cyst. The lesion had
been discovered during a hospitalization for unrelated pulmonary
emboli, when the patient underwent a head CT after revealing a
multiyear history of headaches during her review of systems. On
examination, the patient had trace temporal field vision loss in
her left eye. A battery of pituitary function tests was completed,
given the proximity of the cyst to the pituitary gland, all of which
had normal findings. The patient was referred for assessment by
neurosurgery, with additional imaging performed.

Imaging
CT and subsequent MR imaging demonstrated a large extra-
axial cystic mass in the anterior cranial fossa (Fig 1). Most of
the lesion was centered over the planum sphenoidale, with
remodeling of the adjacent bone. Posteriorly, the cyst extended
into the sella, slightly compressing the anterior pituitary gland
and causing substantial deviation of the optic chiasm. The an-
terior margins of the cyst were draped around the falx cerebri,
while the bifrontal cerebral gyri, corpus callosum, and distal
ICAs were all displaced by the cyst. The intracystic fluid was
hyperintense on both T2 and FLAIR sequences and did not
restrict diffusion. A punctate T1-hyperintense focus was noted
along the left optic nerve.

The appearance of the lesion was thought to have attributes of
a slow-growing, benign intracranial cyst. The intralesional fluid
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content was uncharacteristic of the most commonly encoun-
tered cysts: the fluid did not mimic CSF like an arachnoid cyst,
did not restrict diffusion as would be expected with an epider-
moid cyst, and did not have intralesional fat suggestive of a
dermoid cyst. The most likely entity was thought to be a neu-
renteric cyst; though rarely intracranial, neurenteric cysts in
the anterior cranial fossa share many of the imaging character-
istics seen in this case."> A Rathke cleft cyst and craniopharyn-
gioma were considered much less likely because the cyst did
not appear to originate from the sella.

The patient ultimately underwent surgical treatment of the
cyst 6 months after presentation.

Operative Report and Subsequent Image Review
The operation was completed via a small left frontal craniotomy
with a subfrontal approach. An endonasal approach was not
selected because the preoperative consensus was that this was a
neurenteric cyst, and the surgeon did not believe the whole cap-
sule could be removed from the middle fossa component. The
cyst was immediately identified and contained a yellowish fluid
when opened. Starting on the left side, the cyst lining was care-
fully dissected from the olfactory nerve and the frontal lobe.
However, an unexpected small granular lesion was observed
along the medial surface of the left optic nerve (Fig 2). This was
partially resected and sent to pathology. Examination of the sur-
gical field found no other such lesions. The surgeons then pro-
ceeded to remove all additional remaining cyst linings before the
conclusion of the procedure.

Postoperatively, images were re-reviewed to assess a correlate
with the intraoperative findings. A punctate focus of T1-hyperin-
tensity along the medial margin of the left optic nerve was
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FIG 1. Preoperative CT and MR images of the lesion. Axial CT (A), axial (B) and sagittal (C)
MPRAGE, and axial T2 Cube (GE Healthcare) (D), T2-FLAIR (E), and DWI (F) demonstrate an extra-
axial cystic lesion in the anterior cranial fossa (between arrows, A). The cyst drapes around the
anterior falx and causes substantial mass effect on the adjacent bifrontal gyri. The optic chiasm
(curved arrow, C) and pituitary gland (dashed arrow, C) are deviated posteriorly. The intracystic
fluid signal is slightly hyperintense to CSF on T2 Cube, does not suppress on FLAIR, and does not

restrict on DWI.

FIG 2. Intraoperative view of a left frontal craniotomy with a subfrontal approach for resection
of an anterior cranial fossa cyst. A granular lesion adhering to the medial surface of the left optic

nerve is shown, with adjacent structures labeled. L. indicates left.

observed, which demonstrated questionable, superimposed, asso-
ciated enhancement corresponding to the small granular lesion
identified intraoperatively (Fig 3).

Diagnosis
The diagnosis was benign epithelial cyst associated with an optic
nerve choristoma.

Pathology

The specimen resected along the left
medial optic nerve showed small
glandular lobules composed pred-
ominantly of mucin-producing cells
and, to a lesser extent, of serous cells
associated with small ductal struc-
tures, consistent with salivary gland
tissue (Fig 4). This was intermixed
with adipose tissue, compatible with
an optic nerve salivary gland chori-
stoma. The cyst specimens showed a
folded benign epithelial cyst wall
with a double layer of cells, including
a basal layer, p63-positive, as well as
a superficial flattened layer, diff-
usely positive for anti-cytokeratin
(CAMS5.2) (Fig 5). There was no evi-
dence of mucin-producing cells and
no evidence of cilia, confirmed by the
negative BRAF V600E stains.” The
cyst lining resembled, to some extent,
a cystically dilated duct. It was not
the lining of an enterogenous (neuro-
enteric) cyst, which is typically com-
posed of a single layer of columnar
cells, often ciliated and mucin-pro-
ducing cells with goblet cells. The
cyst lining epithelium lay over a
fibrous stroma containing reactive
arachnoid cells, highlighted by the
progesterone receptor stain, as
well as rare microcalcifications. The
histopathologic findings were not
those of a cystic craniopharyngioma.
BRAF V600E and beta-catenin im-
munostaining, markers characteristic
of papillary and adamantinomatous
variants of craniopharyngioma, were
performed and were negative.

DISCUSSION

Choristomas are composed of normal,
mature tissue that is located in an
abnormal anatomic location. They have
been described throughout the body,
from the head and neck to the extrem-
ities.>> Choristomas do not have a sex
predilection and can present at any
age.® Optic nerve choristomas, though exceedingly rare, have been
previously reported.”'® More frequently, optic nerve choristomas
contain smooth-muscle and adipose tissue and, only rarely, salivary
gland tissue.'' The lesions often demonstrate slow progressive
growth, sometimes eventually causing compressive atrophy of the
optic nerve."" Nevertheless, choristomas are uniformly benign and
considered to be developmental rather than neoplastic.
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Radiologic descriptions of optic nerve choristomas remain
predictably scarce. Adipose-rich choristomas exhibit intralesional
fat density on CT and demonstrate fat signal on MR imaging
with drop-out of signal on fat-suppression sequences.'> Lesions

FIG 3. Re-review of preoperative coronal MPRAGE (A) and postcon-
trast (B) images demonstrates a TI-hyperintense focus along the left
optic nerve (arrows), correlating with the surgical findings. Intrinsic T1
signal was presumably related to the intralesional fat tissue noted on
subsequent histologic analysis. Although faint enhancement was seen
in the adjacent tissue, it was not certain whether a component of this
solid focus demonstrated definite enhancement (B).

FIG 4. Optic nerve choristoma composed of adipose tissue, glandular lobules, and ducts (A), with
predominant mucinous (B) and scant serous (C) glands consistent with salivary gland tissue. The
duct (D) shows a typical basal cell layer (black arrow) and columnar lining.

230 Benson Feb 2021 www.ajnr.org

composed of predominantly smooth-muscle or glandular tissue,
conversely, often lack such characteristic imaging findings. Both
intralesional enhancement and enhancement of the adjacent
optic nerve have been reported.'""'> The adjacent optic nerve may
be enlarged due to mass effect related to the tumor or small due
to compressive atrophy.® An enhancing tumor involving the
optic nerve (or sheath) should raise suspicion for either an optic
nerve glioma or meningioma, though a dominant cyst arising
from an optic nerve glioma in an adult would be atypical."* In
addition, a teratoma could be considered; such lesions are com-
posed of all 3 germ cell layers and can appear as cystic lesions
with components of intralesional fat. However, a newly diag-
nosed teratoma would be rare in an adult because the incidence
decreases with age.'” Most teratomas also have some degree of
calcification, which was lacking in this case.'®

Intracranial cysts, conversely, are not uncommon. As men-
tioned above, the lesion in the current case shared many features
of a supratentorial neurenteric cyst: Intracystic fluid was hyperin-
tense to CSF on FLAIR sequences (unlike arachnoid cysts, which
mimic CSF) and lacked intralesional restricted diffusion (unlike
epidermoid cysts).>'” Thus, this case is an example of the need to
closely examine the margins of all cystic foci for fat signal or
pathologic enhancement.

To the best of our knowledge,
this is the first reported instance of
an optic nerve choristoma leading
to the formation of a such a large
epithelial cyst, most likely repre-
senting a very large dilated duct.
Nevertheless, cystic choristomas are
known entities."®° Glandular tis-
sue is found within such lesions, as
was noted on histologic analysis of
the current case.'® It is possible that
these cysts develop from persistent
excretion of fluid from intralesional
glandular tissue. In the patient pre-
sented here, slow excretion of fluid
would conceivably account for its
insidious clinical onset and bony
remodeling.

Surgical resection of choristomas is
typically curative, though reports of re-
currence following incomplete resection
have been reported.* In this case, surgi-
cal resection of the cyst wall would likely
have little effect on future recurrence of
the cyst because no secretory histologic
components were noted in the actual
cyst wall. The patient reported here is
expected to make a full recovery, with
resolution of her symptoms and no new
neurologic deficits expected. Follow-up
MRIs will be completed in 6 and 12
months to exclude recurrence of the
solid tumor or re-accumulation of cystic
fluid.



FIG 5. The collapsed cyst wall shows largely a flattened lining (A and B) bistratified positive for
CAMB.2 (C). p63-positivity is limited to the basal cells of the bistratified epithelium lining the cyst
wall as typically seen in duct structures (D). BRAF V60OE, a marker of papillary craniopharyngioma,
is negative (E); the stain is also typically positive in normal cilia, which were not present in the cyst
lining. The cyst lining shows normal cytoplasmic beta-catenin expression (F) and also of epithelial
membrane antigen (EMA) (G), while progesterone receptor (PR) stain is present in a subset of the
arachnoidal cells observed in the fibrous stroma associated with the cyst wall (J).

Case Summary

Choristomas are benign lesions, in which histologically nor-
mal tissue is located in an abnormal anatomic location
Imaging features of choristomas vary on the basis of the histo-
logic composition of each lesion. Adipose-rich lesions demon-
strate expected features of fat tissue on CT and MR imaging;
characteristics of other lesions are less specific

Because many pathologic lesions may have cystic components,
identification of any intracranial cyst should prompt close scru-
tiny of the margins of the lesion for T1-hyperintense or enhancing
foci

The differential diagnosis of a large cystic lesion in the anterior
cranial fossa is ample and includes neurenteric cysts, arachnoid
cysts, Rathke cleft cysts, teratomas, cystic pituitary adenomas, cra-
niopharyngiomas, and epidermoid and dermoid cysts. Cystic
choristoma is a very rare possibility.

Disclosures: John Port—UNRELATED: Consultancy: BioClinica, Comments: | am an
imaging consultant to Bioclinica; consulting fees are paid to Mayo Clinic* *Money
paid to the institution.
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Improved Glioma Grading Using Deep Convolutional
Neural Networks

S. Gutta, ““'J). Acharya, ““’M.S. Shiroishi, ““D. Hwang, and ““K.S. Nayak

M-8 @

ABSTRACT

BACKGROUND AND PURPOSE: Accurate determination of glioma grade leads to improved treatment planning. The criterion stand-
ard for glioma grading is invasive tissue sampling. Recently, radiomic features have shown excellent potential in glioma-grade pre-
diction. These features may not fully exploit the underlying information in MR images. The objective of this study was to
investigate the performance of features learned by a convolutional neural network compared with standard radiomic features for
grade prediction.

MATERIALS AND METHODS: A total of 237 patients with gliomas were included in this study. All images were resampled, registered,
skull-stripped, and segmented to extract the tumors. The learned features from the trained convolutional neural network were used for
grade prediction. The performance of the proposed method was compared with standard machine learning approaches, support vector
machine, random forests, and gradient boosting trained with radiomic features.

RESULTS: The experimental results demonstrate that using learned features extracted from the convolutional neural network achieves an
average accuracy of 87%, outperforming the methods considering radiomic features alone. The top-performing machine learning model is
gradient boosting with an average accuracy of 64%. Thus, there is a 23% improvement in accuracy, and it is an efficient technique for
grade prediction.

CONCLUSIONS: Convolutional neural networks are able to learn discriminating features automatically, and these features provide added
value for grading gliomas. The proposed framework may provide substantial improvement in glioma-grade prediction; however, further
validation is needed.

ABBREVIATIONS: CNN = convolutional neural network; GB = gradient boosting; ML = machine learning; SYM = support vector machine; RF = random
forest; TICE = T1 contrast-enhanced

P rimary CNS tumors originate from cells within the CNS and
can be benign or malignant." Malignant brain tumors require
aggressive therapies and are the most challenging to treat.
Gliomas are the most frequent malignant primary brain tumors
in adults, with an incidence of approximately 5-10 per 100,000 in
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the population every year.” Gliomas are divided into low-grade
and high-grade gliomas. The prognosis for high-grade glioma is
poor, despite treatment options including chemotherapy, radiation
therapy, and surgery.” The 5-year relative survival rate after diag-
nosis of a brain tumor is 35.8%, with the most aggressive grade IV
glioblastoma multiforme having the lowest survival rate of 6.8%.*
In addition, treatment strategy depends on the glioma grade.>®
While clinical glioma grading is still based on histopathologic
methods from tissue sampling, an accurate and reliable noninva-
sive imaging-based determination of glioma grade is desirable.

Gliomas are classified as grades I-IV, according to the World
Health Organization Classification of CNS tumors.” Glioma
grades were restructured in the 2016 version of the World Health
Organization Classification, considering molecular information
along with the histology.®

Recently, there have been several studies showing the potential
for a noninvasive method of glioma grading using radiomic fea-
tures extracted from MR images. A histogram-based texture
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obtaining accuracies of 71% and 96%,
respectively. Anaraki et al'” proposed a
CNN and genetic algorithm to classify
glioma grades (II, III, and IV), obtain-
ing an accuracy of 90.9%. Yang et al'®
explored a transfer-learning approach
for glioma grading, obtaining 90% test
accuracy. However, all of these studies
lacked a sufficiently large dataset from
which features could be learned.

In this study, we propose a CNN to
predict glioma grade from pre- and
post-contrast-enhanced MR images.
We automatically learn features by
training a supervised deep network.
The learned features are used for clas-
sification and are compared using
machine learning (ML) approaches
that are trained using radiomic fea-
tures alone.

FIG 1. Representative segmentation result from one glioblastoma patient. Top row: Coronal;
Middle row: Sagittal; Bottom row: Axial. T1, Tic, T2, and FLAIR are shown in the first 4 column, af-

ter being resampled to Imm, registered, and skull-stripped. The rightmost column corresponds to
the segmentation result overlapped on the FLAIR image. Segmentation was performed using cas-
caded convolutional networks by Wang et al. [21]. In the segmentation image, green corresponds
to edema, yellow corresponds to enhancing, and red corresponds to non-enhancing regions.

analysis was performed by Skogen et al® on 95 patients to differen-
tiate low-grade from high-grade gliomas. This study reported a re-
ceiver operating characteristic area under the curve of 0.910. In
another study to classify grades II-IV, Tian et al'® performed tex-
ture analysis in 153 patients using a support vector machine
(SVM) model reporting an accuracy of 98%. This study also
showed that the contrast-enhanced T1-weighted (TICE) method
yields the best sequence for grade prediction. Xie et al'' were able
to differentiate grade III and IV and grade II and III gliomas using
entropy and inverse difference moment of model-free and
dynamic contrast-enhanced MR imaging.

These prior MR imaging-based glioma grading studies used
hard-coded features that are straightforward to extract. We
hypothesized that such an approach limits the use of rich informa-
tion embedded in the multicontrast MR images. The premise of this
work is that rich imaging information beyond simple changes in
image contrast/intensity is the following; 1) deeply embedded in
pre- and postcontrast enhanced MR imaging, 2) potentially valuable
in glioma grading, and 3) learned from labeled training data using
deep learning techniques.

In recent years, convolutional neural networks (CNNs) have
shown superior performance in numerous visual object-recogni-
tion and image-classification studies.'” They also accelerated the
development of medical image analysis,"> including applications
for tumor diagnosis.'* With a CNN, a hierarchy of features can be
learned from a low to high level in a layer-by-layer manner.'?
Recently, CNNs'® have also been used for glioma classification.
Ertosun and Rubin'® proposed a CNN to classify glioma grades
(I, TI, and IV) and low-grade-versus-high-grade gliomas,
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MATERIALS AND METHODS
Imaging Dataset

Clinical data were obtained from
patients with a diagnosis of glioma who
received standard of care brain MR
imaging with and without a gadolin-
ium-based contrast agent at the Keck
Medical Center of the University of the Southern California from
May 2007 to January 2019. Retrospective data were obtained under
a protocol approved by the University of Southern California insti-
tutional review board (protocol HS-19-00019). The patients were
imaged by using a 3T MR imaging scanner (GE Healthcare). The
imaging acquisition protocol was the same for all patients and
included the following sequences: T1-weighted (TR = 700 ms;
TE = 10ms; flip angle = 90°; section thickness = 5mm; spacing
between slices = 7mm), TICE (TR = 500ms; TE = 19 ms; flip
angle = 90; section thickness = 5mm; spacing between slices =
7 mm), T2-weighted (TR = 5000 ms; TE = 100 ms; flip angle = 90%
section thickness = 5 mm; spacing between slices = 7 mm), and T2-
weighted/FLAIR (TR = 8802ms; TE = 158 ms; flip angle = 90%
section thickness = 5 mm; spacing between slices = 7 mm).

Preprocessing
The dataset contained 366 adult patients with a total of 1154
scans. Because of poor image quality or unknown pathology, 65
patients were excluded from the study. The remaining 301
patients with 887 scans qualified for the study. First, all images
were resampled to 1-mm’ isotropic resolution using BrainSuite
software (http://brainsuite.org/ ).1 Second, the 4 volumes were cor-
egistered using the FSL (http://www.fmrib.ox.ac.uk/fsl) toolbox.”
Third, images were skull-stripped using BrainSuite software.'”
Forty-two patients were excluded due to skull-stripping failure,
leaving 259 patients’ scans to undergo further segmentation.

A fully-automated brain tumor segmentation tool was used to
identify lesion regions (enhancing tissue, nonenhancing tissue,
and edema) from the skull-stripped multimodal images. This
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algorithm was one of the top-performing tools as evaluated in the
international 2017 Multimodal Brain Tumor Segmentation chal-
lenge.*! It uses a cascade of CNNs and decomposes the multiclass
segmentation task into 3 sequential binary segmentation tasks.

FIG 2. Confusion matrices of the candidate methods (SVM, RF, GB,
and CNN). Top left: SVM; Top right: RF; Bottom left: GB; Bottom right:
CNN. Each row corresponds to the true grade and column corre-
sponds to the predicted grade. The main diagonal shown in light grey
represents the number of data points that were classified correctly.
The off-diagonal numbers are the number of data points that were
mis-classified. CNN outperforms the machine learning models by a
23% improvement in accuracy.

Complete details of the network architecture and the training can

12! More details on how each dataset was

be found in Wang et a
preprocessed can be found in Online Fig 2.

One representative segmentation result for a grade IV tumor.
All segmentations were visually checked by a board-certified neu-
roradiologist with 9 years of experience. The radiologist was not
given the opportunity to alter the segmentations because this
would have been extremely time-consuming. The radiologist was
simply asked to approve or reject the automatic segmentation
result. Segmentation was deemed satisfactory if the regions quali-
tatively correlated to the respective areas: enhancing tissue, non-
enhancing tissue, and edema. The areas of tissue enhancement
and nonenhancement were assessed by reviewing the T1 postcon-
trast sequence and comparing it with the segmented dataset. The
edema assessment was performed by comparing the T2 and
FLAIR sequences with the segmentation data. If the segmentation
corresponded to the specified source data sequence, it was deter-
mined to be appropriately segmented. Due to segmentation fail-
ure, data from 22 patients were excluded. The other 237 cases
with 660 scans approved by the radiologist were included for the
remainder of this work. Of the 237 patients, 17 patients had a
grade I tumor, 59 had a grade II tumor, 46 had a grade III tumor,
and 115 had a grade IV tumor. The total data were randomly di-
vided into training, validation, and testing with the ratios being
70%, 15%, and 15%, respectively. The test data were set aside to
evaluate the performance of the model. The splitting of data is
performed on the number of patients, and the detailed split is
given in the Online Appendix. Tumors were graded by a fellow-
ship-trained neuropathologist. Grade I tumors primarily include
pilocytic astrocytoma; grade II includes diffuse astrocytoma, oli-
godendroglioma, and oligoastrocytoma; grade III includes ana-
plastic astrocytoma, anaplasticoligodendroglioma, and anaplastic
oligoastrocytoma; and grade IV includes glioblastoma.

FIG 3. Comparison of the candidate methods (SVM, RF, GB, and CNN) using three performance metrics. Left: Precision; Middle: Recall; Right: F1-
score. The top row corresponds to macro-averaged metrics and the bottom row corresponds to weighted average metrics. Macro-averaging
computes the score for each grade and then averages without accounting for class imbalance. On the other hand, weighted average accounts
for class imbalance by weighting the metric of each class with the number of samples in that specific class. CNN performs superior to the other

models in all of the metrics examined.

AINR Am J Neuroradiol 42:233-39  Feb 2021 www.ajnr.org 235



Standard Feature Extraction

PyRadiomics  (https://pypi.org/project/pyradiomics/),”> an open-
source platform, was used for the extraction of radiomic features
from the tumors. A total of 107 features were extracted for each
sequence. These included first-order statistics, shape-based features,
and other commonly used texture features: specifically, first-order
(16 features), shape-based (16 features), gray-level co-occurrence
matrix (24 features), gray-level run length matrix (16 features), gray-
level size zone matrix (16 features), neighboring gray tone difference
matrix (5 features), and gray-level dependence matrix (14 features).
Complete details about the extracted features can be found in the
image biomarker Standardisation Initiative reference manual.®
Each dataset, therefore, had 1284 (107 x 4 x 3) features extracted:
4 corresponded to the total number of sequences, and 3 corre-
sponded to the enhancing component, nonenhancing component,

FIG 4. Representative activation maps generated by the proposed
CNN (one example per grade). Each row corresponds to a particular
grade (I to IV) and each column corresponds to a sequence (T, TICE,
T2, and FLAIR). Activation by TICE images was significant for grades IIl
and IV. Activation by FLAIR was most significant for grade Il. There was
a gradual increase in activation based on T2 images from grades | to IV.
TICE and FLAIR were the most significant sequences for differentiation
of low grade (I and Il) and high grade (Il and IV) gliomas. FLAIR, TICE,
and T2 images produced the strongest activation for grades II, lll, and
IV respectively.

FIG 5. Sequence and tumor component significance was determined using a gradient boosting
algorithm. The results obtained here comply with the findings of CNN. TICE and FLAIR were
most significant, followed by T2. Edema that is seen in FLAIR plays an important role for classifica-

tion of different grades.

236 Gutta Feb 2021 www.ajnr.org

and edema associated with the tumor. To handle the large number
of features, we performed a feature-selection step on the training
data alone on the basis of the importance score obtained from the
gradient boosting algorithm. A total of 45 features were selected by
evaluating performance on the validation dataset. These features
extracted from 3D tumors were given to the ML models: SVM,
random forest (RF), and gradient boosting (GB) to predict the
grade of the tumor.

Proposed Convolutional Network

CNNs are an extension of the traditional artificial neural network
architecture, in which banks of convolutional filter parameters and
nonlinear activation functions act as a mapping function to trans-
form a multidimensional input image into a desired output.”*
Network overview and details are provided in the Online Appendix.

The input to the proposed network is a 150 x 150 region (cor-
responding to 15 cm?) that is centered on the centroid of the
entire segmented tumor (edema, enhancing, and nonenhancing).
We considered slices that contain at least 100 pixels of tumor
(which corresponds to 1 cm?®). The proposed framework was
compared with the ML approaches trained with only radiomic
features. To determine the final grade of the tumor, we applied
the proposed network to all of the slices and chose most common
grade among all predictions.

The performance was measured using the confusion matrix
and accuracy. Precision, recall, and the F; score were also used
for evaluating the models. Macro averaging calculates metrics for
each grade and finds their unweighted mean. Thus, it does not
take class imbalance into account. Weighted averaging computes
the metrics for each class and finds their average, weighted by the
number of scans in each class. This alters the macro score and
accounts for class imbalance.

Gradient-Weighted Class Activation Mapping (Grad-CAM)>
was used for visualizing the features learned by the CNN to under-
stand which parts of an input image were important for a classifica-
tion decision. Complete details of the method to generate these

maps can be found in Selvaraju et al.*®

RESULTS
The hyperparameters of ML methods and CNN were selected on
the basis of performance on the validation dataset: SVM = radial
basis function kernel; degree = 3; C=1; RF = 10,000 trees; Gini
index to determine the quality of split;
GB = maximum depth 4; 100 sequen-
tial trees; CNN = learning rate le-3;
batch size = 64; epochs = 30; Adam
optimizer; cross-entropy loss function.
Figure 2 contains the confusion
matrices for all of the discussed meth-
ods: SVM, RF, GB, and CNN. It can
be seen that the CNN is superior to
the machine learning methods that are
trained with radiomic features alone.
The accuracy of SVM, RF, GB, and
CNN are 56%, 58%, 64%, and 87%
respectively. Among the machine
learning models, GB performs better


https://pypi.org/project/pyradiomics/

FIG 6. Weighted average precision, recall, and Fi-score for the validation (red) and test (gray)
dataset for proposed CNN method. The performances of CNN are consistent in both datasets,

indicating robustness of the proposed method.

than SVM and RF. CNN outperforms the best performing model
with an improvement in accuracy by 23%.

Figure 3 contains a comparison of the discussed methods
using performance metrics: precision, recall, and F1-score. There
is a significant improvement in performance by the proposed
CNN method, suggesting that the learned features are valuable in
predicting tumor grade.

Figure 4 contains the activation maps from one representative
case for each tumor grade. T1CE images are more strongly acti-
vated for high grade (IIl and IV) compared to low grade (I and II)
gliomas. There is a gradual increase in activation of T2 images
from grades I to IV. FLAIR images are most strongly activated for
grade II. Based on activation maps for the proposed CNN, we infer
that T1CE, T2, and FLAIR are the most valuable for identification
of grades II to IV respectively. There was no significant activation
observed in any of the grade I images. These interpretations were
made based on visual inspection of all scans of each grade.

Figure 5 contains the sequence significance and tumor com-
ponent significance determined by using the GB algorithm.
Among the sequences considered for grading, TICE and FLAIR
were most important, followed by T2. Edema was the most signif-
icant tumor component for classification, followed by the
enhancing and non-enhancing regions.

Figure 6 contains the comparison between validation and test
data using weighted average precision, recall, and F1-score to test
robustness of the proposed CNN. The error bar corresponds to
the 95% confidence interval. Validation data was used to deter-
mine the hyperparameters of the network and test data was used
to evaluate the performance of the proposed CNN with these
hyperparameters. We observed that the performances of the pro-
posed method between validation and test data are consistent,
indicating robustness of the proposed method.

DISCUSSION

In this study, we used a convolutional
network to classify glioma grades, based
on pre- and post-contrast-enhanced
MR images, and compared perform-
ance against 3 established ML methods.
We were able to implement the entire
preprocessing pipeline from resampling
to tumor segmentation automatically. A
neuroradiologist was required only to
validate the segmentations. We have
leveraged convolutional networks to
extract learned spatial features and have
used these features to improve predic-
tion of glioma grade from multicontrast
MR imaging. This is in contrast to most
of the previous studies that rely on
radiomic features alone.

The ML methods have poor pre-
diction of grade I compared with the
proposed CNN. All of the misclassi-
fied grade II tumors were predicted as
a higher grade by ML methods.
Moreover, at least 70% of the misclas-
sified grade II tumors were predicted
as grade IV: SVM = 7/10, RF = 9/11, GB = 12/13. The proposed
CNN incorrectly classified grade II as grades I and III. A large
proportion of misclassified grade III tumors were predicted as
grade II: SVM = 7/17, RF = 13/24, GB = 10/15, CNN = 6/6. All of
the methods, except SVM, which had a misclassification rate of
28%, performed well in predicting grade IV tumors with a mis-
classification rate below 10%. Overall, the methods except GB
tended to bias predictions toward a lower grade. SVM overclassi-
fied 17 and underclassified 27, RF overclassified 18 and under-
classified 24, GB overclassified 21 and underclassified 15, and
CNN overclassified 1 and underclassified 12. Distinguishing
grades II and III is clinically important for treatment planning.
For all the methods, a higher percentage of grade III tumors was
predicted as grade II than grade II predicted as grade IIL
Moreover, most of the errors in ML techniques were due to mis-
classification of lower grade tumors (Fig 2). This may, in part, be
due to the inherent class imbalance of the training set.

Essential to the proposed network was the use of drop-out to
prevent overfitting and batch normalization, improving the per-
formance of the network through adjusting and scaling the activa-
tions. The results presented in Figs 2 and 3 correspond to test data,
which were unseen by the model during training and were used to
evaluate the final performance of the network. We observed no dif-
ference in performance between the validation and test data (Fig
6), suggesting the robustness of the proposed method.

There are several limitations to this study. First, we did not con-
sider molecular information of the tumors. This was a practical limi-
tation because only a small subset of the cases had molecular
information on file. This would be a worthwhile extension if this
work were to be replicated with a larger dataset. Second, we consid-
ered only structural MR imaging data for this work. In the future,
we plan to include additional sequences such as diffusion, perfusion,
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and susceptibility-weighted images, which may improve the model
performance. Third, the experiments in this study were performed
on 237 patients with 660 scans, all from a single center. This number
is large compared with previous glioma-grading studies'® but is
small compared with nonmedical domains."* Substantially larger
datasets will enable one to fully harness the potential of deep learn-
ing for prediction of glioma grade. Further testing is also required to
evaluate the potential of the proposed algorithm in a multicenter
setting, to analyze the effect of scanner systems and acquisition set-
tings on the learned features. Fourth, this study did not consider de-
mographic information of the included population (eg, patient age),
which may provide additional discriminatory value. Fifth, a unique
biopsy was not performed for every MR image. We assumed that
the grade from the biopsy applied to all the scans of that particular
patient. Sixth, there could be bias in the patient selection due to
rejection of data on the basis of automatic skull-stripping and seg-
mentation failures. This warrants further investigation to determine
any specific structural characteristics unique to these tumors. It is
worth noting that the state-of-the-art skull-stripping and segmenta-
tion are improving at a rapid pace, and we expect a failure rate of
these preprocessing modules to diminish with time. Seventh, the
number of patients with grade I was very small, creating a data
imbalance. This is because patients with grade I tumor are less likely
to be referred for surgical biopsy for confirmation. This feature
makes it difficult to evaluate the performance of grade I detection;
however, in clinical practice, grade I neoplasms tend to be moni-
tored with imaging across time to assess change without necessarily
requiring surgical resection. Eighth, about 50% of the scans were
excluded either due to poor image quality or failures in skull-strip-
ping and segmentation. These problems must be overcome for
broad clinical applicability of automated glioma grading.

This study was performed entirely using 2D slices. A natural
extension would be to adapt the proposed network architecture to
process the entire 3D tumor volume. This change would substan-
tially increase the number of parameters and reduce the dataset
size. Overfitting would become a major concern, even with regula-
rization. We believe a 3D solution would require a dramatic
increase in the sample size through =1 of the following: 1) access
to a larger reference dataset, 2) data augmentation, 3) use of com-
bination approaches that feature-extract using a trained network
and classify using ML that are robust to small data sizes,*® and 4)
adapting a transfer learning approach.'®

There is substantial clinical value in accurate prediction of gli-
oma grade. Direct tissue biopsy is inherently associated with a risk
to the patient, has the potential for sampling error, and has a sub-
stantial cost in resources. Accurate differentiation between low-
grade gliomas (grades I and II) and high-grade gliomas (grades III
and IV) has important treatment ramifications and is particularly
valuable if this can be done noninvasively and accurately. Because
these training data are applied to larger datasets, further ability to
differentiate the tumor grade may be more apparent. Ultimately,
earlier detection of disease grade using this noninvasive method
may be safer and more cost efficient and permit a more timely
treatment implementation.

With the availability of appropriate training data, the same or a
similar technique can be adapted to other classification tasks, such
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as prediction of genetic mutations in gliomas® and classifying a
. . . 2.

glioblastoma as recurrent disease versus pseudoprogression.*®

CONCLUSIONS

We have demonstrated the feasibility of deep learning, specifically
deep convolutional networks, to learn relevant spatial features
from multimodal MR images. The proposed network that incorpo-
rated the learned features was compared against traditional ML
approaches (SVM, RF, and GB) and was found to be superior on
the basis of precision, recall, and the F, score. Thus, CNN-based
approaches are an effective alternative for accurate prediction of
glioma grade and may ultimately optimize efficient diagnosis and
treatment planning with the goal of improved health care manage-
ment in patients with gliomas.
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Prediction of Clinical Outcome in Patients with Large-Vessel
Acute Ischemic Stroke: Performance of Machine Learning
versus SPAN-100

B. Jiang, ““'G. Zhu, Y. Xie, ““'}J). Heit, “’H. Chen, “7Y. Li, “’V. Ding, ““’A. Eskandari, “*’P. Michel, “*'G. Zaharchuk, and
M. Wintermark
e 5 @
ABSTRACT

BACKGROUND AND PURPOSE: Traditional statistical models and pretreatment scoring systems have been used to predict the out-
come for acute ischemic stroke patients (AlS). Our aim was to select the most relevant features in terms of outcome prediction
on the basis of machine learning algorithms for patients with acute ischemic stroke and to compare the performance between
multiple models and the Stroke Prognostication Using Age and National Institutes of Health Stroke Scale (SPAN-100) index model.

MATERIALS AND METHODS: A retrospective multicenter cohort of 1431 patients with acute ischemic stroke was subdivided into
recanalized and nonrecanalized patients. Extreme Gradient Boosting machine learning models were built to predict the mRS score
at 90days using clinical, imaging, combined, and best-performing features. Feature selection was performed using the relative
weight and frequency of occurrence in the models. The model with the best performance was compared with the SPAN-100 index
model using area under the receiver operating curve analysis.

RESULTS: In 3 groups of patients, the baseline NIHSS was the most significant predictor of outcome among all the parameters,
with relative weights of 0.36~0.69; ischemic core volume on CTP ranked as the most important imaging biomarker with relative
weights of 0.29~0.47. The model with the best-performing features had a better performance than the other machine learning
models. The area under the curve of the model with the best-performing features was higher than SPAN-100 model and reached
statistical significance for the total (P < .05) and the nonrecanalized patients (P < .001).

CONCLUSIONS: Machine learning—based feature selection can identify parameters with higher performance in outcome prediction.
Machine learning models with the best-performing features, especially advanced CTP data, had superior performance of the recov-
ery outcome prediction for patients with stroke at admission in comparison with SPAN-100.

ABBREVIATIONS: AIS = acute ischemic stroke; CBS = clot burden score; GBM = Gradient Boosting Machine; IQR = interquartile range; NECT = non-con-
trast-enhanced CT; SPAN = Stroke Prognostication Using Age and National Institutes of Health Stroke Scale; TIMI = Thrombolysis in Myocardial Infarction;
XGB = Extreme Gradient Boosting; AUC = area under the receiver operating curve

Ischemic stroke still ranks as the fifth leading cause of death
and the second leading cause of disability in the United
States.! Although recent reports show a trend toward a decreas-
ing incidence of ischemic stroke for individuals 65 years of age
remains stable for individuals

or older, the incidence
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18~65 years of age.! Revascularization therapies such as endo-
vascular thrombectomy have extended the treatment window
up to 16-24 hours after symptom onset as demonstrated in
selected patients in Endovascular Therapy Following Imaging
Evaluation for Ischemic Stroke (DEFUSE 3)* and Clinical
Mismatch in the Triage of Wake Up and Late Presenting
Strokes Undergoing Neurointervention with Trevo (DAWN)
trials.” However, up to 55% of patients in the endovascular ther-
apy group and 83% in the medical therapy group remained
functionally dependent, with 90-day mRS scoresof >2.
Therefore, physicians taking care of patients with acute ische-
mic stroke (AIS) not only need to predict the individual bene-
fit of endovascular treatment but should also be able to
estimate prognosis in both treated and untreated patients and
to select patients for acute treatment, inform all involved per-
sons about the prognosis, and plan for rehabilitation and
long-term care.*
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Many publications have addressed the issues of predicting
outcome in patients with acute large-vessel ischemic stroke.
These include (but are not limited to) traditional logistic regres-
sion statistical models and pretreatment scoring systems such as
the DRAGON score (Dense cerebral artery sign/early infarct
signs on admission CT scan, prestroke modified Rankin Scale,
Age, Glucose level at baseline, Onset-to-treatment time, and base-
line National Institutes of Health Stroke Scale score),”” the
Stroke Prognostication Using Age and National Institutes of
Health Stroke Scale (SPAN-100) index,®® the Acute Stroke
Registry and Analysis of Lausanne (ASTRAL) score, the
Pittsburgh Response to Endovascular Therapy (PRE) score,'® the
Totaled Health Risks in Vascular Events (THRIVE) score,! the
Houston Intra-Arterial Therapy (HIAT) score, and the HIAT2
score.'> The components considered in these predicting scoring
systems were either clinical parameters only such as age and the
NIHSS or non-contrast-enhanced CT (NECT) parameters such
ASPECTS. None of these models take into account advanced
imaging parameters. In addition, these models were built on the
basis of the hypothesis of a linear relationship between the pa-
rameters and the outcome, but some studies have highlighted a
nonlinear correlation.'>'*

In comparison with traditional modeling methods, machine
learning algorithms have much higher scalability, allowing large
numbers of features and parameters to be incorporated into the
models. Machine learning models have been trained not only for
outcome prediction following intravenous thrombolysis'® and
1617 after AIS but also for subtype classifica-
tion,'® hemorrhagic transformation,'®

intra-arterial therapy
and clot-characteristic
identification.*® All the above-mentioned models use clinical fea-
tures as input; 2 studies also used baseline NECT™'® or MR
imaging gradient recalled-echo sequence features,”® and 1 study
used MR perfusion.'’

The hypothesis of our study was that machine learning algo-
rithms can help select the most powerful features in outcome pre-
diction, and the model with features from advanced perfusion
CTP data would have more robust prognostic ability in compari-
son with the other machine learning models and SPAN-100
model.’

MATERIALS AND METHODS

Study Population

This retrospective study was conducted using a registry of 1782
patients with AIS from January 2008 to December 2018 at the
Lausanne University Hospital (1310 patients) and Stanford
University (472 patients). Institutional review board approval was
obtained from both institutional review boards, with a waiver of
informed consent due to the retrospective nature of the study.
Inclusion criteria were the following: 18 years of age or older;
clinical examination and baseline CT imaging confirming acute
ischemic infarction with the infarct area within the ICA/MCA
territory; availability of complete clinical (onset-to-baseline time;
baseline NIHSS; glucose, lipid, and blood pressure levels at
admission; history of cardiac disease, statin use, smoking status;
stroke mechanism according to the Trial of Org 10172 in Acute
Stroke Treatment [TOAST] trial;*' and treatment and 90-day
mRS) and imaging parameters (baseline NECT, CTP, and CTA;

early [<72hours from baseline] recanalization CTA). Patients
with subacute, chronic, remote, and/or hemorrhagic infarctions
were excluded from this study. The type of revascularization
treatment (intravenous thrombolysis and endovascular treat-
ment) was recorded if performed on the basis of the treating
physician’s decision.

Initial Clinical and Imaging Data

All the clinical and imaging parameters assessed in our study are
summarized in Online Table 1. The 90-day mRS was dichotom-
ized into favorable (mRS 0-2) and unfavorable outcome (mRS
3-6).

NECT, CTP, and CTA data were collected at admission as
baseline studies. A blinded neuroradiologist evaluated the imag-
ing features for all of the imaging studies. Features including the
ASPECTS and hyperdense middle cerebral artery sign were
extracted from the NECT. CTP datasets were processed on a
workstation (Brain Perfusion, Version 6.0.0; Philips Healthcare).
Automatic segmentation of ischemic core and penumbra vol-
umes was performed on the basis of previously published thresh-
olds.”> The sidedness of cerebral ischemia was evaluated as well.
The site of occlusion, Thrombolysis in Myocardial Infarction
(TIMI) score, and collateral status were interpreted on the MIP
CTA images. The TIMI* score was assessed as follows: 0, com-
plete occlusion; 1, subocclusion with no distal branch filling; 2,
subocclusion with incomplete or slow distal branch filling; and 3,
completely open artery. A previously reported scoring system™*
was used for grading the collaterals into 4 levels in comparison
with the normal side on baseline CTA. In addition, the clot bur-
den score® (CBS), reflecting the extent of intracranial clot, and
degree of stenosis of the carotid bifurcation according to the
NASCET criteria were assessed on baseline CTA images. The
total cohort was divided into 2 subgroups depending on the re-
canalization status. A TIMI score of =2 on recanalization studies
was considered recanalization, while <2 was considered persis-
tent arterial occlusion.

Model Construction

Our dataset had 2 distinctive characteristics: low dimensionality
with <100 features and high nonlinearity for both qualitative and
quantitative clinical/imaging features. We, therefore, decided to
use Extreme Gradient Boosting (XGB), which is a specialized
Gradient Boosting Machine (GBM), for our dataset. There are 2
core elements of the GBM. The first is a decision tree, which is
the approach to generate and approximate non-linear-relation-
ship mapping between input features and final outcome. The sec-
ond is boosting. Initially raised by the authors of Adaptive
Boosting (AdaBoost),”® the concept of boosting consists of first
creating many weaker, simpler machine learning classifiers dur-
ing training. Then, the final model is constructed by pooling the
results from all weaker models and creating a fine-tuned, stronger
classifier. XGB was developed on the basis of the GBM with supe-
riority of performance in multiple data science contests, and its
multicore algorithms allow multiple computations to run simul-
taneously in parallel, thus enabling the algorithm to scale to large
datasets.””
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A previous study”® using GBM demonstrated that machine
learning methods with decision tree and boosting algorithms
were capable of predicting patient outcomes after AIS. In that
study, both XGB and GBM were used, and XGB was found to
have a relatively better performance when the cohort was divided
into subgroups. XGB was also shown to perform very well in
another study when segmenting stroke infarct regions using both
clinical and imaging features.*

Sixteen clinical and 11 imaging parameters were introduced
in our models (Online Table 1). The dataset was broken down
into 5 groups with a relatively equal number of patients in each
group for 5-fold cross-validations. Data of each patient were ran-
domly enrolled into 1 of the 5 folds as a testing set. In the remain-
ing 4 folds, the patient data were used as a training set. For each
model’s training and testing phase, 5 identical models were
trained, each using 1 group as the test set, with the remaining 4
groups as a training set. Then the overall model performance was
evaluated on the basis of results from all 5 models on 5 test sets.
At first, 3 types of feature group combinations, clinical features,
imaging features, and clinical plus imaging features, were used in
the XGB models to predict the 90-day mRS of the entire cohort
and recanalized and nonrecanalized subgroups, respectively, cre-
ating 9 total combinations. To improve the performance of the
machine learning models, we selected a subset of clinical and
imaging features from all the predictors according to their contri-
butions to the models. Features were selected on the basis of the
following criteria: They had a relative weight of =0.2 or a relative
weight of =0.1 and were in the top 5 highest weights in the 9
above-mentioned models. The SPAN-100 XGB model was built
by introducing age and the NIHSS at admission based on the
definition.

Statistical Analysis

Overall and by recanalization status, continuous characters were
summarized as medians and interquartile ranges (IQRs) and as
counts and percentages for categoric characters. For each of the 3
cohorts, measures of prediction sensitivity, specificity, accuracy,
and area under the receiver operating curve (AUC) were esti-
mated for the machine learning models, as well as for the refer-
ence SPAN-100 index model, with SPAN-100 defined as the sum
of patient age and the NIHSS score.” The machine learning model
with the highest AUC was then compared with the SPAN-100
index model, with the Delong test of pair-wise AUCs assessed
using the pROC R package (https://www.rdocumentation.org/
packages/pROC/versions/1.16.2).%%!

Finally, confusion matrices for 90-day mRS prediction were
constructed, by cohort, for all models on the basis of 7-fold cross-
validation and visualized as heatmaps. All analyses were con-
ducted in the R statistical computing framework,’* Version 3.6
(http://www.r-project.org/), and statistical significance was
assessed at the .05 « level.

RESULTS

There were 1431 patients included in this study, including 899
patients with recanalization and 532 patients with no recanaliza-
tion (Online Fig 1). Online Table 1 illustrates the clinical and
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imaging characteristics for the total cohort and for the 2
subgroups.

Feature Selection with Machine Learning

Among the clinical and imaging parameters, the baseline NTHSS
was the most important predictor of outcome for the whole
cohort, as well as in the recanalized and nonrecanalized groups,
with relative weights ranging from 0.36 to 0.69. Age and glucose
levels at admission ranked as the next most important parameters
in both the model using only clinical parameters and the model
using all the clinical and imaging parameters (Online Table 2).
The NIHSS and age are both components of the SPAN-100 scor-
ing system.

Among the imaging parameters, ischemic core volume on
CTP came in first place for all 3 groups of patients, with relative
weights of 0.29~0.47 (Online Table 2). The CTA-CBS score, pe-
numbra volume on CTP, and infarct side were the second strong-
est imaging predictors in the full cohort, the recanalized patients,
and the nonrecanalized patients, respectively.

Clinical features such as baseline NIHSS score and age out-
weighed all the imaging features in importance in all 3 groups.
Glucose level at admission appeared to be the third most impor-
tant clinical biomarker in the total cohort and in recanalized
patients, but not in nonrecanalized patients. In the nonrecanal-
ized group, infarct and penumbra volume on CTP and time from
onset to the baseline study came before the glucose level
Accordingly, the model with the best-performing features (total
of 6 features) was built by including 3 clinical features (baseline
NIHSS, age, glucose at admission) and 3 imaging features (ische-
mic core volume on CTP, penumbra volume on CTP, and CTA-
CBS) (Online Table 3).

Model Performance in the Full Cohort and Recanalized
and Nonrecanalized Cohorts

The sensitivity, specificity, accuracy, AUC, and heatmap of each
model in the full cohort, as well as in the recanalized and the non-
recanalized subgroups are demonstrated in the Table, Figure, and
Online Fig 2. The models with both imaging and clinical features
performed better than those with only clinical or imaging input.
The model with 6 features performed better than models with
clinical features only, models with imaging features only, and
models with both clinical and imaging features. This finding was
true in all 3 groups of participants, with the highest AUC value of
0.83 for the nonrecanalized patients.

Comparison between Machine Learning Models and the
SPAN Scoring Model

Our best model, the model with the best-performing features,
was compared with the SPAN-100 index (Figure and Online Fig
2). The AUCs for the machine learning models with the 6 best-
performing features in the total cohort and recanalized and non-
recanalized groups were 0.80, 0.79, and 0.82, respectively. The
AUCs for SPAN-100 were 0.78, 0.76, and 0.78, respectively.
The optimal cutoff values of SPAN-100 were 85, 94, and 64 for
the total, recanalized, and nonrecanalized cohorts, respectively.
The AUCs of the XGB models with the 6 best-performing fea-
tures were higher than those of SPAN-100 and reached the
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Performance of machine learning models and the SPAN-100 index in 3 cohorts

Cohorts/Models Sensitivity (%) Specificity (%) Accuracy (%) AUC
Full cohort
Clinical features only (16 features) 78.1 65.5 73.5 0.77
Imaging features only (11 features) 53.5 79.9 63.2 0.69
Both clinical and imaging features (27 features) 744 69.8 728 0.79
Best-performing clinical and imaging features (6 features) 722 74.0 728 0.80%
SPAN-100 80.6 643 735 0.78
Recanalized
Clinical features only (16 features) 731 70.4 719 0.76
Imaging features only (11 features) 537 69.4 60.9 0.61
Both clinical and imaging features (27 features) 74.5 68.9 72.0 0.77
Best-performing clinical and imaging features (6 features) 76.9 69.9 73.8 0.79*
SPAN-100 78.8 63.8 719 0.76
Nonrecanalized
Clinical features only (16 features) 80.0 65.8 74. 0.78
Imaging features only (11 features) 63.3 67.8 64.3 0.70
Both clinical and imaging features (27 features) 713 80.5 733 0.81
Best-performing clinical and imaging features (6 features) 81.9 754 80.5 0.82°
SPAN-100 65.5 77.1 68.1 0.78

?Model with the highest AUC value.

statistical significance for the total cohort (P < .05) and the
nonrecanalized patients (P < .001). In the recanalized group,
the difference was not significant (P = .05).

DISCUSSION

Our study shows that machine learning models trained with best-
performing clinical and imaging features, including advanced
CTP parameters, can predict the outcome of patients with stroke
more accurately than a conventional scoring system.

Bacchi et al*®

used deep learning models to predict the out-
come in patients with AIS who underwent intravenous throm-
bolysis. The combined convolutional-plus-artificial neural
network model based on both clinical and imaging data per-
formed best in predicting patient outcomes. Heo et al**
attempted to predict favorable outcome in a large group of 2043
patients with stroke using 3 machine learning models. By incor-
porating 38 demographic/clinical variables into their models,
they found that the deep neural network model performed bet-
ter than the other 2 models (random forest and logistic regres-
sion) and the ASTRAL score, while the performance of the deep
neural network did not differ significantly from the ASTRAL
score when trained on only the same 6 variables used for calcu-
lating the ASTRAL score. Nishi et al'” built 9 models, including
5 previously reported scoring models, 1 logistic regression sta-
tistical model, and 3 machine learning models to predict the
clinical outcome in a cohort of 387 patients with stroke who
underwent endovascular treatment. Machine learning models
were superior to the other models. These above-mentioned
models used ASPECTS as the only imaging variable to make the
outcome prediction, and the overwhelming clinical variables in
these models seemed not quite practical in an emergency sce-
nario because a physician has to input many variables to get val-
uable prognostic information. Our models with the best-
performing features were trained on more advanced imaging
data such as CTP and CTA parameters, which provide
improved accuracy compared with models using only parame-

ters from the NECT. Furthermore, clinical features are

important predictors, but when they are broken down into
recanalized and nonrecanalized groups, CTP imaging data were
a more potent contributor, especially for those nonrecanalized
patients.

The commonly used machine learning models in cerebrovas-
cular diseases include random forest, support-vector machines,
the neural network, decision trees, and logistic regression. In this
study, we used a supervised XGB model, which is a decision tree-
based machine learning method. Previous publications***>
highlighted the adaptability of XGB in dealing with redundant
and nonlinear datasets. Compared with other machine learning
models, XGB makes more powerful predictions with less chance
of overfitting, especially in predictions of binary outcomes.

Our modeling filtered 6 parameters that best predicted the
90-day mRS score. Baseline NIHSS, age, and glucose on admis-
sion are clinical components of most of the conventional pre-
treatment prognostic systems developed for patients with
stroke.” ™ Previous studies have shown that baseline NIHSS and
age are strongly associated with prognosis.'>***” Hyperglycemia
on admission is known to be an independent predictor of worse
outcome because of its association with lactic acidosis and accel-
erated conversion of penumbra to infarct.’®* The relevant
imaging features (CTP ischemic core volume, penumbra vol-
ume, and CTA-CBS) are also well-established stroke imaging
biomarkers."> Collateral scores and the CBS have been reported
to be equally important in outcome prediction.*’ In our study,
collaterals played an important role in the recanalized group, but
not in the nonrecanalized group.

It is beneficial to have a simple model because it makes clinical
deployment faster and easier. A model requiring few features to
yield a useful prediction is also less prone to overfitting. In addi-
tion, the 3 imaging features used in our model can be automati-
cally extracted within a machine learning pipeline embedded in
the daily workflow. It is practical for our best-performing model
to provide a prompt outcome prediction.

The SPAN-100 index has been shown to have the ability to
predict patient outcome and the risk of complications after endo-
vascular therapy in several stroke cohorts.”'*> Mabius et al® found
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FIGURE. Receiver operating characteristics (ROCs) of XGB prediction models with clinical features, imaging features, both clinical and imaging
features, best-performing features, and SPAN-100 for predicting a 90-day mRS score of >2. For all patients and recanalized and nonrecanalized
patients, the AUCs of models with the best-performing features were higher than those in SPAN-100, and statistical significance was reached in
the total and nonrecanalized groups. The AUCs for machine learning models with the 6 best-performing features in the total cohort and recan-
alized and nonrecanalized groups were 0.80, 0.79, and 0.82, respectively. The AUCs for SPAN-100 were 0.78, 0.76, and 0.78, respectively. The
AUCs of XGB models with the best-performing features were higher than those in SPAN-100 and reached statistical significance for the total
cohort (P <.05) and the nonrecanalized patients (P <.001). In the recanalized group, the difference was not significant (P = .05).

that the patients positive on the basis of SPAN-100 demonstrated
a 9-fold increase in the odds ratio of poor outcome compared
with those negative on the basis of SPAN-100, with an AUC of
0.74. The NIHSS ranked as the most highly relevant parameter
among all of the clinical and imaging biomarkers in our study,
while age was the second-best predictor in nonrecanalized
patients and the third-best predictor in all and recanalized
patients. When combined with imaging features, the ability of
outcome prediction improved from 0.78, 0.76, and 0.78 to 0.80,
0.79, and 0.82 for all and recanalized and nonrecanalized patients.
The major limitation of SPAN-100 is its inapplicability to
younger patients, for it cannot reach a positive status because of
the age component. However, our model overcomes this limita-
tion and is applicable to any patient with AIS older than 18 years
of age.

There are several limitations to this study. First, this was a ret-
rospective study, and our model will need to be validated
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prospectively. Second, we used only XGB models in this machine
learning study, and other machine learning algorithms need be
considered in future study designs. Third, prognostic models
other than the SPAN-100 may have superior long-term predictive
values for handicap and mortality, which will be incorporated
into our future study design.*!

CONCLUSIONS

Machine learning-based feature selection can identify param-
eters with higher performance in long-term recovery-outcome
prediction for patients with stroke at admission, while remov-
ing redundant and less predictive parameters. Moreover, the
models with input from the best-performing features had bet-
ter predictive value than the other models using clinical fea-
tures only, imaging features only, both clinical and imaging
features, and the SPAN-100 index. Finally, the prognostic



ability of machine learning models with advanced imaging
features such as CTP data can be improved, especially for
nonrecanalized patients.
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Evaluation of Artificial Intelligence—Powered Identification
of Large-Vessel Occlusions in a Comprehensive Stroke
Center
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ABSTRACT

BACKGROUND AND PURPOSE: Artificial intelligence algorithms have the potential to become an important diagnostic tool to opti-
mize stroke workflow. Viz LVO is a medical product leveraging a convolutional neural network designed to detect large-vessel
occlusions on CTA scans and notify the treatment team within minutes via a dedicated mobile application. We aimed to evaluate
the detection accuracy of the Viz LVO in real clinical practice at a comprehensive stroke center.

MATERIALS AND METHODS: Viz LVO was installed for this study in a comprehensive stroke center. All consecutive head and neck CTAs
performed from January 2018 to March 2019 were scanned by the algorithm for detection of large-vessel occlusions. The system results
were compared with the formal reports of senior neuroradiologists used as ground truth for the presence of a large-vessel occlusion.

RESULTS: A total of 1167 CTAs were included in the study. Of these, 404 were stroke protocols. Seventy-five (6.4%) patients had a
large-vessel occlusion as ground truth; 61 were detected by the system. Sensitivity was 0.81, negative predictive value was 0.99, and
accuracy was 0.94. In the stroke protocol subgroup, 72 (17.8%) of 404 patients had a large-vessel occlusion, with 59 identified by
the system, showing a sensitivity of 0.82, negative predictive value of 0.96, and accuracy of 0.89.

CONCLUSIONS: Our experience evaluating Viz LVO shows that the system has the potential for early identification of patients
with stroke with large-vessel occlusions, hopefully improving future management and stroke care.

ABBREVIATIONS: ICA-T = ICA terminus; ICC = intraclass correlation coefficient; LVO = large-vessel occlusion; PPV = positive predictive value

A cute ischemic stroke caused by large-vessel occlusion (LVO)
contributes disproportionately to stroke-related disability
and death." It requires emergent detection and treatment ideally
by an endovascular approach. Management has changed dramat-
ically during the past few years, most notably due to the numer-
ous clinical trials published in 2015 that indicated that
endovascular treatment is superior to tPA alone in the treatment
of LVO acute ischemic stroke.”* One of the major contributors
to this revolutionary result was the proper selection of eligible
patients.” As opposed to earlier trials,”” patients in recent studies
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were selected primarily by CTA scans. These trials demonstrated
the efficacy of mechanical thrombectomy in patients with a lim-
ited ischemic core in the setting of moderate-to-severe clinical
deficits, which designated such patients as ideal candidates for re-
vascularization therapy. The window for treatment was further
extended at the beginning of 2018 to 24 hours,® following 2 trials
that demonstrated the efficacy of endovascular treatment for
selected patients in timeframes of 6-16 hours® and 6-24 hours.'’
The immediate consequence was an increase in the number of
patients eligible for transfer from primary and secondary hospi-
tals to comprehensive stroke centers for endovascular treatment.
Thus, fast and accurate recognition of pathology on CT scans has
become crucial.

Artificial intelligence algorithms, particularly deep learn-
ing, have demonstrated remarkable progress in image-recog-
nition tasks. Methods ranging from convolutional neural
networks to variational autoencoders have found great appli-
cation in the medical image-analysis field, pushing it forward
at a rapid pace. Deep learning has the potential to revolu-
tionize entire industries, and given the centrality of neuroi-
maging in the diagnosis and treatment of neurologic disease,
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deep learning will likely affect neuroradiologists most
profoundly.'>'2

Viz LVO (Viz.ai) is a medical product leveraging a convolu-
tional neural network designed to detect LVOs on CTA scans
and notify a neurointerventional specialist within minutes via a
dedicated mobile application.

Our aim was to evaluate the detection accuracy of the Viz
LVO in real clinical practice at a comprehensive stroke and

trauma center.

MATERIALS AND METHODS

A retrospective study was conducted. Viz LVO was installed at
the Rambam Health Care Campus in January 2018 for this study.
All CTA scans obtained from January 2018 to March 2019 were
scanned by the system, including nonacute ischemic stroke cases.
The scans were analyzed by the Viz LVO Algorithm, Version
4.1.3, a convolutional neural network using deep learning to
detect occlusions from the ICA terminus (ICA-T) to the Sylvian
fissure. Analysis of this area would include all occlusions of the
M1 segment of the MCA and possibly proximal M2 segment
occlusions. Posterior circulation arteries are not assessed by the
system.

The results of the system were compared with the formal
CTA reading documented in the patients’ files. Each CTA read-
ing was performed by a single reader. The readers were 4 senior
neuroradiologists, with 7-25 years of experience. A separate des-
ignated pool of 15 examinations was used for evaluating inter-
rater and intrarater reliability among 4 raters. No variation was
found between the results given for each CTA examination
(intraclass correlation coefficient [ICC] > 0.99).

LVO was considered as either an ICA-T or MCA-MI occlu-
sion. A second analysis included M2, which was further divided
into proximal and distal occlusions using the curve into the
Sylvian fissure as an anatomic landmark (Fig 1).

Other major pathologies reported in the formal neuroradiolo-
gist read were also documented, including cerebral hemorrhage,
tumors, and intracranial arterial stenosis. Arterial stenosis was
defined as a decrease of more than that in the arterial cross-sec-
tional area calculated by the NASCET formula for ICA or MCA
reported in the formal CTA read.

Examinations with metal artifacts (n = 7) as well as those
with severe motion or incomplete skull scanning (1 = 6) were
excluded from the analysis a priori because they are automatically
not analyzed by the algorithm. Such examinations are transferred
to the server and the mobile application by the system, marked as
technically inadequate and classified as negative for LVO. This
process is further explained in the Algorithm Description seg-
ment and illustrated in Figs 2 and 3.

Algorithm Description

The LVO-detection algorithm involves several steps. First, ap-
plicable CTA series are identified by inspecting the DICOM
metadata. Once an applicable series is identified, the next step
is to verify the existence of contrast. The soft matter is
extracted by creating a mask of all bone voxels, based on
Hounsfield unit thresholding, dilation, and connected compo-
nent analysis, and removing the bone mask and all voxels
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FIG 1. Division of the M2 segment of the MCA into proximal and dis-
tal segments at the curve of the artery into the Sylvian fissure
(marked bilaterally by the dashed lines).

external to it. Once the soft matter is extracted, it is inspected
for the existence of contrast by counting the total number of
voxels with Hounsfield unit values consistent with iodine con-
trast (100-800 HU). If no contrast is identified, the scan is
flagged as a suspected missed bolus and no further processing
is conducted.

In the selected examinations, 3D registration of the brain is
performed followed by cropping of a 3D cuboid, with dimensions
determined so that the ICA-T, M1, and M2 regions are contained
within the cuboid. The cuboid is inspected for the presence of
metal by looking for voxels with Hounsfield unit values of
>3000. If such voxels are identified, the scan is flagged as sus-
pected of containing metallic artifacts and no further processing
is conducted. Scans that were not processed due to bad bolus tim-
ing or metal artifacts are still available for viewing but are marked
by a red frame to notify the user that the algorithm rejected the
series. Examples are given in Fig 2, and an illustration of the pro-
cess is provided in Fig 3.

The 3D cuboid is fed through a 3D segmentation convolu-
tional neural network inspired by the U-Net architecture.'> The
output of the network is a 3D cuboid of the same dimension as
the input, whereby each voxel is assigned a number between 0
and 1 by the network, describing the probability (as estimated by
the network) that this voxel is part of the ICA-T or M1 segments.
The network was trained on hundreds of manual segmentations
of the ICA-T and M1 regions.

Next, the lengths of the left and right segmentations are com-
pared. This step is to identify cases in which due to an ICA occlu-
sion and no retrograde filling, the ICA-T and M1 segments are
not visible in the scan. If one of the sides is significantly shorter
than the other, an LVO is detected and the system triggers an
alert.



FIG 2. Alerts as they appear on the user end of the mobile application, showing the overview screen of examinations with (A) and without (B) a
suspected LVO. An overview screen of failed processing is shown in C, in this case, due to metallic artifacts.

FIG 3. Flow diagram delineating the various steps of the algorithm.
App indicates mobile application.

If, however, sizable segmentations are available on both sides,
these segmentations are extended using another segmentation
convolutional neural network of similar architecture that was
trained to segment all vessels (not just ICA-T and M1 vessels).
The combination of the outputs of both networks is refined to
generate the MCA vessel tree. Following this step, end points of
the MCA vessels are identified. If the total distance between the
ICA-T and the end point is below a predefined threshold, an
LVO is detected and the system triggers an alert. The threshold
was determined on the basis of the receiver operating characteris-
tic curve to yield approximately equal sensitivity and specificity
on the suspected-stroke population and corresponds, roughly, to
the beginning of the Sylvian fissure. The process is visualized in
Fig 4.

If no end point on either side is shorter than the threshold,
the algorithm looks for partial occlusions. This is done by
computing the centerline of the segmentation and inspecting
the average Hounsfield unit value in the vicinity of the center-
line. The algorithm is looking for a pattern of a drop in
Hounsfield units, followed by an increase (Fig 5). If such a
case is identified, an LVO is detected and the system triggers
an alert.

Examples of system identification of both partial and com-
plete occlusions and the matching images sent to the end user by
the application during an alert are provided in Fig 6.

Statistical Analysis
Statistical analyses were performed using descriptive data analy-
sis, including ranges, means, medians, SDs, and interquartile
ranges for continuous variables and frequencies and percentages
for categoric variables.
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FIG 4. Overview of the algorithm steps. A, Identification of an applicable scan based on metadata. B, Cropping the head region. Registration (C)
and segmentation (D) of ICA-T/MT regions. E, Additional segmentation of all vessels. Refinement of the segmentations to include only the MCA

branches (F) and detection of suspected LVO based on vessel length (G).

FIG 5. Algorithm processing of a partial occlusion. The cropped scan on the left visualizes a left
M partial occlusion. The segmentation (on the right) extends through the partial occlusion.
However, the average Hounsfield unit value decreases and then increases and a notification is
triggered, even though the length of the segmentation exceeds the threshold.

of raters,'* a scenario that would be
expected in routine clinical settings.
Thus, this model can be considered
a realistic estimate of reliability for
this scenario. The interrater ICCs
were calculated between the model
predictions and senior radiologist
reports.

Measures of system performance
were examined using sensitivity, speci-
ficity, positive predictive value (PPV),
negative predictive value, and total
accuracy.

In addition, logistic regression
models were performed to predict
the effect of each factor category—
age, sex, and identification of
LVO by the Viz LVO system—on
LVO detection. ORs and 95% CIs
were estimated for each predictor.

To test the additive value of each

Interrater reliability between system results and the formal  factor, we entered the variables into receiver operating character-

read was quantified using an ICC model, namely 2-way random istic (area under the curve) curves one at a time: patient charac-

effects, absolute agreement, and single measurement. This model teristics (age, sex) followed by Viz LVO results. When a logistic

was selected because all ratings were performed by a different set ~ regression is fit, receiver operating characteristic curves are
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FIG 6. System identification illustration demonstrates stenosis of the M1 segment of the left MCA (A), occlusion of the M1 segment of the left
MCA (C), and occlusion of the proximal M2 segment of the right MCA (E), as they appear as preliminary convolutional neural network outcomes
(green boxes represent original annotations by the Viz LVO system during identification). The images on the lower row (B, D, and F, respectively)
match processed images sent by the system via the application and received by the viewer during an alert.

routinely used to summarize the model fit and to determine the
best cutoff value for predicting whether a new observation is a
failure (0) or a success (1).

The receiver operating characteristic curve is the sensitiv-
ity or recall as a function of fall-out. Overall, if the probability
distributions for both detection and false-positives are known,
the curve can be generated by plotting the cumulative distri-
bution function (area under the probability distribution from
infinity to the discrimination threshold) of the detection
probability in the y-axis versus the cumulative distribution
function of the false-positive probability on the x-axis. Ideal
prediction produces an area under the curve of 1.00; area
under the curve values of 0.70 and higher would be considered
strong effects.'®

The level of significance for all statistical analyses was 5%. We
analyzed the data using the SPSS, Version 25.0 (IBM). This study
was approved by the local Helsinki committee at Rambam Health
Care Campus (IRB 0417-17).

RESULTS

A total of 1180 CTAs were scanned by the system and sent to
the server and the mobile application during the study period.
Thirteen cases had been flagged by the system as technically
inadequate and were excluded a priori because they were not

Table 1: Descriptive statistics of the study sample®
Patients (n = 1167)

Age (mean) [SD] 622 19.6
Male 689 59
Stenosis (50%>) 66 57

Extracranial ICA 43 37

Intracranial 23 20
Stroke protocol 404 34.6
Hemorrhage 80 6.8
Tumor 12 1.0
LVO 75 6.4
LVO location (n = 75)

Carotid terminus 28 373

M1 47 62.6
Distal occlusion (non-LVO) (n = 44)

Proximal M2 21 477

Distal M2-3 23 523

?Data are number and percentage unless otherwise indicated.

analyzed by the algorithm. Of the 1167 cases included in the
study, 404 were stroke protocols, with others performed due
to trauma, suspected stenosis, and other miscellaneous rea-
sons (Table 1).

The interrater ICC for all cases was 0.83 (95% CI, 0.725-
0.867). For stroke protocol only, the ICC was higher (0.86; 95%
CI, 0.837-0.892). Of 1167 patients, 75 had an LVO as per a senior
neuroradiologist’s formal read, representing 6.4% of the cases.
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Sixty-one of these cases were detected by the system, leaving 14
cases of false-negative results.

The system alerted a possible LVO in 117 examinations, 56 of
which did not show occlusion of the ICA-T or MCA M1, defined

Table 2: Pathologies detected in false-positive cases

Pathology No. %
Stenosis (>50%) 9 16.1
Distal occlusions 12 214

Proximal M2 8 14.3

Distal M2/M3 4 714
Hemorrhage 12 214
Tumor 4 714
No revealed pathology 19 339
Overall 56 100

Table 3: Prediction of LVO by the Viz LVO system—Ilogistic
regression (adjusted for age and sex)

95% ClI
Variable OR SE Sig Lower Upper
Suspected LVO 5175 0.298 .000 28.84 92.84
Age 1030 0.009 .001 1.013 1.048
Sex 1474 0295 188 0.828 2.626

Note:—SE indicates standard error; Sig, significance.

in our study as an LVO. Nevertheless, in 12 of these false-positive
cases an occlusion of a more distal part of the MCA (M2 or M3)
was detected. Additionally, 25 more of the false-positive alerts
had different major pathologies, such as hemorrhage, tumors, or
intracranial stenosis, defined as a decrease of <50% in the arterial
cross-sectional area (Table 2).

Measures of system performance for the entire group were a
sensitivity of 0.81 (95% CI, 0.74-0.91), negative predictive value
0f 0.99 (95% CI, 0.98-0.99), PPV of 0.65 (95% CI, 0.55-0.74), and
accuracy of 0.94 (95% CI, 0.92-0.96).

Logistic regression analysis adjusted for age and sex showed
that Viz LVO strongly predicts LVO (OR= 51.75; 95% CI,
28.84-92.84) (Table 3). Further receiver operating characteristic
analysis demonstrated an area under the curve of 0.91 (Fig 7).

In the stroke protocol subgroup, 72 (17.8%) of 404 patients
had an LVO acute ischemic stroke. Of the 72 cases, 59 LVOs
were identified by the system. Thirteen false-negative cases were
encountered. Sensitivity was 0.82 (95% CI, 0.71-0.89); PPV, 0.64
(95% CI, 0.53-0.73); negative predictive value, 0.96 (95% CI,
0.93-0.98); and accuracy, 0.89 (95% CI, 0.86-0.94). Measures of
system performance are summarized in Table 4.

Three non-stroke protocol cases were found to have LVOs
and were detected by the system: An elderly lady brought in as

FIG 7. Prediction of LVO logistic regression (adjusted for age and sex). The area under the curve is shown to be 0.91. ROC indicates receiver

operating characteristic.
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Table 4: Prediction of LVO by the Viz LVO system

System LVO Detection  Sensitivity 95% Cl  Specificity 95%Cl NPV~ 95%Cl PPV  95% Cl Accuracy 95%Cl
Entire cohort (n = 1167) 0.81 0.74-0.91 0.96 0.95-0.97 0.99 0.98-0.99 0.65 0.55-0.74 0.94 0.92-0.96
Stroke protocol subgroup 0.82 0.71-0.89 0.90 0.86-0.93 096 0.93-0.98 0.64 0.53-0.73 0.89 0.86-0.94

(n = 404)

Note:—NPV indicates negative predictive value.

a trauma patient due to an automobile collision, a 41-year-old
patient referred from another hospital with a suspect mass
found to be an infarct, and a man suspected of having carotid
artery stenosis, who was found to have complete occlusion of
the ICA-T. In all cases, the system alerted the team by identi-
fying an LVO.

DISCUSSION

Computer-aided detection and diagnosis performed using
machine learning algorithms can be an important tool in helping
physicians interpret medical imaging findings and reducing inter-
pretation times.'® Imaging analysis has been shown to be the
main artificial intelligence medical flagship, with especially
promising results in the field of neuroradiology.'’ This pairs well
with stroke care, in which both timeliness and precision are
needed.'”'® Various artificial intelligence-based systems have
been developed for emergent detection of acute ischemic stroke,
with Viz LVO being the first to include automatic direct LVO
detection from CTA data.'” Evaluation of the accuracy and sensi-
tivity of the system on a large patient population is imperative for
future implementation into common clinical practice. In
Rambam Health Care Center, about 150 cases of endovascular
treatment for acute ischemic stroke are performed annually,
allowing rapid evaluation of the system on a sizeable cohort.

In this retrospective single-center study, we found the Viz
LVO detection system to be highly accurate. Similar results
were previously reported by Chatterjee et al*® in a study per-
formed using an older version of the software (Viz.ai-
Algorithm, Version 4.1.2) exclusively on patients with stroke.
A recent study by Barreira et al*' showed a sensitivity of 0.90
and accuracy of 0.86 using the Viz.ai Algorithm, Version
4.1.3. Both studies focused on stroke-activation protocols and,
therefore, showed high rates of LVOs, 30% of the cohort in
the former and 49% in the latter, in contrast to our results of
18% for the stroke protocols and 7% for the entire cohort,
regardless of the scan indication.

The system encountered 56 false-positive results, 37 (66%)
of which had major pathologies and 19 that had no identified
pathology. The high prevalence of pathologic examinations
being accidentally flagged as LVOs is related to tissue distor-
tion, resulting in vessels being pushed and changing their
course. These results, including identification of 12 M2/3
occlusion cases and 9 cases of stenosis, are difficult to inter-
pret because the inner working of deep learning systems is not
completely understood. Future improvements to the algo-
rithms are needed to enable higher accuracy of subtler pathol-
ogies on the one hand and exclusion of nonrelevant ones on
the other.

The main advantage of using artificial intelligence software in
medical analysis is that it can accelerate decision-making, a fea-
ture that is especially valuable in situations that demand quick
action as in LVO stroke. The system showed suboptimal sensitiv-
ity, which prevents it from being used as a diagnostic tool to date.
The PPV in our cohort was 0.65. A high PPV is essential to avoid
an unacceptable burden on the application end-users due to mul-
tiple false-positive alerts.

The main advantage of the system in the clinical setting of
acute stroke at this point relies on its ability to accelerate deci-
sion-making in cases positive for LVO stroke. This may show
great significance in environments in which interventional neu-
roradiology consultants are less accessible, such as in prehospital
advanced imaging used in mobile stroke units, which is a fast-
evolving field,”> and in primary care centers.

The study was conducted in the setting of routine clinical
practice, unlike previous studies. The patients were not prese-
lected, and the neuroradiologists involved were not notified of
the evaluation performed. This feature allowed analysis and
assessment of the performance of the system for everyday
patients in the emergency department. It accounts for the low
rate of LVO acute ischemic stroke in our patient population
and the lower PPV found compared with previous publica-
tions in stroke-only series. Because the system is being in-
stalled currently in multiple medical centers, some without
dedicated stroke protocols, it could provide a better reflection
of the real impact of the system on the diagnostic and thera-
peutic flow of patients.

The system uncovered 3 LVOs in patients with a non-
stroke protocol that could have been easily missed due to low
clinical suspicion. Such alerts could accelerate proper care in
this scenario.

This study has several limitations. First, it is not an interven-
tional study. The system was assessed without changing the treat-
ment provided to patients in real-time, due to ethical limitations,
thus preventing concrete discussion of improved time and cost
with use of the system. Further research is already planned.

Furthermore, the criterion standard for LVO detection
relied on a single neuroradiologist read per examination.
Although the ICC showed no variation among readers, such
evaluation is still subject to mistakes. Data were collected by ra-
diology residents and assessed for possible discrepancies in fol-
low-up examinations and the general clinical course of the
patient to minimize such errors. In any case of inconsistency,
examinations were marked and reread by a second senior
neuroradiologist.

Another point is the exclusion of 13 examinations
rejected by the system as technically inadequate, as described
above. These examinations were not included in the study
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because they were not processed by the algorithm for LVO
detection.

This study was conducted in a single comprehensive stroke
center. One of the most fundamental future applications of the
system is in improving notification, assessment, and treatment
times for patients arriving at primary stroke centers. Thus, the
next step in the evaluation of the system will need to be a multi-
center study, comparing treatment timelines.

CONCLUSIONS

Our experience evaluating Viz LVO shows that the system has
real potential for early, accurate identification of patients with
stroke, hopefully improving workflow and patient care.
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COMMENTARY

Emerging Artificial Intelligence Imaging Applications for

troke is the most frequent cause of acquired disability and the

fifth most frequent cause of death in the United States.
Treatment options for acute ischemic stroke (AIS) caused by large-
vessel occlusion (LVO) are rapid recanalization of the occluded
large vessels using IV thrombolysis with alteplase (recombinant tis-
sue plasminogen activator) within 4.5 hours and mechanical throm-
bectomy (MT) within 6 hours." In either treatment, identifying a
substantial and salvageable ischemic penumbra is essential for a
patient to be eligible for therapy. Recent randomized controlled tri-
als—Clinical Mismatch in the Triage of Wake Up and Late
Presenting Strokes Undergoing Neurointervention with Trevo
(DAWN),” Endovascular Therapy Following Imaging Evaluation
for Ischemic Stroke 3 (DEFUSE-3),” and Efficacy and Safety of
MRI-based Thrombolysis in Wake-up Stroke (WAKE-UP)*—that
revolutionized the management of patients with LVO stroke laid
the foundation for a further revolution in the selection of patients el-
igible for late MT, up to 24 hours, regardless of whether they receive
IV alteplase for the same ischemic stroke event. An ongoing phase
I trial (Tenecteplase in Stroke Patients Between 4.5 and 24 Hours;
TIMELESS) is investigating the efficacy of tenecteplase in an
extended time window from 4.5 to 24 hours.” Because of rapid
changes in the evidence, the American Heart Association/American
Stroke Association updated their acute stroke guidelines from 2018,
which replaced the 2013 guidelines.ﬁ’7 In this context, a transition
takes place from the concept of a “temporal therapeutic window” to
that of a “cerebral tissue window” accounting for the degree of col-
lateral perfusion, incorporating advanced neuroimaging methods,
such as CT perfusion and MR imaging with FLAIR, diffusion, and
perfusion-weighted imaging, for the assessment ischemic core (irre-
versibly damaged tissue) and of ischemic penumbra (potentially re-
versible ischemic tissue).® The best method for the correct selection
of such patients is still a matter of debate. Nevertheless, because the
benefit of reperfusion therapy decreases over time, it is critical to
treat patients as quickly as possible before cell death ensues.

However, several challenges may limit the widespread clinical
use of LVO stroke interventions, specifically MT. Indeed, only
13,000 MTs were performed in the United States as of 2016 (<2%
of total AIS cases).” First, only an estimated 10% of patients with
AIS have a proximal LVO in the anterior circulation and present

Stroke Interventions

early enough to qualify for MT within 6hours,'™"" but approxi-
mately 9% of patients presenting in the 6- to 24-hour time window
may qualify for MT."> Second, after the patient arrives at a medical
center, urgent imaging, either CT or MR imaging, is performed and
must be promptly analyzed by qualified radiologists to determine if
MT is required. However, image interpretation is subject to incon-
sistent local expertise and time delays and varies between institu-
tions. Third, because of increasing centralization of acute stroke
care at specialist facilities, only a few stroke centers have sufficient
advanced neuroimaging and neurointerventional resources and ex-
pertise to deliver this therapy,'> which make it necessary to transfer
eligible patients from a primary stroke center to a comprehensive
stroke center, many times after initiation of thrombolysis, a strategy
called “drip and ship.”"* Even at experienced facilities, activation of
interhospital communication for LVO triage and transport to a
thrombectomy center can be operationally challenging.

To address this need, artificial intelligence (AI) tools using
machine learning algorithms are being developed as a rapid clinical
decision support system for complete assessment and identification
of LVO. These tools can automatically generate quantitative meas-
ures, such as a patient’s Alberta Stroke Program Early CT Score
calculated on noncontrast CT, process perfusion maps and deter-
mine salvageable brain tissue on CT or MR perfusion imaging, and
detect LVO on CT angiography. Thereafter, the resultant data are
automatically delivered with email or text notifications on a cell-
phone application to the relevant emergency department and
stroke team members, aiming to achieve faster onset-to-treatment
time in fibrinolytic-eligible patients and MT-eligible patients.
Additional outputs can be sent as DICOM images or to a web
browser user interface.

Over the past several years, a few software platforms have
been commercialized, of which some of the most popular are
RapidAlI (iSchemaView), e-Stroke-Suite (Brainomix Ltd) in col-
laboration with Olea Sphere (Olea Medical Solutions), and VIZ.
ai (Viz.ai). Other similar solutions from different companies are
being developed with different stages of pending European CE
mark or FDA approval. The applications share the same con-
cept but have variations regarding the algorithm and available
features.
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Initial clinical data focus mainly on accuracy and compare Al
performance and precision with the interpretation of experienced
radiologists. Albers et al'® evaluated the performance of automati-
cally generated RapidAI ASPECTS relative to scores determined
by experienced radiologists and showed similar or even better rela-
tive accuracy of the automatic ASPECTS after comparison with
matched DWI. Similar results were achieved using the e-ASPECTS
software (Brainomix).'*'” With regard to LVO detection in CTA,
a recent study found sensitivity, specificity, and negative predictive
value of 0.94, 0.76, and 0.98, respectively, using RapidAI software.'®
Recently, e-CTA software (Brainomix) was assessed for automated
measurement of collateral score in 98 patients with LVO eligible
for MT with sensitivity and specificity for identifying favorable col-
lateral flow of 0.99 and 0.94, respectively."®

In the current AJNR issue, automatic Al-driven detection of
LVO with Viz.LVO software was assessed on all head CTAs in a
single comprehensive stroke center for 14 months. Sixty-one of 75
LVO cases were identified by the software (sensitivity = 0.81), with
additional positive predictive value, negative predictive value, and
accuracy of 0.65, 0.99, and 0.94, respectively. In stroke CTAs, sub-
group results for sensitivity, positive predictive value, negative pre-
dictive value, and accuracy were 0.82, 0.64, 0.96, and 0.89,
respectively.” As a screening tool, future versions of the software’s
algorithm should be oriented for higher sensitivity with an accepta-
ble price of lower specificity and higher false-positive rates. The
suboptimal sensitivity of Viz.LVO currently prevents it from being
used as a diagnostic tool; however, early evidence supports its util-
ity in reduction in time to treatment and improved clinical out-
comes. Recently, the Centers for Medicare & Medicaid Services
has granted Viz.ai the first New Technology Add-on Payment for
Al software, up to $1040 per use in Medicare patients with sus-
pected strokes.

To conclude, recent years have seen a substantial increase in
the fraction of patients whose AIS can be treated with reperfusion
therapy. Future development of AI applications that integrate
software platforms intended for automatic rapid imaging review
and provide a communication platform and optimized workflow
to multidisciplinary teams will undoubtedly play a key role in
more rapid and efficient identification of eligible candidates for
reperfusion therapy, resulting in better neurologic outcomes.
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ORIGINAL RESEARCH
ADULT BRAIN

COVID-19 Severity and Stroke: Correlation of Imaging and
Laboratory Markers

J.M. Katz, ““RB. Libman, “*']J. Wang, ““’C.G. Filippi, ““'P. Sanelli, ““’A. Zlochower, ““’M. Gribko, “*'S.V. Pacia, ““R.l. Kuzniecky,
S. Najjar, and “*'S. Azhar
ABSTRACT

BACKGROUND AND PURPOSE: Coronavirus disease 2019 (COVID-19) appears to be an independent risk factor for stroke. We
hypothesize that patients who develop stroke while hospitalized for severe COVID-19 will have higher inflammatory markers and
distinct stroke imaging patterns compared with patients positive for COVID-19 with out-of-hospital stroke onset and milder or no
COVID-19 symptoms.

MATERIALS AND METHODS: This is a retrospective case series of patients positive for COVID-19 on polymerase chain reaction test-
ing with imaging-confirmed stroke treated within a large health care network in New York City and Long Island between March 14
and April 26, 2020. Clinical and laboratory data collected retrospectively included complete blood counts and creatinine, alanine
aminotransferase, lactate dehydrogenase, C-reactive protein, ferritin, and D-dimer levels. All CT and MR imaging studies were inde-
pendently reviewed by 2 neuroradiologists who recorded stroke subtype and patterns of infarction and intracranial hemorrhage.

RESULTS: Compared with patients with COVID-19 with outside-of-hospital stroke onset and milder or no COVID-19 symptoms
(n =45, 52.3%), patients with stroke already hospitalized for severe COVID-19 (n =41, 47.7%) had significantly more frequent infarc-
tions (95.1% versus 73.3%, P =.006), with multivascular distributions (56.4% versus 33.3%, P=.022) and associated hemorrhage (31.7%
versus 4.4%, P=.001). Patients with stroke admitted with more severe COVID-19 had significantly higher C-reactive protein and fer-
ritin levels, elevated D-dimer levels, and more frequent lymphopenia and renal and hepatic injury (all, P <.003).

CONCLUSIONS: Patients with stroke hospitalized with severe COVID-19 are characterized by higher inflammatory, coagulopathy,
and tissue-damage biomarkers, supporting proposed pathogenic mechanisms of hyperinflammation activating a prothrombotic
state. Cautious balancing of thrombosis and the risk of hemorrhagic transformation is warranted when considering anticoagulation.

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

irst reported as a respiratory illness in Wuhan, China, in  with the SARS-CoV-2 virus have mild or asymptomatic disease,” a

December 2019," coronavirus disease 2019 (COVID-19), caused sizeable number of patients require hospitalization and frequently

by the novel coronavirus Severe Acute Respiratory Syndrome coro-
navirus 2 (SARS-CoV-2), has become a global pandemic. As of the
end of August 2020, there were >33 million infections and >1 mil-
lion deaths globally, including >7 million infections and >206,000
deaths in the United States alone.”> While many patients infected
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develop multiorgan dysfunction secondary to a heightened immune
response.”” Either due to this cytokine storm or direct viral or
immune-mediated endothelial injury, some patients with COVID-
19 develop prothrombotic and coagulopathic states, often simulta-
neously, and these phenomena may underlie the observed associa-
tion between COVID-19 and stroke.” "'

In a previous study, we showed that COVID-19 is a strong in-
dependent risk factor for stroke in hospitalized patients.'* In this
study, we compare patients positive for COVID-19 with out-of-
hospital stroke onset who had mild or no COVID-19 symptoms
with patients diagnosed with stroke while already hospitalized for
severe COVID-19. We hypothesize that patients with stroke with
severe COVID-19 will have significantly higher levels of inflamma-
tory (C-reactive protein and ferritin) and coagulopathic markers
(D-dimers) and distinctive stroke imaging patterns. Our aim is to
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provide evidence that a hyperinflammatory and prothrombotic
state, such as seen in patients with severe SARS-CoV-2 infection,
underlies the mechanism linking COVID-19 and stroke.

MATERIALS AND METHODS

This is a retrospective study of patients with COVID-19 concur-
rently diagnosed with stroke, admitted between March 14 and
April 26, 2020, to 11 different Northwell Health hospitals in New
York City and Long Island. Northwell Health is the largest health
care network in New York, with multiple tertiary teaching hospitals
and community hospitals. The institutional review board approved
this Health Insurance Portability and Accountability Act-compliant
study as minimal risk and waived the requirement for informed
consent. Additional methods, as well as demographic, clinical, and
outcome details of this cohort, have been reported elsewhere.'?
Study inclusion required the following: 1) polymerase chain reac-
tion—proved SARS-CoV-2 infection, 2) imaging-confirmed stroke,
3) documented stroke-symptom onset during a COVID-19 illness,
or 4) the onset of COVID-19 symptoms or SARS-CoV-2 polymer-
ase chain reaction positivity, within 14 days of stroke-symptom
onset. The last criterion was meant to capture patients who tested
positive for SARS-CoV-2 infection post-stroke hospitalization,
applying the standard definition used in clinical care in terms of the
potential latency between infection and symptom onset. Using this
criterion, we captured 6 likely patients with initially false-negative
results on polymerase chain reaction testing with a delay from
COVID-19 (n=4) or stroke (n=two; 2- and 3-day delay) symp-
tom onset to polymerase chain reaction positivity. Three additional
patients who met this criterion possibly acquired COVID-19 while
in the hospital, but this cannot be established with any certainty;
therefore, these patients are included in our analysis. Clinical and
laboratory data were collected by retrospective chart review. Only
laboratory variables with at least 75% complete data were included
in our analysis. Two neuroradiologists with Certificates of Added
Qualification characterized the neuroimaging findings, blinded to
clinical and laboratory data; in cases of disagreement, consensus
was reached.

In-hospital stroke onset was defined as a new-onset focal neu-
rologic deficit or altered mental status after hospital admission for
COVID-19 and imaging confirmation of cerebral infarction or in-
tracranial hemorrhage. During the pandemic peak, only patients
with severe COVID-19 complications were hospitalized, and
patients with less severe symptoms related to COVID-19 were
treated at home. Although hospitals in our system did not mandate
the use of specific hard criteria, in general, oxygen saturation
<90% or 92% or other signs of severe respiratory distress or severe
systemic illness such as sepsis were used as guiding criteria for
COVID-19 admission during the crisis. Laboratory data included
complete blood count and coagulation profile at hospital admis-
sion or in-hospital stroke onset, lowest lymphocyte count, signs
of noncerebral end-organ damage (elevated creatinine level
[>1.3mg/dL], twice the normal alanine aminotransferase level
[>90 U/L] and lactate dehydrogenase level [>484 U/L]), and the
highest hospitalization inflammatory (C-reactive protein and ferri-
tin) and coagulopathy markers (D-dimer). Diagnosis of coexistent
deep vein thrombosis was recorded. Neuroimaging findings were
based on brain CT or MR imaging findings, including stroke

258 Katz Feb2021 www.ajnr.org

FIG 1. Cerebral hemorrhage in patients with COVID-19. A, Noncontrast
CT of the head shows a large left basal ganglia intraparenchymal hem-
orrhage, with diffuse subarachnoid and left frontal subdural (blue
arrow) hemorrhages in a woman with asymptomatic COVID-19. B,
Noncontrast CT of the head showing extensive bilateral multifocal cer-
ebral infarctions with hemorrhagic conversion in a comatose man with
multiorgan failure. C, Brain MR imaging FLAIR and D, MR venogram
show hemorrhagic venous infarction in the left temporal lobe (C) sec-
ondary to thrombosis of left transverse and sigmoid sinuses and inter-
nal jugular vein (D) in a young woman presenting with seizures.

subtype, infarction pattern, and the presence of hemorrhagic trans-
formation and simultaneous infarction and hemorrhage.

Statistical Analysis

A bivariate analysis of imaging and laboratory findings dichotom-
ized by inpatient or outpatient stroke-onset location as a surrogate
for COVID-19 severity was performed. Only laboratory variables
with at least 75% complete data were included in our study.
Statistical analyses were performed using the Wilcoxon rank sum
test for continuous variables and the y? test for most categoric vari-
ables. The Fisher exact test was used when the cell number was <5.
Statistical significance was considered for P values < .05. All statisti-
cal analyses were performed in SAS Version, 9.4 (SAS Institute).

RESULTS

Between March 14 and April 26, 2020, eighty-six patients (48
men, 38 women) with mean age of 67.4 years (range, 25-94 years)
met the inclusion criteria with imaging-confirmed infarction
(83.7%) or pure intracranial hemorrhage (16.3%) (Fig 1A).
Associated intracranial hemorrhage (Fig 1B) was found in 20.8%
of 72 patients with infarction, including 9 with simultaneous
hemorrhage and infarction and 6 with hemorrhagic transforma-
tion, including 1 hemorrhagic venous infarction secondary to



FIG 2. Multivascular territory infarctions in COVID-19. MR imaging of
the brain diffusion-weighted imaging demonstrates watershed-pat-
tern infarctions in a 52-year-old man with mild COVID-19 symptoms,
who awoke at home with left hemiparesis (A) and an 86-year-old
woman admitted for hypoglycemia, dehydration, and COVID-19
pneumonia (B) and found to have new-onset atrial fibrillation; 8 days
into her hospitalization, she developed lethargy, left hemiparesis, ex-
pressive aphasia, and dysphagia.

dural venous sinus thrombosis (Fig 1C, -D). Multivascular terri-
tory infarction (33/72 patients; 45.8%) predominated, including
12 with a watershed pattern (Fig 2), followed by single vascular
territory infarction (29/72 patients, 40.3%) and solitary small-ves-
sel occlusion (10/72 patients, 13.9%).

Forty-one patients (47.7%) were already hospitalized at stroke
onset, whereas 45 patients (52.3%) developed out-of-hospital
neurologic deficits, with ongoing mild or asymptomatic COVID-
19 infection. In-hospital stroke onset was associated with more
frequent mechanical ventilation (56.1% versus 33.3%, P=.034),
admission tachypnea (respiratory rate, >20 breaths per minute;
61.0% versus 33.3%, P=.016), and discharge to a rehabilitation
facility (51.2% versus 22.2%, P =.011), supporting our hypothesis
that these patients had more severe COVID-19 infection.

Supplemental Table 1 summarizes the bivariate analysis of
imaging and laboratory findings dichotomized by patient location
at stroke onset (see Supplemental Table 2 for analysis of laboratory
values as continuous variables). In-hospital stroke onset was signifi-
cantly associated with ischemic stroke (95.1% versus 73.3%,
P=.006), particularly multivascular distribution (56.4% versus
33.3%, P=.022) and associated hemorrhagic transformation or si-
multaneous intracranial hemorrhage (31.7% versus 4.4%, P=.001).
These patients also had more frequent deep vein thrombosis
(29.3% versus 2.2%, P=.001). For those with laboratory values
available, patients with in-hospital stroke onset had more frequent
leukocytosis (61.0% versus 26.7%, P=.001) and lymphopenia
(90.2% versus 55.6%, P=.001), abnormal creatinine levels (79.0%
versus 43.8%, P=.001), and severely elevated D-dimer (92.5% ver-
sus 54.8%, P=.001), C-reactive protein (79.0% versus 43.8%,
P=.002), ferritin (79.0% versus 31.1%, P <.001), lactate dehydro-
genase (73.0% versus 42.9%, P = .014), and alanine aminotransfer-
ase levels (78.1% versus 39.5%, P <<.001).

DISCUSSION
Patients hospitalized for severe COVID-19 infection who develop
stroke in the hospital demonstrate substantial differences compared

with other patients with COVID-19 infection who develop stroke
as an outpatient with milder or no COVID-19 symptoms.
Although we are unable, in a retrospective study, to prove that our
findings are exclusively related to COVID-19, as opposed to other
intensive care unit-related variables, patients hospitalized with
severe COVID-19 had distinct stroke imaging patterns and even
more abnormal laboratory biomarkers, which support a potential
pathophysiologic link underpinning our previous finding that
COVID-19 is a strong independent risk factor for stroke in hospi-
talized patients.'> Patients with severe manifestations of COVID-19
had significantly more frequent ischemic strokes with multivascular
territory distributions, hemorrhagic transformation, and simultane-
ous infarction and intracranial hemorrhage. While many patients
with COVID-19 and stroke had elevated serum inflammatory
markers (C-reactive protein and ferritin), lymphocytopenia, throm-
bocytopenia, and coagulopathy (elevated D-dimer levels and inter-
national normalized ratio), those with severe consequences of
COVID-19 had significantly higher serum markers of inflamma-
tion, with more frequent levels of ferritin >4 times normal and C-
reactive protein levels more than twice normal. These patients also
had significantly higher markers of hypercoagulability with D-
dimer levels more frequently >4 times normal. Furthermore,
patients with severe COVID-19 and stroke had significant associa-
tions with greater frequencies of leukocytosis, lymphopenia, and
cytolysis (measured by lactate dehydrogenase), hepatic and renal
dysfunction, and deep vein thrombosis.

In a series of 214 patients hospitalized with COVID-19 from
Wuhan, China, acute cerebrovascular disease was first reported in
6 patients (2.8%) and was associated with severe pulmonary infec-
tion, older age, stroke risk factors, elevated inflammatory markers,
and end-organ damage.® Evidence of a concomitant prothrom-
botic state was proposed by others who describe a series of 6
patients with COVID-19 and ischemic stroke who had infarctions
suggesting large-artery occlusion.” In that study, all cases had sig-
nificantly elevated D-dimer levels, 2 had venous thromboembolic
disease, and 2 developed large-artery occlusion despite therapeutic
anticoagulation. One patient had antiphospholipid antibodies.
Very high median D-dimer and C-reactive protein levels were also
reported in a larger retrospective study of 32 patients with
COVID-19 with ischemic stroke in the New York metropolitan
area.' In a study by others in the same region of 31 patients with
COVID-19 with ischemic stroke, higher D-dimer levels and eryth-
rocyte sedimentation rates were reported compared with concur-
rent patients with COVID-19 without stroke and with a historical
sample of patients with influenza."” In that study, when one
adjusted for demographics, vascular risk factors, and critical care
admission, COVID-19 still nearly quintupled the odds of ischemic
stroke compared with influenza infection.

. . 9-11,13,14
Our experience, like that of other centers,

suggests
that a hypercoagulable-prothrombotic state is a prevalent homeo-
static complication among patients with COVID-19 and particu-
larly in those with severe illness. Under these conditions, in
which sepsis is common, ineffective host defense mechanisms to
limit crosstalk between coagulation and hyperinflammation can
increase tissue injury, worsen organ dysfunction, and promote
thrombogenesis.'>'® Hyperinflammation can activate coagula-
tion pathways via several mechanisms. These include promoting
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Supplemental Table 1: Bivariate analysis of imaging and laboratory findings in patients with COVID-19 dichotomized by location at stroke

onset
Variable Median (IQR) In-Hospital (No.) (%) Out-of-Hospital (No.) (%) P Value
Patients (No.) 86 4 45
Age (yr)

20-69 years of age 68 (60-76) 20 (48.8) 26 (57.8) 403
Sex, male 26 (63.4) 22 (48.9) 176
Imaging

Ischemic stroke 39 (95.) 33(733) .006

Infarction, no hemorrhage 26 (63.4) 31(68.9) .001
Infarction with HT 5(12.2) 1(2.2)

Infarction and ICH 8 (19.5) 1(22)

Pure ICH, no infarction 2(4.9) 12 (26.8)

Multivascular territory infarction (n =72) 22 (56.4) 11(33.3) .022

Deep vein thrombosis 12 (29.3) 1(22) .001
Laboratory values

White blood cell®

=10.5 K/ulL 97 (7.2-147) 25 (61.0) 12 (267) 001

Lymphocytes®

<1.00 K/uL 0.6 (0.31-1.05) 37 (90.2) 25 (55.6) 001
Hemoglobin®

<115 g/dL 123 (9.7-13.8) 19 (46.3) 16 (35.6) 309
Platelets®

<150 K/ulL 247 (152-335) 9 (22.0) 10 (22.2) 976
aPTT*C

>36.3 seconds 30.9 (28.4-36.1) 13 (32.5) 7(17.) 108
INR*€

>120 117 (1.07-13)) 19 (48.7) 17 (39.5) 403
D-dimer,“ 4x nl

>920 ng/mL 3060 (1064-24,211) 37 (92.5) 17 (54.8) 001
C-reactive protein,© 2x nl

>10.0 mg/L 17.5 (6.4-28.8) 30 (79.0) 14 (43.8) 002
Ferritin,” 4x nl

>1200 ng/mL 1382 (706-2424) 30 (79.0) 10 (31) <.001
LDH," 2x nl

>484 U/L 536 (357-815) 27 (73.0) 12 (42.9) 014
ALT,S 2% nl

>90.0 U/L 50 (29-136) 32 (78)) 17 (39.5) <.001
Creatinine®

>130mg/dL 130 (0.93-2.81) 28 (70.0) 15 (34]) 001

Note:—HT indicates hemorrhagic transformation; ICH, intracranial hemorrhage; nl, upper limit of the normal value; aPTT, activated partial thromboplastin time; INR, inter-
national normalized ratio; LDH, lactate dehydrogenase; ALT, alanine aminotransferase; IQR, interquartile range.
#White blood cell count, hemoglobin, platelets, activated aPTT, and INR are from admission or at the time of consultation for stroke. Remaining laboratory values

(except lymphocyte count) are the maximum level during the hospitalization.
® Lowest lymphocyte count during admission.

“Variable has missing values. The number and percentage (No.) (%) of patients with missing laboratory values are the following: aPTT (n =5, 5.8%), INR (n =4, 4.7%), D-
dimer (n =16, 18.6%), C-reactive protein (n =16, 18.6%), ferritin (n =16, 18.6%), LDH (n = 21, 24.4%), ALT, (n = 2, 2.3%), and creatinine (n = 2, 2.3%). All other variables have no

missing values.

endothelial activation, increasing tissue factor expression on vas-
cular endothelial and circulating inflammatory cells such as
monocytes, and downregulating the efficiency of the protein
C-protein S thrombomodulin system to regulate the increased
thrombogenesis associated with consumptive coagulation.'®'”'®
Specifically, surges in proinflammatory cytokines and mediators,
related to an exaggerated innate immune response and extensive
tissue damage associated with severe COVID-19, can downregu-
late the expression and function of thrombomodulin, an endoge-
nous protein with potent anticoagulant and anti-inflammatory
properties pivotal in preventing vascular occlusion.'**
Moreover, an autoimmune hypercoagulable state associated
with antiphospholipid antibodies, such as anti-cardiolipin and
anti- 3,-glycoprotein-1 antibodies, can contribute to the patho-
physiology of a subset of strokes associated with COVID-19.*!
As shown in the peripheral vasculature,” direct SARS-CoV-2
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infection of cerebrovascular endothelia expressing angiotensin-
converting enzyme 2, causing endotheliitis and vascular injury,
is postulated and may result in both ischemic and hemorrhagic
stroke, though this mechanism remains unproven. Finally, a
potential downregulation of neurovascular endothelial angio-
tensin-converting enzyme 2 expression in response to its bind-
ing to SARS-CoV-2 may also be relevant to ischemic stroke
pathogenesis, though this too is theoretic.

Our study has several strengths and limitations. As we previ-
ously reported,'> our series likely undercounted the actual
COVID-19-stroke burden during this timeframe. Many potential
patients with stroke with normal initial brain imaging did not
undergo repeat imaging because of clinical instability or concerns
for spreading infection while transporting patients with COVID-
19 off quarantined wards. For similar reasons, MR imaging use
was limited at numerous centers, especially earlier on in the local



epidemic. Therefore, some patients with smaller and more acute
infarctions were not included in our study, and our results should
be interpreted as only relevant to patients with COVID-19 who
have imaging-confirmed stroke.

A relative strength to our approach was the inclusion of
patients with primary and secondary intracranial hemorrhage,
allowing, for the first time, the demonstration of a frequent hem-
orrhagic component to infarctions seen in patients with severe
COVID-19. Independent neuroradiologic review of the imaging-
enabled confirmation of stroke diagnoses and characterization of
imaging findings were blinded and uniform. As a retrospective
study, some laboratory values were missing in a proportion of
patients. To mitigate this issue, we analyzed only variables with at
least 75% complete data. Consequently, some commonly cited
laboratory abnormalities associated with COVID-19 are not
included, such as fibrinogen, antiphospholipid antibodies, and
interleukin levels. In addition, given our small sample size, we
were unable to perform an adjusted analysis. Nevertheless, the
number of cases of COVID-19 stroke in our series permitted a
comprehensive analysis of neuroimaging and laboratory bio-
markers, reinforcing potential pathophysiologic mechanisms
supporting the association between COVID-19 and stroke.

CONCLUSIONS

Compared with those with mild or asymptomatic COVID-19 at
stroke onset, patients who have strokes while hospitalized with
severe manifestations of COVID-19 have significantly more inflam-
mation, multiorgan dysfunction, and coagulopathy, including deep
vein thrombosis. These findings support proposed pathophysio-
logic mechanisms linking these diagnoses, though we cannot defini-
tively state that our findings are specific to SARS-CoV-2 infection
as opposed to the critical illness associated with severe COVID-19.
Infarctions with concurrent hemorrhage are also more frequent.
Given the associated hypercoagulability, clinical-treatment algo-
rithms for patients hospitalized with COVID-19 have shifted to-
ward widespread use of full- or prophylactic-dose anticoagulation
to prevent thromboembolic complications, though the benefits of
this approach remain unproven because it is based solely on obser-
vational data.” Tn patients with COVID-19 with stroke, anticoagu-
lation may be of benefit, but the approach may have to be more
nuanced, given the risks of associated cerebral hemorrhage, man-
dating a more cautious balancing of the risks of thrombosis and
hemorrhage.
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COMMENTARY

Time for a “Second Wave” of COVID-19 Data

Lenin supposedly said, “There are decades when nothing hap-
pens, and there are weeks when decades happen.”' Although
likely apocryphal, the statement is nonetheless a good summary
for what 2020 has felt like. The early days of the first wave of the
coronavirus disease 2019 (COVID-19) pandemic simultaneously
seems like a few months ago and many years ago. In March and
April, our community was dealing with the rapidly growing body
of literature regarding neuroimaging findings in these patients
and trying to tie this into our developing knowledge regarding
the pathophysiology of this novel pathogen. By now, though, we
are familiar with the common imaging appearances of some crit-
ically ill patients with COVID-19.

As a group, we have responded admirably to the pandemic
in other ways, too. In addition to providing front-line serv-
ices for both diagnostic and interventional neuroradiology,
neuroradiologists have, during a few short months, come to-
gether to share valuable information with each other. Rather
than retreating inward, the advent (and wide normalization)
of regular webinars has meant that we can now attend more
conferences than ever and catch up with talks later if they
occur at an inconvenient time. Thanks to a plethora of com-
munication tools, from WhatsApp groups and Twitter to
mailing lists and American Society of Neuroradiology chat
forums, we have come together and shared information on
topics ranging from COVID-19 neuroimaging to personal
protective equipment protocols and remote working tips.
Thus, while we see each other less and less, in ways we are
working closer than ever.

Keeping up to date with medical literature in general is a
daunting task, though, and this problem has been magnified
many times over when trying to keep current with COVID-
19-related articles, which sometimes feels like drinking from
a firehose. The first wave of such literature with regard to
neuroimaging consisted of mainly single-center, retrospec-
tive case series (including contributions from our own cen-
ter®), which were followed by larger retrospective, sometimes
multicenter series.> As experience has grown, some patterns
are beginning to emerge. For example, it is now clear that a
certain subset of critically patients with COVID-19 can pres-
ent with diffuse white matter changes, thromboses (either
large-vessel occlusions or microvascular thromboses), and
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even hemorrhage. This information is thanks to the many
published series so far.

However, even in times of an urgent need for more informa-
tion about this new virus, we must not let our hunger for answers
overcome our desire to seek better, higher-quality data. In the
“gold rush” of articles that have come forth following the emer-
gence of this new disease, we as a community can often eagerly
rush to extrapolate an overriding story or narrative from limited
or early data. One example of this came earlier this year, when a
few small-denominator case reports suggested that there was a
higher rate of stroke due to large-vessel occlusion (LVO) in
younger patients with COVID-19. These reports received wide-
spread media coverage, but the media did not widely report
the multiple subsequent larger series that showed that, in fact, the
number of LVO presentations was much less during the
pandemic.

We, thus, need to try to distinguish the signal from the noise,
and the truth is that there are many things that we do not yet
know. We do not know how many asymptomatic patients with
COVID-19 will show changes on their imaging studies or how
many patients will show such changes but only demonstrate mild
symptoms. We do not know how many patients who would have
been admitted before the pandemic but were, instead, sent home
had neurologic changes as a result of the virus. We also do not
know whether some of the imaging findings we are seeing, micro-
hemorrhages, for example, are related to their critical illness/in-
tensive care unit syndrome or are unique to patients with
COVID-19. Finally, and perhaps most important, we do not yet
know the natural history of these imaging findings and how they
may relate to the patient’s clinical course. What about the neuro-
logic and neuroimaging findings in patients with so-called “long
COVID?” or patients who have recovered from the disease but still
have the sequelae?

Much of the data we have thus far are poor-quality and ret-
rospective in nature. This is not a criticism, but rather an ob-
servation. Such is the nature of figuring out an emerging new
illness, and these case reports and case series provided very
useful information at a time when it was badly needed.
However, the answer to this problem is not to collate the data
we have and run it through the “meta-analysis machine.” It is,
instead, time for us to look forward to a second wave of



COVID-19 data, a wave of prospective, multicenter, and more
long-term studies. Many such studies are ongoing, and we
eagerly look forward to the results.
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ORIGINAL RESEARCH
ADULT BRAIN

Basal Ganglia versus Peripheral Infarcts: Predictive Value of
Early Fiber Alterations

M.T. Berndt, ““'D. Purner, ““’C. Maegerlein, ““’S. Wunderlich, ““'B. Friedrich, ““C. Zimmer, ““D. Sepp, ““'). Kaesmacher, and
T. Boeckh-Behrens
= @
ABSTRACT

BACKGROUND AND PURPOSE: Impairment of fiber integrity of the corticospinal tract in the subacute and chronic phases after is-
chemic stroke has been linked to poor motor outcome. The aim of the study was an assessment of fiber integrity in the acute
poststroke phase and an evaluation of its association with the clinical course dependent on the infarction pattern (subtypes: pe-
ripheral versus basal ganglia infarction).

MATERIALS AND METHODS: All patients who underwent mechanical recanalization of a large-vessel occlusion in the anterior circu-
lation and postinterventional DTI were included (n = 165). The fractional anisotropy index of the patient-specific corticospinal tract
within the posterior limb of the internal capsule was correlated to clinical parameters (NIHSS scores/mRS at 90 days), and the
interaction of stroke subtype (peripheral infarcts versus basal ganglia infarction) was tested in a moderation analysis.

RESULTS: The fractional anisotropy index was reduced in the acute poststroke phase with a correlation to clinical presentation,
especially in case of peripheral infarcts (eg, with the NIHSS motor subscore: r = —0.4, P <.001). This correlation was absent for ba-
sal ganglia infarction (r = —0.008, P> .05). There was a significant association between the fractional anisotropy index and clinical
outcome (MRS after 90 days, P <.01), which is moderated by stroke subtype with significant effects only for peripheral infarcts.

CONCLUSIONS: Corticospinal tract abnormalities can be observed in the early stage after mechanical recanalization and have prog-
nostic capacity. This finding increases the clinical value of early DTI imaging parameters. Because the effects observed were limited
to peripheral infarcts, further and longitudinal evaluation of fiber integrities within basal ganglia infarction is required.

ABBREVIATIONS: BGI = basal ganglia infarction; CST = corticospinal tract; FA = fractional anisotropy; IQR = interquartile range; mNIHSS = motor subin-
dex scores of NIHSS; mNIHSS-AL = sum of arm (A) and leg (L) symptom values of the affected side; mNIHSS-ALF = the sum of arm (A), leg (L) and facial (F)
symptoms value of the affected side; mTICI = modified TICI; PED = cerebral peduncle; PLIC = posterior limb of the internal capsule

n most cases, ischemic stroke caused by acute occlusions of a

large intracranial vessel of the anterior circulation leads to
motor impairment, resulting in major disability and poor quality
of life." Early prediction of functional motor outcome is essential
for clinical stroke management, rehabilitation, and related
research.” The prediction of functional recovery is challenging
due to high interindividual variability,” influenced by a variety of
biologic and environmental factors.* Studies are notably missing
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for the rapidly rising entity of basal ganglia infarction (BGI),
which emerges from high rates of successful reperfusion due to
mechanical recanalization.

Several variables are valid predictors of motor recovery, such
as the grade of initial motor deficit, site of infarction, stroke vol-
ume, age, demographics, comorbidities, and stroke subtype.z’s’11
Most patients are discharged from stroke units within several
days after treatment, making early prediction of outcome difficult
even for experienced clinicians.'> They would benefit from bio-
markers that could easily be assessed in the acute poststroke
phase. Imaging can provide parameters about tissue integrity that
have a promising value for outcome prediction beyond the exist-
ing ones. The integrity of the corticospinal tract (CST) has al-
ready proved to be an essential factor for motor outcome.''*
Macrostructural analyses are important, but they can give only
limited information, eg, about specific tissue integrity. This can
be better assessed by microstructural imaging, eg, patient-specific
fiber analyses with DTI, providing more information about func-
tional structures.
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Currently, evaluation of fiber integrity using DTI is well-
established.'” Microstructural damage of CST fibers has previ-
ously been analyzed in different phases after stroke, mostly in
subacute and chronic stages, and the potential to predict
motor outcome has been shown.'®'? A previous study used
neuroimaging acquired during the acute stroke work-up,
which has been able to predict motor recovery by macrostruc-
tural injury of the CST.** However, this study did not use
individual mapping of the corticospinal tract, which is man-
datory for an accurate investigation of DTI metrics, especially
in cases of concomitant ischemia and edema. Therefore, the
present study aimed to analyze the microstructural integrity
of the patient-specific CST within the posterior limb of the in-
ternal capsule (PLIC) in the acute poststroke phase for a large
patient collective. The central question was whether these in-
tegrity abnormalities are associated with clinical outcome pa-
rameters. A subanalysis was performed depending on the
extent of infarction (peripheral infarcts versus BGI only) and
was used to evaluate effects on outcome prediction.

MATERIALS AND METHODS

Patient Characteristics

The whole study cohort consisted of 439 consecutive patients
with ischemic stroke with acute occlusions of a large intracranial
vessel of the anterior circulation (middle cerebral artery or ca-
rotid-T) who underwent mechanical recanalization at a single
comprehensive stroke center (Klinikum Rechts der Isar, School
of Medicine, Technical University of Munich) between April
2016 and December 2018. The prospectively collected clinical
and imaging data were retrospectively analyzed. Basic demo-
graphic, clinical, and interventional data of patients were gath-
ered. The NIHSS score as well as the motor subindex scores
(mNIHSS), defined as the sum of arm and leg symptom values of
the affect side (mNIHSS-AL) (0-8 points) and the sum of arm
(A), leg (L) and facial (F) symptoms value of the affected side
(mNTIHSS-ALF) (0-11 points), were assessed by NIHSS-certified
neurologists at admission and at the MR imaging acquisition.
The mRS score was used to measure disability at day 90 assessed
by experienced neurologists, either on a routinely scheduled clini-
cal visit or by a structured telephone interview. Good clinical out-
come was defined as an mRS scoreof =2 according to large
clinical trials."*

The modified TICI (mTICI) score® was determined by 2
experienced neurointerventionalists (C.M., B.F.) in consensus.
Successful recanalization was defined as mTICI 2b-3. Time to
groin puncture, time of the reperfusion, and corresponding
procedure times were taken from the existing data base.
Recanalization time was defined as the difference between the
time to groin puncture and reperfusion. In cases in which recana-
lization was not successful (mTICI, <2b), the control series after
the last maneuver was used as the end time point.

After we applied specific exclusion criteria (see flow chart, Fig
1), the final study cohort consisted of 165 patients who under-
went MR imaging in the acute poststroke phase after mechanical
thrombectomy (median, 3 days; interquartile range [IQR], 3-4
days; maximum, 7days) including DTI and structural TI-
weighted imaging.

On the basis of the infarction in the MR imaging acquisition,
the stroke subtype of all patients was unanimously determined by
consensus of 2 experienced neuroradiologists. It was graduated
into BGI without relevant infarction of cortical structures, and
peripheral infarcts, which were further divided into infarction se-
verity. The severity assessment originates from DWI-ASPECTS
(involvement of cortical regions M1-M6,>**%) and is modified by
estimating the volume ratio that reflects, more importantly, the
extent of peripheral infarcts (mild, below one-third; middle,
between one-third and two-thirds; and high, above two-thirds of
the peripheral infarct territory).

This study was approved by the local ethics committee of the
Klinikum Rechts der Isar (School of Medicine, Technical
University of Munich, Germany) (vote number 250/17 S), and
the need for patient consent was waived.

MR Imaging Data Acquisition

MR imaging data were acquired on a 3T scanner (Achieva;
Philips Healthcare) with a standard 8-channel head coil using
consistent sequences and parameter settings.

Diffusion tensor images were acquired using a single-shot
spin-echo echo-planar imaging sequence, resulting in 1 non-dif-
fusion-weighted image (b = 0 s/mm?) and 15 diffusion-weighted
images (b = 800 s/mm” in 15 noncolinear gradient directions)
covering the whole brain with the following parameters: TE =
55 ms, flip angle = 90°, FOV = 224 x 224 x 146 mm, 73 trans-
verse slices, section thickness = 2 mm, 0-mm interslice gap, voxel
size =2 X 2 X 2 mm.

A whole-head, high-resolution 3D gradient-echo T1-weighted
image was acquired using the following parameters: TE = 4 ms,
TR = 9 ms, flip angle = 8°, FOV = 240 x 252 x 200.25 mm, 267
sagittal slices, section thickness = 1 mm, 0-mm interslice gap,
voxel size=1 x 1 x 1 mm.

DTI Data Processing

DTI data were processed using FSL (written mainly by mem-
bers of the Analysis Group, FMRIB, Oxford, UK?®) applying
the following steps: DTI preprocessing, DTI data quality
check, and probabilistic tractography of the bilateral CST
(seed, cerebral peduncle [PED], and target [precentral gyrus],
ROI-based). In a next step, the individual CST was character-
ized within the PLIC and PED (atlas-based ROIs, trans-
formed from standard to individual diffusion space) through
an analysis of fractional anisotropy (FA) values. FA is com-
monly used to measure the integrity of white matter tracts by
assessing the anisotropy.

The individual FA indices for PLIC and PED were calculated
to get quantitative values of FA alterations of the infarcted CST
(I) in comparison with the healthy, nonaffected CST (H) (Fig 2).
FA index = (FA; - FAy)/(FA; + FAp). The FA index was used
to characterize the microstructural integrity of the CST within
the PLIC and PED. More detailed descriptions can be found in
the Online Appendix.

Statistical Analysis
The mean value comparison of the FA index among the different
infarction groups was performed by means of a 2-sample ¢ test
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FIG 1. Flow diagram explaining the study sample.

for independent samples. Wilcoxon rank sum tests were used for
comparison of NIHSS and mRS values among the different in-
farction groups.

To explore the relevance of the FA index for clinical presenta-
tion, we tested the relationships between the FA index and
NIHSS score as well as the mNIHSS (at MR imaging date and the
percentage improvement compared with admission) using the
following procedure: Partial correlation analyses were performed
between the FA index and NIHSS-/mNIHSS at the time of MR
imaging as well as with their percentage improvement. The
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analyses were corrected for age, sex,
time between recanalization and MR
imaging, and recanalization time.

In a multivariate logistic regression
model, the association of the FA index
(CST-PLIC) and further wvariables
such as age, sex, time between recana-
lization and MR imaging, and recana-
lization time with good clinical
outcome (mRS after 90 days, =2) was
tested by means of a stepwise forward
variable selection method. To check
the interaction of stroke subtype (BGI
versus peripheral infarcts) on the
association of the FA index and the
mRS after 90days, we performed
moderation analysis under considera-
tion of the same covariates, age, sex,
time between recanalization and MR
imaging, and recanalization time.

For details of the mediation analy-
sis see the Online Appendix.

All statistical analyses were per-
formed using SPSS Statistics (Version
25; IBM).

RESULTS

Patient Characteristics

In total, 165 patients met the required
inclusion criteria. Online Table 1 pro-
vides an overview of demographic,
clinical, and interventional data of
patients as well as their stroke sub-
types assessed on the MR imaging
examination.

Microstructural Integrity Changes
of the CST within the PLIC
The distributions of the FA index of
the CST within the PLIC are plotted in
Fig 3 for the different stroke subtypes.
The FA indices presented mostly neg-
ative values, meaning a loss of CST-
FA values within the PLIC for the
affected side. The subgroup of BGI
showed FA indices (mean, —0.050
[SD, 0.098]) similar to those of pe-
ripheral infarcts in general (mean, —0.039 [SD, 0.076], P = .46).
Within the group of peripheral infarcts, those of mild infarction
severity (mean, —0.020, [SD, 0.058]) showed significantly
higher FA indices than those of middle infarction severity
(mean, —0.091 [SD, 0.108], P < .001) or of high infarction se-
verity (mean —0.101 [SD, 0.079], P <.001).

To estimate how specific the CST alterations are for the PLIC
in the acute poststroke phase, we added additional analyses of the
FA index within the PED. For both stroke subgroups, a weak
tendency toward negative FA indices (for BGI: mean, —0.013



FIG 2. Examples of 2 patients 3 days after mechanical recanalization of a right middle cerebral artery occlusion and consecutive basal ganglia in-
farction (A, patient 1)/peripheral infarct (B, patient 2). The CST, reconstructed by probabilistic fiber tracking (C, demonstrated on FA maps, blue
seed ROI, gray target RO, yellow posterior limb of the internal capsule) is overlaid on the reconstructed DWI trace picture in A and B (CST con-
nectivity values, increasing probability from red to yellow before CST thresholding). For both patients, lower FA values of the CST within the
posterior limb of the internal capsule are found for the infarcted right side in comparison with the healthy, nonaffected left side (C, illustrated
using 3D Slicer; http://www.slicer.org).

FIG 3. Distribution of the FA index of the corticospinal tract within the posterior limb of the internal capsule. Boxplots for the different stroke
subtypes (BGI versus peripheral infarcts, which were further divided according to infarction severity). The asterisk indicates a statistically signifi-
cant difference between the subgroups.

AINR Am J Neuroradiol 42:264-70 Feb 2021 www.ajnr.org 267


http://www.slicer.org

[SD, 0.047]; for peripheral infarcts: mean —0.003 [SD, 0.062])
was found, possibly suggesting real white matter alterations of the
CST on the affected side in general, not only locally in the PLIC
in the acute poststroke phase.

Correlations of Microstructural CST Integrity Changes
with Clinical Presentation
For the whole study cohort, the FA index of PLIC showed weak
negative correlations to the NIHSS at the time of MR imaging
(r=—0.246, P = .002), mNIHSS-AL (r = —0.278, P = .001), and
mNIHSS-ALF (r = —0.284, P<<.001). The analyses were cor-
rected for age, sex, time between recanalization and MR imaging,
and recanalization time.

The FA indices of the additional PED testing showed no sig-
nificant association with NIHSS/mNIHSS-AL/mNIHSS-ALF
(r=—0.110/—0.028/—0.047; P = .183, .733, .566).

Subgroup of BGI. The analyses to test an association of the FA
index of the PLIC with the clinical presentation were repeated
within the subgroup of BGI (n = 59). None of the correlation
analyses with NIHSS/mNIHSS-AL/mNIHSS-ALF at the time of
MR imaging as well as with the percentage improvement of these
parameters from pretreatment to time of MR imaging showed
significant results (P > .05, respectively) (Online Table 2).

Subgroup of Peripheral Infarcts with Impact of Infarction
Severity. The analyses to test an association of the FA index of
the PLIC with the clinical presentation were repeated within the
subgroup of peripheral infarcts with mild-to-middle infarction
severity (n = 94, 12 patients with high severity were excluded to
get a more homogeneous sample). All analyses showed statisti-
cally significant associations with higher correlation coefficients
than in the analyses within the whole study cohort (Online Table
2). The mNIHSS-AL is moderately correlated to the FA index
(r = -0.40, P < .001) under consideration of all above-mentioned
covariates. It shows that a greater motor impairment is associated
with a microstructural integrity loss of the corresponding CST.

Correlation coefficients differed significantly between the 2
subgroups (peripheral infarcts versus BGI) in most cases, as
shown by the use of the Fisher-Z test (Online Table 2).

Association of Microstructural CST Integrity Changes
with Clinical Outcome
In a logistic regression analysis, the FA index (CST-PLIC) was
associated with good clinical outcome (mRS after 90 days, =2;
regression coefficient, 10.3, standard error, 3.8, P <.01). Age was
inversely associated with good clinical outcome (regression coef-
ficient, —0.12; standard error, 0.04; P < .01); the other covariates
showed no significant effect (excluded with stepwise forward
variable selection method).

In a second step, the impact of the FA index on the mRS (after
90 days) was tested depending on the moderator variable stroke
subtype under consideration of the same covariates. Due to the
interaction of this moderator variable, a significant change in R
(.05) was shown (P<.001). The conditional effect of the FA
index on clinical outcome at the 2 different moderator values was
as follows: No significant effect could be seen for the stroke sub-
group BGI (effect, —0.9; 95% CI containing 0 [—4.4—2.6], P =
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.61), but for peripheral infarcts, a strong effect of the FA index on
clinical outcome existed (effect, —11.0; 95% CI, 5.2 to —6.8,
P <.0001).

Impact of Microstructural CST Integrity on the Effect
between Infarction Severity and Clinical Outcome

The 2 groups of mild and middle infarction severity differed not
only in their FA indices (see above), with lower values for higher
infarction severity, but also in their clinical parameters showing
higher affection (NIHSS/mRS) for the higher infarction severity
subgroup (P <.001, .002).

In a mediation analysis (Online Figure), the effect of group
(mild or middle infarction severity) on clinical outcome (mRS af-
ter 90 days) (total effect ¢ = 1.10 = 0.35, P = .003) was still pres-
ent but reduced when controlling for the FA index (direct effect
¢’ =0.89 * 0.36, P = .014); critically, the bootstrapped 95% con-
fidence interval for the indirect effect (ie, mediation: total-direct
effect) was different from zero (95% CI, 0.02—0.58), indicating
that the FA index significantly mediated the relationship between
infarction severity and clinical outcome.

DISCUSSION

When we integrated the whole cohort of patients with large intra-
cranial vessel occlusions of the anterior circulation, structural
patient-specific CST abnormalities were found in the acute post-
stroke phase after mechanical recanalization. Reduced FA indices
indicate a loss of CST integrity within the PLIC. These structural
alterations were associated with the clinical presentation, espe-
cially for peripheral infarcts. The level of integrity was negatively
correlated to symptom severity (NIHSS/mNIHSS values) and
positively correlated to the percentage improvement of symptom
severity from the onset to the date of MR imaging. CST integrity
within the PLIC was also associated with good clinical outcome
after 90 days, as measured by the mRS, suggesting that impair-
ment of the CST fiber integrity within the PLIC has a negative
impact on clinical presentation in general.

Beside the previously shown prediction capacity of macro-
structural CST injury in the acute poststroke phase,”® the present
study is powered with an adequate patient number, enabling us
to detect individual microstructural CST integrity changes within
the PLIC, also suggesting an impact on the clinical presentation
and outcome. However, occlusions of the anterior circulation
result in different infarction patterns, especially since the establish-
ment of mechanical recanalization of intracranial large-vessel
occlusions with high rates of successful reperfusion and, conse-
quently, an increasing occurrence of isolated basal ganglia infarc-
tion. To adequately address these different subgroups of infarction
patterns and severity, we performed subgroup analyses.

The association of CST integrity with clinical outcome was pre-
dominantly based on the subgroup of peripheral infarcts. For
BGls, which are increasingly common in the era of mechanical re-
canalization, this relation could not be observed. Within the sub-
group of peripheral infarcts, a further subdivision based on
infarction severity was made, showing a nearly linear impairment
of CST integrity and clinical presentation in relation to infarction
severity as expected. Furthermore, the impact of infarction severity
on the clinical outcome at day 90 was mediated by the FA index,



shown by a statistically significant reduction of the association
between infarction severity and outcome. It implies that CST integ-
rity changes within the PLIC can partially explain this relationship,
but the still visible effect of infarction severity on mRS suggests that
the FA index is not the only mediator. Possibly other structural in-
tegrity changes, eg, within the extrapyramidal system,'® could also
have an influence, requiring further research in this field.

Several studies exist that aim to examine the role of DTI in
predicting motor recovery after stroke, inspired by the limitations
of using clinical scores alone.'® Conventional imaging does not
have the potential to detect CST damage accurately, especially
when the CST is not apparently infarcted. Thus, most studies
used DTI with FA calculations to characterize microstructural
fiber integrity.'”'®*** Identifying the voxels of the individual
CST fibers by probabilistic fiber-tracking is accurate. This tech-
nique was used in the present study in combination with FA
assessment within a specific tract section (PLIC), which was
atlas-based. The FA index that is equivalent to the FA asymmetry
as part of the predicting recovery potential was used as a most
popular predictor variable in previous DTI studies and showed a

. .. 16,29,34
good association to clinical parameters, 6.29,3

providing the ra-
tionale for applying it in the present study.

Most previous studies about CST integrity were performed in
the subacute or chronic stage of stroke and showed lower FA val-
ues in the affected CST because of the beginning of Wallerian
degeneration.***>” These integrity alterations measured by FA
asymmetry have a particular impact in the subacute and chronic
stages because they are associated with the persistence of motor
deficit.>**® In the present study, the grade of CST alterations of pe-
ripheral infarcts early after mechanical recanalization was shown
to correlate with the functional outcome of patients after 90 days.
These results give the first evidence for using the information of
fiber integrity in the acute poststroke phase for outcome predic-
tions. This could be helpful for the patients and relatives, eg, con-
cerning post-inpatient management. Indeed, further studies about
imaging biomarkers are necessary, especially with the aim of adapt-
ing rehabilitative and follow-up strategies in the long term.

To our knowledge, a subdivision in different stroke subtypes
for structural analyses, especially in the acute poststroke phase,
has not been reported. Similar FA indices of the CST within the
PLIC are found for the BGI and peripheral infarcts, but the BGI
do not show a correlation to the clinical parameters that are col-
lected within the clinical routine. In contrast to peripheral
infarcts with secondary disintegration of dependent fibers, BGIs
do not show any gray matter infarction of the cortex regions rep-
resenting the fiber origins (except possibly microstructural
changes that were not assessed). FA alterations within the PLIC
may be based on subtle direct white matter damage or perile-
sional edema, which cannot be visualized without DTI, or an
increase in cellularity secondary to inflammation. These tract
alterations with intact primary gray matter might be partially re-
versible or could constitute a better precondition for secondary
brain plasticity processes in the reconstitution of motor regula-
tion. This feature could explain the lack of correlation with clini-
cal parameters and midterm functional outcome in the present
study. However, the missing correlation might also be influenced
by the structure of the underlying data: The subgroup of BGI

(n =59) is smaller, implying less statistical power than in the sub-
group of peripheral infarcts (n = 106). Second, due to good clini-
cal performance of patients with BGI, their mNIHSS scores have
a small range, influencing the validity of a correlation analysis.

Both the interpretation and the limitations of the BGI analysis
raise the challenge to further examine BGIs, their clinical presen-
tation, and their pathophysiologic role in future studies, because
the BGI entity presents with a wide interindividual variability and
heterogeneity.*

A limitation of the present study is that only common clinical
parameters such as the NIHSS score, motor subindex scores, and
the mRS were collected, but a large collective of almost all treated
patients at a single comprehensive stroke center was included.
These clinical parameters are assessed in the clinical routine for
all patients independent of their condition or compliance, avoid-
ing bias within the study cohort. However, especially the lack of
motor assessment at 3 months reduces the validity concerning
long-term outcome predictions. A further limitation is the lack of
inclusion of patients with an incompatibility for an MR imaging
examination. Additionally, these patients often present with
extended ischemia or space-consuming hemorrhage, which
makes a DTT analysis impossible. This subgroup of patients with
distinctly worse outcome is missing in the analysis.

Further limitations of the study depend on the known technical
limitations and validity of DTI, which cannot differentiate between
direct white matter disintegration because of myelin sheath damage
or axon collapse or processes that occur adjacent to the fibers such
as inflammation or edema. These differences could impact the
results of the present study that possibly differentiate these proc-
esses arising from pathophysiologic considerations of the different
stroke subtypes. Additionally, DTT protocol could be improved for
the future studies concerning b-values and the number of direc-
tions. The low b-value limits the accuracy of the DTT metrics and,
secondarily, incurs the risk of imprecise measurements. The results
should be verified in follow-up studies using the latest DTT technol-
ogy and longitudinal examinations in the course of ischemia.

CONCLUSIONS

Microstructural CST alterations within the PLIC are already pres-
ent in an early stage after mechanical recanalization of large intra-
cranial vessel occlusions of the anterior circulation. For
peripheral infarcts, these white matter changes can be interpreted
as fiber disintegration and are associated with clinical outcome.
These might be useful for the early adaption of rehabilitative and
follow-up strategies. In contrast, basal ganglia infarction showed
a better clinical course, and also its distinct CST alterations were
not associated with patient outcome. That association requires
further and longitudinal exploration of fiber integrities to exam-
ine their reversibility and potential for neuroplasticity processes.
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COMMENTARY

Diffusion Tensor Imaging for Predicting the Outcome of
Large-Vessel Ischemic Stroke Treated with Mechanical
Thrombectomy: Is This the Prime Time?

TI uses the physical principles of random displacement of

water molecules, also known as Brownian motion, to mea-
sure the degree and directionality of water molecule motion in
the human body.! These measurements can be used to infer the
microstructural integrity of the underlying tissue. In the brain
healthy WM, cellular membranes, with some contribution from
myelination and the packing of axons, skew the directionality of
water diffusion, making it less uniform “i.e. anisotropic.”2 Hence,
lower fractional anisotropy (FA) measures have been found to
reflect impairment of the WM microstructure.® Since its intro-
duction in the early 1990s, the rapid development of postprocess-
ing techniques has led to widespread application of DTI in the
various neurologic fields of study. For example, DTI has been
successfully used to detect WM damage in traumatic brain
injury,* cerebral small-vessel disease,” multiple sclerosis, and
others.’ In the field of ischemic stroke, brain MR imaging, in par-
ticular DWI, has been instrumental in advancing the field with
critical roles spanning from early detection of ischemic changes
and patient selection for endovascular therapy to prognostication
of functional outcome.”” Indeed, larger DWT infarct volume has
been associated with worse functional outcome after acute ische-
mic stroke. The introduction of mechanical thrombectomy in the
management of patients with acute ischemic stroke, however, has
significantly improved the functional outcome of patients with
stroke with reduction in the associated infarct volume.® In partic-
ular, after mechanical thrombectomy, infarction of the basal gan-
glia, secondary to the involvement of the perforator arteries that
originate from the middle cerebral artery with sparing of the pe-
ripheral cortex, is now frequently encountered. Recent work has
confirmed the role of the corticospinal tract (CST) injury by
stroke in predicting motor recovery of the upper extremity.'’ In
this previous work, however, CST was mapped through the exist-
ing brain templates without direct measurement of its micro-
structural integrity. Hence, there is a need in the current
thrombectomy era to better understand the outcomes of these
patients and to guide selection in rehabilitation studies. DTI
offers a sensitive tool that can address this dilemma by mapping
the WM tracts, particularly the CST. Preliminary evidence of

small studies suggests that DTI is suitable for this purpose.'
However, there remains a knowledge gap regarding the role of
DTI in patients with stroke who are treated with mechanical
thrombectomy.

In the article by Berndt et a
question by addressing the role of DTT in predicting the 3-month

1, the authors aim to answer this

functional outcomes of patients with acute ischemic stroke
caused by large-vessel occlusion in the anterior circulation who
underwent mechanical thrombectomy. The study sample
included 165 patients who had DTI sequences acquired within
7 days of stroke (median, 3 days). Probabilistic tractography was
used to map the CST bilaterally, and atlas-based ROIs were used
to characterize the CST in the posterior limb of the internal cap-
sule (PLIC) and cerebral peduncle. Subsequently, the FA index
was calculated for the PLIC and cerebral peduncle of the infarcted
brain compared with healthy, nonaffected CST. The brain infarct
was divided into the basal ganglia infarction (BGI) subgroup
without relevant involvement of the cortical structures and the
peripheral infarct subgroup in which the infarct involved the sur-
rounding cortical areas. The latter’s severity was further classified
as mild, middle, or high, based on the peripheral territory
involvement by the stroke that was originated from the Alberta
Stroke Program Early CT Score (ASPECTS) of the DWI sequen-
ces. Good clinical functional outcome was defined by modified
Rankin Scale score =2 at 90 days.

The main results of this work confirm the lower FA index val-
ues of the CST on the stroke-affected side of the PLIC.
Additionally, although there was no difference in the FA index of
the CST between the BGI subgroup and the peripheral infarct
subgroup, the latter subgroup showed a significantly higher
FA index of the CST of the PLIC in those with mild infarction
severity compared with middle or high infarction severity.
Furthermore, in this subgroup, there were statistically significant
negative correlations between the motor subindex of the National
Institute of Health Stroke Scale (sum of arm and leg symptom
value of the affected side) at the time of brain MR imaging and
the FA index of the PLIC. From a long-term functional outcome
standpoint, the FA index of the CST in the PLIC was significantly
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associated with good clinical outcomes in the study cohort.
Although this effect was not seen in the BGI subgroup, a strong
effect of the FA index on clinical outcome existed in the periph-
eral infarct subgroup. Finally, in mediation analysis, the effect of
the infarction severity in the peripheral infarction subgroup on
the 90-day functional outcome was present but reduced when
controlling for the FA index of the CST, indicating that the FA
index mediated the relationship between infarction severity and
clinical outcome.

There are several notable accomplishments of this study. First,
the sample size is relatively large, and the study population is ho-
mogeneous by including only patients with large-vessel occlusion
stroke who were treated with mechanical thrombectomy. Second,
the study ascertained the sensitivity of the FA index of the PLIC
as an early measure of acute injury of CST in the setting of stroke.
Third, the FA index of CST in the PLIC was also found to be a
measure of the magnitude of motor deficit in the acute stroke
phase in those with peripheral cortical stroke involvement.
Finally, the FA index of the CST was associated with long-term
functional outcome of acute ischemic stroke. Taken together,
these results suggest that the FA index of the PLIC is a sensitive
marker for acute CST injury after stroke, and it may represent a
marker of long-term functional recovery.

This study, however, has several limitations. First, it did not
include an accurate measure of the motor function acutely or at
3 months. Second, the degree of involvement of the peripheral
cortical areas was measured through a categoric score rather than
accurately segmenting the stroke area to assess the degree of ana-
tomic overlap with the CST. Third, the study did not include a
repeat DTT scan at 3 months to assess whether the improvement
of functional outcome coincided with improvement on the FA
index of the CST. Finally, the underlying causes of impairment of
the microstructural integrity of the CST cannot be ascertained; it
is unknown whether it is caused by tissue necrosis from stroke,
edema, or Wallerian degeneration. Knowing the cause is neces-
sary to understand the reversibility of the CST injury.

In summary, although the current study is a step forward in
incorporating DTI into the clinical care of patients with stroke,
several important questions first need to be resolved in large pro-
spective studies to achieve this goal. These include, among many
others, determining the relevant WM tracts for recovery, defining
the critical FA thresholds of the necessary tracts for motor and
functional improvement, characterizing types and location of
injury, and selecting patients who will benefit from rehabilitation.
Addressing these important questions will bring DTI closer for
application in the daily care of patients with ischemic stroke.
When combined with other genetic and serologic biomarkers of
recovery, this will enable physicians to accurately predict the
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functional outcome of acute ischemic stroke through personal-
ized medicine."”” Advanced imaging acquisition and analytics,
including DTI, are at the forefront of these efforts, and they are
ready to be tested in large multicenter clinical trials.
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Automated Cerebral Hemorrhage Detection Using RAPID

). Heit, “H. Coelho, ““'F.O. Lima,
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M. Granja,
S. Dehkharghani,

ABSTRACT

A. Aghaebrahim,
L.A. Carbonera,

R. Hanel,
). Wiener,

C.W. Cereda,
F. Mont’Alverne

K. Kwok, ““'H. Haerian,
K. Copeland, and

BACKGROUND AND PURPOSE: Intracranial hemorrhage (ICH) is an important event that is diagnosed on head NCCT. Increased
NCCT utilization in busy hospitals may limit timely identification of ICH. RAPID ICH is an automated hybrid 2D-3D convolutional
neural network application designed to detect ICH that may allow for expedited ICH diagnosis. We determined the accuracy of
RAPID ICH for ICH detection and ICH volumetric quantification on NCCT.

MATERIALS AND METHODS: NCCT scans were evaluated for ICH by RAPID ICH. Consensus detection of ICH by 3 neuroradiology
experts was used as the criterion standard for RAPID ICH comparison. ICH volume was also automatically determined by RAPID
ICH in patients with intraparenchymal or intraventricular hemorrhage and compared with manually segmented ICH volumes by a
single neuroradiology expert. ICH detection accuracy, sensitivity, specificity, positive predictive value, negative predictive value, and
positive and negative likelihood ratios by RAPID ICH were determined.

RESULTS: We included 308 studies. RAPID ICH correctly identified 151/158 ICH cases and 143/150 ICH-negative cases, which resulted in high
sensitivity (0.956, Cl: 0.91-0.978), specificity (0.953, Cl: 0.907-0.977), positive predictive value (0.956, Cl: 0.91-0.978), and negative predictive
value (0.953, Cl: 0.907-0.977) for ICH detection. The positive likelihood ratio (20479, Cl 9.928-42.245) and negative likelihood ratio (0.046, Cl
0.023-0.096) for ICH detection were similarly favorable. RAPID ICH volumetric quantification for intraparenchymal and intraventricular hem-
orrhages strongly correlated with expert manual segmentation (correlation coefficient r = 0.983); the median absolute error was 3 mL.

CONCLUSIONS: RAPID ICH is highly accurate in the detection of ICH and in the volumetric quantification of intraparenchymal and

intraventricular hemorrhages.

ABBREVIATIONS: CNN = convolutional neural network; ICH = intracranial hemorrhage; LR = likelihood ratio; NPV = negative predictive value; PPV = posi-

tive predictive value

Intracranial hemorrhage (ICH) secondary to trauma, cerebro-
vascular disease, tumors, coagulation disorders, and other dis-
orders results in significant morbidity and mortality.'> The
volume and severity of ICH at presentation correlate with neuro-
logic status and likelihood of survival,** and prompt medical and
surgical intervention have been shown to reduce the mortality
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rate associated with ICH.*” Therefore, accurate and timely ICH
diagnosis is essential for patient treatment, and prompt detection
and interpretation of ICH on NCCT are necessary. Excluding
acute ICH is also a critical component of the evaluation of
patients with stroke for IV thrombolysis.

The presentation of ICH is often nonspecific, and ICH is
most commonly diagnosed on head NCCT.> Prompt NCCT
interpretation in busy emergency departments and hospitals
remains challenging, and interpretation delays may result in
patient care delays, which can lead to poor outcomes.® Triage
software that identifies ICH, estimates ICH volume, and alerts
radiologists and clinicians would streamline patient care and
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increase diagnostic confidence. Deep learning convolutional neu-
ral networks (CNNs) represent a technology for automated imag-
ing interpretation that has shown promise in the detection of
ICH and other cerebral emergencies.g’14 However, this technol-
ogy has not yet been adopted in widespread clinical practice.

Table 1: Patient demographic details

All ICH— ICH+ P Value®

Sex

Female, n (%) 17 (38.0) 53(33.5) 64(427) <.0002

Male, n (%) 164 (533)  81(513) 83 (553)

Unknown, n (%) 27 (8.8)  24(15.2) 3(2.0)
Age

20-39years,n (%)  33(10.9) 15(9.9) 18 (12.0) 5692

40-59years, n (%) 78(25.8) 43(283) 35(233)

60+ years,n (%)  191(633) 94 (61.8) 97 (64.7)

For a Pearson chi-square test of independence.

Table 2: Performance of RAPID for ICH detection
RAPID vs Consensus Truth

Consensus = Truth

n=308 1(positive) 0 (negative)  Total
RAPID 1(positive) 151 7 158
0 (negative) 7 143 150

Total 158 150 308

RAPID ICH (iSchemaView) is an artificial intelligence soft-
ware program developed to identify acute ICH and determine
ICH on NCCT studies. RAPID ICH builds on the widely used
RAPID software platform for the detection of cerebral ischemia in
15-18

patients with large-vessel occlusions and is readily adaptable to
the RAPID mobile triage platform, which is currently used for tri-
age of patients with ischemic stroke to thrombectomy.

In this study, we tested whether RAPID ICH can accurately

detect and volumetrically quantify ICH.

MATERIALS AND METHODS
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

Patient Cohort and Image Acquisition

This retrospective cohort study complied with the Health
Insurance Portability and Accountability Act. Institutional review
board approval was obtained at each site, and the need for
informed consent was waived. NCCTs were obtained from 6
institutions. Only NCCTs that were free of significant motion ar-
tifact were included for analysis.

NCCT studies from multiple vendors (Online Table 1) were
acquired in the axial plane with section thickness that ranged from 1
to 5 mm. Radiation doses varied by vendor and location, and these
variables were not controlled for in this study, which was intended

FIG 1. Representative imaging examples of ICH correctly detected by RAPID. A. Primary intraparenchymal hemorrhage within the right thalamus
and posterior limb of the right internal capsule (red outline by RAPID). B. Small extra-axial subdural hematoma overlying the right cerebral hemi-
sphere (red outline by RAPID). C. Subarachnoid hemorrhage (red outline by RAPID). D. Subarachnoid and intraventricular (right and left lateral,

third, and fourth ventricles) hemorrhage (red outline by RAPID).
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FIG 2. Representative false-positive and false-negative ICH examples. A. RAPID incorrectly
detected ICH (false-positive result) in a patient with volume averaging in the anterior cranial
fossa and beam-hardening artifact in the posterior fossa (red outlines by RAPID). B. RAPID failed
to detect ICH (false-negative result) in a patient intraparenchymal hemorrhage in the left thala-
mus (yellow arrow). C. RAPID failed to detect ICH (false-negative result) in a patient with a small
amount of subarachnoid and intraventricular hemorrhage (yellow arrows).

Table 3: RAPID ICH performance

Measure Estimate Lower 95% ClI Upper 95% CI
Prevalence 0.513 0.457 0.568
Sensitivity 0.956 0.91 0.978
Specificity 0.953 0.907 0.977
PPV 0.956 0.91 0.978
NPV 0.953 0.907 0.977
Positive LR 20.479 9.928 42.245
Negative LR 0.046 0.023 0.096

to sample variations in standard radiology practices. Images were
not tilt corrected or otherwise manipulated before interpretation by
the neuroradiologists in the study. Studies with significant metal or
motion artifact were excluded from the analysis.

RAPID Machine Learning ICH Detection
A deep CNN with a hybrid 2D-3D architecture was trained on a
cohort of 805 NCCT examinations. All head CTs analyzed by

RAPID ICH were postprocessed into 5-
mm-thick axial slices, and 48 images per
study were analyzed by the training data-
set. If CT source data were acquired with
a thickness of <5mm, images were
merged and averaged into 5-mm thick-
ness before analysis. The training dataset
included NCCT with intraparenchymal
hemorrhage (245 cases; 30%), intraven-
tricular hemorrhage (83 cases; 10%),
extra-axial hemorrhage (70 cases, 9%),
subarachnoid hemorrhage (67 cases, 8%),
and no hemorrhage (457 cases, 57%).
Regions of ICH were manually outlined
by neuroradiology experts and stored as
binary masks that were used as ground
truth for the training analysis. Ground
truth masks were randomly split into
training (80%) and testing (20%) groups.

After training, the ICH detection
module was prototyped in Python/Keras
and implemented on a Linux server (4
CPUs) that was embedded on a larger
imaging platform dedicated to ischemic
stroke analysis (iSchemaView).

Additional details of the CNN are
presented in Online Figure.

RAPID ICH Validation Study Design
The RAPID ICH module was validated
in a different and independent dataset of
308 adult patients that included 158
patients with ICH (52%) and 150 patients
without ICH (48%). The reference stand-
ard or truth was determined by consen-
sus among 3 expert neuroradiologists
who reviewed NCCT images via Horos
(Horos Project, version 3.3) or Osirx
(Pixmeo, version 11). Neuroradiologists
had full control over window width and
levels for all images and were blinded to RAPID ICH results.

The primary end point was the detection of any ICH, which
included intraparenchymal, subdural, epidural, subarachnoid,
and intraventricular hemorrhages, and ICH presence was
recorded in a binary manner (present [ICH+] or absent
[ICH—]). Most subdural hemorrhages were acute, but some had
subacute or chronic components. Epidural and subdural hemor-
rhage are collectively referred to as extra-axial hemorrhage.

The secondary end point was ICH volume for isolated intra-
parenchymal and intraventricular hemorrhages. The reference
standard ICH volume was determined by manual segmentation
by a single neuroradiologist and verification by a second neurora-
diologist. Manual segmentation was performed on axial images.
Regions of confluent hyperattenuation that were consistent with
intraparenchymal or intraventricular hemorrhage were outlined
on all images and volumetrically quantified in Osirix (Pixmeo,
version 11).
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FIG 3. Intraparenchymal and intraventricular hemorrhage volumetric agreement between RAPID
and expert interpretation. A and B, Representative example of an intraparenchymal hemorrhage in
the right basal ganglia. Manual segmentation by a neuroradiologist (A, green outline) is well corre-
lated with automated segmentation by RAPID ICH (B, red outline). C. Scatterplot denotes volumet-
ric agreement between RAPID and expert evaluation for NCCT with isolated intraparenchymal or

intraventricular hemorrhage.

Statistical Analysis

Sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), positive likelihood ratio (LR), and negative
LR were calculated by comparison of RAPID identification of
ICH+ studies compared with the reference standard ICH+. All sta-
tistical analyses were performed using JMP Pro 15 (SAS Institute).

RESULTS
A total of 308 NCCTs were included in the validation study.
NCCT was acquired from 5 CT vendors (Online Table 1), distrib-
uted across the ICH- and ICH+ studies. After training, the proc-
essing time for RAPID’s ICH detection module was <3 minutes
per study.

NCCT was derived from 117 female patients (38.0%) and 164
male patients (53.3%), and sex was unknown in 27 patients
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(8.8%). Most patients were 60 years
or older (63.3%), but young patients
(ages 20-39 years) were well repre-
sented (33 patients, 10.9%). These
demographic data are summarized in
Table 1.

ICH was detected (ICH+) in 158
NCCT studies (51.2%) by neuroradi-
ology experts, and the distribution of
ICH is denoted in Online Table 2.
Intraparenchymal hemorrhage was
part of most ICH+ NCCT studies
(79 cases, 50%), and extra-axial hem-
orrhage (39 cases, 25%), subarach-
noid hemorrhage (25 cases, 16%),
intraventricular hemorrhage (10
cases, 6%), and other hemorrhage (5
cases, 3%) were less common.

We compared ICH detection by
RAPID with the consensus of 3
expert neuroradiologists (Table 2).
RAPID correctly identified 151/158
ICH+ cases and 143/150 ICH-
cases (Figs 1 and 2). Therefore,
RAPID had a high sensitivity
(0.956, CI: 0.911-0.978), specific-
ity (0.953, CI: 0.907-0.977), PPV
(0.956, CI: 0.911-0.978), and NPV
(0.953, CI: 0.907-0.977) for ICH
detection (Table 3). The positive
LR (20.479, CI 9.928-42.245) and
negative LR (0.046, CI 0.023-
0.096) for ICH detection were sim-
ilarly favorable. NCCT in which
RAPID did not detect hemorrhage
(false-negative  cases)
cases with small volumes of ICH
(<1.5mL in all instances) that
were intraparenchymal, intraven-

involved

tricular, and subdural in location
(Fig 2).

We then determined the accuracy
of RAPID for ICH volumetric quantification. ICH volume was auto-
matically quantified from the segmentation using Osirix. RAPID
quantification of ICH volume demonstrated a strong correlation
with the neuroradiology experts (correlation coefficient = 0.983, Fig
3). The mean volumes of ICH in this analysis were 12 mL (RAPID)
and 8 mL (expert), and the median absolute error was 3 mL.

DISCUSSION

In this study, we found that the automated artificial intelligence
RAPID ICH module is highly accurate for the detection of ICH
on NCCT. Moreover, RAPID ICH volumetric quantification of
ICH for intraparenchymal and intraventricular hemorrhage was
highly accurate. These findings have important implications for
the more widespread adoption of artificial intelligence ICH detec-
tion into clinical practice.



Other studies have used CNNs to detect the presence of ICH
on NCCT.> "' The high sensitivity (96%) and specificity (95%)
of RAPID ICH compare favorably with these prior studies that
found a sensitivity of 70%-98% and a specificity of 87%-95%
for their individual CNN.*"'"'* All 7 false-negative RAPID
ICH evaluations consisted of small ICHs that measured
<1.5mL in volume, and 6 of the 7 false-positive cases were
attributable to volume averaging. The remaining false-posi-
tive study was read as a dural fold by an expert reader. Future
iterations of this platform might improve the detection of
these small volumes of ICH and the exclusion of false-posi-
tive ICHs with artifact reduction approaches. The use of stud-
ies from multiple centers and the use of neuroradiology
expert interpretations as the criterion standard rather than
radiology reports likely increase the generalizability and ac-
curacy of our study compared with prior studies.

Computer-assisted detection of findings on imaging studies
has been previously used for cancer detection in mammography,
pulmonary nodule detection on chest CT, and colonic polyp
detection,’*! but these technologies are not based on CNNs and
have limited utility in routine clinical practice. By contrast, CNN
technology has been successfully applied to nonradiology studies,
such as the detection of diabetic retinopathy** and skin cancer
detection,®® which has prompted efforts to move this technology
into routine medical practice.

The progressive and substantial increase in the amount of

diagnostic imaging studies***>

places particular stress on the
timely interpretation of NCCT. Delays in interpretation may
lead to delayed identification of ICH, resulting in nonexpedi-
tious patient care that could lead to poor patient outcomes.®
We speculate that the adoption of CNN technology for ICH
detection into routine clinical practice will speed NCCT
interpretations, which must still be performed by a board-
certified radiologist, and patient treatment decisions. Future
studies should be designed to test how this technology
changes radiology workflows and patient care.

The use of automated image processing in acute ischemic
stroke, which is another cerebrovascular emergency that relies on
prompt diagnosis and treatment, is already in widespread clinical
practice after several randomized studies demonstrated the effec-
tiveness of this approach in selecting patients for endovascular
thrombectomy treatment.”'® We expect that the adoption of
ICH detection in a manner similar to cerebral ischemia detection
will lead to timely detection, resulting in improved care of
patients with hemorrhagic stroke. In addition, the detection of
ICH may also impact the treatment of patients with concomitant
ischemic stroke because the presence of ICH is a contraindication
to treatment with IV thrombolysis and, in some instances, endo-
vascular thrombectomy.

Further studies are required to determine how automated
ICH volume quantification may be best used in clinical prac-
tice. Other studies have found similar accuracy for CNN

methods of ICH volume measurement”'?

as in our study,
which suggests that application of these methods to the care
of patients with intraparenchymal, intraventricular, and even
subarachnoid hemorrhage may have a role in patient treat-

ment and prognostication.

Our study has several limitations. The retrospective design
may introduce bias, and the inclusion of studies from a limited
number of CT vendors and locations may limit the generalizabil-
ity of our findings. Future prospective studies that include a
larger number of sites are required for further validation of our
findings. It is also possible that beam-hardening artifact, particu-
larly within the posterior fossa, may further limit the sensitivity
of RAPID ICH. We also note that although RAPID ICH was
highly accurate in this study, automated ICH detection should
not preclude interpretation by a trained radiologist because even
small undetected hemorrhages might impact outcomes in
patients, such as those with ischemic strokes who are being con-
sidered for IV thrombolysis.

CONCLUSIONS

RAPID ICH is highly accurate in the detection of ICH and in the
volumetric quantification of intraparenchymal and intraventricu-
lar hemorrhages. The overall robustness of this CNN approach
suggests that automated ICH detection is sufficiently developed
for introduction into routine clinical practice.
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Serial Imaging of Virus-Associated Necrotizing Disseminated
Acute Leukoencephalopathy (VANDAL) in COVID-19

S. Agarwal, “¥). Conway, ““V. Nguyen, ““'S. Dogra, ‘“'P. Krieger, “'D. Zagzag, ““’A. Lewis, ““K. Melmed, **'S. Galetta, and
R. Jain
Sl =
ABSTRACT

BACKGROUND AND PURPOSE: Various patterns of leukoencephalopathy have been described in coronavirus disease 2019 (COVID-
19). In this article, we aimed to describe the clinical and imaging features of acute disseminated leukoencephalopathy in critically ill
patients with COVID-19 and the imaging evolution during a short-term follow-up.

MATERIALS AND METHODS: We identified and reviewed the clinical data, laboratory results, imaging findings, and outcomes for 8
critically ill patients with COVID-19 with acute disseminated leukoencephalopathy.

RESULTS: All patients demonstrated multiple areas of white matter changes in both cerebral hemispheres; 87.5% (7/8) of patients
had a posterior predilection. Four patients (50%) had short-term follow-up imaging within a median of 17 days after the first MR
imaging; they developed brain atrophy, and their white matter lesions evolved into necrotizing cystic cavitations. All (8/8) patients
had inflammatory cytokine release syndrome as demonstrated by elevated interleukin-6, D-dimer, lactate dehydrogenase, erythro-
cyte sedimentation rate, C-reactive protein, and ferritin levels. Most (7/8; 87.5%) patients were on prolonged ventilator support
(median, 44.5 days; interquartile range, 20.5 days). These patients had poor functional outcomes (6/8 [75%] patients were discharged
with mRS 5) and high mortality (2/8, 25%).

CONCLUSIONS: Critically ill patients with COVID-19 can develop acute disseminated leukoencephalopathy that evolves into cystic degen-
eration of white matter lesions with brain atrophy during a short period, which we dubbed virus-associated necrotizing disseminated acute
leukoencephalopathy. This may be the result of COVID-19-related endothelial injury, cytokine storm, or thrombotic microangiopathy.

ABBREVIATIONS: ADEM = acute disseminated encephalomyelitis; ARDS = acute respiratory distress syndrome; CRP = C-reactive protein; COVID-19 = co-
ronavirus disease 2019; ESR = erythrocyte sedimentation rate; GCS = Glasgow Coma Scale; IL-6 = interleukin-6; INR = international normalized ratio; IQR =
interquartile range; LDH = lactate dehydrogenase; PRES = posterior reversible encephalopathy syndrome; SARS-CoV-2 = Severe Acute Respiratory Syndrome
coronavirus 2; VANDAL = Virus Associated Necrotizing Disseminated Acute Leukoencephalopathy; WM = white matter

M uch of the focus regarding the global pandemic of corona-  or without cerebral microhemorrhages.”'* Different radiologic

virus disease 2019 (COVID-19) has been on the cardiovas-  patterns of white matter (WM) injury have been described in

cular, pulmonary, and hematologic complications. However,
neurologic complications have become increasingly recognized
sequelae, with associated high morbidity and mortality.'”
Although the current literature is limited regarding neuroimaging
findings in patients with COVID-19,°® there have been recent
reports of critically ill patients with leukoencephalopathy with
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critically ill patients with viral infections, including diffuse leu-
koencephalopathy with microhemorrhages, acute disseminated en-
cephalomyelitis (ADEM), and posterior reversible encephalopathy
syndrome (PRES).""">? Due to a paucity of neuropathologic
data, the pathophysiologic processes responsible for these imaging
characteristics are not completely understood. A recent report on
postmortem examination of 5 patients with COVID-19 did not
reveal evidence of encephalitis or central nervous system vasculitis,
but this series lacked neuroimaging.*' Another report suggested
that the neuropathologic lesions in patients with COVID-19 had
features resembling both vascular and demyelinating etiologies,*
but this report also lacked neuroimaging data to correlate with the
neuropathologic findings.

In this article, we aimed to describe the clinical, laboratory,
and functional outcomes of patients with COVID-19 with acute
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disseminated leukoencephalopathy on brain MR imaging, as well
as the imaging evolution of these WM lesions. We examined pos-
sible underlying mechanisms for these findings.

MATERIALS AND METHODS

We performed a retrospective chart review of 115 adult patients
positive for COVID-19 who underwent brain MR imaging at 3
tertiary care hospital sites of a single academic medical center
from March 1, 2020, to May 10, 2020, and found 8 patients with
acute disseminated leukoencephalopathy, 4 (50%) of whom had
>1 MR imaging, 3/4 (75%) who had 2, and 1/4 (25%) who had 3
MR imagings. MR images obtained on a 3T MR imaging scanner
included susceptibility-weighted imaging, while those scanned on
a 1.5T scanner had gradient-echo imaging. Of the 8 patients, 4
patients had imaging performed on both 1.5T and 3T MR imag-
ing scanners. MRIs were evaluated independently by 2 fellow-
ship-trained neuroradiologists (R.J. and V.N.). Imaging data on
the pattern of distribution of the WM lesions and microhemor-
rhages were collected. Follow-up MR imaging studies were eval-
uated for progression or evolution of WM lesions and evidence
of subjective brain atrophy, defined as an interval increase in the
prominence of the ventricles and sulcal spaces due to brain vol-
ume loss compared with the baseline study.

S.A, SD,, and P.K. reviewed charts and collected the following
data: comorbidities, presenting symptoms, time from symptom
onset to presentation, vital signs, ventilator days before brain MR
imaging, total ventilator days, the total length of hospitalization,
treatment received for COVID-19, occurrence of in-house cardiac
arrest, Glasgow Coma Scale (GCS) score at MR imaging and 2
weeks post-MR imaging, acute respiratory distress syndrome
(ARDS) severity score (calculated as the lowest partial pressure of
oxygen/fraction of inspired oxygen ratio while intubated).”®
Functional outcomes included discharge mRS, discharge disposi-
tion, and death. Discharge mRS scores were calculated by trained
physical therapists =5 days before discharge or determined by a
neurology resident (S.A.) on the basis of the clinical notes when not
otherwise documented. We collected laboratory variables including
admission and nadir platelet count and fibrinogen levels and admis-
sion and peak D-dimer, lactate dehydrogenase (LDH), international
normalized ratio (INR), erythrocyte sedimentation rate (ESR), C-re-
active protein (CRP), interleukin-6 (IL-6), and ferritin levels.

This study was approved by the New York University
Grossman School of Medicine Institutional Review Board, which
granted a waiver of informed consent (IRB No. i20-00567).

RESULTS

All 8 patients with MR imaging findings of acute disseminated leu-
koencephalopathy were men, with a median age of 59.5 years
(range, 38-69 years). Demographic and clinical features of individ-
ual patients are shown in the Online Supplemental Data. Although
2 patients had no known comorbidities, the remaining 6 had at least
3 comorbidities on admission. All patients presented with respira-
tory symptoms (fevers, chills, cough, and dyspnea) and had symp-
toms for a median of 7 days (range, 4-14 days) before presentation
to the emergency department. All patients (100%) were treated
with a combination of hydroxychloroquine and azithromycin,
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62.5% (5/8) were also treated with tocilizumab, and 12.5% (1/8)
were given lopinavir-ritonavir. Intubation was required for
87.5% of patients (7/8), and ventilator support was needed for
a median of 44.5 days (range, 24-52 days). Of these 7 patients,
42.9% (3/7) had moderate and 42.9% (3/7) had severe ARDS.
The peak systolic blood pressure before the first MR imaging
ranged from 162 to 240mm Hg. In-hospital cardiac arrest
occurred in 37.5% (3/8) of patients, all of whom achieved a
return of spontaneous circulation. Nearly all (87.5%; 7/8)
patients developed acute kidney injury, and 62.5% (5/8)
required continuous renal replacement therapy. At the time of
the analysis of this study, 25% (2/8) of patients had died. There
were no neuropathologic specimens available for analysis
because postmortem examination was not performed.

These patients had cytokine storming as demonstrated by ele-
vated median IL-6 (admission = 31pg/mL [interquartile range
(IQR) =15.5 pg/mL]; peak = 49 pg/mL [IQR = 73.5 pg/mL]; normal
IL-6 levels = =5pg/mL); D-dimer (admission = 2003 ng/mL
[IQR = 2980 ng/mL]; peak = 8645 ng/mL [IQR = 4751.25 ng/mL);
normal = D-dimer <230ng/mL); LDH (admission = 492 U/L
[IQR = 284 U/L]; peak = 970.5 U/L [IQR = 605.5 U/L]; normal
LDH levels = 84-2461U/L); ESR (admission = 83 mm/h [IQR =
60.5 mm/h]; peak = 117 mm/h [IQR = 27.75 mm/h]; normal ESR
levels = 0-10mm/h); CRP (admission = 113.5mg/L [IQR =
106.43 mg/L]; peak = 336 mg/L [IQR 77.63 mg/L]; normal CFP lev-
els = 0.0-3.0 mg/L); and ferritin (admission = 1070 ng/mL [IQR =
906.7 ng/mL]; peak = 4701.5ng/mL [IQR = 11616.3 ng/mL]; nor-
mal ferritin levels = 8.0-388.0 ng/mL) (Online Supplemental Data).

Initial neuroimaging with brain MR imaging was performed
at a median of 23.5 days (IQR = 5 days) since admission and, if
intubated, 23 days (IQR = 6.5 days) after intubation. The indica-
tion for neuroimaging was persistent encephalopathy in nearly all
(87.5%; 7/8) patients. Patients had a median GCS of 5 (IQR =
5.8) on the day of MR imaging, and there was no change in me-
dian GCS scores 2 weeks post-MR imaging. These patients had
poor functional outcomes (75% of patients with discharge mRS
of 5) and a high mortality rate (25%).

Neuroimaging showed multiple patchy areas of WM re-
stricted diffusion/cytotoxic edema in both cerebral hemispheres,
with a predilection for the posterior and subcortical regions in
87.5% (7/8) of patients. One of the 2 patients who received gado-
linium demonstrated enhancement of the WM lesions suggesting
BBB breakdown and evidence of central necrosis (Fig 1). Patchy
lesions similar to WM lesions were also seen in the cerebellum
(62.5%), brain stem (50%), and basal ganglia (25%) (Online
Supplemental Data). Most (75%) patients also had microhemor-
rhages (Fig 1). Four patients underwent a follow-up MR imaging
at a median of 35.5 days (IQR = 14.3 days) since admission and
17 days (IQR = 19.5 days) after the first MR imaging. Follow-up
imaging in all 4 patients showed necrosis and development of
small cystic cavitations in the WM lesions (which showed re-
stricted diffusion/cytotoxic edema on the baseline study) and
brain volume loss (Online Supplemental Data and Fig 2). Three
patients also showed progression of WM lesions, which became
more confluent (Fig 3). One patient who had 3 MR imaging stud-
ies showed sequential progression of the above WM findings on
both follow-up studies.



FIG 1. Axial DWI (A) and T2-weighted imaging (B) showing dissemi-
nated leukoencephalopathy with associated microhemorrhages (C)
seen on the susceptibility-weighted imaging. D, Postcontrast TI-
weighted imaging shows patchy enhancement of most WM lesions,
with the larger lesion in the left cerebral hemisphere also showing
central nonenhancement, suggestive of breakdown of the BBB and
WM necrosis.

DISCUSSION

We identified 8 critically ill patients with COVID-19 with acute
disseminated leukoencephalopathy. This is the first study, to
our knowledge, to show imaging evolution of acute dissemi-
nated leukoencephalopathy in patients with COVID-19. All
patients who underwent follow-up imaging showed necrosis
and cavitation of initial WM cytotoxic lesions as well as
brain atrophy during their hospital stay within a fairly short
follow-up period. Our findings suggest that this necrotizing
leukoencephalopathy leads to rather rapid progression of
extensive and permanent white matter damage and brain at-
rophy in these critically ill patients, which correlate very well
with the poor functional outcomes shown in these patients.

Most (87.5%) of our patients had lesions that were predomi-
nantly posterior, similar to lesions seen in PRES. There have been
reports of PRES in COVID-19,*** and while the MRI findings
for our patients appear similar to those in PRES, they differ from
those in PRES in that these WM changes are more patchy and
deep, rather than confluent®® and progress rather than resolve on
follow-up imaging.

Furthermore, while these lesions bear some similarity to other
white matter lesions seen in patients with viral infections, such as
acute necrotizing encephalitis*”*® or ADEM,*>* they differ from
these entities, as well. The WM lesions seen in patients in our
study showed multiple diffuse confluent areas of T2/FLAIR
hyperintensity, with diffusion restriction suggesting cytotoxic

FIG 2. A and B, Axial FLAIR and coronal T2-weighted images at
baseline MR imaging (day 25) showing multiple confluent areas of
leukoencephalopathy. C and D, These lesions progressed to show
development of cystic cavitations in the WM (arrows) as well as
interval prominence of the lateral and third ventricles, suggesting
brain atrophy on follow-up MR imaging on day 75.

edema, which appears to be different from ADEM, in which these
lesions are seen more often in subcortical regions with surround-
ing vasogenic edema. Thus, it appears that these lesions represent
a previously undescribed finding, which we have dubbed virus-
associated acute necrotizing disseminated leukoencephalopathy,
or VANDAL, for short.

There have been serial brain MR imaging studies among crit-
ically ill patients without COVID-19 that have demonstrated
global brain atrophy with preferential involvement of the superior
frontal gyri, thalami, cerebellum, and hippocampal regions. The 4
patients in our study who had follow-up imaging showed brain at-
rophy. Although there have been no prior studies in patients with
COVID-19 with serial imaging showing any evidence of brain at-
rophy, the findings seen in our patients could be due to either crit-
ical illness, hypoxic injury, or cytokine storming.*'>*

Variable direct and indirect mechanisms of CNS injury due to
COVID-19 could be responsible for these imaging findings.

COVID-19-Related Endothelial Injury

Viral infections have been noted to cause endothelial damage
leading to increased permeability of the BBB."> Some patho-
logic studies in patients with COVID-19 have shown direct vi-
ral invasion of endothelial cells and diffuse endothelial
inflammation,* but more recent literature has suggested that
these particles may have been misinterpreted as coronavirus
and instead represent the rough endoplasmic reticulum.’
Severe Acute Respiratory Syndrome coronavirus 2 (SARS-
CoV-2) binds directly to angiotensin-converting enzyme 2
receptors, which can cause weakening of the endothelial layer,
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FIG 3. Axial DWI, T2-weighted, FLAIR (A-C), and coronal T2-weighted images (D) at baseline MR imaging (day 10) showing multiple patchy areas
of restricted diffusion/cytotoxic edema in the WM. E-H, Axial corresponding follow-up MR imaging (day 75) demonstrates development of
cystic cavitations in the previous patchy cytotoxic WM lesions (arrows) as well as interval prominence of the lateral and third ventricles, sug-
gesting brain atrophy. Follow-up MR imaging also showed marked progression of more confluent WM lesions surrounding the patchy cystic

lesions.

leading to a breakdown of the BBB and subsequent dysfunction
of autoregulation.”®*” Additionally, SARS-CoV-2 could lead to
inflammation of the endothelial lining due to the recruitment
of immune cells or hypoxic injury.*®

PRES has been associated with endothelial dysfunction.”® In
PRES, peak systolic blood pressure usually is between 170 and
190 mm Hg, but 10%-30% of patients have normal or only mildly
elevated blood pressure.*”*' The peak systolic blood pressures in
our patients ranged from 162 to 240 mm Hg. Thus, the imaging
changes in our patients may be related to PRES, despite the ab-
sence of prolonged hypertension. While PRES usually resolves
with time, 4 of our patients who had follow-up imaging were
found to have progression of their WM lesions, suggesting that
while this process may be related to PRES, it is different. Some of
these deep, patchy WM lesions were present in the middle cere-
bral artery—posterior cerebral artery overlap area and could repre-
sent watershed ischemia due to hypoperfusion resulting from
hypotension during cardiac arrest (experienced by 37.5% [3/8] of
our patients) or hypotension secondary to sepsis. However, the
posterior predominance of these lesions and the presence of
lesions in the brain stem and cerebellum, areas not typically asso-
ciated with watershed ischemia, make this mechanism of injury
less likely.

Cytokine Storm

Patients with COVID-19 who are critically ill have a massive
inflammatory reaction believed to be due to accumulation of T-
cells and macrophages, resulting in the release of a large number
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of cytokines into the bloodstream aiming to destroy the offending
pathogen and resulting in numerous clinical manifestations
known commonly as cytokine release syndrome.*>* Classic lab-
oratory findings of cytokine release include decreased T-cells and
natural killer cells and, most important, an increase in IL-6,
which leads to fever and multiorgan dysfunction. Higher levels of
cytokines and interleukins have been postulated to be related to
findings of disseminated leukoencephalopathy in patients with
septic shock.** These patients had laboratory evidence of cytokine
storming, which could lead to BBB breakdown, promoting the
development of acute disseminated leukoencephalopathy.

Thrombotic Microangiopathy
Microhemorrhages in the subcortical WM and corpus callosum
have been reported in high-altitude exposure and ARDS,* and
they are believed to be the result of disseminated intravascular
coagulation. Microhemorrhages within afflicted posterior and
subcortical WM may also be seen in PRES.>**® In the population
of critically ill patients with COVID-19, neuroimaging findings of
diffuse leukoencephalopathy may be seen in conjunction with
microhemorrhages, as is seen in some of our patients.”'®!"*
The appearance of cotton wool spots and microhemorrhages on
fundus examinations further suggests pathologic and ophthalmo-
logic evidence of thrombotic microangiopathy in patients with
COVID-19.*

Thus, endothelial dysfunction, cytokine storming, and
thrombotic microangiopathy may contribute to the develop-
ment of the acute disseminated leukoencephalopathy seen in



patients with severe COVID-19 described herein. Of course,
these factors could also lead to leukoencephalopathy with a
variety of other imaging phenotypes. Acute disseminated
necrotizing leukoencephalopathy appears to be a harbinger
of poor outcome in patients with severe COVID-19, but it is
unclear how patients with acute disseminated necrotizing
leukoencephalopathy will compare with patients with other
COVID-19-asscoiated WM changes during a long period.

Limitations of the current report include a small sample size,
retrospective data collection, and a lack of histopathologic data.
Nevertheless, there have been other neuropathologic studies pub-
lished recently that support our findings and provide insight into
the neurotropism of SARS-COV-2*° and the potential parainfec-
tious processes affecting the neural tissue in COVID-19.*
Further neuropathologic studies that include clinical and imaging
data are needed to better understand these findings.

CONCLUSIONS

Critically ill patients with COVID-19 may develop extensive
and disseminated leukoencephalopathy, which evolves into
cystic/cavitatory necrotizing lesions during a short time pe-
riod with brain atrophy, correlating with the poor functional
outcome in these patients. We believe that these lesions occur
as a result of endothelial dysfunction, cytokine storming, and
thrombotic microangiopathy. Because these findings appear
to be inconsistent with any previously described neuropa-
thology, we have dubbed this virus-associated necrotiz-
ing disseminated acute leukoencephalopathy (VANDAL).
Histopathologic studies as well as long-term follow-up stud-
ies are needed to better understand this phenotype of leu-
koencephalopathy and determine if and how this is different
from other WM changes in patients with COVID-19.
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Quantifying Tissue Properties of the Optic Radiations Using
Strategically Acquired Gradient Echo Imaging and Enhancing
the Contrast Using Diamagnetic Susceptibility Weighted

PK. Jella, “*'Y. Chen, ““'W. Tu,

ABSTRACT

S. Makam,

Imaging

S. Beckius, ““'E. Hamtaei, ““’C.C.-T. Hsu, and ““’E.M. Haacke

SUMMARY: Visualization of the optic radiations is of clinical importance for diagnosing many diseases and depicting their anatomic

structures for neurosurgical interventions. In this study, we quantify proton density, T1, T2*, and susceptibility of the optic radiation

fiber bundles in a series of 10 healthy control participants using strategically acquired gradient echo imaging. Furthermore, we intro-

duce a novel means to enhance the contrast of the optic radiations using diamagnetic susceptibility weighted imaging.

ABBREVIATIONS: dswWI = diamagnetic susceptibility weighted imaging; ESS = external sagittal striatum; ISS = internal sagittal striatum; OR = optic radia-
tion; STAGE = strategically acquired gradient echo; TAP = tapetum; HPF = high-pass-filtered; QSM = quantitative susceptibility map; PD = proton density

S ome pathologies may benefit from studying the tissue proper-
ties of the optic radiations (ORs). The ORs are a common site
for chronic small-vessel ischemic changes, especially in older
adults." Periventricular demyelinating plaques in multiple sclerosis
also have a propensity to involve the ORs.> Wallerian degeneration
of the OR fibers can occur from a wide range of injuries to the vis-
ual pathway such as traumatic optic neuropathy,” compressive
optic neuropathy, degeneration of the ORs in patients with glau-
coma, restricted blood supply of the optic nerve followed by ische-
mic infarction, and various postoperative visual deficits. Infarcts in
both middle and posterior cerebral artery territories can cause
injury to the ORs, causing homonymous hemianopia. Finally, pre-
operative localization of the ORs can be important to ensure the
ORs are not affected during neurosurgical procedures.*

Knowledge of the tissue properties of each structure is impor-
tant to image the 3 bundles of the ORs (external sagittal striatum
[ESS], internal sagittal striatum [ISS], and tapetum [TAP]) with
adequate contrast. Therefore, we proposed using strategically
acquired gradient echo (STAGE) imaging as a means to collect
qualitative and quantitative information to study the tissue proper-
ties of the ORs.” STAGE uses 2 contiguous double-echo gradient-
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echo sequences with differing flip angles. STAGE provides a variety
of different contrasts, including T1, proton density (PD), quantita-
tive susceptibility map (QSM), and R2* maps. Finally, we propose
using diamagnetic susceptibility weighted imaging (dSWI) to fur-
ther improve visualization of the OR.

MATERIALS AND METHODS

All participants signed consent forms approved by the local insti-
tutional review board. Data were collected on a 3T scanner
(Verio; Siemens) using a 32-channel head coil. STAGE imaging
was used to acquire the data (imaging parameters are given in a
previous work).”> Briefly, we used TR = 25 ms, flip angles = 6°
and 24°, TEs = 7.5 and 17.5 ms, bandwidth = 270 Hz/pixel, and
resolution = 0.67 x 0.67 x 2 mm’. With a parallel imaging accel-
eration factor of 2, STAGE acquisition time was 7 minutes each
for these 2 high-resolution scans. They were repeated 3 times, co-
registered using SPM,® averaged to increase the signal-to-noise
ratio, and processed using software described previously.” In
addition, instead of using a positive phase mask from the phase,”
we generated dSWI data using a negative phase mask. The follow-
ing 8 images were evaluated: T2* PD-weighted (the B1 field varia-
tion corrected second echo magnitude of the low flip angle scan),
PD map, T1 map, R2* map, pure-PD map (T2*-corrected PD
map), high-pass-filtered (HPF) phase, dSWI, and QSM. The
images were reviewed throughout the OR bundles over roughly
10-15 slices using SPIN software (SpinTech). Slices that demon-
strated the best contrast and most uniform signals were used.
Given the narrow width of the OR bundles and adjacent bands of
WM, for quantification purposes, a line was drawn down the
middle of the bundles for ESS, ISS, TAP, and outer and inner
WM. Mean and standard deviation were calculated for each layer.
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The PD values were normalized to the outer WM regions. These
measurements were calculated for both the right and left ORs
and averaged.

RESULTS

Ten healthy volunteers were imaged (mean age, 28.7 * 5.3 years;
range, 20-37 years; 6 female). The 3 bundles of the ORs can be
seen clearly in the Figure, D-F. Each image type revealed a differ-
ent contrast mechanism. 1) On the R2* map, the ESS is part of
the bright band that appears to cover all 3 bundles. The 2 dark
bands abutting each side of the ORs represent adjacent

subcortical WM. There are occasional medullary veins imaged
orthogonal to the long axis of the OR. These appear as white
bands on R2* and HPF images (Figure A, F) and dark bands
on the dSWT and T2* PD-weighted images (Figure D, E) cutting
across the 5 bundles. 2) On the QSM and HPF phase images
(Figure C, F), the ESS is the darkest band. Often the ISS and TAP
cannot be identified clearly on these 2 images, and the medullary
veins appear bright. 3) On the PD map, the 5 layers (WM, ESS, ISS,
TAP, and WM) can be identified with the 3 OR bundles appearing
as “dark-bright-dark” bands in the images as “ESS-ISS-TAP.” The
adjacent subcortical WM is the 2 white bands outside the ESS and
lateral to the tapetum. 4) On the T1 map and pure-PD map images,
only the dark band representing ESS can
be seen. Finally, 5) the dSWI and T2*
PD-weighted images showed the best
contrast depicting all 5 layers (Figure D,
E). The dSWI provided the highest con-
trast between the 5 layers with the ESS
being highlighted because of the intrinsic
diamagnetic nature of the fiber bundles.
Our data show that tissues with the
highest PD have the highest T1, lowest
R2%, and susceptibility close to zero
(Table). On the other hand, the most
negative PD tissues (the ESS and tape-
tum) have the lowest TI, highest
R2*, and most negative susceptibility
(Table). Specifically, the WM had the
highest T1 of 864.3 = 23.4 (ms), the low-
est R2* 0f20.1 = 1.3 (s "), and a suscep-
tibility of —3.1 = 11.3ppb (effectively
zero). The 3 bundles of the ORs showed
relative PD about 0.911, T1 of about 784
ms, and R2* values of about 28/s. All of
these are significantly different from
WM (P<.001 for 1-way ANOVA fol-
lowed by the Tukey-Kramer post hoc
test).

FIGURE. Example images used for evaluating the ORs from a representative case (a 32-year-old

woman). A, R2* map. B, Tl map. C, QSM. D, dSWI. E, T2*-PD-weighted image. F, HPF phase image.
The T2*-PD-weighted and dSWI show the best contrast for visualizing the ORs, in which the ESS
and TAP (black arrows 2 and 4) and the ISS (arrow 3) can be identified. In D and E, one can see 5
bundles: the outer WM layer (arrow 1), the ESS (arrow 2), the ISS (arrow 3), the TAP (arrow 4), and
the inner WM (arrow 5) layer. Also, for the T2*-PD-weighted (E), R2* (A), dSWI (D), and HPF phase
data (F), there is evidence of veins cutting across the 5 bundles (arrow 6).

DISCUSSION AND
CONCLUSIONS

In this work, the MR tissue properties
of the layers of the OR bundles and
the adjacent WM were quantitively

Averaged results over all 10 participants showing the quantitative tissue properties of the 3 bundles of the ORs compared with ad-

jacent WM
R2*(I/s)  QSM (ppb)  Phase (SPU) T (ms) PDmap™* dswi* T2* PDW * Pure PD*

Mean = SD Mean = SD Mean = SD Mean = SD nMean *= nSD nMean = nSD nMean = nSD nMean * nSD
WM  201%13 —31*£13 321 £ 268 8643 *+ 234 1 1 1 1
ESS 298 16 —422 =101 —1589 =328 7803 * 233 0.889 *+ 0.017 0.725 + 0.034 0.841 = 0.022 0.928 = 0.023
ISS 265+ 1.6 —183£87 —39.6 =285 7912 + 257 0.925 + 0.017 0.859 * 0.031 0.89 = 0.023 0.958 = 0.024
TAP 272 *+17 —19.6 =95 =573 *£321 7794 * 224 0.919 * 0.018 0.834 = 0.031 0.878 = 0.024 0.954 = 0.024
WM 203 *24 —0.8 £ 121 221+ 424 870.6 = 379 0.988 * 0.024 0.99 = 0.04 1.005 £ 0.035 0.998 = 0.027

Note:—The © sign indicates that these values were normalized to adjacent WM values. Mean and standard deviation (SD) are given for each structure and each image

type. The standard error of the mean can be obtained by dividing each SD by sqrt(10).

Phase is represented in Siemens phase units (SPU) ranging from —4096 to 4096 (—r to r radians). To convert phase to radians, multiply the phase value with 7,/4096.
nMean indicates normalized mean; nSD = normalized standard deviation; PDW, PD-weighted.
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analyzed using STAGE. We found that T1 and R2* for different
tissues behave as expected relative to water content with the highest
PD tissues having the highest T'1, lowest R2* and close to zero sus-
ceptibility and the lowest PD tissues having the lowest T1 and high-
est R2*. As expected, the diamagnetic fiber tracts, especially the
ESS, which has the highest density of fibers, had the most negative
susceptibility. Using the T2*-PD-weighted image along with SWI
processing for diamagnetic structures, the best contrast was shown
for the dSWT data. Although the OR bundles have been difficult to
differentiate on conventional MR imaging, we have shown here
that SWI and dSWI can exquisitely delineate the separate layers of
the OR bundles based on their differences in susceptibility (Fig).>*

Compared with its neighboring fiber bundles, the ESS is the
richest in myelin, demonstrating both the largest axons and thickest
myelin sheaths.” It is usually the easiest to visualize, but the ISS and
TAP are often difficult to visualize. Not only does the diamagnetic
susceptibility of the ESS help enhance its contrast, but it can also be
used to predict the increase in R2*. Recent works have shown that
changes in R2* (1/s) are roughly one-eighth changes in susceptibil-
ity (given in parts per billion) at 3T.'° With a change of roughly
30 ppb relative to WM in the ESS, this would predict a change of
roughly 4/s in R2*, very close to the 5/s seen in our data. One could
imagine using dSWT as a means to guide or constrain the fiber
tracking in diffusion tensor imaging for the ORs."'

There are several limitations to this study. First, the sample
size is small and does not capture the potential alterations in tis-
sue properties with age. Second, higher resolution imaging could
provide even better definition of the different layers of the ORs
but requires longer scanning time.

In summary, whereas STAGE is best suited to quantify the tissue
properties and delineate the OR bundles, dSWI provides high-con-
trast images of the ORs and the surrounding subcortical WM layers.
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Dural Venous Sinus Stenosis: Why Distinguishing Intrinsic-
versus-Extrinsic Stenosis Matters

S.H. Sundararajan, “’A.D. Ramos, ““'V. Kishore, ““’M. Michael, “*'R. Doustaly, ““'F. DeRusso, and “*'A. Patsalides

§ O=

ABSTRACT

BACKGROUND AND PURPOSE: Dural venous sinus stenosis has been associated with idiopathic intracranial hypertension and iso-
lated venous pulsatile tinnitus. However, the utility of characterizing stenosis as intrinsic or extrinsic remains indeterminate. The
aim of this retrospective study was to review preprocedural imaging of patients with symptomatic idiopathic intracranial hyperten-
sion and pulsatile tinnitus, classify the stenosis, and assess a trend between stenosis type and clinical presentation while reviewing
the frequencies of other frequently seen imaging findings in these conditions.

MATERIALS AND METHODS: MRVs of 115 patients with idiopathic intracranial hypertension and 43 patients with pulsatile tinnitus
before venous sinus stent placement were reviewed. Parameters recorded included the following: intrinsic or extrinsic stenosis, promi-
nent emissary veins, optic nerve tortuosity, cephalocele, sella appearance, poststenotic fusiform enlargement versus saccular venous an-
eurysm, and internal jugular bulb diverticula. y? cross-tabulation statistics were calculated and recorded for all data.

RESULTS: Most patients with idiopathic intracranial hypertension (75 of 115 sinuses, 65%) had extrinsic stenosis, and most patients
with pulsatile tinnitus (37 of 45 sinuses, 82%) had intrinsic stenosis. Marked optic nerve tortuosity was more common in idiopathic
intracranial hypertension. Cephaloceles were rare in both cohorts, with an increased trend toward the presence in idiopathic intra-
cranial hypertension. Empty sellas were more common in idiopathic intracranial hypertension. Cerebellar tonsils were similarly
located at the foramen magnum level in both cohorts. Saccular venous aneurysms were more common in pulsatile tinnitus.
Internal jugular bulb diverticula were similarly common in both cohorts.

CONCLUSIONS: In this cohort, most patients with idiopathic intracranial hypertension had extrinsic stenosis, and most patients
with pulsatile tinnitus had intrinsic stenosis. Awareness and reporting of these subtypes may reduce the underrecognition of
potential contributory stenoses in a given patient’s idiopathic intracranial hypertension or pulsatile tinnitus.

diopathic intracranial hypertension has undergone several
name changes since the 1890s, previously referred to pseudotu-
mor cerebri, followed by benign intracranial hypertension, and,
most recently, idiopathic intracranial hypertension. While the
term “idiopathic” is used to describe this pathology, there has
been continued emergence of research pointing to idiopathic
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intracranial hypertension stemming from a neurovascular etiol-
ogy. The redistribution pathway of CSF involves absorption from
brain and spinal subarachnoid spaces into the systemic circula-
tion via arachnoid granulations located within the walls of the
dural venous sinuses. Thus, blockage or severe stenoses of the
dural venous sinuses responsible for draining intracranial venous
circulation has the potential to limit CSF re-absorption, therefore
leading to gradual intracranial CSF buildup with subsequent ele-
vations of intracranial pressure and resultant symptomology as
reported in the literature.'™

Although pulsatile tinnitus has been associated with idiopathic
intracranial hypertension, its unique manifestation in either the set-
ting of idiopathic intracranial hypertension or in isolation remains
a clinical enigma. This vascular somatosound has been reported in
the setting of venous sinus stenosis, lateral sinus wall dehiscence
with associated venous sinus aneurysms, and prominent collateral
circulation via mastoid, condylar, or occipital emissary veins.>®

Dural venous sinus stenosis can be characterized as either
intrinsic or extrinsic stenosis. Intrinsic stenosis refers to internal
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FIG 1. A, Axial postcontrast MRV demonstrating extrinsic stenosis from the overlying cerebellum
(short white arrow). B, Contrast-enhanced 3D-MRV image shows poststenotic sigmoid sinus
enlargement (curved white arrow). C, Accompanying lateral venography confirms stenosis
(white arrow) and sinus enlargement (curved white arrow) seen on the corresponding MRV. D,
Separate axial postcontrast MRV shows intrinsic stenosis from arachnoid granulations (black
arrow). E, A coronal postcontrast MRV sequence shows lateral sinus dehiscence with a venous
aneurysm (curved black arrow). F, Accompanying frontal venography confirms stenosis (short
black arrow) and a saccular aneurysm (curved black arrow) seen on the corresponding MRV.

FIG 2. A, 2-Click automatic vessel analysis start point selection in the sigmoid sinus (short
arrow). B, 2-Click automatic vessel analysis end point selection (short arrow) in the superior sag-
ittal sinus (long arrow). C, 3D volume-rendered vessel segmentation. D, Lumen view shows the

straightened vessel segmentation.

filling defects such as prominent arachnoid granulations that nar-
row the sinus. Extrinsic stenosis involves external compression of
the sinus by adjacent brain parenchyma.”® Despite the overlap of
venous sinus stenosis in both idiopathic intracranial hypertension
and isolated pulsatile tinnitus of venous etiology, the type of stenosis
is seldom distinguished in clinical practice despite a pre-existing
classification schema in the literature. The purpose of this study
was to review preprocedural imaging of treated patients with symp-
tomatic idiopathic intracranial hypertension and pulsatile tinnitus
in our institution and classify the stenosis to assess the presence or
absence of a trend between stenosis type and clinical presentation.

MATERIALS AND METHODS
Following institutional review board (Weill Cornell Medicine)
approval, a retrospective review of patients treated with venous

sinus stent placement from January
2012 to January 2020 was performed.
certified

in consensus,

Two neuroradiologists
MRV  head

imaging performed within 3 months of a

reviewed,

planned intervention and conventional
venography performed at the time of the
subsequent intervention. All institu-
tional MRV examinations were per-
formed on 3T units (Magnetom Skyra;
Siemens; and Signa Architect; GE
Healthcare) 2D-TOF,
sagittal 3D phase contrast, and 3D

with  coronal

thin-section T1 pre- and postcontrast
sequences (echo-spoiled gradient echo or
MPRAGE). Contrast-enhanced sequen-
ces were acquired following weight-based
intravenous administration of gadobutrol
(Gadavist; Bayer Schering Pharma).
Classification schemas were imple-
mented for all recorded imaging find-
ings to allow the objective recording
of parameters and subsequent data
evaluation. y? cross-tabulation statis-
tics were calculated and recorded for
all data, with an « of .05 used for all
computations.

Patients were categorized into the idi-
opathic intracranial hypertension and iso-
lated venous pulsatile tinnitus cohorts
before planned interventions. Eligibility for
idiopathic intracranial hypertension cohort
categorization required a diagnosis of idio-
pathic intracranial hypertension as per
pre-established criteria, including a lumbar
puncture opening pressure of =25 cm
H,0 in the left lateral decubitus position
and preprocedural clinical evaluation for
papilledema by an ophthalmologist.®

Categorization into the pulsatile tin-
nitus cohort consisted of several strict
criteria. Patients with clinical findings consistent with pulsatile
tinnitus from a venous origin and imaging findings of lateral ve-
nous sinus stenosis of at least 50% either ipsilateral to the pulsatile
tinnitus or within the dominant sinus were included in the pulsa-
tile tinnitus cohort. Patients with causes of pulsatile tinnitus other
than lateral sinus stenosis were excluded. An otorhinolaryngolo-
gist evaluated all patients within 6 months of planned interven-
tions. Patients with otologic disorders, nonpulsatile tinnitus, or
spontaneous CSF leak were excluded. Similarly, an ophthalmolo-
gist evaluated all patients within 6 months of planned interven-
tions. The presence of papilledema of any degree was considered
an exclusion criterion. Patients with venous pulsatile tinnitus
symptomology yet with opening pressure of 25 cm H,0 or higher
were excluded from the pulsatile tinnitus cohort and instead were
included in the idiopathic intracranial hypertension cohort.
Patients with opening pressure between 20 and 24 cm H,0 were
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FIG 3. Objective parameters implemented in recording corollary findings of both idiopathic in-
tracranial hypertension and pulsatile tinnitus cohorts. A, Marked optic nerve tortuosity, with
>50% of optic sheath width deviation noted relative to its expected straight path along the
optic canal (white arrows). Bilateral = 5-mm internal jugular bulb diverticula, as seen on MRV (B)
and catheter venography (C) images (curved white arrows). D, Cerebellar tonsil projecting 1-
3mm below the foramen magnum, referred to as ectopia (black arrow). E, Empty sella recorded
if there is >75% loss of pituitary height (curved black arrow). F, Coronal T2 MR imaging demon-
strates a left temporal lobe cephalocele through the tegmen tympani (arrowhead) and CSF in
mastoid air cells (star).

FIG 4. Contrast-enhanced MRV images (A, B, and C) highlighting features of the emissary veins
categorized in this study. A, A condylar vein is seen arising from the internal jugular vein bulb
extending through the condylar canal (arrowhead). B, A mastoid emissary vein is seen arising
from the sigmoid sinus traversing the mastoid foramen (star). C, An occipital emissary vein is
seen arising from the torcula extending through the calvaria (asterisk). Conventional venography
frontal (D) and lateral (E) images showcase the 3 emissary vein types categorized in this study.
The condylar vein (arrowhead) extends inferiorly toward the vertebral plexus. The mastoid em-
issary vein (star) extends posteriorly and inferiorly to join the suboccipital plexus and external
jugular vein. The occipital emissary vein (asterisk) drains inferiorly into the suboccipital plexus.
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initially medically managed with acet-
azolamide for 4 weeks with subsequent
inclusion in the pulsatile tinnitus cohort
if there was no major improvement of
pulsatile tinnitus. The severity of pulsa-
tile tinnitus was assessed with a stan-
dardized questionnaire, the Tinnitus
Handicap Inventory.” A minimum score
of 38, consistent with moderate severity,
was required for inclusion in the pulsa-
tile tinnitus cohort.

All venous sinus stenoses included
were considered severe at the time of
initial and retrospective study review.
The location and type of stenosis were
recorded on the basis of findings made
from MRV examinations. However,
because all cohort patients underwent
venous sinus stent placement, conven-
tional venography images were available
for review and useful in corrobora-
ting the stenosis subtype characterized
on MRV. Stenosis lengths were not
recorded. Stenosis caused by intralumi-
nal processes such as prominent arach-
noid granulations were classified as
intrinsic stenosis. Stenosis caused by com-
pression of the venous sinus from brain
parenchyma against the adjacent calvaria
was classified as extrinsic stenosis. In the
event of intrinsic stenoses preceding seg-
ments of extrinsic stenosis, the overall ste-
nosis was still categorized as extrinsic
stenosis. The presence of poststenotic dila-
tion of the lateral sinus was classified as
“fusiform” if it had the appearance of a
shallow, wide-neck aneurysm with a
25%-50% increase in size relative to its
expected diameter. The term “saccular”
was used if it had the appearance of a dis-
crete dome with the depth larger than the
neck dimensions. Examples of these find-
ings are shown in Fig 1.

Straight-vessel views and 3D recon-
structions of both TOF and contrast-
enhanced images were created and
reviewed to better characterize venous
sinus anatomy and stenosis, as shown in
Fig 2. The straightened vessel view was
achieved using 2-click automatic vessel
analysis (Vessel ASSIST; GE Health-
care). After the user selected the start
and end points in the sigmoid sinus and
superior sagittal sinus, the software
automatically tracked the vessel and
computed its centerline. The resulting
vessel segmentation could be displayed



Table 1: Idiopathic intracranial hypertension and pulsatile tinni-
tus cohort demographics

Idiopathic Intracranial Pulsatile
Demographic Hypertension Tinnitus
No. of patients 115 43
Age (yr) Mean =328 Mean = 38.1
Min=4 Min=20
Max = 66 Max = 67
No. of females 107 (90%) 41(95%)
No. of males 8 (10%) 2 (5%)
No. of sinuses: n5 45 sinuses®
Right 90 29
Left 25 16

Note:—Min indicates minimum; Max, maximum.
@Two patients were stented bilaterally.

Table 2: Breakdown of intrinsic and extrinsic stenosis relative
to the total number of sinuses and distribution of additional

corollary findings noted in the idiopathic intracranial hyper-

tension and pulsatile tinnitus cohorts®

Imaging Finding IIH PT
Stenosis type
Extrinsic stenosis 58 8
Mixed extrinsic and intrinsic 17 0
Intrinsic stenosis 40 37
Total 15 45

X P value = .001°
Saccular venous aneurysm

Yes 4 |l
No m 34
Total 15 45

x> P value =<.001
Sella appearance

Partially empty 49 18
Empty 61 15
Normal 5 1
NA (adenoma) 0 1
Total 115 45

X2 P value = .001
Optic nerve tortuosity

Minimal 46 31
Marked 69 14
Total 15 45

X P value = .001

Note:—NA indicates not applicable; IIH, idiopathic intracranial hypertension; PT,
pulsatile tinnitus.

2 x* cross-tabulation P values were calculated for each variable. Eighty-two per-
cent of pulsatile tinnitus sinuses had intrinsic stenosis, and 65% of idiopathic in-
tracranial hypertension sinuses had extrinsic stenosis (P value < .001). Statistically
significant differences were noted when comparing the distribution of optic nerve
tortuosity, sella appearance, and saccular aneurysm presence between the 2
groups (P values = .001).

® Extrinsic and mixed subgroups summed for y? calculation.

as a 3D volume-rendered model or a lumen view (D). The lumen
view is obtained by transforming the 3D vessel centerline into a
straight line and displaying the corresponding perpendicular
plane for each point on the line. For each position, minimum,
mean, and maximum diameters were automatically computed.
The other recorded imaging findings included the presence or
absence of prominent emissary veins, optic nerve tortuosity,
cephalocele, sella appearance, sinus enlargement versus aneu-
rysm, and internal jugular bulb diverticula as shown in Fig 3. The
presence of prominent emissary veins was initially detected on
MRV and corroborated on subsequent conventional venography.

Table 3: Continued breakdown of intrinsic and extrinsic steno-
sis relative to the total number of sinuses and distribution of

additional corollary findings noted in the idiopathic intracra-

nial hypertensin and pulsatile tinnitus cohorts®

Imaging Finding IIH PT

Internal jugular bulb diverticulum size
<5mm 47 26
=5mm 68 19
Total ns 45

x* P value=.053
Cerebellar tonsil location

Above 22 mn
At 54 23
Ectopia 35 Ll
Above (prior Chiari | surgery) 4 0
Total 115 45

x> P value= 522
Cephalocele presence

No 110 44
Yes 5 1
Total 15 45

x* Pvalue= 525
Emissary vein prominence

Condylar 52 19
Occipital and condylar 28 n
Mastoid 6 1
Mastoid and condylar 5 3
Occipital, condylar, and mastoid 1 2
None 23 9
Total 115 45

x> Pvalue=1

Note:—IIH indicates idiopathic intracranial hypertension; PT, pulsatile tinnitus.
?No significant differences were noted when comparing the distribution of inter-
nal jugular bulb diverticulum size, cerebellar tonsil location, cephalocele pres-
ence, or emissary vein prominence (P values = .053).

The 3 subtypes classified were condylar arising from the internal
jugular bulb, mastoid arising from the sigmoid sinus, and occipi-
tal arising from the torcula as shown in Fig 4.

Optic nerve tortuosity was evaluated on axial thin-section T1-
and T2-weighted images when available. Tortuosity was classified
as marked if the optic sheath width deviated >50% of its diame-
ter relative to its expected straight path from the optic canal and
minimal if <50% of its diameter. Cephaloceles were character-
ized as being either present or absent.

The degree of mass effect on the sella was graded in reference
to the noncompressed posterior pituitary gland relative to the
expected pituitary gland height in each case. The sella was charac-
terized as empty if >75% of pituitary parenchymal height was
lost on sagittal plane imaging and partially empty if anywhere
between 25% and 75% loss of pituitary height was identified. The
cerebellar tonsils were graded according to location on sagittal
plane imaging. ‘Above’ was used when both cerebellar tonsils
were above the foramen magnum, noting 4 separate patients with
prior Chari 1 surgical intervention were separately categorized.
‘At was used when one or both cerebellar tonsils were at the fora-
men magnum. ‘Ectopia’ was used when one or both cerebellar
tonsils were projecting below the foramen magnum by 1-3 mm.
Internal jugular bulb diverticula were evaluated on coronal plane
MRV imaging, with sizes graded according to height projecting
above a line drawn perpendicular to the distal sigmoid sinus
insertion into the internal jugular vein. Diverticula were

AINR Am J Neuroradiol 42:288-96 Feb 2021 www.ajnr.org 291



FIG 5. MR images showing extrinsic stenosis of the right transverse sinus. The short arrows point to right cerebellar parenchyma location, and
the long arrows points to the occipital calvaria location. A, An axial contrast-enhanced MRV image. B, A 3D reconstruction image. C, A straight-
vessel reformat of the right transverse-to-proximal sigmoid sinus from source contrast-enhanced axial images.

categorized as either being small (<5mm in height) or promi-
nent (=5 mm in height).

RESULTS
The imaging of 115 patients with idiopathic intracranial hyper-
tension (107 women; mean, 32.8 years age of age) and 43 with
pulsatile tinnitus (41 women; mean, 38.1years of age) who
underwent subsequent endovascular intervention was reviewed.
Forty-five sinuses were counted in the pulsatile tinnitus cohort
because 2 patients were bilaterally stented (Tables 1-3). Regardless
of the cohort, all patients with intrinsic stenosis had either a single
arachnoid granulation or a cluster of prominent arachnoid granu-
lations located at the transverse-sigmoid sinus junction. Similarly,
all patients with extrinsic stenosis in both cohorts were from over-
lying brain parenchyma extending from the transverse sinus to the
sigmoid sinus.

In both idiopathic intracranial hypertension and pulsatile tin-
nitus cohorts, most patients similarly had prominence of the

292 Sundararajan  Feb 2021 www.ajnr.org

emissary veins (P = 1). The 2 most commonly seen were condylar
and occipital subtypes. Marked optic nerve tortuosity was more
common in the idiopathic intracranial hypertension cohort com-
pared with the pulsatile tinnitus cohort (P=.001). Cephaloceles
were infrequently present in both cohorts, with an increased
trend toward their presence in the idiopathic intracranial hyper-
tension cohort relative to the pulsatile tinnitus cohort (P=.525).
Empty sellas were more common in the idiopathic intracranial
hypertension cohort compared with the pulsatile tinnitus cohort
(P < .001). Cerebellar tonsils were frequently located at the fora-
men magnum level in both cohorts (P =.522). Saccular aneurysms
were more common in the pulsatile tinnitus cohort relative to the
idiopathic intracranial hypertension cohort (P < .001). Internal
jugular bulb diverticula were similarly common in distribution
across both cohorts, regardless of <5 or =5mm size (P=.053).
Specifics regarding these findings are noted in Fig 4.

Seventy-five of 115 (65%) sinuses in the idiopathic intracra-
nial hypertension cohort had extrinsic stenosis related to



FIG 6. MR images showing intrinsic stenosis of the right transverse sinus. The short arrow points to a prominent arachnoid granulation situated
inside the sinus. A, An axial contrast-enhanced MRV image, B, A 3D reconstruction image. C, A straight-vessel reformat of the right transverse-
to-proximal sigmoid sinus from source contrast-enhanced axial images, noting orange shading of the arachnoid granulation and transparency of

the remaining dural venous sinus.

narrowing from adjacent parenchyma. Seventeen of these sinuses
were in patients with dominant extrinsic stenosis and superimposed
prominent arachnoid granulations flanking either end of the extrin-
sic stenosis. The remaining 58 sinuses had extrinsic stenosis alone.
Forty patients in the idiopathic intracranial hypertension cohort
(35%) had intrinsic stenosis related to arachnoid granulations.

Thirty-seven of 45 (82%) sinuses in the pulsatile tinnitus
cohort had intrinsic stenosis related to arachnoid granulations. In
the remaining 8 patients in the pulsatile tinnitus cohort, all 8
(18%) had extrinsic stenosis related to adjacent brain paren-
chyma. As noted above, 11 of 45 (24%) had saccular venous
aneurysms of the transverse/sigmoid junction. The remaining 34
of 45 (76%) had poststenotic fusiform sinus enlargement.

The proportion of patients with idiopathic intracranial hyper-
tension presenting with extrinsic stenosis relative to those with
pulsatile tinnitus presenting with intrinsic stenosis was a statisti-
cally significant difference (P value < .001). These results are
summarized in Tables 2 and 3.

DISCUSSION

In this cohort, review of neuroimaging demonstrated intrinsic
and extrinsic stenosis presence in the transverse sinus, transverse-
sigmoid sinus junction, and proximal sigmoid sinus in patients
with both idiopathic intracranial hypertension and isolated pulsa-
tile tinnitus clinical symptomology. Extrinsic and intrinsic sten-
oses alike were best detected on thin-section contrast-enhanced
axial MRV images, reconstructed straight-vessel views of the
affected dural venous sinus, and 3D reconstructions of either
TOF or contrast-enhanced MRV imaging (Figs 5 and 6). Within
the idiopathic intracranial hypertension cohort, 65% of the
sinuses had extrinsic stenosis about the margins of the transverse
and sigmoid sinuses. This finding is in contrast to the pulsatile
tinnitus cohort in which 82% of the sinuses had intrinsic stenosis
related to arachnoid granulations, noting that the presence or ab-
sence of superimposed webbing may contribute to stenosis as
well. The imaging features of webbing or intraluminal synechia
are ill-defined on cross-sectional imaging modalities, noting that
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FIG 7. Comparing TOF sagittal and coronal 3D reconstructions (A and B) and contrast-enhanced sagittal
and coronal 3D reconstructions (C and D) from MRYV in a patient with idiopathic intracranial hypertension.
Note how the TOF images show the patient’s physiologic venous drainage due to properties of TOF imag-
ing, showing only blood draining back to the patient’s heart (veins). Contrast-enhanced imaging, though
crisper, shows arteries and veins in the same image. B and D, Arrows point to severe extrinsic stenoses in
the bilateral transverse sinus—sigmoid sinus junctions, a common location for idiopathic intracranial hyper-
tension stenosis. Such short-segment severe stenoses appear to simulate the abrupt narrowing commonly
seen in short-segment intrinsic stenoses on these 3D reconstructions. However, review of source imaging
would demonstrate brain parenchymal narrowing rather than primary arachnoid granulations producing
the stenoses. HRP indicates head right posterior; PLH, posterior left head; RAF, right anterior foot; RA, right
anterior; FL, foot left; PL, posterior left; RFA, right foot anterior; LHP, left head posterior; LPH, left posterior
head; ARF, anterior right foot; AR, anterior right; FLA, foot left anterior; AF, anterior foot.

FIG 8. MR images demonstrating focal intrinsic stenosis just proximal to dominant extrinsic stenosis in this
patient with idiopathic intracranial hypertension. The short arrow in A demonstrates focal arachnoid gran-
ulation. The long arrows in B and C demonstrate a primary extrinsic stenosis pattern. Despite the mixed
presence of intrinsic and extrinsic stenoses, this was categorized as primary extrinsic stenosis. RHA indi-
cates right head anterior; PH, posterior head; LFP, left foot posterior; AF, anterior foot; AR, anterior right;
PL, posterior left; H, head; F, foot.

their presence can be detected with the use of intravascular ultra-
sound.'® However, in our experience, knowledge of the presence
or absence of webbing with an otherwise MR imaging-evident
stenosis produced by arachnoid granulation or brain parenchyma
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was not beneficial in proce-
dural planning. Thus, the use
of intravascular ultrasound
during venous sinus proce-
dures is no longer routinely
performed at our institution.
MRV  without

involves the use of TOF techni-

contrast

ques that image the flow of
blood in a specific direction,
therefore allowing its specificity
in looking at the venous system
rather than the arteries. TOF
allows a physiologic approxima-
tion of the dural venous sinus
caliber in relation to venous
flow through the sinus that can
better approximate the true
degree of stenosis in a given seg-
ment. By administering con-
trast, one can better characterize
a stenosis as the sinus lining and
can inspect luminal content
with a high special resolution
compared with flow-related
techniques alone. Contrast-
enhanced images also provide
the true sinus caliber relative to
surrounding calvarial demarca-
tions, an important distinction
compared with flow when
measuring for hardware sizes,
depending on the dural venous
sinus segment to be stented.
Volume-rendered and 3D
reconstructed images from
source TOF and contrast-
enhanced images were of
equal importance in demon-
strating a global understand-
ing of the type and location
of stenosis (Fig 7).1011
Confounders in the dichoto-
mous characterization of intrin-
sic-versus-extrinsic stenosis can
be seen. For instance, the degree
of extrinsic stenosis can be so
severe and short-segmented as
to remove the typically seen fea-
ture of extrinsic stenosis taper-
ing, giving a false appearance
of a rounded filling defect on
3D reconstructions (Fig 7).

However, source images would reveal an abrupt change in caliber
related to brain parenchyma and not primary intrinsic stenosis lead
points. One useful means of distinguishing severe extrinsic-versus-
intrinsic stenosis is the continuity of the stenosis in question.



Specifically, extrinsic stenosis is typically continuous in length
owing to its uniform brain parenchymal extension into the
sinus. In contrast, intrinsic stenosis may manifest as discon-
tinuous points of stenosis, depending on the distribution and
number of contributory arachnoid granulations.

Some patients may have features of both intrinsic and ex-
trinsic stenosis. This was seen in 17 of the patients in the idio-
pathic intracranial hypertension cohort, noting that such a
mixed appearance was not identified in any of the patients in
the pulsatile tinnitus cohort. All these cases had the appearance
of clustered arachnoid granulations located either proximal or
distal to the area of otherwise-prominent extrinsic stenosis.
Arachnoid granulations can demonstrate compensatory
enlargement to promote further reabsorption of CSF in the set-
ting of an underlying dural venous sinus stenosis.'> Thus, in
patients with arachnoid granulations about the margins of a
prominent sinus narrowing from overlying parenchyma, the
authors considered these sinuses as having overall extrinsic ste-
nosis (Fig 8).

The presence of internal jugular vein diverticula or promi-
nent emissary veins was uniformly distributed across both
cohorts, presumably related to pressure-induced vessel dilation
and collateral redistribution in the setting of stenosis. The
prominence of emissary veins may not be uniquely specific to
the diagnosis of idiopathic intracranial hypertension, given
their similar prominence in patients with both idiopathic intra-
cranial hypertension and isolated venous pulsatile tinnitus, as
previously reported with regard to the occipital emissary
vein."> In the pulsatile tinnitus cohort, management of the
underlying transstenotic gradient with stent placement alone
was sufficient in resolving patients’ tinnitus symptomology
without the need for additional internal jugular bulb diverticu-
lum or emissary vein embolization. Given the similar distribu-
tion of emissary vein prominence and internal jugular bulb
diverticula across both cohorts, the resolution of tinnitus fol-
lowing transstenotic gradient resolution adds support to stent
placement while avoiding unnecessary embolization of promi-
nent emissary veins, especially in the absence of an associated
saccular venous aneurysm. Nevertheless, in the authors’ expe-
rience, a subset of patients not included in this study in whom
the absence of a notable venous sinus stenosis or pressure gra-
dient was recorded demonstrated benefit from embolization of
such corollary findings if the side of pulsatile tinnitus corrobo-
rated with the side of the diverticulum or emissary vein.

Cerebellar tonsils were either at or slightly below the foramen
magnum level in a similar distribution across both cohorts. A
notably increased presence of marked optic nerve tortuosity,
empty sella, and cephalocele identification in the idiopathic intra-
cranial hypertension cohort relative to the pulsatile tinnitus
cohort suggests that these imaging manifestations are more spe-
cific to idiopathic intracranial hypertension rather than their inci-
dental presence in the setting of lateral sinus stenosis, as
previously reported with regard to the empty sella.'* Similarly, a
notably increased prevalence of saccular venous aneurysm in the
pulsatile tinnitus cohort relative to idiopathic intracranial hyper-
tension suggests that aneurysm formation may be more specific
to pulsatile tinnitus. Despite such trends, the overlapping of all

corollary findings assessed in this study between both cohorts
adds further credence to the notion that a clinical spectrum
between pulsatile tinnitus and idiopathic intracranial hyperten-
sion exists. On the basis of the results of this study, the authors
propose that the evaluation of stenosis subtype be considered a
similarly important diagnostic finding alongside the other corol-
lary imaging findings discussed in this study.

CONCLUSIONS

In this cohort, most patients with idiopathic intracranial
hypertension had extrinsic venous sinus stenosis, and most
patients with pulsatile tinnitus had intrinsic venous sinus ste-
nosis. The authors propose that the reporting of venous sinus
stenosis subtype as either intrinsic or extrinsic be considered
in standardized MRV reporting. Awareness and reporting of
these subtypes on diagnostic imaging may reduce underrec-
ognition of potentially symptomatic venous sinus stenoses.
This, in turn, may allow improved multidisciplinary discus-
sions and appropriately tailored management in patients with
idiopathic intracranial hypertension and pulsatile tinnitus,
accordingly.

Disclosures: Vaishnavi Kishore—UNRELATED: Employment: GE Healthcare.
Raphael Doustaly—UNRELATED: Employment: GE Healthcare. Athos Patsalides—
UNRELATED: Consultancy: MicroVention, Penumbra, money paid to Weill
Cornell Medical College.
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COMMENTARY

Cerebral Venous Wall Diseases: The Other Side of the Picture

raditionally, the attention of the neurovascular community

has been on the arterial system. Even when looking at venous
cerebral pathology, most attention has to date focused on cerebral
venous thrombosis. More recently, parallel developments in both
medical imaging and neurointerventional techniques have focused
more attention on the cerebral veins and venous sinuses. Our
knowledge of venous and arteriovenous physiology and pathology
is improving significantly, thanks to the anatomic and physiologic
data we are gleaning from both modern MR imaging techniques
and venous endovascular techniques. Despite this, however, our
knowledge of the cerebral venous physiology is still significantly
lacking compared with our grasp of the arterial system, meaning
that this represents a fascinating research avenue.

The discovery in the past decade of the glymphatic system has
cast new light on CSF clearance pathways in the brain and raised
intriguing new possibilities regarding diseases that have thus far
been called idiopathic.' > In recent years, many studies have dem-
onstrated that “idiopathic” stenoses could affect the dural sinuses
and can be associated with several clinical symptoms such as pul-
satile tinnitus (PT) or idiopathic intracranial hypertension
(ITH).*® This alone represents a major paradigm shift in neuro-
vascular diseases because the concept of “cerebral venous wall
disease” has hitherto not been well-addressed. Unlike the arteries
and veins, the dural sinuses are not surrounded by their own
“wall.” Instead, the venous blood of the dural sinuses is sur-
rounded by the dura mater. This thick envelope surrounds the
brain, the CSF spaces, and the venous blood. Far from being an
inert fibrous membrane, however, the dura is now recognized to
be a metabolically and immunologically active membrane, with
arteries, veins, and lymphatics.”® It also appears to be actively
involved in regulation of CSF clearance.”"°

Given these anatomic observations, the mechanisms of forma-
tion of venous sinuses are probably more complex than previously
suspected.!’ Although the relationships between intracranial pres-
sure (ICP) and transverse sinus stenoses (TSSs) has long been a

matter of debate,'**

we now realize that these stenoses may play
an intrinsic role in maintaining and/or triggering the so-called
vicious circle of ITH. The effectiveness of venous sinus stent place-
ment to relieve the symptoms related to ICP has probably been the
best proof of this theory."” Thus, TSSs lead to an increase in the cer-

ebral venous pressure, thereby interrupting the passive resorption

of CSF from the subarachnoid space to the venous blood of the
dural sinuses. However, the mechanisms of formation of these TSSs
are still poorly understood.

Accordingly, it is crucial that we improve our knowledge of ve-
nous sinus stenoses. With this in mind, Sundararajan et al'® provide
a very good radiologic observation of patients with symptomatic
TSSs. In one of the largest series published so far, they report that
most patients with ITH possessed extrinsic TSSs, and most patients
with PT were found to have intrinsic TSSs. Whereas an extrinsic
stenosis is usually defined as a long segment of sinus stenosis with-
out an endoluminal component, an intrinsic stenosis is usually
defined as the presence of one (or several) granulation projecting
into the sinus. Although the dichotomization of stenoses into these
types appears to have some relevance to clinical practice and to neu-
rointerventions,'” it is probably a crude approximation of the
underlying morphology of the stenosis. Indeed, many stenoses may
have both intrinsic and extrinsic components. Furthermore, some
patients may have an extrinsic stenosis on one side and an intrinsic
one on the other side. Despite these limitations, we believe that a
continuum between extrinsic and intrinsic stenoses seems to arise
over time, a supposition that is based on our clinical and radiologic
observations. Although both types of TSS seem to preferentially
affect overweight women, their clinical impact and morphology
seem to evolve with age."® Extrinsic stenoses are more commonly
diagnosed in younger patients, and ITH is by far the most common
primary clinical presentation in these patients. The severity and risk
of recurrence of ITH after venous sinus stent placement are signifi-
cantly higher in these patients than in older patients with intrinsic
stenoses. On the other hand, intrinsic stenoses are more frequently
observed in older patients who present with more benign ITH or
even with isolated pulsatile tinnitus.

Despite the limitations of this dichotomy, distinguishing
between extrinsic and intrinsic stenoses appears to be helpful in
clinical practice; it may represent the best we have for now. But
outside of these practical considerations, these observations should
prompt us to keep exploring the underlying pathophysiological
mechanisms of TSS and to improve our knowledge of the venous
physiology and better understand how it relates to CSF circulation.
We now have to go on the other side of the neurovascular picture,
keeping in mind that “All photos are accurate. None of them is the
truth” (Richard Avedon).
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Endovascular Recanalization of Symptomatic Nonacute
Intracranial Internal Carotid Artery Occlusion: Proposal of a
New Angiographic Classification

Z.R. Miao
O£.

F. Gao, “X. Sun, ““'X. Guo, “*'D. Li, “’G.D. Xu, and

ABSTRACT

BACKGROUND AND PURPOSE: The optimal treatment for symptomatic nonacute intracranial ICA occlusion is uncertain, and endo-
vascular recanalization remains a technical challenge. Our purpose was to report multicenter clinical results of endovascular recana-
lization for medically refractory, nonacute, intracranial ICA occlusion and to propose a new angiographic classification to explore
which subgroups of patients are most amenable to this treatment.

MATERIALS AND METHODS: From January 2015 to December 2019, thirty-six consecutive patients who underwent endovascular re-
canalization for refractory, nonacute, atherosclerotic intracranial ICA occlusion at 3 stroke centers were analyzed retrospectively.
The patients were divided into 3 types according to an angiographic classification. Rates of technical success, periprocedural com-
plications, and any stroke or death within 30 days along with follow-up results were evaluated.

RESULTS: The overall technical success rate was 80.6% (29/36), and the rate of any stroke or death within 30 days was 16.7% (6/36).
The recanalization success rate gradually decreased from type | to type Ill in the 3 classification groups (92.9%, 81.3%, and 50%,
P =.038), and the opposite was true of the perioperative complication rates (7.1%, 18.8%, and 50%, P =.038). Type | lesions showed
favorable recanalization effects, 92.9% technical success rates, and 7.1% perioperative complications.

CONCLUSIONS: Endovascular recanalization for nonacute atherosclerotic intracranial ICA occlusion is technically feasible, especially in
patients with type | lesions, and could offer an alternative option for patients with recurrent ischemic symptoms despite aggressive med-
ical therapy. The angiographic classification proposed is conducive to the selection of suitable patients and difficulty in grading.

ABBREVIATIONS: AcomA = anterior communicating artery; ILAO = intracranial large-artery occlusion; IQR = interquartile range; PcomA = posterior com-
municating artery

I ntracranial large-artery occlusion (ILAO) is a common cause of
ischemic stroke." Previous randomized studies have shown an
overwhelming benefit of endovascular therapy for selected
patients with acute ILAO during the extended 24-hour therapeu-
tic window.>* A subset of patients with ILAO can tolerate the ini-
tial acute occlusion and enter the nonacute phase (including
subacute-to-chronic occlusion). Studies have shown that a
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considerable number of these patients will continue to be at
higher risk for subsequent stroke despite aggressive medical ther-
apy.*® However, the optimal treatment for medically refractory,
nonacute ILAO remains unclear. Extracranial-intracranial artery
bypass surgery failed to prove benefit in preventing ischemic
attacks or stroke.”® Some small-sample case series studies have
reported that endovascular recanalization appeared to be feasible
and may be a promising therapeutic option.”'® However, there
was heterogeneity of outcomes and perioperative complications
for endovascular recanalization, and it is believed that there are
differences in the difficulty and risk at different sites of ILAO."
Endovascular recanalization for nonacute occlusion of the in-
tracranial vertebral artery, middle cerebral artery, and basilar ar-
tery has been reported in previous studies.''"* However, there
are few reports on endovascular recanalization for nonacute in-
tracranial intradural ICA occlusion.'* In this study, we retrospec-
tively analyzed 36 consecutive patients with nonacute intracranial
intradural ICA occlusion of presumed atherosclerotic etiology
who underwent endovascular recanalization at 3 comprehensive
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stroke centers (Department of Interventional Neuroradiology,
Beijing Tiantan Hospital; Department of Neurointervention, Dalian
Municipal Central Hospital; Department of Neurointervention,
Hebei General Hospital); we also propose a new angiographic
classification. The aim of the study was to explore the technical
feasibility and safety of endovascular recanalization and to pro-
vide a reference for the selection of patients and difficulty of
grading.

MATERIALS AND METHODS

Study Population

From January 2015 to December 2019, thirty-six consecutive
patients with symptomatic, nonacute, intracranial ICA occlusion
treated with endovascular recanalization at 3 comprehensive
stroke centers were reviewed. Twenty-four patients were men,
with an average age of 53.83 years (range, 41-75 years). In this
study, intracranial ICA occlusion was defined as occlusion
beyond the ophthalmic artery segment—that is, the intracranial
intradural segment including the ophthalmic artery segment and
the communicating segment according to the ICA classification

15 .
1."> Nonacute occlusion was defined

proposed by Bouthillier et a
as occlusion with a time window of >24 hours from the onset
(TIA or stroke). After intracranial ICA occlusion was diagnosed
by CTA or MRA, patients were treated with aggressive medical
therapy (dual-antiplatelet therapy plus statins and management
of risk factors).'® The patients were clinically observed and fol-
lowed up, and endovascular treatment was considered if they still
experienced recurrent TIAs or stroke related to an occluded ICA.
Informed consent for endovascular treatment was obtained from
all patients. Beijing Tiantan Hospital institutional review board
approved this retrospective study, and the requirement for
patient informed consent was waived for review of patient
records and images.

Inclusion Criteria

The inclusion criteria were as follows: 1) nonacute intracranial
ICA occlusion diagnosed by CTA or MRA and confirmed by
DSA; 2) recurrent TIA or stroke related to the occluded ICA de-
spite aggressive medical treatment; 3) preoperative CTP revealing
hypoperfusion in the occluded ICA territory;'” 4) a preoperative
mRS score of equal to or less than three; 5) >1 risk factor for ath-
erosclerosis (eg, hypertension, diabetes mellitus, hyperlipidemia,
coronary artery disease, and cigarette smoking); and 6) patient re-
fusal to undergo bypass surgery.

Exclusion Criteria

The exclusion criteria were as follows: 1) clinical, laboratory, or
imaging findings not suspicious for atherosclerotic lesions, such
as vasculitis, Moyamoya syndrome, arterial dissection; 2) a coex-
isting cardioembolic source (eg, atrial fibrillation, mitral stenosis,
prosthetic valve, Myocardial infarction within 6 weeks, intracar-
diac clot, ventricular aneurysm, and bacterial endocarditis); 3) a
concomitant intracranial aneurysm or any bleeding disorder; 4)
large infarct core, defined as an ASPECTS of <6 points; and 5)
life expectancy of <1 year due to other medical conditions.
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FIG 1. Schematic diagram for the angiographic classification of nona-
cute intracranial ICA occlusion. A, Type I: the intracranial ICA is
occluded, with an occlusion length of =10 mm and established collat-
eral filling to the distal intracranial ICA via the PcomA or AcomA. B,
Type II: the intracranial ICA is occluded, with an occlusion length of
>10 mm and established collateral filling to the distal intracranial ICA
via the AcomA or PcomA, C, Type llI: the intracranial ICA is occluded,
with an uncertain occlusion length or involving the middle MCA with
no established collateral filling to the distal intracranial ICA via the
PcomA or AcomA.

Angiographic Classification of Nonacute Intracranial ICA
Occlusion

Angiographic classification of intracranial ICA occlusion was
based on standard cerebral angiography, including the bilateral
internal carotid and vertebral arteries with sufficient contrast me-
dium and a prolonged run, which emphasizes opacification of the
posterior communicating artery (PcomA), anterior communicat-
ing artery (AcomA), or leptomeningeal collateral vessels. The
length of occlusion was determined by the distance between
proximal occlusion and the reconstruction of distal collateral ves-
sels, which was categorized as =10 or >10 mm.'® On the basis of
angiographic characteristics, intracranial ICA occlusion was di-
vided into the following 3 types (Fig 1).



FIG 2. A man with left-sided weakness for 15 days. A, DSA shows that
the right intracranial internal carotid artery is occluded, with an occlu-
sion length of =10 mm and established collateral filling to the distal
intracranial ICA via the PcomA (type I). B and C, Under dual-roadmap
guidance, the microwire in combination with a microcatheter passes
through the occluded segment. D, Successful recanalization.

FIG 3. A man with right-sided weakness for 30 days, with increasingly
slurred speech for 10 days. A and B, DSA shows that the left intracra-
nial internal carotid artery is occluded, with an occlusion length of
>10 mm and established collateral filling to the distal right intracranial
ICA via the AcomA (type Il). C, Under dual-roadmap guidance, the
microwire, in combination with a microcatheter, passes through the
occluded segment. D, Successful recanalization.

FIG 4. A man with left-sided weakness for 20 days. A and B, DSA
shows that the right intracranial internal carotid artery is occluded,
with uncertain occlusion length and no established collateral filling
to the distal right intracranial ICA via the AcomA or PcomA (type Ill).
C, The microwire, in combination with a microcatheter, passes through
the occluded segment. D, Successful recanalization.

e Type I (Figs 1A and 2): The intracranial ICA is occluded, with
an occlusion length of =10 mm and established collateral fill-
ing to the distal intracranial ICA via the PcomA or AcomA.

e Type II (Figs 1B and 3): The intracranial ICA is occluded, with
an occlusion length of >10 mm and established collateral filling
to the distal intracranial ICA via the AcomA or PcomA.

e Type III (Figs 1C and 4): The intracranial ICA is occluded,
with an uncertain occlusion length or involving the MCA and
no established collateral filling to the distal intracranial ICA
via the PcomA or AcomA.

Endovascular Recanalization Procedure

All procedures were performed with the patient under general
anesthesia. After we placed the sheath introducer, heparin was
administered intravenously to keep the activated clotting time
between 200 and 300seconds. A 6F guiding catheter was
advanced into the cervical segment of the ICA.

For type I and II lesions with a patent PcomA or AcomA, we
used dual-roadmap guidance with simultaneous 2-vessel injec-
tions to map the course of the occlusion site (Figs 2 and 3). The
microwire (Synchro, Stryker Neurovascular; Transend EX 014/
205 soft tip, Stryker) was used in combination with a microcath-
eter (Echelon-10, Medtronic; Excelsior SL-10, Stryker) to care-
fully pass through the occluded segment. If the attempts were
repeated and the microwire and microcatheter could not pass
the occluded segment and enter the distal true lumen, the proce-
dure was stopped. If the microwire was successfully steered
through the occluded segment, then microcatheter injection con-
firmed the position distal to occlusion in the distal true lumen.
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Table 1: Baseline characteristics

Overall (n = 36) Type | (n =14) Type Il (n =16) Typelll (n=6) P Value

Mean age (yr) 53.83 [SD, 10.47] 55.57 [SD, 7.98] 5231[SD, 1178] 53.83 [SD, 13.01] 708
Men (No.) (%) 24 (66.7) 10 (71.4) 1 (68.8) 3(50.0) 722
Risk factors (No.) (%)

Diabetes mellitus 1336]) 6 (42.9) 4(25.0) 3 (50.0) 469

Hypertension 26 (72.2) 1(78.6) 1 (68.8) 4(66.7) 789

Hyperlipidemia 6(16.7) 3(214) 3(18.8) 0 708

Cardiac disease 3(83) 1(7.) 2 (12.5) 0 1

Smoking 14 (38.9) 6 (42.9) 7 (43.8) 1(16.7) 541
Qualifying event (No.) (%)

Recurrent stroke 33(917) 1(78.6) 16 (100.0) 6 (100.0) 7

Recurrent TIA 3(83) 3(214) 0 0

Imaging occlusion-to-recanalization time
(median) (IQR) (day)

Last symptom-to-recanalization time
(median) (IQR) (day)

Preoperative NIHSS score (median) (IQR)

Preoperative mRS score (median) (IQR)

45.00 (30.50-68.50)
14.00 (10.00-17.75)

2.00 (2.00-4.00)
2.00 (1.00-3.00)

52.50 (32.00-90.00) 41.00 (30.00-60.00)
13.50 (10.00-20.25)

2.00 (1.00—4.00)
1,00 (100-2.00)

54.50 (19.50-90.00) .387
13.00 (10.00-17.75)  14.50 (13.25-17.00) 72

2.00 (2.00-4.00)
2.00 (1.00-2.00)

2.00 (1.75-4.00) 266
2.00 (1.00-3.00) 317

Subsequently, an exchange-length microwire (Transend ES 014/
300 Floppy; Stryker) was placed in the appropriate anchoring
position, and the microcatheter was removed. A 2- to 2.5-mm
Gateway angioplasty balloon (Stryker) was advanced to predilate
the lesion. On the basis of measurement of the proximal and dis-
tal diameters as well as the length of the occluded segment after
balloon dilation, a self-expandable stent (Wingspan stent,
Stryker; Neuroform EZ, Stryker; or Enterprise, Codman &
Shurtleff) was introduced and deployed according to the
operator’s preference.

Postoperative angiography was performed to confirm the pat-
ency. Successful revascularization was defined as a modified TICI
grade 3 antegrade flow and residual stenosis of =50%. Brain CT
immediately after the operation was performed to rule out intra-
cranial hemorrhage. Then, all patients were typically monitored
in Neurocritical Care Units for 24 hours postprocedure with a
goal of systolic blood pressure within 20 mmHg Torr of the
patient’s baseline blood pressure to reduce the risk of reperfusion
hemorrhage."

Combination treatment with oral aspirin (100 mg) and clopi-
dogrel (75 mg) was started at least 5 days before the endovascular
procedure. Thromboelastography was used to evaluate platelet
reactivity.20 No aspirin resistance was observed, and the 6
patients who showed clopidogrel resistance were treated with
ticagrelor, 90 mg twice a day. Dual-antiplatelet therapy was main-
tained for 6 months, with life-long aspirin or clopidogrel mono-
therapy maintained thereafter.

Data Collection and Follow-Up

Cases were identified through a search of prospectively acquired
endovascular databases of 3 comprehensive stroke centers. We
collected the following baseline and treatment variables: demo-
graphic, clinical, procedural, imaging, and follow-up data. All
image assessments were performed by 2 independent neuroradiol-
ogists, and discrepancies were resolved by consensus. Restenosis
was defined as >50% stenosis within the implanted stent and
>20% absolute luminal loss on CTA or DSA.*!
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Statistical Analysis

All normally distributed continuous quantitative variables were
expressed as means [SDs]; nonnormally distributed continuous
variables, as median and interquartile range; and categoric varia-
bles, as proportions. Comparisons between groups were per-
formed using the Student ¢ test or the approximate y? test when
the variances of comparison between groups were quite different.
The comparison among the 3 groups was performed using the x*
test for trend. Differences were considered statistically significant
with P = .05. All statistical analyses were performed with SPSS
25.0 (IBM).

RESULTS

Baseline Characteristics

All 36 patients underwent endovascular recanalization for symp-
tomatic, nonacute, intracranial ICA occlusion. The median time
from last symptom onset to endovascular treatment was 14 days
(interquartile range [IQR] = 10.00-17.75 days). These patients
were classified into 3 types according to the angiographic classifi-
cation. There was no significant difference in the patients’ demo-
graphic characteristics, risk factors, or clinical characteristics. See
Table 1 for the detailed baseline information.

Perioperative Outcome

The overall technical success rate was 80.6% (29/36). The periop-
erative complication rate was 19.4% (7/36), and the overall rate of
stroke or death within 30 days was 16.7% (6/36). The recanaliza-
tion success rate gradually decreased from type I to type III in the
3 classification groups (92.9%, 81.3%, and 50%; P = .038), and the
opposite was true of the overall perioperative complication rates
(7.1%, 18.8%, and 50%, P =.038). Table 2 presents the detailed
clinical and angiographic outcomes. Two patients experienced
vessel perforation with subarachnoid hemorrhage during
attempts to traverse the occluded segment with a microwire.
After coiling, 1 patient presented with a mild headache, which
was relieved 2 days later. The other patient had new neurologic
symptoms (NIHSS 5). Two patients had reperfusion hemorrhage



Table 2: Clinical and angiographic outcomes

Overall (n = 36) Type | (n =14) Type Il (n =16) Type lll (n = 6) P Value
Technical success (No.) (%) 29 (80.6) 13 (92.9) 13 (813) 3 (50.00) .038
Periprocedural complication (No.) (%) 7(19.4) 1(7.0) 3(18.8) 3 (50.00) .038
Perforation 2 (5.6) 0 0 2(33.3) .027
Dissection 2(5.6) 0 1(6.25) 1(16.7) 145
Thrombosis 1(2.8) 1(7]) 0 0 274
Reperfusion hemorrhage 2 (5.6) 0 2 (12.5) 0 654
Stroke within 30 days (No.) (%) 6(16.7) 1(7.0) 2 (12.5) 3 (50.00) .039
Ischemic stroke 2(5.6) 1(7]) 0 1(16.7) 654
Hemorrhagic stroke 4 (1) 0 2 (12.50) 2 (33.3) .034
Death within 30 days (No.) (%) 2 (5.6) 0 2 (12.5) 0 654
MRS score at 90 days (median) (IQR) 1.00 (1.00-2.00) 100 (0.00-2.00)  1.00 (1.00-2.00) 1.00 (1.00-2.00) 218
Clinical follow-up (median) (IQR) (mo) 12.00 (6.00-24.00)  9.00 (6.00-14.25)  24.00 (7.50-34.50)  9.00 (8.00-9.00) 267

Imaging follow-up (median) (IQR) (mo)
Stroke and death beyond 30 days (No.) (%)
Restenosis (No.) (%)

12.00 (3.00-12.00)
2/27 (7.40)
4/26 (15.38)

6.00 (3.00-12.00)
/12 (833)
1/11(9.09)

24.00 (6.00-24.00) .28
0/3 1
0/3

12.00 (3.00-12.00)
/12 (833)

3/12 (25.00) 757

3 and 4 hours after successful recanalization; their symptoms
deteriorated rapidly, and they died. Two patients underwent vas-
cular dissection, and the operation was terminated because the
guidewire could not pass through the occlusion to the distal vas-
cular true lumen. One patient had mild ischemic stroke (NIHSS
3) after the operation, and the other one was asymptomatic. One
patient experienced left-limb weakness (NIHSS 4) five days after
successful recanalization, and transcranial Doppler showed pat-
ency of the treated right ICA.

Follow-Up Outcome

The median clinical follow-up period was 12 months (IQR =
6.00-24.00). Stroke or death occurred at a rate of 7.4% (2/27) dur-
ing follow-up. One patient each experienced ipsilateral ischemic
stroke at 3 and 6 months after the operation, and CTA revealed
in-stent restenosis; the symptoms improved after drug and reha-
bilitation treatment (mRS 1). The median imaging follow-up pe-
riod was 12 months (IQR = 3.00-12.00 months). Four patients
(15.4%, 4/26) developed in-stent restenosis: Two were sympto-
matic, and the other 2 were asymptomatic.

DISCUSSION

In previous studies of intracranial ICA stenosis or occlusive dis-
eases, the intracranial ICA usually refers to the C2-C7 segment
(beyond the petrous segment).>>** When the primary occlusion
occurs at the proximal-to-ophthalmic artery orifice (C2-C5 seg-
ment), due to the lack of an ophthalmic artery outflow tract, it is
often accompanied by proximal blood flow stagnation or second-
ary thrombus extension involving the extracranial cervical ICA. In
this case, it is very difficult to identify the primary occlusion point
using angiography alone, and the occlusion is usually ambiguously
referred to as an ICA occlusion or cervical ICA occlusion. Previous
research by Lee et al** suggested that the difficulty and risk of
endovascular recanalization for ICA occlusion involving the intra-
dural segment were increased due to the difference in the anatomic
structures between the intradural and epidural segments.

In this study, we report, for the first time, the multicenter pre-
liminary results of endovascular recanalization for nonacute, in-
tracranial, intradural ICA occlusion. The results show that the
overall recanalization rate was 80.6% and the perioperative com-
plication rate was 19.4%. Patients with type I occlusions had

higher revascularization rates than those with type II or III occlu-
sions (92.9%, 81.3%, and 50%, respectively), and the opposite was
true of overall perioperative complication rates (7.1%, 18.8%, and
50%, respectively), which indicated that different patient selection
may lead to different recanalization outcomes.

When intracranial ICA occlusion occurs, the distal collateral
pathway mainly originates from the PcomA, AcomA, or leptome-
ningeal collateral vessels. The length of occlusion judged is
mainly based on the distance between the proximal occlusion
and reconstruction of distal collateral vessels, which may be lon-
ger than the true length of underlying atherosclerotic lesions.*® In
our study, the occlusion length of type I lesions was <10 mm,
which was equivalent to the length of type B stenosis according to
the classification of Mori et al."® In types II and III, when the pri-
mary occlusion was located in the ophthalmic artery segment, the
occlusion may extend beyond the PcomA due to hypoplasia or
absence of a PcomA.

Good reconstruction of distal collateral vessels is a favorable
factor for endovascular recanalization because it increases the vis-
ibility of distal vessels.*® Given the opening of the PcomA or
AcomA, for type I and type II lesions, the dual-roadmap tech-
nique can be used to inject contrast into the proximal and distal
vessels through the bilateral ICA or the ICA combined with the
vertebral artery at the same time so that these vessels can be
visualized simultaneously in roadmap mode. This procedure can
extrapolate the course of the occluded site, define the length of
the occlusion, and provide a “landing point” and distal vascular
navigation for the guidewire to pass through smoothly. In the
current series, type I lesions showed a high recanalization rate
(92.9%) and a low incidence of perioperative complications
(7.1%) because of the relatively short occlusion (=10 mm) and
good reconstruction of distal collateral vessels from the PcomA
or AcomA, which may be the best candidates for endovascular re-
canalization. Type II lesions were more difficult to recanalize
than type I lesions because of their longer occlusion length
(>10mm), but due to collateral reconstruction from the AcomA,
occlusions were still relatively limited between the origin of the
ophthalmic artery and the distal bifurcation of the ICA. Although
there was an acceptable success rate of recanalization (81.3%), it
was accompanied by a high perioperative complication rate
(18.8%). Therefore, for patients of type II lesion, endovascular
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therapy, as an alternative treatment for medically refractory
patients, needs to be comprehensively weigh the risks and bene-
fits in this group.

For type III lesions, this study showed a low recanalization
rate (50%) and a high incidence of perioperative complications
(50%). Because of involvement or absence of the AcomA or
PcomA, the uncertainty of occlusion length and course signifi-
cantly increased the operational risk of endovascular recanaliza-
tion. The incidence of operation-related complications such as
vascular perforation was significantly higher in type III, which
may suggest that endovascular recanalization should be per-
formed with caution in these patients. In fact, in type III, the dis-
tal collateral pathway mainly comes from the leptomeningeal
anastomosis between the middle and anterior cerebral arteries or
the posterior cerebral arteries, and angiography may show late
retrograde opacification of the distal MCA M1 trunk or M2-3
branches. According to different distal collateral reconstructions,
type III can be divided into subtypes a and b: In subtype a, retro-
grade filling of the distal collateral can be seen in the distal MCA
M1 trunk; in subtype b, retrograde filling of the distal collateral
can be seen only in the M2-3 branches. Because of the small sam-
ple size, we did not have separate statistics. Further study with a
larger case number is warranted.

Intracranial hemorrhagic complication, including subarach-
noid hemorrhage and parenchymal hematoma, can be caused by
microwire perforation, reperfusion injury, or hemorrhagic trans-
formation. The use of soft-tipped hydrophilic-coated microwires
and dual-roadmap guidance by experienced operators can help
reduce the incidence of operation-related complications such as
guidewire perforation. Reperfusion hemorrhage is still a poten-
tially devastating complication after recanalization. The fre-
quency of reperfusion hemorrhage has been reported to range
from 0.3% to 1.2% following carotid endarterectomy and 0.67%-—
2.3% following carotid stent placement in different series,””*®
though there are scant data on the risk following endovascu-
lar recanalization for nonacute intracranial occlusion.”'* Tn
the present study, we report that the incidence of reperfusion
hemorrhage was 5% (2/40) after endovascular recanalization
for nonacute, intracranial, intradural ICA occlusion. The
mechanism of reperfusion hemorrhage may be related to cer-
ebral autoregulation and blood-brain barrier damage caused
by long-term chronic ischemia, and it can be reduced by in-
tensive treatment of perioperative hypertension.*®

Another concern is thromboembolic complications. Secondary
thrombosis may occur proximal or distal to the ICA occlusion,
which may displace and cause distal embolism during endovascu-
lar recanalization. In this group, no thromboembolism occurred
during the operation, considering that it was related to the degree
of organization of secondary thrombosis. The stent was placed af-
ter balloon dilation to scaffold the occlusion; perioperative, dual-
antiplatelet therapy and intraoperative heparinization were helpful
in reducing the occurrence of thromboembolic events. It has been
reported in some cases that proximal balloon occlusion and a flow-
reversal device were used to prevent distal embolization.

The clinical symptoms of the patients in this group were rela-
tively mild, which may be mainly related to the following factors:
1) Some patients with large-core infarction and severe clinical
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symptoms were excluded; 2) in some patients with recurrent
stroke, the pattern of infarction was watershed infarction with mild
clinical symptoms; and 3) the median time from last ischemic
symptom onset to endovascular treatment was 14 days (IQR =
10.00-17.75), and some patients recovered somewhat before the
operation.

Our study has some limitations. First, this study was a retro-
spective study with a modest sample size, and further prospective
studies are needed to confirm the results. Second, the lack of
long-term follow-up imaging data in some patients may limit the
evaluation of the overall restenosis rate. Finally, this study lacked
a medically managed control arm, and it remains unknown
whether endovascular recanalization compares favorably with the
best medical therapies. However, before a controlled study, it is
important to carefully explore which subgroups of patients are
most amenable to endovascular treatment.

CONCLUSIONS

Endovascular recanalization for nonacute atherosclerotic, intra-
cranial, intradural ICA occlusion is technically feasible, especially
in patients with type I, and could offer an alternative option for
patients with recurrent ischemic symptoms despite aggressive
medical therapy. The angiographic classification proposed is con-
ducive to the selection of suitable patients and difficulty in grad-
ing. Endovascular recanalization of nonacute intracranial ICA
occlusion is still a high-risk procedure; therefore, selecting the
subgroup of patients who could benefit from this treatment is
critical.
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ORIGINAL RESEARCH
INTERVENTIONAL

Distal Vessel Imaging via Intra-arterial Flat Panel Detector
CTA during Mechanical Thrombectomy

T. Nozaki, ““’M. Noda, ““'T. Ishibashi, “’K. Otani, ““M. Kogiku, ““K. Abe, ““H. Kishi, and “*’A. Morita

ABSTRACT

BACKGROUND AND PURPOSE: Obtaining information on invisible vasculature distal to the occlusion site helps to deploy a stent re-
triever safely during mechanical thrombectomy for large-vessel occlusion. It is essential to reduce the amount of contrast used for
detecting the vessels distal to the occlusion site because acute ischemic stroke patients tend to have chronic kidney disease and
patients with severe chronic kidney disease are at an increased risk of contrast-associated acute kidney injury. We assessed whether ves-
sels distal to the occlusion site during acute ischemic stroke with large-vessel occlusion could be visualized on angiographic images using
flat panel detector CT acquired following intra-arterial diluted contrast injection, compared with MRA findings.

MATERIALS AND METHODS: Between May 2019 and January 2020, we enrolled 28 consecutive patients with large-vessel occlusions
of the anterior circulation eligible for mechanical thrombectomy following MR imaging. The patients underwent CBV imaging using
flat panel detector CT with an intra-arterial diluted contrast injection instead of intravenous injection. Flat panel detector CT angio-
graphic images reconstructed from the same dataset were evaluated for image quality, collateral status of the MCA territory, and
visualization of the vessels distal to the occlusion site. These findings were compared with MRA findings.

RESULTS: Twenty-two patients were retrospectively examined. Flat panel detector CT angiographic image quality in 20 patients
(91%) was excellent or good. The distal portion of the occluded vessel segment was visualized in 14 patients (70%), while the proxi-
mal portion of the segment adjacent to the occluded vessel in 3 (15%) was visualized. No visualization was observed in only 1
patient (5%) with no collateral supply. Flat panel detector CT angiographic images were shown to evaluate vessels distal to the
occlusion site more accurately than MRA.

CONCLUSIONS: In acute ischemic stroke with large-vessel occlusion, flat panel detector CT angiographic images could successfully
visualize vessels distal to the occlusion site with a small amount of contrast material.

ABBREVIATIONS: AIS = acute ischemic stroke; cICA = cervical ICA; FPD = flat panel detector; ICA-T = ICA terminal; LVO = large-vessel occlusion; MT =
mechanical thrombectomy

M echanical thrombectomy (MT) using a stent retriever is an
effective treatment strategy for acute ischemic stroke (AIS)
with large-vessel occlusion (LVO).'™ Obtaining information on
invisible vasculature distal to the occlusion site helps to select
appropriate devices and guides them safely because MT, using a
stent retriever, requires a microguidewire and microcatheter to
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pass through the occlusion site and be guided to an invisible ves-
sel distal to the occlusion site. Furthermore, a stent retriever must
be deployed, usually in an invisible vessel. Approximately 20%-
35% of patients with AIS have chronic kidney disease,” and
patients with severe chronic kidney disease are at an increased
risk of contrast-associated acute kidney injury.%” Therefore, it is
essential to reduce the amount of contrast used for diagnostic
imaging. Pial collaterals can be assessed using CTA.*'°
Similarly, flat panel detector (FPD) CT angiography in the angi-
ography suite'' following intravenous contrast injection allows
detecting vessels distal to the occlusion site. Furthermore, FPD
CT has also been used to generate FPD CBV images with an in-
travenous contrast injection,'” which are potentially useful for
prediction of the final infarct volume in patients with AIS with
LVO" "% and of hemorrhagic infarction post-MT.'® The image
reconstruction of FPD CBV datasets provides FPD CT
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angiographic images that are comparable with CTA with regard
to the visualization of LVO, collateral state, and clot extent.'?
Moreover, FPD CBV images can be obtained using an intra-ar-
terial diluted contrast injection,'®'” which requires less contrast
material. However, it remains unclear whether the vessels distal
to the occlusion site in patients with stroke can be evaluated on
the FPD CT angiographic images with intra-arterial diluted
contrast injection.

Therefore, in our study, we assessed whether FPD CT angio-
graphic images, generated during FPD CBV imaging with an
intra-arterial diluted contrast injection, could visualize vessels
distal to the occlusion site in patients with AIS compared with
MRA findings.

MATERIALS AND METHODS

This study was approved by the ethics committee of Yokohama
Shin-Midori General Hospital (permission No. 19001-2) and was
performed using the opt-out method described on our hospital
Web site.

Subjects and Methods

Between May 2019 and January 2020, we enrolled all patients
with AIS with LVO of the anterior circulation (ICA and MCA)
who were eligible for MT. An MR imaging-based protocol was
used to select patients for reperfusion therapy (Online Fig 1). All
patients, except those for whom MR imaging was contraindi-
cated, were assessed using MR imaging and MRA to diagnose
AIS and LVO. Nonenhanced CT was used to evaluate AIS and
exclude hemorrhage or large demarcated infarction in patients
contraindicated for MR imaging. Following assessment using MR
imaging/MRA or a nonenhanced CT, all patients were treated
with IV rtPA therapy in the angiography suite, when eligible. An
8F sheath was inserted into the femoral artery following groin
puncture. Then, an 8F balloon guide catheter and a 6F diagnostic
catheter coaxial system were used, and FPD CBV images were
acquired. The extent of tissue damage was assessed on MR imag-
ing before the procedure. We used the FPD CBV images to con-
firm the extent of damaged brain tissue and to assess risks of
hyperperfusion and hemorrhagic infarction following the proce-
dure, and we used the FPD CT angiography images as reference
vessel images for performing MT.

FPD CBV and MRA Imaging Protocols

MRA imaging was performed with a 1.5T MR imaging scanner
(EXCELRT Vantage; Canon Medical Systems) using a TOF-
MRA sequence (TE = 6.8 ms, TR = 21 ms, flip angle = 18°, FOV
= 200 x 200 mm, section thickness = 1 mm, pixel spacing =
1.3 x 0.8, resulting in an acquisition time = 4 minutes and 12
seconds).

We used a biplanar flat panel detector angiographic sys-
tem (Artis zee biplane VD11C; Siemens) for all angiographic
imaging. FPD CBV imaging was performed with 2 rotations
of the flat panel detector system. Mask images (mask run)
were first acquired and fill images (fill run) were acquired
post-contrast injection. We applied the following proto-
col:'®'® acquisition time, 6seconds; x-ray tube voltage,
70kV; total angle, 200°; projections, 400; dose, 0.36 mGy/

frame; and x-ray delay, 9 seconds. We used contrast medium
with an iodine concentration of 300 mg/mL. A solution of
30% diluted contrast medium was injected using a power in-
jector at a rate of 6.0 mL/s through a 6F diagnostic catheter
placed just above the aortic valve in the ascending aorta.
The total contrast dose was 25.2 mL (total injection volume
was 84 mL). Two types of images were generated simultane-
ously: angiographic images reconstructed from the fill run
(FPD CT angiographic images), and color-coded FPD CBV
images from the mask and fill runs (Fig 1A) using the appli-
cation software of the workstation of the system (syngo
DynaPBV Neuro; Siemens). The color-coded FPD CBV
images provided an approximation of the CBV and a real-
time overview on the extension of irreversibly damaged
brain tissue. The additional FPD CT angiographic images
depicted intracranial vessels post-contrast flow in the brain
parenchyma reached a steady-state, and were used for
detecting LVO and vessels distal to the occlusion site, evalu-
ating the collateral status of the occluded MCA territory
during MT.

Image Analysis

All images were anonymized before analysis and evaluated by 2
board-certified and experienced neurosurgeons (H.K. and M.N.)
blinded to clinical information. Vessels proximal to the occlusion
site were identified on FPD CT angiographic images and initial
MRA and described as follows: cervical ICA (cICA); ICA termi-
nal (ICA-T); MCA M1 segment (M1) proximal/distal; and MCA
M2 segment (M2) proximal/distal. Previously published scales of
angiographic assessment were used.

First, we evaluated the image quality of FPD CT angio-
graphic images on a 4-point scale:'” 1) poor image quality,
blurring of the vessel contours; 2) fair image quality, subopti-
mal arterial enhancement for confident diagnosis; 3) good
image quality and arterial enhancement, adequate for confi-
dent diagnosis; and 4) excellent image quality and arterial
enhancement.

We evaluated the visualization of vessels distal to the occlu-
sion site on the basis of retrograde contrast opacification of ves-
sels within the occluded territory on FPD CT angiographic
images and MRA.?° The visualization score, used to assess the
degree of visualization of vessels distal to the occlusion site, con-
sisted of 5 categories describing which part of the collateral ves-
sels could be visualized: 1) distal portion of the occluded vessel
segment, 2) proximal portion of the segment adjacent to the
occluded vessel, 3) distal portion of the segment adjacent to the
occluded vessel, 4) vessels 2 segments distal to the occluded ves-
sel, and 5) little-or-no significant visualization of the territory of
the occluded vessel. For example, in the case of M1 proximal
occlusion, if M1 distal was visualized, a score of 1 was assigned.
Similarly, if the M2 proximal, M2 distal, or MCA M3 segment
was visualized, a score of 2, 3, or 4 was, respectively, assigned.
Online Fig 2 shows the visualization score rating, for example, in
the case of right ICA-T occlusion.

Finally, the collateral status of the occluded MCA territory was
evaluated semiquantitatively on the same FPD CT angiographic
images and scored on a 4-point scale:*! 0) absent collateral supply
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FIG 1. Representative case 1. A patient presented with a left M1 segment occlusion. A, FPD CBV imaging includes FPD CBV images and FPD CT
angiographic images. B, The axial FPD CT angiographic images could visualize the occlusion site (M1 proximal, white continuous arrow) and its
distal vessel (M1 distal, white dashed arrow) by the filling of collaterals. The visualization score is 1. C, MRA could visualize the occlusion site but
not its distal vessel (visualization score = 5). D, White arrowheads in the FPD CT angiographic image show the filling of the MCA territory via lep-
tomeningeal anastomosis. The collateral score is 3 for 100% collateral supply of the occluded MCA territory. E, The filling of the MCA territories
is not confirmed on the MRA. MIP thickness is set to 10 mm for B and C and 5mm for D and E.

to the occluded MCA territory, 1) collateral supply filling =50%
but >0% of the occluded MCA territory, 2) collateral supply
filling >50% but <100% of the occluded MCA territory, and 3)
100% collateral supply of the occluded MCA territory.

MIP thickness of FPD CT angiographic images was changed
from 1 to 99 mm according to the rater’s intention when assess-
ing the visualization score and fixed to 5 mm when assessing the
collateral score.

Statistical Analysis

Interrater agreement was analyzed using the quadratic weighted «
statistic (=0.4, poor agreement; 0.4-0.75, fair to good agreement;
=().75, excellent agreementzz). The Spearman rank correlation coef-
ficient, the Mann-Whitney U test, and the Kruskal-Wallis test fol-
lowed by the Steel-Dwass post hoc test were used to assess
associations of the visualization score with the collateral score, the
occlusion site, TICI grade, and the 90-day mRS. The Mann-
Whitney U test was used to assess the difference in the visualization
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scores between FPD CT angiographic images and MRA. The level
of statistical significance was set to P<<.05. Data from the more
experienced of the 2 raters have been used in the text, tables, and fig-
ures. Statistical software (Easy R [EZR]; Saitama Medical Center,
Jichi Medical University) was used for all statistical analyses.

RESULTS

We performed MT for 28 consecutive patients with AIS with LVO
of the anterior circulation. Six of them did not undergo FPD CBV
imaging because 2 were treated in the other angiography suite where
we could not perform FPD CBV imaging, and 4 were excluded
owing to a protocol violation. Therefore, the remaining 22 patients
underwent FPD CBV imaging and were retrospectively analyzed.

Patient Characteristics
Table 1 shows the baseline characteristics of the 22 patients
who fulfilled the inclusion criteria. Twenty patients were



initially assessed by MR imaging and MRA. The remaining 2
patients with cardiac pacemaker implantation were initially
assessed by nonenhanced CT. Of the 22 patients, 2 patients
(9%) had a cerebral aneurysm: One had an aneurysm at the
bifurcation of M1-M2 distal to the occlusion site (ICA-T),
which was not depicted owing to its fair image quality caused
by motion artifacts, while the other had an aneurysm at the
bifurcation of M1-M2 proximal to the occlusion site (M2
proximal), which was visualized using FPD CT angiographic
images.

Evaluation of FPD CT Angiographic Images
Table 2 shows the results of the FPD CT angiographic image eval-

uation of all patients. The proximal occluded sites identified on

Table 1: Baseline characteristics®

Characteristics

Patient background
Age (yr)
Atrial fibrillation
Hypertension

74.9[SD, 131]
16 (72.7%)
13 (59.1%)

Diabetes mellitus 2(9.1%)
Dyslipidemia 12 (54.5%)
Chronic kidney disease 11 (50%)
Clinical status and treatment
NIHSS at arrival 13.9 [SD, 5.9]
Sedation (midazolam) 6 (27.3%)
IV rtPA therapy 8 (40.9%)
TICI Grade 2a 1(4.5%)
Grade 2b 5 (22.7%)
Grade 3 16 (72.7%)

Puncture-to-recanalization time (min)
Total contrast dose (mL)
mRS pre-onset

90-day post-MT

?Data are presented as mean [SD] or No. (%).

662 [SD, 25.2]
1303 [SD, 39.4]
0.6 [SD, 1.2]
27 [SD, 19]

Table 2: Results of FPD CT angiographic image and MRA evaluation

FPD CT angiographic images and initial MRA were ICA-T (n =
7), M1 proximal (n = 4), M1 distal (n = 2), M2 proximal (n = 6),
M2 distal (n = 1), cICA and M2 proximal (tandem occlusions) (n
= 2). In 2 cases of tandem occlusions with cICA and M2 proxi-
mal, vessels distal to the occlusion site (M2 proximal) were
observed on FPD CT angiographic images only, not on MRA.
The FPD CT angiographic images of 20 patients (91%) had good
or excellent image quality, and the FPD CT angiographic images
of 2 patients (9%) had poor or fair image quality owing to motion
artifacts.

The vessels distal to the occlusion site were visualized only
in the 20 patients with good or excellent image quality as fol-
lows: the distal portion of the occluded vessel segment (visu-
alization score = 1) in 14 patients (70%), the proximal
portion of the segment adjacent to the occluded vessel (visu-
alization score = 2) in 3 patients (15%), and the distal portion
of the segment adjacent to the occluded vessel (visualization
score = 3) in 2 patients (10%). Only 1 patient (5%) who had
no collateral supply (collateral score = 0) had no significant
visualization of the territory of the occluded vessel (visualiza-
tion score = 5).

Evaluation of the Visualization Score Using MRA

We evaluated the MRA scans of 20 patients; 2 patients contrain-
dicated for MR imaging were excluded. The visualization scores
were 2 in 1 patient (5%), 3 in 2 patients (10%), 4 in 2 patients
(10%), and 5 in 15 patients (75%).

Statistical Analyses for Visualization Score

FPD CT angiographic images were shown to evaluate the visualiza-

tion score more accurately than MRA (median scores, FPD CT ver-

sus MRA= 1 and 5 P<.001) in 19 patients with good- or

excellent-quality FPD CT angiographic images. Vessels distal to the
occlusion site were significantly more
clearly visualized in patients with MCA

M1 and M2 occlusion than in patients

Patient chl.usion Imalge Cosllateral —Vlsuilzatlon Scol:: with ICA occlusion (median scores, M1
] No. A ite Qua:llty c?re FPD} T M3 =1, M2 = 1, ICA = 2; M1 versus ICA,
ICA-T Excellent
5 ICA-T Excellent 3 5 5 P = 01; M2 VCI?SI.IS. ICA, P = .097).
3 ICA-T Poor _ _ _ There was a significant correlation
4 ICA-T Excellent 1 3 5 between the visualization scores and col-
5 ICA-T Excellent 2 - lateral scores (r = —0.61, P = .004) and
? :gi? Ealr llent 5 g g between the visualization scores and
- xcellen

8 M1 proximal Excellent 3 1 5 the 90-day mRS after MT (r = 0.49,
9 M1 proximal Excellent 2 1 5 P = .03). In contrast, the TICI
10 M1 proximal Excellent 2 1 5 grade did not significantly correlate
n M proximal Excellent 2 1 4 with the visualization scores (P =
12 M1 distal Excellent 3 1 5 39)

13 M1 distal Good 2 1 3 RS lvzed b
14 M2 proximal Excellent 3 1 4 Interrater agreement analyzed by
15 M2 proximal Good ] 1 2 the quadratic weighted « statistic was
16 M2 proximal Excellent 2 1 5 excellent for image quality, visualiza-
:Z; m; prox?ma{ Exce:{e”t ; : ;’ tion score, and collateral scores (0.85,

proxima xcellent .

10 M2 proximal Good 5 . 5 0.90, and 0.80, respectively).

20 M2 distal Excellent 3 1 5

21 cICA, M2 proximal Good 3 1 5 Representative Cases

22 cICA, M2 proximal Good 1 2 5 Case 1: M1 Occlusion, Patient No. 8. A
Note:— — indicates unevaluable. patient presented with a left M1
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FIG 2. Representative case 2. A patient presented with tandem occlusions (cICA and M2 segment proximal occlusions). A, The left intracranial
ICA is not visualized on MRA, suggesting left cICA occlusion. White arrowheads show slightly depicted M1 segment probably via the anterior
communicating artery. Left M2 occlusion could not be identified on MRA. B, FPD CBV imaging before percutaneous transluminal angioplasty fol-
lowed by conventional angiography at the left common carotid artery identifies left cICA occlusion (black arrowhead). C, The occlusion site
(M2 proximal, white continuous arrow) and its distal vessel (M2 distal, white dashed arrows) on the coronal image by the fillings of collaterals.

The visualization score is 1. MIP thickness is set to 20 mm.

proximal occlusion at 85 minutes with an NIHSS score of 29
(Fig 1). Concurrent with IV rtPA, MT using the stent re-
triever and reperfusion catheter was performed. TICI 3 re-
canalization was achieved 32 minutes post-groin puncture.
FPD CT angiographic images could visualize the occlusion
site (M1 proximal) and its distal vessel (M1 distal) by the
filling of collaterals. We evaluated the visualization score as
1 and the collateral score as 3.

Case 2: cICA and M2 Occlusions, Patient No. 21. A patient pre-
sented with tandem occlusions with cICA and M2 proximal
occlusion at 177 minutes, with an NTHSS score of 6 (Fig 2).
MRA showed that left cICA occlusion was suspected; thus,
we subsequently performed FPD CBV imaging in the angi-
ography suite. FPD CT angiographic images revealed an M2
proximal occlusion. Concurrent with IV rtPA, percutaneous
transluminal angioplasty using an angioplasty balloon for
the cICA occlusion and MT using a stent retriever for the
M2 occlusion were performed sequentially. The groin punc-
ture to target recanalization time for M2 occlusion was
and TICI 3
Contrast medium for FPD CBV imaging was administered

70 minutes, recanalization was achieved.
from the ascending aorta just above the aortic valve before
percutaneous transluminal angioplasty. FPD CT angio-
graphic images could visualize the occlusion site (M2 proxi-
mal) and its distal vessel (M2 distal) by the filling of
collaterals, though initial MRA did not show the occlusion
site (M2 proximal). We evaluated the visualization score as
1. The images allowed planning for target recanalization
(M2 occlusion) early during the procedure. Therefore, con-
ventional angiography with contrast injection could be
reduced, and some selective guidance of the catheter to spe-
cific vessels could be omitted.
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DISCUSSION

In this study, we investigated whether vessels distal to the
occlusion site in patients with AIS with LVO can be detected
before MT on FPD CT angiographic images acquired post-
intra-arterial diluted contrast injection. We found that the
image quality of the FPD CT angiographic images was
adequate for diagnosis, except in 2 cases affected by motion
artifacts. These cases showed that movement and motion
artifacts could not always be avoided, even in sedated
patients. We could delineate the vessels distal to the occlusion
site of the anterior circulation, including aneurysms in 2
patients, on all FPD CT angiographic images that had good
or excellent image quality, except in 1 patient with no collat-
eral supply (collateral score = 0). Interrater agreement for
image quality, visualization score, and collateral score was
excellent.

Vessels distal to the occlusion site tended to be more
clearly visualized in patients with MCA occlusion than in
patients with ICA-T occlusion but could be detected in all
patients who had at least slight collateral flow (more than
collateral score 1). Our result, therefore, suggests that even
if there is only slight collateral supply in vessels distal to the
occlusion site, they can be seen on FPD CT angiographic
images using an intra-arterial contrast injection.

We used MR imaging as the first choice in treating
patients with stroke because it allowed us to correctly differ-
entiate between stroke and nonstroke conditions. However,
MRA could not visualize collateral blood flow because it
may have been too subtle to be detected. FPD CT angio-
graphic images were also better at depicting vessels distal to
the occlusion site than MRA.

The visualization score, using FPD CT angiographic
images, was significantly correlated with the collateral score



and 90-day mRS post-MT. This finding suggested that FPD
CT angiographic images may be useful for predicting clini-
cal outcome of patients with AIS.

Patients with AIS eligible for MT have a higher prevalence
of cerebral aneurysm (3.7%) than a healthy reference popula-
tion.”>*> FPD CT angiographic imaging thus appeared useful
for the planning of appropriate treatment strategies, consid-
ering anatomic details that need careful attention.

The results of our study suggested that FPD CT angiographic
imaging using an intra-arterial injection may reduce the contrast
dose used for visualization of vessels distal to the occlusion site
compared with other modalities. This is important because the prev-
alence of chronic kidney disease in patients with AIS tends to be
higher than in the general population,® and the total contrast dose
required for the MT procedure is difficult to predict in individual
patients. In our hospital, whenever possible, the patients with AIS do
not receive contrast medium for diagnostic imaging outside the an-
giography suite. The contrast dose required to obtain FPD CT
angiographic images in our study was only 25.2 mL. This compares
with 187-189 mL of contrast (converted to iodine concentrations of
300mg/mL) used during a CT-based protocol (CTA or CTP)
including MT%”%® and 80 mL of contrast used for FPD CT with in-
travenous injection.''? The effective radiation dose of FPD CBV
imaging is less than that of CTA and CTP.”*®

Our study has some limitations. First, it was a retrospec-
tive study with a small sample size, which has selection bias.
Therefore, larger prospective studies are warranted to vali-
date our results. Second, we could not compare our results
with those from CTA/CTP or FPD CT with an intravenous
contrast injection because we used an MR imaging-based
protocol for selection of patients for reperfusion therapy.

CONCLUSIONS

FPD CT angiographic images acquired post-intra-arterial con-
trast injection could visualize vessels distal to the occlusion site
for patients with AIS with LVO of the anterior circulation using a
small amount of contrast material.
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Transradial Approach for Neuroendovascular Procedures: A
Single-Center Review of Safety and Feasibility

D.T. Goldman, ““'D. Bageac, ““’ A. Mills, ““B. Yim, “*K. Yaeger, ““’S. Majidi, ““’C.P. Kellner, and ““R.A. De Leacy

ABSTRACT

BACKGROUND AND PURPOSE: In recent years, the transradial approach has become more widely adopted for neuroendovascular
procedures. The purpose of this study was to evaluate the safety and feasibility of a transradial approach and distal transradial
access for neuroendovascular procedures in a single center.

MATERIALS AND METHODS: Retrospective analysis was performed for all patients who underwent transradial approach or
distal transradial access neuroendovascular procedures from January 2016 to August 2019 at a single center. Exclusion crite-
ria included a Barbeau D waveform, a radial artery of <2 mm on sonographic evaluation, and known radial artery occlusion.
Procedures were evaluated for technical success (defined as successful radial artery access and completion of the
intended procedure without crossover to an auxiliary access site), complications, and adverse events during follow-up at
30days.

RESULTS: The transradial approach or distal transradial access was attempted in 279 consecutive patients (58.1% women; median
age, 57.7 years) who underwent 328 standard or distal transradial approach procedures. Two-hundred seventy-nine transradial
approach and 49 distal transradial approach procedures were performed (cerebral angiography [n =213], intracranial interven-
tion [n=64], head and neck intervention [n=30], and stroke intervention [n =21]). Technical success was 92.1%. Immediate
adverse events (2.1%) included radial access site hematoma (n =5), radial artery occlusion (n=1), and acute severe radial artery
spasm (n=1). Thirty-day adverse events (0.3%) included a radial artery pseudoaneurysm (n=1). Twenty-six cases (7.9%)
required crossover to transfemoral access.

CONCLUSIONS: The transradial approach for neuroendovascular procedures is safe and feasible across a wide range of neuroendo-

vascular interventions.

ABBREVIATIONS: dTRA = distal transradial approach; TFA = transfemoral approach; TRA = transradial approach

he transradial approach (TRA) is well-established within
interventional cardiology and is recommended as first-choice
access by the American Heart Association.! Large, randomized,
multicenter trials from the cardiology literature show that TRA is
associated with lower rates of access site morbidity and mortality
compared with the transfemoral approach (TFA).”'' Additional
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evidence supports the use of TRA in peripheral vascular
interventions.'>

Given the associated benefits to patient safety, satisfaction, and
decreased recovery time, a first-line transradial approach for endo-
vascular surgery has gained traction in both peripheral and neuroin-
terventional radiology.">"® Matsumoto et al'®'” published the
earliest study of TRA for cerebral angiography in 2000, demonstrat-
ing the technical feasibility and safety of this approach. Since then,
further studies have added to the neuroendovascular literature on
TRA."®! Nevertheless, the common femoral artery remains the pri-
mary access site for cerebral angiography and neurointerventional
procedures.

The distal transradial approach (dTRA) is a further modifica-
tion by which the radial artery is accessed distal to the flexor reti-
naculum as the radial branch courses superficial to the scaphoid
bone within the anatomic snuffbox. This access site allows
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Table 1: Procedure characteristic (n = 328)

guidelines from the Society of Neuro-

Characteristic

Value

Interventional Surgery Standards and Guide-

Age (yr)
Sex
Male
Female
Height (cm)
Weight (kg)
BMI (kg/m?)
Procedure
Cerebral angiography
Head and neck
Intracranial intervention
Acute stroke intervention/mechanical thrombectomy
dTRA access
Prior TRA
Technique failure
Sheath size (Fr)

577 [SD, 15.9] (48-68)

419 (137/327)
58.1(190/327)
165.2 [SD, 10.1] (157.5-172.7)
77.3 [SD, 21.7] (63.0-88.5)
283 [SD, 7.4] (234-317)

64.9 (213/328)
9.1(30/328)
19.5 (64/328)
6.4 (21/328)
149 (49/328)
15.5 (51/328)
7.9 (26/328)

lines Committee highlighting the limitations
of the test in predicting ischemic complica-
tions.”> Before these updated guidelines
exclusion criteria for TRA included a
Barbeau D waveform (when Barbeau test
was performed), a radial artery diameter <2
mm on initial sonographic evaluation, and
known radial artery occlusion. Radial artery
diameter <2 mm is treated as a relative
contraindication to radial access at our insti-
tution due to the reported association
between a smaller radial artery diameter and
an increased risk of radial artery occlusion

4 50.6 (166/328) following TRA procedures.”* Distal TRA
5 35.7 (117/328) was specifically considered in patients with
6 12.5 (41/328) limited supination of the arm, though the

Arm accessed

Left 43 (14/328)

94.5 (310/328)
10.7 (35/328)

7.9 (26/328)

Right

Coagulopathy

Crossover

Vessel accessed
Right common carotid artery
Right internal carotid artery
Right external carotid artery
Left common carotid artery
Left internal carotid artery
Left external carotid artery
Right vertebral artery
Left vertebral artery

64.9 (213/328)
50.3 (165/328)
19.8 (65/328)
62.8 (206/328)
47.6 (156/328)
19.2 (63/328)
55.8 (183/328)
357 (117/328)

decision to procced with dTRA was ulti-
mately made by the operator.

Additional patient demographic data were
collected retrospectively using the electronic
medical record system, Epic Systems (Verona,

Wisconsin) and the Mount Sinai Data
Warehouse (Table 1).

TRA Access

Standard radial artery access technique,

previously described by Posham et al'? and

Note:—BMI indicates body mass index.

preservation of the more proximal radial artery for future inter-
ventions or access requirements.

Here we present our initial institutional experience per-
forming TRA and dTRA for diagnostic neuroangiography
and neurointerventions.

MATERIALS AND METHODS

Study Design and Exclusion Criteria

This single-center retrospective study was approved by the
local institutional review board, and all study activities fol-
lowed Health Insurance Portability and Accountability Act
regulations. A retrospective analysis was performed of 279
patients evaluated for 328 consecutive TRA or dTRA neuro-
endovascular procedures from January 2016 to December
2019.

All neurointerventional procedures, both diagnostic and inter-
ventional, were included and separated into 4 groups: cerebral an-
giography, head and neck interventions, intracranial interventions,
and acute stroke intervention/mechanical thrombectomy.

All patients were given the option of TRA and consented
appropriately. Testing for ulnar-palmar arch patency was per-
formed using a technique previously described by Barbeau et
al.** This practice was abandoned in 2019 following updated
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Snelling et al*' was used for all procedures.
Under sonographic guidance, the radial artery
was localized with compression on B-mode and
color Doppler flowmetry, confirming patency.
Local anesthesia (1% lidocaine) was infiltrated in the subdermal
layer. A single-wall puncture of the radial artery was performed
at the level of the radial epiphysis on the volar radial surface
under real-time sonographic guidance. Using the modified
Seldinger technique, the proceduralist inserted an access sheath
into the radial artery.

dTRA Access

The patient was positioned with the access arm partially pronated
at his or her side in a thumbs-up position. Under sonographic
guidance, the metacarpals of the thumb and index finger were
identified first, followed by the trapezium and the scaphoid bones
below the distal radial artery. A single-wall puncture of the artery
was performed through the anatomic snuffbox under real-time
sonographic visualization. Using the modified Seldinger tech-
nique, the proceduralist inserted an access sheath into the radial
artery.

Procedural Technique

A 4F or 5F Glidesheath Slender (Terumo) sheath was used for
diagnostic studies, and a 5F or 6F Glidesheath Slender sheath was
used for most head and neck and intracranial interventions. For
stroke interventions and select aneurysm treatments using flow
diversion, a 0.088-inch-long guide sheath was used without a



short sheath. Maintenance of the radial access sheath on continu-
ous heparinized flush was left to the proceduralist’s discretion.
Following sheath insertion, a radial artery access cocktail consist-
ing of 3000 U of heparin, 200 pg of nitroglycerin, and 2.5 mg of
verapamil was mixed with 10 mL of the patient’s blood and slowly
infused through the sheath for 5-10 minutes to induce vasodila-
tion. Administration of the access cocktail was omitted during
the stroke intervention to expedite the procedure and avoid
inducing hypotension.

Equipment selection was dependent on the procedure type.
For diagnostic angiography, a 5F Simmons 2 Glidecath catheter
(Terumo) was advanced over a Bentson guidewire and formed
within the aortic arch before selectively catheterizing the vessels
of interest. For most nonstroke interventions, a 0.071-inch
guide catheter was advanced over a 125-cm Select catheter
(Penumbra) and guidewire into the vessel of interest. For stroke
interventions and selected flow-diverter cases, a 0.088-inch
guide catheter was used without a sheath and advanced over a
selecting catheter and stiff guidewire for added support. Once
the guide catheter was positioned, the procedure followed a
similar vessel-selection technique used during femoral access.

Following the procedure, a radial artery compression device
was placed over the arteriotomy site for a minimum of
60 minutes. The band was removed after arterial hemostasis and
pulse were reconfirmed. Similar closure techniques were followed
for both TRA and dTRA procedures. Repeat evaluation of the
access site and radial pulse was performed for all patients before
discharge and during the 30 day follow-up outpatient visit.

Technical Success and Complications

Technical success was defined as successful radial artery access
and completion of the intended procedure without crossover to
an auxiliary access site.

Major complications included the need for prolonged hospi-
talization, an unplanned increase in the level of care, permanent
adverse sequelae, and death. Minor complications included the
need for additional nominal therapy, overnight admission for ob-
servation, loss of a radial pulse without evidence of distal ische-
mia, and hematoma or blood loss not requiring transfusion or
open surgical repair. In addition to the periprocedural data, the
access site was evaluated for bleeding and neurologic events
before and after the procedure with additional evaluations up to
30 days postprocedure.

Statistical Analysis

Data are presented as mean and range for continuous variables
and frequency for categoric variables. Univariate and multivariate
analyses of complications and crossover were performed using
logistic regression. A P value of = .05 was considered statistically
significant. SPSS Statistics for Windows, Version 23.0 (IBM) was
used for statistical analyses.

RESULTS

Procedure

A total of 328 radial procedures were performed during the study
period, including cerebral angiography (n=213), intracranial
interventions (1 = 64), head and neck interventions (n = 30), and

Table 2: Adverse events

Adverse Event No. (%)
Early complications
Hematoma 1.5 (5/328)
Radial artery spasm 0.3 (1/328)
Radial artery occlusion 0.3 (1/328)
30-Day complications
Radial artery pseudoaneurysm 0.3 (1/328)

stroke interventions (n=21) (Table 1). Of the 328 procedures,
279 procedures used the TRA and 49 procedures used the dTRA.
A total of 51 procedures were performed in patients who had
undergone prior TRA, and 8 cases were transitioned to TRA after
failed TFA. Crossover to the TRA was most often necessary due
to tortuous vascular anatomy preventing supra-aortic vessel
selection from the femoral artery. Radial artery micropuncture
and vessel access were successful in all cases. Completion of the
intended procedure via TRA was achieved in 255 of 279 cases
(91.3%), while it was via the dTRA in 47 of 49 cases (95.9%).
Composite success in completing the intended procedure via
TRA or dTRA was achieved in 302 of 328 cases (92.1%).

Crossover to TFA

Crossover to TFA was required to successfully complete 26 of
328 (7.9%) cases. Of all TRA crossovers, 19 (73.1%) were attrib-
uted to vascular anomalies or severe tortuosity of the subclavian
artery (n=7), aortic arch (n =7), or carotid artery (n = 5), which
undermined stability and/or prevented navigation of the catheter
system. An additional 6 failures (23.1%) were related to radial ar-
tery vasospasm (n = 3), severe radial and brachial artery tortuos-
ity secondary to hypertensive vasculopathy (n=1), and an
aberrant right subclavian artery morphology that prevented tar-
get artery access (n=2). In 1 patient, crossover to TFA was per-
formed due to patient discomfort.

Analysis of TFA crossover is presented in the Online Table.
There were no significant predictors of crossover from TRA to
TFA.

The Barbeau test was performed for assessment of collateral
circulation to the hand in 306 cases (93.3%) and was stopped in
2019 following guidelines that highlight the inability of the test to
predict ischemic complications.”® All tested patients had favor-
able Barbeau test outcomes (grade A and B), and no correlation
was demonstrated between the test result and access site compli-
cation or crossover to TFA.

Complications

A total of 8 adverse events (2.4%) were recorded among all radial
artery cases: 7 in the TRA group (2.5%, 7/279) and 1 in the dTRA
group (2.0%, 1/49). Seven of these events were immediate, and 1
was delayed (noted at 30-day follow-up). Immediate adverse
events included hematoma (n=5), radial artery occlusion
(n=1), and severe radial artery spasm (n=1). The delayed
adverse event was a radial artery pseudoaneurysm measuring
<2 mm that was managed conservatively with observation. An
analysis of the TRA adverse events is presented in Table 2. Larger
sheath size (=6F) was a significant predictor of adverse events
(P< .001).
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Table 3: Analysis of total adverse events

of factors led to the high crossover rate (7.9%) in the

Predictor/Category OR (95% CI) P current study, including operator experience, position
Age (yr) on the TRA learning curve, availability of access cathe-
60 or older 1.00 ters, and case selection.
SYounger L) 5L 0.53(012-2.25) 39 Various studies have examined the relationship
ex
Male 100 between operator volume and procedural outcomes,
Female 220 (0.44-11.1) 34 suggesting 30-50 cases as the general learning
Height (cm) curve.””?® We separately analyzed the 100 most recent
=1651 1.00 cases and demonstrated a technical success rate of 95%
<]_65'] 0.36 (0.07-180) 2 with 5 crossover cases (5%). While the operator’s
Weight (kg) . . . e
=743 1.00 learning curve was not directly studied, this is a likely
<743 1.70 (0.40-7.23) 47 contributor to the overall crossover rate of 7.9% for the
BMI (kg/m?) entire cohort. To that end, this study was performed at
=274 1.00 an academic teaching hospital with neurointerven-
=274 737 (0.90-606) 06 tional trainees of varying experience in performin
Procedure . ) e g b b &
Cerebral angiogram 1.00 transradial neurointerventional procedures.
Head and neck intervention 1.7 (1.87-73.3) .05 Although our study did not elucidate significant
Intracranial intervention 3.40 (0.47-247) .86 predictors for conversion from TRA to TFA, other,
Acute stroke intervention/ 5.28 (0.46-60.8) 69 non-neurointervention-focused studies have identified
mechanical thrombectomy . 12
Prior TRA such predictors. Posham et al = noted procedural type,
No 1.00 female sex, and height of <1.7 m as significant predic-
Yes 1.84 (0.36-9.4) 46 tors of radial-to-femoral crossover using univariate
Sheath size (Fr) analysis. However, these were not significant by multi-
< 1.00 variate analysis. Additionally, Carvalho et al*’ reported
5 0.71(0.06-7.89) 19 ) :
6 8.87 (157-50.2) 004 short sheaths, female sex, multivessel disease, body sur-
Coagulopathy face area, and ageolder than 66 years as independent
No 1.00 predictors of conversion from radial to femoral access.
Yes 0.76 (0.09-6.52) 80 To our knowledge, no prior studies on TRA neuroen-
dovascular procedures have examined the predictors
of conversion from radial to femoral access.
DISCUSSION

The success and widespread adoption of the TRA in cardiology
has highlighted the benefits of radial access. Unlike traditional
femoral access, TRA is associated with a decreased risk of bleed-
ing and arterial damage, both of which are critical for patients on
anticoagulant or antiplatelet therapy.'* TRA has been associated
with lower access site infection rates, expedited postprocedural
ambulation, reduced postprocedure nursing care, and shorter
hospital stay.*' Patient preference for TRA over TFA has been
demonstrated previously.?®

The present study describes data from 328 TRA neuroendo-
vascular procedures performed in 279 patients. Both diagnostic
and interventional procedures were included from a practice of 8
neurointerventionalists, each having varying levels of TRA case
experience. Two interventionalists performed most procedures
(40% and 30%, respectively). Six interventionalists performed
between 11 and 28 procedures each (median, 13.5).

Our overall success rate, defined as successful completion of
the intended procedure from the initial radial access, was 92.2%
(302/328 cases). The success rate of TRA neuroendovascular pro-
cedures in the literature is reportedly 92.7%-99%.'® A dedicated
analysis of TRA to TFA crossover in the current study showed that
the primary factors contributing to crossover included the follow-
ing: vascular anomalies and tortuosity of the subclavian artery
(n=7), aortic arch (n=7), and carotid artery (n = 5); radial artery
spasm (n = 3); severe radial artery tortuosity (n = 1); variant arch
anatomy (n=2); and excessive arm pain (n=1). A combination
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The radial artery is easily compressible against the
volar radial surface, permitting easy hemostasis. Titano et al*
showed that TRA was associated with a low incidence of bleeding
complications in patients with an elevated international normal-
ized ratio (>1.5) undergoing below-neck interventions. Our
study reaffirms this finding in a neurointerventional population
with no significant difference in adverse events between patients
with and without coagulopathy.

The overall adverse event rate in our study was 2.4%, includ-
ing 7 immediate adverse events (access site hematoma [n = 5], ra-
dial artery occlusion [n=1], severe radial artery spasm [n=1],
and one 30-day adverse event (radial artery pseudoaneurysm
of <2 mm). No major access site complications occurred. This
complication rate of 2.4% is similar to those published for TRA
in visceral interventions and TRA in neurointerventions.'*" All
immediate adverse events were managed conservatively. An anal-
ysis of the total adverse events is presented in Table 3.
Significantly higher adverse events rates were observed for proce-
dures that used 6F sheaths (P <<.001). All access site hematomas
were small and resolved following conservative management.
One of the 5 patients who developed an access site hematoma
had been placed on dual-antiplatelet therapy following intracra-
nial stent placement.

Four of the 8 total adverse events occurred when a 6F sheath
was used (access site hematoma [n = 3] and severe radial artery
spasm [n=1]). The significant association observed between
larger sheath size and access site compilations is in keeping with



previous studies examining both transfemoral and transradial
procedures.®*>* This association is thought to arise from larger
radial arteriotomy size, increased potential for intimal damage,
and longer procedure times associated with interventional cases
in which 6F sheaths are common. dTRA was used in 49 cases
with a procedural completion rate without crossover to TFA of
95.6% (47/49). This outcome measure and the reported adverse
events are comparable with those in the TRA cohort and previ-
ously reported dTRA data. dTRA allows preservation of the more
proximal radial artery, which may be required for other interven-
tions/therapies, enhanced operator and patient comfort, and easy
hemostasis.

Direct comparison of complication rates of TRA and TFA
cannot be made from the current study. However, comparison of
complication rates for TRA versus TFA have been described pre-
viously.>>*® Stone et al*® performed a prospective comparison of
TFA to TRA for diagnostic cerebral angiography and demon-
strated no significant difference in complication rates between
the 2 groups.

Our study did not demonstrate a relationship between repeat
catheterization and adverse events. Repeat TRA was performed
in 51 cases (15.5%) and accounted for 2 of the 8 total minor
adverse events (25%): 1 hematoma and 1 radial artery occlusion.
These findings are consistent with the previously published litera-
ture, describing same-site repeat TRA success rates of >94% with
up to 6 prior TRA procedures.”

The primary limitation of the present study is the retrospec-
tive design and lack of a comparator control arm, making it diffi-
cult to appreciate subtle differences in procedural success and
complication rates. Additionally, patient selection for TRA was
based on both operator and patient preference in addition to the
specific procedure performed.

CONCLUSIONS

Our institution’s initial experience using TRA for diagnostic angi-
ography and neurointerventional procedures was comparable
with that of previously reported TRA studies. No major compli-
cations were noted, and the rate of femoral crossovers will likely
continue to improve with technical familiarity and case selection.
Furthermore, favorable outcomes were observed in patients on
anticoagulation, mirroring findings from the coronary/cardiac lit-
erature. The transition of practice to a radial first approach is a
safe and worthwhile endeavor that may substantially improve the
morbidity and mortality of select patients.

Disclosures: Ariana Mills—UNRELATED: Stock/Stock Options: Vanguard Health
Care exchange traded funds, Comments: | own various health care-related
exchange traded funds from which | receive dividends in the ordinary course.
Christopher P. Kellner—UNRELATED: Grants/Grants Pending: Penumbra and
Siemens.* *Money paid to the institution.
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Periprocedural Safety and Feasibility of the New LVIS EVO
Device for Stent-Assisted Coiling of Intracranial Aneurysms:
An Observational Multicenter Study

D.F. Vollherbst, ““ A. Berlis, “*'C. Maurer, “*'L. Behrens, “*’S. Sirakov, ““A. Sirakov, “*'S. Fischer, ““V. Maus,
M. Holtmannspétter, ““'R. Rautio, ““’M. Sinisalo, ““W. Poncyljusz, ““'H. Janssen, ““'F. Wodarg, ‘“'C. Kabbasch, ‘). Trenkler,
C. Herweh, ““M. Bendszus, and ““’M.A. Méhlenbruch

ABSTRACT

BACKGROUND AND PURPOSE: Stent-assisted treatment techniques can be an effective treatment option for intracranial aneur-
ysms. The aim of this study was to evaluate the periprocedural feasibility and safety of the new LVIS EVO stent for the treatment
of intracranial aneurysms.

MATERIALS AND METHODS: Patients with intracranial aneurysms treated with the LVIS EVO in 11 European neurovascular centers
were retrospectively reviewed. Patient and aneurysm characteristics, procedural parameters, immediate grade of occlusion, and
technical and clinical complications were assessed.

RESULTS: Fifty-seven patients with 59 aneurysms were treated with the LVIS EVO device; 57.6% of the aneurysms were incidental;
15.3% were acutely ruptured; 15.3% were recanalized or residual aneurysms; and 11.9% were treated for symptoms other than acute
hemorrhage. The most frequent aneurysm locations were the middle cerebral artery (25.4%) and the anterior communicating artery
(22.0%). The rate of immediate successful deployment was 93.2%. In 6.8% (n
needed. The immediate complete occlusion rate was 54.2%, while there was a residual aneurysm in 35.6% and a residual neck in

= 4) of cases, additional in-stent angioplasty was

10.2%. Periprocedural technical complications occurred in 7/59 treatments (11.9%; the most frequent technical complication [n = 3]
was thrombus formation), which all resolved completely without clinical sequelae. Postprocedural neurologic complications
occurred after 4/59 treatments (6.8%; 2 transient ischemic attacks, 1 minor stroke, 1 major stroke), of which only 1 persistent com-

plication was directly related to the procedure (minor stroke in the vascular territory distal to the stent).

CONCLUSIONS: The LVIS EVO stent is a safe, feasible device for the treatment of intracranial aneurysms.

ABBREVIATIONS: ACA = anterior cerebral artery; AcomA = anterior communicating artery; ASA = acetylsalicylic acid; BA = basilar artery; DFT = drawn

filled tube; SAC = stent-assisted coiling

S tent-assisted coiling (SAC) is a well-established endovascular
technique for the treatment of intracranial aneurysms.'™
Implantation of a stent can have several advantages, such as pre-
vention of coil protrusion into the parent vessel and the ability to
increase the coil packing density, ultimately aiming to enhance
the safety of the procedure and improve the long-term stability of
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coil occlusion of intracranial aneurysms.>>® SAC is specifically
indicated for wide-neck aneurysms, anatomically complex
aneurysms, and aneurysms situated at vessel bifurcations.
Various stents with differences in material, composition, and
structure are currently available for SAC.*”"'° The LVIS EVO
(MicroVention) is a new stent, specifically designed for SAC,
which has recently been introduced to the market. Compared
with other braided stents, such as the LVIS Jr (MicroVention),
potential differences of the LVIS EVO include enhanced visibil-
ity, shorter flared ends, and a smaller cell size. The aim of this
study was to investigate the periprocedural feasibility and safety
of this new device for the endovascular treatment of intracranial
aneurysms.
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Table 1: Patient and aneurysm characteristics

Characteristic

Data®

Age (yr)
Clinical presentation
Aneurysm location

Aneurysm size (maximal diameter) (mm)
Aneurysm type

58.5 [SD, 12.0] (25-81)

Incidental (n = 34) (57.6%), recanalization (n = 7) (11.9%), SAH (h = 9)
(15.3%), symptomatic® (n = 5) (8.5%), ischemic stroke® (n = 2) (3.4%),
residual aneurysm (n = 2) (3.4%)

MCA (n = 15) (25.4%), AcomA (n = 13) (22.0%), BA (n = 9) (15.3%), ICA
(n =7) (1.9%), ACA (n = 6) (10.2%), Others (n = 9) (15.3%)

6.2 [SD, 3.9] (1.0-18.0)

Saccular (n = 55) (93.2%), dissecting (n = 3) (5.1%), blisterlike (n =1) (1.7%)

Neck diameter (mm)

Dome-to-neck ratio

Diameter of the parent artery proximal to the aneurysm (mm)
Diameter of the parent artery distal to the aneurysm (mm)
Angulation of the parent artery at the site of the aneurysm

42[SD, 1.8] (1.0-9.5)

15 [SD, 0.7] (0.3-4.5)

2.8[SD, 0.8 (1.0-4.3)

24[SD, 0.8] (1.2-4.0)

102.6° [SD, 44.1°] (23.0°-180.0°)

?Data are mean [SD] (minimum to maximum) or absolute number of cases (relative frequency in %).
bSymptoms not caused by SAH or ischemic stroke, including headaches (n = 3), dizziness (n = 1). and double vision (n = 1).

“Related to the aneurysm.

MATERIALS AND METHODS

Study Design

This work is a retrospective, multicenter, observational study at
11 European neurovascular centers. The clinical and radiologic
records of patients with intracranial aneurysms who were treated
with the LVIS EVO stent between September 2019 and April
2020 were systematically reviewed on the basis of a dedicated sur-
vey that was completed by the interventionalists who had used
the device. Institutional ethics committees approved this study.

Patient and Aneurysm Characteristics

The collected patient data included the patient’s age, sex, clinical pre-
sentation, and the pretreatment mRS score. For patients presenting
with ruptured intracranial aneurysms, the severity of the subarachnoid
hemorrhage was assessed according to the Hunt and Hess scale.

The assessed characteristics of the treated aneurysms
included aneurysm location, type, size (maximal diameter),
neck diameter, the diameter of the parent vessel proximal and
distal to the aneurysm, and the degree of angulation of the par-
ent vessel at the site of the aneurysm. Wide-neck aneurysms
were defined as aneurysms with a neck diameter of =4 mm or a
dome-to-neck ratio of <2.

Device Characteristics

The LVIS EVO consists of drawn filled tubes (DFTs) consist-
ing of an inner platinum wire and an outer nitinol wire. The
platinum core makes every wire of the device x-ray-visible.
Additionally, 4 radiopaque markers are attached to short
(0.5 mm) flared ends at each end of the device. The metal cov-
erage of the LVIS EVO ranges from 17% to 28%, depending
on factors such as the diameter and the configuration of the
deployed stent and the parent vessel. Without packing the
stent, the stent cell size ranges from approximately 0.4 to
1.0 mm. The recommended delivery systems are the Headway
17 microcatheter (MicroVention) and the Scepter C or XC
dual-lumen balloon catheters (MicroVention).

Two other braided low-profile stents are currently available:
the LVIS Jr and the Leo+ Baby (Balt Extrusion). The most im-
portant difference in the LVIS EVO to these devices is the mate-
rial of the stent, which is DFT for the LVIS EVO and nitinol for
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the LVIS Jr and Leo+ Baby. While every DFT wire is inherently
visible, the stent body of the LVIS Jr and the Leo+ Baby is made
visible by 3 (LVIS Jr) or 2 (Leo+ Baby) additional tantalum wires.
Other special features are the relatively high metal coverage and
the small cell size of 0.4-1.0 mm, which is much higher for the
LVIS Jr (1.5 mm) and slightly higher for the Leo+ Baby (0.9 mm).

Treatment

The indication for choosing the LVIS EVO, the treatment tech-
nique, and the peri-interventional medical treatment were recorded.
The ease of deployment and the radiopacity of the device were rated
by the treating interventionalist on a 5-point scale: 1, very poor; 2,
poor; 3, intermediate; 4, good; 5, very good. Successful deployment
was defined as complete opening of the stent without the need for
additional techniques such as in-stent angioplasty.

Safety and Feasibility

Periprocedural technical complications were assessed by
the neurointerventionalist on fluoroscopy, DSA, and, in some
cases, additionally with 3D-DSA and/or flat panel CT. Post-
procedural clinical complications until discharge were
assessed. Clinical evaluation was performed by a board-certi-
fied neuroradiologist, neurosurgeon, or neurologist before the
procedure, immediately after the procedure, 24 (*6 hours)
after the procedure, and at discharge. The patient’s clinical
status was assessed with the mRS. The grade of occlusion im-
mediately after treatment was reported according to the modi-
fied Raymond-Roy classification.'!

RESULTS

Patient and Aneurysm Characteristics

Fifty-nine aneurysms in 57 patients were treated in 11 European
centers between September 2019 and April 2020. Patient and an-
eurysm characteristics are summarized in Table 1.

The patient age was 58.5 [SD, 12.0]years; 73.7% of the
patients were female; and 26.3% were male. The pretreatment
mRS was 0.6 [SD, 1.2] (mRS 0 in n = 42, 71.2%; mRS 1 in n =
11, 18.6%; mRS 2 in n = 2, 3.4%; mRS 3 in n = 1, 1.7%; and mRS
5in n = 3, 5.1%). All patients with an mRS of >2 had acute
aneurysmal subarachnoid hemorrhage or ischemic stroke. 57.6%



Table 2: Treatment characteristics, safety, and feasibility

Characteristics, Safety, and Feasibility®

Treatment parameter

Reason for choosing ~ Wide neck Flow diversion
LVIS EVO (n = 56) (=2
(94.9%) (3:4%)
Ease of deployment  Very poor Poor Intermediate
(n=0) (n=0) (n=0)
(0%) (0%) (0%)
Radiopacity Very poor Poor Intermediate
=0 (=0 (=]
(0%) (0%) (1.7%)
Treatment technique Jailing technique WEB and stent
(n=152) (n=3)
(88.1%) (5.1%)
Safety
Technical Thrombus formation Stent shortening Incomplete
complications (hn=13) (n=1) stent
(5.1%) (1.7%) opening
(=1
(1.7%)
Clinical TIA(h=2) Major stroke® Minor
complications® (3.4%) (h=1) stroke®
(1.7%) (n=1)
(1.7%)
Feasibility
Occlusion I: Complete occlusion II: Residual neck
immediately after (h=132) (h=16)
treatment® (54.2%) (10.2%)

Bailout
(n=1)
(17%)

Good
(h=4)
(6.8%)

Good
(h=128)
(47.5%)

Stent only
(=2
(3.4%)

Coil protrusion
(n=1)
(1.7%)

GIT bleeding Leg ischemia
(=1 (=1
(1.7%) (1.7%)

Illa: Residual neck with
contrast within coil
interstices (n = 18)

Very good
(h = 55)
(93.2%)

Very good
(n =30)
(50.8%)

Coiling passing
through stent
(h=2)
(3.4%)

Unrelated to LVIS
EVO
(=1
(1.7%)

Puncture side
bleeding
(=1
(17%)

IlIb: Residual neck
with contrast
along aneurysm

(30.5%) wall
(=3
(51%)

Note:—GIT indicates gastrointestinal tract.

“Data are mean [SD], (minimum to maximum), or absolute number of cases (relative frequency in %).

®Two patients had 2 clinical complications, respectively.

“Not related to the intervention (most likely caused by vasospasm).
“Related to the intervention (stroke in vascular territory of stented artery).
€ Reported according to the modified Raymond-Roy classification.

of the aneurysms were incidental; and 27.1% were symptomatic
(15.3% acute subarachnoid hemorrhage, 3.4% ischemic stroke
related to the aneurysm, and 8.5% other symptoms). In 15.3%,
the treatment indication was a recanalized or residual aneurysm.
For 11.9% of the aneurysms, treatment was indicated because of
recanalization after previous coiling; 3.4% were treated because of
a residual aneurysm after a previous treatment. The 9 patients
with acutely ruptured aneurysms (15.3%) presented with a Hunt
and Hess scale score of 1.9 [SD, 1.2].

Most of the aneurysms were located in the MCA (25.4%), fol-
lowed by the anterior communicating artery (AcomA; 22.0%),
the basilar artery (BA; 15.3%), the supraophthalmic ICA (11.9%),
and the anterior cerebral artery (ACA; 10.2%). Most aneurysms
(93.2%) had a saccular configuration, 5.1% were dissecting aneur-
ysms, and 1.7% were blisterlike aneurysms. The maximal diame-
ter of the treated aneurysms was 6.2 [SD, 3.9] mm, ranging from
1 to 18 mm. Fifty-five aneurysms (93.2%) were wide-neck with a
neck diameter of 4.2 [SD, 1.8] mm and a dome-to-neck ratio of
1.5 [SD, 0.7] mm. The diameter of the parent vessel was 2.8
[SD, 0.8] mm proximal to the aneurysm and 2.4 [SD, 0.8] mm
distal to the aneurysm. The angulation of the parent vessel at
the site of the aneurysm was 102.6° [SD, 44.1°], ranging from
23.0° (sharp angle) to 180° (straight vessel). In 28.8% of the

aneurysms, there was a sharp angle of the parent vessel
(<90°) at the site of the aneurysm.

Treatment

Treatment characteristics are summarized in Table 2. Example
cases are illustrated and described in Figs 1 and 2. The most fre-
quent indication for choosing the LVIS EVO device was a wide an-
eurysm neck (94.9%). In 2 patients (3.4%), the reason was flow
diversion, and in 1 patient (1.7%), the LVIS EVO device was used
as a bailout technique after failure of conventional coiling. The
ease of deployment was rated as very good in 93.2% and good in
6.8% of cases. Most of the interventionalists rated the radiopacity
of the LVIS EVO as good (47.5%) or very good (50.8%).

Jailing was the predominant treatment technique (88.1%),
while the LVIS EVO was used in combination with a Woven
EndoBridge device (WEB; MicroVention) in 3 cases (5.1%) and
alone without coiling or a WEB in 2 cases (3.4%). In the 3 cases
in which a WEB was combined with the LVIS EVO, there was an
acute angulation of the aneurysm in relation to the parent vessel,
explaining why the WEB was primarily combined with stent im-
plantation. In the 2 cases in which the LVIS EVO device was used
alone, the aim was to achieve a flow-diverting effect by the
implanted stent. In the first case, coiling with the jailing
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FIG 1. Stent-assisted coiling of an incidental aneurysm of the AcomA. DSA (A) and 3D reconstructions of rotational angiography (B and C) show
a wide-neck aneurysm of the AcomA. After positioning of a microcatheter within the aneurysm (black arrow in D), a 3 x 18 mm LVIS EVO stent
was deployed in the Aland A2 segments of the left ACA (stent ends marked with white arrows). Shouldering of the stent at the base of the an-
eurysm (black arrowheads) enabled protection of the aneurysmal neck. Subsequently, the aneurysm was coiled (E and F). The shouldered stent
enabled complete protection of the parent artery at the aneurysmal neck (black arrows in E) and remodeling of the parent artery. DSAs after

treatment (G—I) show complete occlusion of the aneurysm.

technique of an aneurysm of the superior cerebellar artery was
intended but not possible because a severe stenosis at the entry of
the fusiform aneurysm impeded the navigation of a second
microcatheter into the aneurysm before implantation of the LVIS
EVO. In the second case, treatment of a residual ACA aneurysm
was intended after previous SAC using a Neuroform Atlas stent
(Stryker Neurovascular). Because jailing of a microcatheter into
the residual aneurysm was impeded by the previously implanted
stent, the LVIS EVO was used alone. Coiling passing through
the stent struts was performed in 2 cases (3.4%). In-stent
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angioplasty was performed in 4 treatments (6.8%). The reason for
in-stent angioplasty was incomplete wall apposition (>75% stent
opening) in 3 cases and incomplete opening of the stent (50%
stent opening) in 1 case.

Antiplatelet Therapy

The most frequently administered preinterventional therapy
was acetylsalicylic acid (ASA) in combination with clopidogrel
(79.7%), followed by ASA combined with ticagrelor (11.9%).
In 5 patients with (8.5%), no

ruptured aneurysms



FIG 2. Stent-assisted coiling of an incidental aneurysm of the basilar artery. Digital subtraction angiography (A and B) and 3D reconstructions of
rotational angiography (C) show a wide-neck aneurysm of the tip of the basilar artery. After positioning of a microcatheter within the aneurysm,
a Headway 17 microcatheter was positioned in the left posterior cerebral artery via the right posterior cerebral artery (black arrow in D), the
right posterior communicating artery, and the right ICA. Subsequently, a 2.5 x 177 mm LVIS EVO stent (distal end marked with a white arrow in
D) was deployed horizontally over the aneurysmal neck, followed by coiling of the aneurysm (E and F). The stent ensured protection and remod-
eling of the parent artery (white arrow in G and H). DSAs after treatment (F, H, and /) show complete occlusion of the aneurysm.

preinterventional antiplatelet therapy was used. Peri-interven-
tional glycoprotein IIb/IIla antagonists (tirofiban or abcixi-
mab) were given in 13.6% of the cases. Postinterventional
antiplatelet therapy consisted of ASA combined with ticagrelor
in 45.8%, ASA combined with clopidogrel in 42.4%, ASA com-
bined with prasugrel in 6.8%, and cilostazol combined with
clopidogrel in 3.4% of cases. Platelet function testing was per-
formed in 43 patients (72.9%).

Safety and Feasibility
Safety and feasibility parameters are summarized in Table 2.

The LVIS EVO stent could be successfully deployed in 55 of
59 treatment procedures (93.2%). As stated above, in-stent angio-
plasty was needed in the remaining 4 cases without immediate
complete stent opening. The total number of periprocedural tech-
nical complications was 7 (11.9%), 2 of which occurred during
the treatment of acutely ruptured aneurysms. All except 1 of these
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technical complications were directly related to the LVIS EVO
and included thrombus formation within the stent lumen in 3
cases as well as coil protrusion into the parent vessel, shortening
of the stent, and insufficient stent opening in 1 case each.

Unsuccessful stent deployment occurred during the treatment
of an aneurysm of the ICA. The proximal stent only opened
incompletely (50% of the vessel lumen), which was most probably
related to a 180° curve of the vessel at the site of the proximal
stent. Navigation with a balloon catheter into the stent and fol-
lowing in-stent angioplasty caused slight compression of the
proximal half of the stent without any flow disruption.

Thrombus formation occurred during the treatment of aneur-
ysms of the MCA (unruptured), AcomA (ruptured), and ICA
(ruptured), respectively, and was successfully treated by intrave-
nous abciximab infusion, which led to complete resolution of the
thrombus. In one of these cases (an MCA aneurysm), thrombus
formation was observed in a second stent (Neuroform Atlas),
which was positioned in an MCA M2 branch for Y-stent place-
ment. The thrombosis in this second stent might have resulted
from the interaction of the 2 stents (constraining full opening of
the second stent and/or increased metal density within the ves-
sel). This patient received ASA in combination with clopidogrel
before the treatment, both of which showed an adequate effect in
the preinterventional platelet function test. The 2 patients with
ruptured aneurysms and periprocedural in-stent thrombosis
received periprocedural intravenous abciximab and heparin.

Coil protrusion occurred in an aneurysm of the AcomA in
the direction of the nonstented A2 segment and was successfully
treated by stent placement (Acclino flex; Acandis) in the contra-
lateral ACA. Slight stent shortening occurred during modeling of
an 18 x 4mm LVIS EVO with a 6 x 9 mm Eclipse 2L balloon
(Balt Extrusion). A technical complication that was not directly
related to the LVIS EVO consisted of coil dislocation, which did
not lead to any angiographic or clinical consequences. All of these
technical complications resolved without clinical sequelae. In 1
case, full opening of the stent was reported to occur only after
removing the jailed microcatheter, which we did not classify as a
technical complication.

In 4 patients (6.8%), neurologic complications were reported
before hospital discharge. Of these complications, 2 were tran-
sient (TIAs) and 2 were permanent (minor and major stroke),
while 1 occurred after the treatment of a ruptured aneurysm
(major stroke) and 3 occurred after the treatment of unruptured
aneurysms. Two neurologic complications were directly related
to the LVIS EVO: 1 minor stroke in the vascular territory distal
to the stent and 1 TTA. Both of these complications occurred after
the treatment of unruptured aneurysms in patients who received
pre- and postinterventional antiplatelet therapy using ASA and
clopidogrel with positive antiplatelet function test results. The
neurologic complications, which were persistent until discharge,
included a major stroke not restricted to the territory of the
stented artery due to vasospasms in a patient with a ruptured
ICA aneurysm, and the above-mentioned minor stroke in the ter-
ritory of the stented artery, which became clinically apparent as
dizziness. Both of these ischemic strokes led to an increase in the
mRS score (2-5 for the major stroke and 1-2 for the minor
stroke). Apart from these 2 complications, no increase in mRS
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scores was observed when comparing the preinterventional mRS
and the mRS at discharge. Two patients (3.4%) had transient
postprocedural headache, which was not classified as a clinical
complication.

Postprocedural non-neurologic complications occurred in 3
patients (5.1%) and included upper gastrointestinal bleeding,
puncture site bleeding, and acute ischemia of the leg contralateral
to the puncture site in a patient with known peripheral arterial
occlusive disease.

Immediately after the treatment, “complete occlusion” was
observed in 54.2%; “residual neck,” in 10.2%; “residual aneurysm
with contrast within coil interstices,” in 30.5%; and “residual an-
eurysm with contrast along the aneurysm wall,” in 5.1%.

DISCUSSION

This multicenter study, reporting the experience of 11 European
neurovascular centers, demonstrates acceptable periprocedural
safety and feasibility of the new LVIS EVO stent for the treatment
of intracranial aneurysms.

Endovascular treatment has become the first-line therapy for
most intracranial aneurysms.'* For aneurysms with a wide neck,
aneurysms with complex anatomy, or aneurysms situated at
vessel bifurcations, it was shown that SAC provides better occlu-
sion rates and anatomic results, compared with coiling only or
balloon remodeling.* The advantages of this treatment tech-
nique include the possibility of increasing the density of coil
packing, the impediment of coil protrusion into the parent artery,
the forming of a scaffold for endothelialization, and the genera-
tion of a flow-diverting effect past the aneurysm.">'>!* All these
factors ultimately aim to improve the immediate and long-term
occlusion rates of ruptured and unruptured intracranial aneur-
ysms and to enhance the safety of the treatment procedure.

For the new LVIS EVO stent, as initially indicated, the major
innovation is the structure of the wires of the stent. While estab-
lished braided stents, such as the Leo+ and Leo+ Baby or the
LVIS and LVIS Jr, predominantly consist of pure nitinol wires,
the LVIS EVO consists of DFT wires with a platinum core and an
outer nitinol coating. In addition to these structural differences,
the wires of the LVIS EVO are arranged in a specific braiding pat-
tern, which is based on the specific behavior of the DFT wires.
These technical features aim to improve the visibility and
enhance the opening ability and formability of the stent. The
results of this study are in line with these promoted features. In
all except one of the treatments (98.2%), the visibility of the de-
vice was rated as good or very good. The LVIS EVO stent was
deployed successfully in most of the treatment procedures, while
the ease of deployment was rated as good in 6.8% and very good
in 93.2% of the cases.

The metal coverage of the LVIS EVO device, which depends
on the size of the implanted stent and its configuration within the
parent vessel, is relatively high and can range up to 28%. This
maximum metal coverage is equal to the minimum metal cover-
age of the Flow-Redirection Endoluminal Device (FRED ]Jr;
MicroVention) stent, which features a metal coverage ranging
from 28% to 33%."> Accordingly, it is likely that the LVIS EVO
stent also offers a certain flow-diverting effect. In this study, the
LVIS EVO was used for flow diversion in 2 cases (without



additional coiling). In both cases, stasis within the aneurysm but
not complete occlusion was observed immediately after the pro-
cedure. Mid- and long-term follow-up data are needed to assess
the value of the flow-diverting effects of the LVIS EVO stent.

Compared with other braided stents, the LVIS EVO has a rel-
atively small cell size. This smaller cell size can be a disadvantage
because it may impede passing through the stent with a micro-
wire/microcatheter for coiling. Therefore, we recommend jailing
as the first-line treatment technique with the LVIS EVO.
However, crossing the stent with a microcatheter is also possible,
while its ease depends on the anatomy, the outer diameter of the
stent, and the degree of stent packing. Nevertheless, the small cell
size might impede crossing-stent techniques, such as Y- and X-
stent placement. In such cases, T-stent placement could be an al-
ternative treatment option.

Despite these very positive results, no statement with regard to
the superiority of the LVIS EVO stent over other stents can be
made on the basis of this study because we only investigated the
periprocedural results of the LVIS EVO without comparison with
any other device. However, the high rate of technical feasibility is
similar to that in other comparable devices, such as the Leo+
Baby, LVIS, LVIS Jr, Neuroform Atlas, or Acclino stents.*&16-18

In this study, periprocedural technical complications occurred
in 11.9% of treatments. However, all of these technical complications
resolved without clinical sequelae. The rate of neurologic complica-
tions until discharge was 6.8%, of which only 2 complications were
directly related to the LVIS EVO stent (1 minor ischemic stroke in
the vascular territory of the stented artery and 1 TIA). One major
stroke, which was unrelated to the procedure, was observed. The
low rate of symptomatic and persistent complications in this study
is in line with results reported in the literature.>*

The rate of immediate aneurysm occlusion in this study was
54.2%, which is in accordance with immediate occlusion results
after SAC reported in the literature."®* A systematic review and

meta-analysis by Hong et al*

reported an immediate occlusion
rate of 57.6%. A substantial angiographic improvement in occlu-
sion during follow-up can be expected after SAC."***!

We acknowledge that this study has some noteworthy limita-
tions. Because this is a retrospective, observational study based
on a dedicated survey, which was completed by the intervention-
alists themselves, without additional data analysis by a core lab,
there is inherent selection and reporting bias associated with it.
The number of patients and aneurysms in this study is relatively
small, the data are quite heterogeneous, and a control group is
lacking. However, this is a multicenter study and, to our knowl-
edge, it is the only study reporting on the clinical use of the LVIS
EVO stent to date. No follow-up data are available for this study
yet. To assess the effectiveness of this device in particular, long-
term follow-up data are necessary. However, the focus of this
study was the periprocedural safety and feasibility of the LVIS
EVO device. Furthermore, this device was introduced only
recently, and accordingly, to the best of our knowledge, compre-
hensive follow-up results are not yet available.

CONCLUSIONS
The LVIS EVO stent is a safe and feasible device for the treatment
of intracranial aneurysms. Further studies are needed to assess

the mid- and long-term effectiveness as well as potential advan-
tages of this new device over other available stents.
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Outcome of Flow Diverters with Surface Modifications in
Treatment of Cerebral Aneurysms: Systematic Review and
Meta-analysis

Y.-L. Li, “”A. Roalfe, ““E.Y.-L. Chu, ““R. Lee, and ““ A.C.O. Tsang

ABSTRACT

BACKGROUND: Newer flow diverters are enhanced with antithrombogenic surface modifications like the Pipeline Embolization
Device with Shield Technology and the Derivo Embolization Device and are purported to facilitate deployment and reduce ische-
mic events.

PURPOSE: Our aim was to review the safety and efficacy of surface-modified flow diverters in treating patients with cerebral
aneurysms.

DATA SOURCES: We used Preferred Reporting Items for Systematic Reviews and Meta-Analyses—compliant systematic review and
meta-analysis covering 3 major data bases and gray literature between 2014 and 2019.

STUDY SELECTION: Two reviewers independently reviewed human studies of surface-modified flow diverters for eligibility based
on predetermined criteria.

DATA ANALYSIS: The random effects model and Freeman-Tukey arcsine transformation were used to pool efficacy outcomes
(technical success, aneurysm occlusion at 6 and 12months) and safety outcomes (mortality, morbidity, all ischemia, and serious is-
chemia). Subgroup analysis was performed to compare outcomes between 2 different flow diverters.

DATA SYNTHESIS: Eight single-arm case series involving 911 patients and 1060 aneurysms were included. The median follow-up was
8.24 months. Pooled estimate for technical success was 99.6%, while the aneurysm occlusion at 6 and 12 months were 80.5%, and 85.6%,
respectively. Pooled estimates for mortality, morbidity, total ischemia, and serious ischemia rates were 0.7%, 6.0%, 6.7%, and 1.8%,
respectively. Most studies were of good quality, and no significant heterogeneity was observed.

LIMITATIONS: Limitations include a retrospective, observational design in some studies; heterogeneous and underreported antipla-
telet therapy; and potential performance and ecologic bias.

CONCLUSIONS: Early-to-midterm safety and efficacy for surface-modified flow diverters appear comparable with older devices, espe-
cially for small, unruptured anterior circulation aneurysms. Long-term clinical data are required to further corroborate these results.

ABBREVIATIONS: DAPT = dual antiplatelet therapy; FD = flow diverter; HPC = hydrophilic polymer coating, SM = surface modification; SPED = Pipeline
Flex Embolization Device with Shield Technology; DED = Derivo Embolization Device

Since their introduction in 2007, flow diverters (FDs) have
revolutionized the endovascular treatment of cerebral
aneurysms with expanding indications. Previously uncoilable
aneurysms (wide-neck, giant, fusiform, tiny, blister, distally
located) are increasingly treated with FDs.! The efficacy and
long-term safety of first-generation FDs have been proved in
several meta-analyses.”®
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A major limitation of flow diversion is ischemic stroke associ-
ated with stent thrombogenicity, necessitating dual-antiplatelet
therapy and its associated risk. Since 2014, different manufacturers
have incorporated surface modifications (SMs) to reduce FD
thrombogenicity. Currently available devices include the Pipeline
Flex Embolization Device with Shield Technology (SPED;
Medtronic), the Derivo Embolization Device (DED; Acandis), and
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Table 1: Overview of surface-modified flow diverters

Device

SPED

DED

p64/p48 MW HPC

Manufacturer
Year of release
Stent structure

Medtronic

2014

Permanent mesh cylinder braided from
platinum, tungsten, and cobalt-

Acandis

2016

24 Nitinol wires with radiopaque
platinum core looped at the end,

phenox

2017

Drawn filled tubing wires with
platinum core and nitinol

chromium-nickel alloy wires with a 48-wire braid coating
Diameter 2.5-5 mm 3.5-6 mm p64: 2.5x 5 mm
p48 MW: 1.75-2 mm
Length 10-35 mm 15-50 mm p64: 9-30 mm

Previous versions 1) PED; original device available since 2008
2) FPED: resheathable and available since
2014

Surface modifier ~ PC polymer (Shield technology)

Description <3-nm PC polymer covalently bonded to
stent braids
Proposed PC is a constituent of the red cell
mechanism membranes, thus reduces platelet

adhesion and activation

A non-BlueXide (Acandis)-coated
version was available briefly

BlueXide
50-nm titanium oxide and titanium
oxynitride surface finishing

Reduces friction during delivery and
expansion, thus reducing
thrombogenicity

p48 MW: 9-18 mm
p64/P48 MW non-HPC
versions

pHPC

Covalent bonding of the
proprietary pHPC to the
stent braids

Mimics glycocalyx on the
vessel wall to inhibit
platelet plug formation

Note:—PC indicates phosphorylcholine; pHPC, phenox Hydrophilic Polymer Coating; PFED, Pipeline Flex without Shield coating.

p64 and p48 MW hydrophilic polymer coating (HPC) Flow
Modulation Device (phenox) (Table 1). Although laboratory studies
have demonstrated lower thrombogenicity compared with older FDs,
their clinical efficacy and safety have not been extensively tested.”

This study synthesizes the current evidence regarding the clin-
ical and radiologic outcomes of patients with cerebral aneurysms
treated by these SM-FDs.

MATERIALS AND METHODS

This is a Preferred Reporting Items for Systematic Reviews and
Meta-Analyses—compliant systematic review and meta-analysis.®
The protocol was prospectively enrolled in the International
Prospective Register of Systematic Reviews register.

Search Strategy

A search was conducted in major online data bases (MEDLINE,
EMBASE, Cochrane) for studies published between January 2014
(when the first SM-FD was introduced) and September 2019.
Gray literature sources, including Web sites of manufacturers,
major journals and conferences in interventional neuroradiology,
and bibliographies of screened full texts were reviewed to identify
additional studies. The following keywords and their combina-
tions and permutations were used in the search: “intracranial an-
eurysm,” “cerebral aneurysm,” “flow diverter,” “pipeline shield,”
Detailed search strategy and
results are given in the Online Supplemental Data.

»

“derive,” “p64,” and “p48mw.

Eligibility Criteria
Recognizing that most studies on novel neurointerventional devi-
ces are nonrandomized, uncontrolled, and observational, we did
not limit eligibility by study design.

We included studies meeting the following inclusion criteria:

1. Evaluated use of SM-FDs in intracranial aneurysms in
humans
2. Enrolled at least 15 subjects
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3. Reported on outcomes described below
4. Followed up subjects for at least 6 months
5. Article published in English.

We excluded studies meeting the following exclusion criteria:

1. Laboratory and cadaveric studies

2. Narrative review or opinion articles

3. Novel series evaluating off-label use in challenging cases not
representative of typical clinical scenarios

4. Disaster series highlighting complications

5. Intermixed studies in which outcomes of SM-FD cannot be
extracted.

Data Collection and Analysis

Search results were pooled, and duplicates were removed. The
titles and abstracts were screened independently by 2 investiga-
tors, and full texts of potentially eligible studies were perused.
A list of demographic-, aneurysm-, treatment-, and outcome-
related data was extracted. Conflicts were resolved by consensus.
We subsequently performed a meta-analysis of the following effi-
cacy and safety outcomes:

Efficacy outcomes:

1. Technical successful rate (%)
2. Aneurysm occlusion rate at 6 months (%)
3. Aneurysm occlusion rate at 12 months (%).

Aneurysm occlusion is defined by cerebral angiography show-
ing Raymond-Roy class I or O’Kelly-Marotta class D results.
Safety outcomes were the following:

1. Mortality rate (%), including any death occurring during the
study

2. Morbidity rate (%), including any treatment-related signifi-
cant clinical symptoms during the study

3. Total ischemia rate (%), including all ischemic events, both
clinical and radiologic, during the study



4. Serious ischemia rate (%), including only permanent neurologic
deficits attributed to an ischemic mechanism during the study.

Result Synthesis and Reporting

Risk-of-bias assessment was performed by 2 investigators for
each study. The National Institutes of Health Quality Assessment
Tool for Observational Cohort and Cross-Sectional Studies was
used, and studies were classified into good, fair, or poor quality.’

Random effects model was adopted because neurointerven-
tional procedures were highly variable and the effect was expected
to be different depending on the patient, clinical setting, and
neurointerventionalist.

Because all the main outcome events were binary and denoted
in proportions, they were pooled with results denoted in a sum-
mary point estimate with 95% CIs. Outcomes available in less
than half of all studies would not undergo pooling. Confidence
intervals for individual studies were calculated with the score
method. Because the studies included were single-arm with event
rates close to 0 or 1, the Freeman-Tukey double arcsine method
was used for transformation and pooling,*

Subgroup analysis was performed for the type of FD (DED
versus SPED) for all outcomes. Heterogeneity was evaluated
using the I? statistic and the Cochrane Q test. We followed the
Cochrane Collaboration’s interpretation for statistical heteroge-
neity. P values < .05 were considered significant for the Q test.
For the I? statistic, 0%-40%, 30%-60%, 50%-90%, and 75%-
100% were considered little, moderate, substantial, and consider-
able heterogeneity, respectively.'!

Meta-regression, funnel plots, and the Egger test were not per-
formed because the results would not be valid if the number of el-
igible studies was <10."'

Data entry and review were performed with Excel
(Microsoft). Forest plotting and meta-analysis were performed
in STATA/IC 16 (StataCorp, 2019) using the metaprop func-
tion (Online Supplemental Data).'?

RESULTS

Study Selection and Characteristics

Our search yielded 2119 entries; 1580 records were screened, and
93 full texts were perused to assess eligibility. After exclusion,
8 studies were eventually included for meta-analysis.">>* The
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses flow chart is given in the Online Supplemental Data.

All 8 studies were single-arm case series, 4 of which studied
DED, and 4, SPED. Five were retrospective, and 3 were prospec-
tive. There was no eligible study for the p64 and p48 MW HPC.
The number of participants per study ranged from 24 to 294,
with a total of 911 patients and 1060 aneurysms. Results from
individual studies are provided in the Online Supplemental Data.

Participant and Aneurysm Characteristics
Participants ranged from 17 to 82 years of age and were treated in
centers in Europe, America, and Australia. The proportion of
females in each study ranged from 58.3% to 82%.

The eligible studies evaluated various types of aneurysms, but
most were treated in an elective setting. Unruptured aneurysms
constituted 66.2%-100% of each study. Most aneurysms were

small (<10 mm, 75.9%) with a mean sac size ranging from 7.0 to
9.0 mm.

Most aneurysms were in the anterior circulation (90.2%), with
the paraophthalmic internal carotid artery being the most com-
mon location (50.7%). Distal vessels such as the anterior cerebral
artery (5%) and middle cerebral artery (7.5%) accounted for small
proportions. Most aneurysms were saccular in morphology
(88.1%).

Treatment Characteristics

All interventions were performed with the patient under general
anesthesia using transfemoral access with perioperative heparin-
ization. Hemostasis was achieved either by manual compression
or a closure device.

The neurointerventional technique was variable, but authors
generally adopted a triaxial technique with a long sheath, an in-
tracranial support catheter, and a microcatheter for delivery. The
choice of catheter and the use of conebeam CT, balloon angio-
plasty, resheathing, platelet function testing, or branch artery cov-
erage were not well-reported to allow statistical description.

A total of 1086 flow diverters were placed (1.02 per aneu-
rysm), of which 455 were DED (41.9%) and 631 were SPED
(58.1%). The mean proportion of stent-assisted coiling proce-
dures varied greatly from 6.4% to 88.9%.

The periprocedural and postprocedural dual-antiplatelet ther-
apy (DAPT) protocol was poorly documented overall, and statis-
tical analysis was not possible. Compliance with DAPT on
follow-up was not reported by all except 1 study.'>'*

Among those with available data, DAPT was generally pre-
scribed for at least 4 months (aspirin, 75-325 mg daily, plus a sec-
ond agent, clopidogrel, 75-150 mg daily; prasugrel, 5-10 mg
daily; ticagrelor, 90 mg twice daily; or ticlopidine, 250 mg twice
daily) followed by variably dosed aspirin for at least 6 months to
indefinitely.

Risk of Bias Characteristics
Most studies (6 of 8) received a “good” grade for overall study
quality. Two studies scored “fair” because they did not report on
consecutive enrollment and used inappropriate outcome meas-
urements and statistical methods.'>"®

Most studies (6 of 8) lacked adequate follow-up, which was
explicable because the devices are novel. Overall, we consider
most studies well-conducted with a clearly expressed study ques-
tion, appropriate case definitions, and consecutive enrollment of
comparable subjects. The interventions, outcome measurements,
and results were generally clearly described. The overall risk of
bias is therefore low. The overall study rating and details are
given in the Online Supplemental Data.

Results of Meta-Analysis and Subgroup Analysis
A summary of the results of meta-analysis is given in Table 2.

Efficacy Outcomes. The overall technical success rate for device
placement was 99.6% (95% CI, 98.6%-99.8%) with no significant
difference between DED and SPED (P = .33).

Among cases of technical failure, 5 cases of improper DED
expansion were seen and solved by angioplasty, device substitu-
tion, and placement of an additional overlapping stent. There
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Table 2: Results of meta-analysis®

Overall

Efficacy outcomes
Technical success

Aneurysm occlusion rate (6 mo)

Aneurysm occlusion rate (12 mo)

99.6% (98.6%-99.8%)
1> = 33.0% P = 165
80.5%° (74.5%—86.0%)
1> =70.8% P = .000
85.6% (80.6%—90.0%)
I> = 0.00% P = 744

Safety outcomes
Mortality rate 1.0% (0.3%—1.9%)

I> = 0.00% P = .608

6.0% (4.5%7.7%)

I>=0.00% P = .857

6.7%° (41%-101%)

I> = 61.9% P = .010

1.8% (0.8%-3.0%)

1> =121% P = 335

Morbidity rate
Total ischemia rate

Serious ischemia rate

Intergroup
DED SPED Heterogeneity

100% (99.2%-100%) 99.2% (97.2%-100%) P =165
I’ = 0.00% P = 487 1> = 54.4% P = .087

78.9% (74.3%—83.1%) 82.7%° (73.4%-90.4%) P = .420
1> = 0.00% P = .559 1> = 753% P = .000

87.8% (80.9%-93.5%) 83.2% (75.8%—89.6%) P=2329

NA NA

13% (0.2%—3.1%) 0.8% (0.1%-1.9%) P = 410
1> =5.47% P = 366 1> = 0.00% P = .675

6.3% (3.9%-9.1%) 5.8% (3.9%-8.1%) P=1725
I> = 0.00% P = .618 I* = 0.00% P = 710

8.3%° (2.9%15.7%) 6.3% (3.2%-10.2%) P =548
1> =751% P = .007 I>=501%P =M

2.5% (1.0%—4.6%) 12% (0.1%-3.2%) P = 240

I> = 0.00% P = .685 1> = 37.0% P = 190

Note:—NA indicates not applicable.

Table shows pooled point estimate, 95% confidence intervals, heterogeneity (I statistic and P value for the Cochrane Q test) and intergroup heterogeneity for all out-

comes of the meta-analysis.
® Significant heterogeneity.

were 3 cases of incomplete deployment of the SPED, with all
stents resheathed without sequalae. There were 3 cases of failed
cannulation, including 1 case of off-label use in treating a distal
aneurysm.

There was considerable difference in the follow-up period,
imaging technique, and imaging scale across studies. To pool
data, we discounted longer follow-ups: For example, 9-month fol-
low-up DSA results were pooled under 6 months. As indicated in
the protocol, aneurysm obliteration is defined when filling is
completely absent in the angiogram (ie, Raymond-Roy I and
O’Kelly-Marotta D classification).

The overall median follow-up interval was 8.24 months (inter-
quartile range, 6.67-12 months). Imaging data were available for
825 (90.6%) and 231 (25.4%) patients at 6- and 12-month follow-
up, respectively.

The overall pooled aneurysm occlusion rates at 6 and 12
months were 80.5% (95% CI, 74.5%-86.0%) and 85.6% (95% CI,
80.6%-90.0%), respectively, with no significant difference
between DED and SPED (P = .42 and P = .33).

Safety Outcomes. There was considerable heterogeneity in
the definition and reporting of complications. The definitions
described under Materials and Methods were adopted, and indi-
vidual events were reclassified when possible. Events with insuffi-
cient detail were treated conservatively. For example, an adverse
event labelled as “thromboembolism” without further detail was
classified under “serious ischemia,” which indicated a permanent
neurologic deficit observed in the patient.

The overall pooled morbidity and mortality rates were 6.0%
(95% CI, 4.5%-7.7%) and 1.0% (95% CI, 0.3-1.9%), respectively,
with no significant difference between DED and SPED
(P = .73 and P = .41). Among the 10 deaths, 7 were related to
early and late rebleeding, 1 patient died of perforation in DED-
assisted coiling, and 1 patient died of stent occlusion from self-
discontinuation of antiplatelets shortly after the operation. The
cause of death in 1 case was not specified.
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The overall pooled ischemic and serious ischemic event rates
were 6.7% (95% CI, 4.1%-10.1%) and 1.8% (95% CI, 0.8%-3.0%),
respectively, with no significant difference between DED and
SPED (P = .55 and P = .24).

Details of technical challenges during intervention and unsuc-
cessful placements and mortality, morbidity, and ischemic events
are listed in the Online Supplemental Data. Forest plots of all
meta-analysis outcomes are available in the Online Supplemental
Data.

A table showcasing results of the present and previous meta-
analyses on older FDs treating different types of aneurysms is

shown in the Online Supplemental Data.>*®2>3°

DISCUSSION

This is the first meta-analysis examining clinical outcomes of sur-
face-modified flow diverters since the release of SPED in 2014. As
these devices become more available in angiosuites worldwide, it
is important for interventionists to understand their properties,
differences, therapeutic efficacy, and safety profile to select the
best device for patients.

Surface modifications are designed to reduce platelet acti-
vation, adhesion, and clot formation to prevent clinical ische-
mic events. Our results appear to confirm this claim. Serious
ischemic event rates were uniformly low across studies (0.8%
to 3.0%) and compare favorably with meta-analyses per-
formed between 2012 and 2017 on older devices including the
Pipeline Embolization Device (PED; Medtronic), the Silk flow
diverter (Balt Extrusion), the Flow-Redirection Endoluminal
Device (FRED; MicroVention), the Surpass stent (Stryker
Neurovascular), and the Tubridge flow diverter (MicroPort
Medical Company) (4.1%-7.5%).>>>¢

The significant heterogeneity observed in “total ischemic
events” in the present study is accountable by methodologic vari-
ation, specifically in 1 study that included ischemic lesions seen
on MR imaging immediately postprocedure (Table 2).** These
lesions are very common and normally not associated with



clinical sequalae.*® The serious ischemic event rate in that partic-
ular study was not inordinately high (4.2%) compared with
others.

The overall mortality was low (1.0%) compared with older
stents (2.8%-4%), attesting to the in vivo safety of these new
devices. Cerebral hemorrhage remains the most common cause
of mortality in FD treatment of aneurysms (80%) as in a previ-
ous meta-analysis.* The cause of hemorrhage after flow diver-
sion is not always clear. In patients with ruptured aneurysms,
early rebleeds can be explained by the inability of the FD to im-
mediately obliterate the aneurysm. In other patients, bleeding
may be facilitated by DAPT. Giant aneurysms are more prone
to delayed rupture, and this may be the result of increased intra-
aneurysm pressure after flow diversion.*"**> Hemodynamic dis-
turbance caused by the FD may explain rare instances of bizarre
delayed parenchymal hemorrhage.*® In our study, surface modi-
fications do not appear to mitigate the risk of bleeding. Three of
8 fatal hemorrhages occurred in patients with giant aneurysms
(37.5%). Whether this is causative would require further
investigation.

Clinical outcomes of aneurysm treatment are affected by vari-
ous factors other than the FD, such as aneurysm characteristics.
Previous studies have shown higher morbidity and mortality rates
in giant, acutely ruptured, blood-blister, posterior circulation, and
nonsaccular aneurysms (Online Supplemental Data).?” ** Because
most patients in the present analysis had unruptured (91.6%), an-
terior circulation (90.8%), and small (<10 mm) aneurysms,
perhaps a more appropriate comparison is with the recent studies
by Fiorella et al*® and Bhatia et al,** who examined aneurysms
with similar characteristics treated by older FDs. They found a 12-
month aneurysm occlusion rate of 74.6% compared with our
85.6% and a total morbidity rate of 7.81%-10.1% compared with
our 6.0%. While meta-analyses are not meant to be compared
directly, this finding would suggest that SM-FDs are noninferior
and potentially superior to previous-generation FDs in terms of
efficacy and safety.

Our results also corroborate manufacturers’ claims of bet-
ter apposition and improved deliverability. The technical suc-
cess rate was excellent (99.6%), improved from older stents
(90.6%-91.7%), and similar to that of the Pipeline Flex with-
out Shield coating (Medtronic; 99.3%). For cases of technical
failure, no significant adverse consequences were seen, with
stents resheathed and removed or improper expansion solved
with other endovascular techniques. These findings indicate
that SM-FDs are robust and highly deliverable devices.

While coiling and clipping may occlude an aneurysm
instantly, flow diverters are designed to hemodynamically
remodel the parent artery, causing gradual aneurysm occlusion.
Hence, occlusion rates at 6 and 12 months may not reflect the
eventual obliteration rate, which tends to be higher in the long
run. For example, in a study examining long-term outcome for
older stents (Silk, PED, and FRED), occlusion rates were found to
progress from 76.2% at 6 months to 94.2% at 5 years.>*

SM-FDs are novel devices, and there are only studies with 6-
12 months of follow-up at present. Nevertheless, they appear
comparable with older FDs and coiling. The 6-month occlusion
is 80.5% compared with 74.5%-77.9% in older FDs**® and slightly

lower than that of coiling (86.1%).> Limited data on 12-month
occlusion give a pooled estimate of 85.6%, which is slightly lower
than that of older FDs (89.6%).> Of note, the 6-month aneurysm
occlusion rate is significantly higher in the Safety and Clinical
Effectiveness of Pipeline Shield Devices for Intracranial
Aneurysm (SCOPE-AUS) study than in other studies (90.3% ver-
sus pooled estimate of 80.5%, I?=753%, P = .007). Because only
intermediate results were presented at the World Federation of
Interventional and Therapeutic Neuroradiology conference in
2019, we eagerly anticipate the full article, which may shed more
light on its superior results.*’

Another concern regarding SM-FDs is the effect of neointimal
hyperplasia. In vivo animal studies using optic coherence tomog-
raphy showed conflicting results in the early formation of neoin-
timal hyperplasia in the SPED compared with conventional PED,
raising concern for in-stent stenosis after FD placement.”>*
Clinical studies included in this review did not routinely analyze
this phenomenon, and its effect on patient outcome remains
unclear.

Trivelato et al?! observed, in their DED cohort, that a branch
vessel arising from the aneurysm led to higher rates of persist-
ence, with an odds ratio of 6.36. This finding is consistent with
those of previous studies on flow diversion.”” However, because
other authors did not report this detail and the number of studies
included was too small, meta-regression was not possible.

Summarizing the present findings, SM-FDs appear to be as ef-
ficacious and safe as older FDs and coiling in the early and mid-
term results. No significant clinical difference was seen between
the SPED and DED.

Limitations, Criticisms, and Future Research Directions
Most included studies were retrospective, uncontrolled, non-
randomized case series lacking long-term (>1year) outcome.
Nonetheless, within the limitations of the study design, the
authors produced high-quality research. Assessment of aneu-
rysm occlusion was not blinded except for 1 study in which the
aneurysm occlusion was determined by an independent radiol-
ogy laboratory.'>'* The other studies were prone to perform-
ance bias.

Most patients included had unruptured, small, anterior circu-
lation saccular aneurysms, which tend to be the easiest to treat.
This feature can cause ecologic bias leading to better outcomes
reported than those encountered in real-life clinical practice.

DAPT was a major confounder in ischemic and hemorrhagic
events. The regimen, compliance, and platelet function testing
were poorly reported for all except 1 study.''* The possibility
that the difference in outcome only reflected a variable effect
from different antiplatelet therapy cannot be excluded.

There was significant heterogeneity in endovascular techni-
ques, such as the use of stent-assisted coiling, follow-up and
imaging protocols, and the definition of treatment success and
complications. In particular, adjunctive coiling occurred in 6.0%-
47.1% of participants in the included studies. Because some stud-
ies did not report this detail and the overall number of studies is
small, meta-regression is not feasible. Instead, we adopted the
random effects model to minimize the effects of this clinical
heterogeneity.
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Aneurysm factors such as rupture status, location, branch ves-
sel coverage, and adverse events were not adequately reported to
allow analysis. Further individual-patient-data meta-analysis may
be helpful in teasing out which patients are more prone to
adverse effects.

Because the present findings indicate that SM-FDs are,
indeed, less thrombogenic in vivo, future research should be
directed to determine the optimal antiplatelet regimen for these
stents. There are already initial reports of using a single agent in
selected cases.”®*® If the bleeding risk of DAPT can be mitigated
by SM-ED, flow diversion may be posited as an acceptable treat-
ment for ruptured aneurysms, which is currently an off-label use.

Looking forward, 2 prospective observational cohorts on
SPED are in progress (Pipeline Flex With Shield Technology
Embolization [SHIELD], NCT02719522, and Pipeline Vantage
Embolization Device With Shield Technology for Wide-Necked
Intracranial Aneurysms [ADVANCE], NCT03873714) as is an
Italian registry on DED, and these may add further evidence to
this evolving area in the near future.

CONCLUSIONS
Surface-modified flow diverters appear as efficacious in closing
aneurysms as older FDs and coiling in the early- and midterm
outcomes. A uniformly high technical success rate is reported for
both SPED and DED. Lower mortality and serious ischemic
events are observed compared with previous meta-analyses on
older FDs. No significant difference was demonstrated between
the SPED and DED. Our results may better apply to small,
unruptured saccular aneurysms in the anterior circulation. The
long-term clinical outcomes of these devices remain to be seen.
Larger scale prospective studies with a standardized DAPT
regimen; follow-up protocol; and more detailed reporting of
patient, aneurysm, and treatment characteristics can permit fur-
ther analysis to identify the best fit patients for these newer devi-
ces and predict treatment failure.
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ORIGINAL RESEARCH
INTERVENTIONAL

WEB Device Shape Changes in Elastase-Induced
Aneurysms in Rabbits

R. Kadirvel
o.'-'.

Y. Ding, ““'D. Dai, ““’A. Rouchaud, ““K. Janot, “'S. Asnafi, ““'D.F. Kallmes, and

ABSTRACT

BACKGROUND AND PURPOSE: While WEB devices have been shown to be safe and effective for aneurysm treatment, WEB-shape
modification compression has been associated with incomplete aneurysm occlusion. We explored the relationship between occlu-
sion rates and WEB-shape modification in different WEB device types in an experimental aneurysm model.

MATERIALS AND METHODS: Elastase-induced aneurysms were created in rabbits and treated with dual-layer (n =12), single-layer
(n=12), or single-layer sphere (n=12) WEB devices. Aneurysms were followed up either at 3 or 12 months. Angiographic occlusion
was graded using the WEB Occlusion Scale: grade I, complete; grade Il, complete but recess filling; grade IlI, residual neck; or grade
IV, residual aneurysm. WEB-shape modification and histologic features were also analyzed.

RESULTS: Grade | or Il occlusion was seen in 16 (44%) aneurysms, and grade |, II, or Ill (“adequate”) occlusion was observed in 22
(61.1%) aneurysms at follow-up. WEB-shape modification was observed in 22 (61.1%) aneurysms. WEB-shape modification was higher
in single-layer (9/12) and dual-layer (10/12) devices compared with single-layer sphere devices (3/12). Aneurysms with WEB-shape
modification had a higher level of thrombus organization in the dome compared with those without WEB-shape modification (68%
[15/22] versus 50% [7/14]). WEB-shape modification was not correlated with angiographic or histologic outcomes but was signifi-
cantly correlated with levels of fibrosis and smooth muscle cells in the aneurysm.

CONCLUSIONS: WEB-shape modification is not associated with incomplete aneurysm occlusion of WEB devices in the rabbit

model but may be related to connective tissue formation and the healing response to WEB device implantation.

ABBREVIATIONS: FD = flow diverter; SMA = smooth muscle actin, WSM = WEB-shape modification; DL = dual-layer; SL = single-layer; SLS = single-layer sphere

D uring the past 2 decades, the treatment of intracranial aneur-
ysms has rapidly evolved from the single option of open
skull surgical clipping to the increasingly common use of mini-
mally invasive endovascular techniques. While endovascular coil-
ing has been shown to offer significant advantages over an open
surgical approach, it is still associated with significant limitations.
These include treatment-associated morbidity of at least 5%-7%,
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a high aneurysm recurrence rate (as high as 20%-30% in some se-
ries), and low aneurysm occlusion rates."

Flow diverters (FDs) are innovative and promising devices
used to treat complex and/or wide-neck aneurysms.>® They
divert blood away from aneurysms, and their use has expanded
since in(:ep'[ion.A"5 Use of endoluminal FDs, however, necessitates
the use of antiplatelet therapy, which can be problematic for rup-
tured aneurysms. Unfortunately, the use of FDs does not eliminate
the possibility of delayed aneurysm rupture, a thromboembolic
event, and parent artery stenosis.®

The Woven EndoBridge (WEB) device (MicroVention) is a
completely intrasaccular FD device, which was designed to treat
challenging, wide-neck bifurcation aneurysms that are difficult
to embolize safely and effectively with other existing treatment
approaches.”® From the original dual-layer (DL) to current sin-
gle-layer (SL) design, WEB devices have shown a good safety
profile and a high rate of adequate occlusion both in experimen-
tal and clinical studies.’ ' In the meantime, WEB-shape modi-
fication (WSM) has been reported in the literature and could
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potentially be associated with the approximately 15% rate of
incomplete/inadequate aneurysm occlusion observed in the
published WEB Intrasaccular Therapy (WEB-IT) trial."”
However, this phenomenon has not been well-understood until
now because other researchers have reported that this shape
change did not impact the anatomic outcome after WEB
deployment.'® In this study, we compared the occlusion rates of
DL, SL, and single-layer sphere (SLS) WEBs in rabbit elastase
(Worthington Biochemical)-induced aneurysm models and
evaluated the relationship between WSM using histologic
results and angiographic occlusion rates.

MATERIALS AND METHODS

Aneurysm Creation

Elastase-induced aneurysms were created in 36 New Zealand white
rabbits. Animal procedures were approved by the Institutional
Animal Care and Use Committee at Mayo Clinic. Aneurysm-crea-
tion procedures were performed using an elastase-induction model
as previously described.'® Endovascular treatment of each aneurysm
was undertaken at least 3 weeks after aneurysm creation.*®

Devices

WEB devices are classified according to shape and the number of
mesh layers each one contains. DL devices consist of 2 layers of
braided, nitinol wire mesh. SL and SLS devices consist of a single
layer of braided, nitinol/platinum wire mesh; however, SLS
implants have a more rounded 3D shape than the “barrel-like” SL
and DL devices. The specific qualities of the WEB devices have
been previously described.*"*

Device Deployment

The WEB device deployment procedure has been reported previ-
ously.”® The right femoral artery was briefly exposed. A 5F sheath
(Envoy; Cordis) was inserted, 500 U of heparin was injected, and
a 5F catheter was then advanced into the brachiocephalic trunk
from the aortic arch. DSA was performed through the guide cath-
eter. A 0.027-inch ID (interior diameter) microcatheter (VIA-27;
Sequent Medical) was advanced into the aneurysm lumen over a
microguidewire (Transend-14; Stryker). Appropriately sized
devices were placed in the aneurysm cavity for each device
(n=12 [DL], n=12 [SL], n=12 [SLS]). DSA was performed im-
mediately following device placement. No animals received anti-
platelet therapy during the course of the study.

Follow-Up and Euthanasia

Angiographic evaluation was completed immediately after device
implantation and again at follow-up. The cohort was divided into 2
subgroups preselected for euthanasia at 3 months (n =6 [DL], n=6
[SL], n=6 [SLS]) and 12months (n=6 [DL], n=6 [SL], n=6
[SLS]), respectively, by intravenous injection with a lethal dose of
pentobarbital through the ear vein. Following euthanasia, aneurysm
tissue was harvested and placed in a 10% formalin solution.

Aneurysm Grading and WSM Assessment

The degree of angiographic aneurysm occlusion at follow-up was
graded as follows: grade I, complete; grade II, complete but with
recess filling; grade III, residual neck; or grade IV, residual

aneurysm.”>** Two reviewers independently evaluated the angio-
graphic occlusion, and disagreements were resolved by a third
reviewer. Angiographic occlusion outcome was dichotomized into
either complete occlusion (grade I or II) or incomplete occlusion
(grade III or IV). Grades L, II, and III were considered adequate.
The distance between proximal and distal device markers was
measured on unsubtracted angiographic images. WSM was
defined as a change in distance (=—10% to =10%) between
markers at follow-up compared with immediate postdevice
deployment.

Histopathologic Processing and Analysis

A histopathologist who was blinded to the angiographic results
did the processing and analysis for healing evaluation. Aneurysm
samples were processed at 1000-um intervals in a coronal orien-
tation, permitting long-axis sectioning of the aneurysm neck,
with use of an IsoMet Low Speed Saw (Buehler). After the device
segments were removed under a dissecting microscope, the sam-
ples were then re-embedded in paraffin, sectioned at 4 um, and
stained with hematoxylin-eosin.

Histologic healing of aneurysms was assessed using an ordinal
scale.”® The extent of blood clot organization within the aneu-
rysm and the neointimal coverage of the aneurysm neck were
evaluated. Tissue compaction, seen as a concave surface of clot
tissue toward the aneurysm dome, was also analyzed. The degree
of inflammation within each aneurysm was scored as 0 (no
inflammatory cell infiltration); 1 (minimal or mild: scant, scat-
tered inflammatory cell infiltration); 2 (moderate: patchy-but-
localized or limited inflammatory cell infiltration); or 3 (marked:
attenuated, diffuse inflammatory cell infiltration).

Masson trichrome staining was performed to evaluate colla-
gen deposition within the aneurysm; collagen deposition within
the aneurysm dome was segmented and quantified using the pre-
viously described method.*® The fibrosis ratio (total area of fibro-
sis within the aneurysmal cavity divided by the total area of the
aneurysmal cavity) was calculated for each aneurysm.

Immunohistochemical staining of smooth muscle cells in tissue
sections was performed with smooth muscle actin (SMA).*” The
SMA-positive area was segmented and quantified with the same
method used for collagen deposition as described above.

Statistical Analysis

Continuous variables were described as mean [SD] and compared
using a Student ¢ test. Categoric variables were presented as num-
ber (percentage) and compared using the Fisher exact test. The
correlation between WSM and aneurysm occlusion was assessed
by the Spearman rank correlation. The correlation between WSM
and aneurysm geometries, histologic healing, fibrosis, and smooth
muscle actin levels was evaluated by simple linear regression. A
Pvalue < .05 was considered statistically significant.

RESULTS
Angiographic Findings
All aneurysms were implanted with appropriately sized devices.
No morbidity or mortality was observed throughout the study.

In the group of rabbits selected for euthanasia at 3 months
(n=18), grade I or II occlusion was achieved in 9 (50%)
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aneurysms at follow-up. Within this group, 6 rabbits were treated
with the DL device: 1 (16.7%) showed grade I occlusion, 3
(50.0%) showed grade II occlusion, 1 (16.7%) showed grade III
occlusion, and 1 (16.7%) showed grade IV occlusion. For the 6
rabbits treated with the SL device, 1 (16.7%) showed grade I
occlusion, 2 (33.3%) showed grade IIT occlusion, and 3 (50.0%)
showed grade IV occlusion. In the final subgroup (n = 6) treated
with the SLS device, 3 (50.0%) rabbits showed grade I occlusion,

Table 1: Aneurysm occlusion grading summary

DL,No. SL,No. SLS,No. Total, No.
Group® (%2) (%) (%) (%)
3-Month group
Grade | 1067)  1(67)  3(500)  5(27.8)
Grade Il 3(50.0) 0(0) 1(16.7) 4(22.2)
Grade IlI 1(16.7) 2(33.3) 0(0) 3(16.7)
Grade IV 1067)  3(500) 2(333) 6 (333)
Total 6 6 6 18
12-Month group
Grade | 3(50.0)  1(67) 1067 5(27.8)
Grade |l 1067)  0(0) 1(16.7) 2 (1)
Grade IlI 0(0) 2(33.3) 1(16.7) 3(167)
Grade IV 2(333)  3(500) 3(50.0) 8 (44.4)
Total 6 6 6 18

@ Grade | represents complete occlusion; grade II, complete occlusion with recess
filling; grade I1l, residual neck; grade 1V, residual aneurysm.

FIG 1. Range of WEB device shape change by time and device config-
uration. The change in distance between the distal and proximal
markers of the device at follow-up compared with that immediately
posttreatment. Positive values denote device shortening; negative
values represent device elongation. Device elongation is seen in only
2 cases, both of which have device elongation of <2%. 3M indicates
3 months; 12M, 12 months.

Table 2: WSM and aneurysm occlusion by device type

1 (16.7%) showed grade II occlusion, and 2 (33.3%) showed grade
IV occlusion.

In the 12-month group at follow-up (1 =18), 7 (38.9%) aneur-
ysms had grade I or 2 occlusion. Of the 6 rabbits treated with the
DL device, 3 (50.0%) showed grade I occlusion, 1 (16.7%) showed
grade II occlusion, and 2 (33.3%) showed grade IV occlusion. For
the 6 rabbits treated with the SL device, 1 (16.7%) showed grade I
occlusion, 2 (33.3%) showed grade III occlusion, and 3 (50.0%)
showed grade IV occlusion. For the rabbits treated with the SLS de-
vice, 1 (16.7%) showed grade I occlusion, 1 (16.7%) showed grade
1T occlusion, 1 (16.7%) showed grade III occlusion, and the remain-
ing 3 (50.0%) showed grade IV occlusion (Table 1).

In a pooled angiographic analysis, 16 (44%) aneurysms (9 at
3 months and 7 at 12 months) demonstrated complete occlusion
and 22 (61.1%) aneurysms (12 at 3 months, and 10 at 12 months)
showed adequate occlusion. No significance was found in com-
plete or adequate occlusion rates between the 3- and 12-month
groups (P=.74). DL (75%, 9/12) devices demonstrated a higher
percentage of adequate aneurysm occlusion compared with SLS
(58.3%, 7/12; P = .68) and SL (50%, 6/12; P = .04) devices.

WEB-Shape Modification

WSM was observed in 22 (61%) aneurysms (Fig 1), of which half
(5 with complete occlusion, 6 with incomplete occlusion) were in
the 3-month group and the remaining half (4 with complete occlu-
sion, 7 with incomplete occlusion) were in the 12-month group
(Table 2). WSM was not statistically associated with aneurysm
neck width or height (Fig 2). There were no significant differences
in occlusion grades in aneurysms with or without WSM (9 with
complete occlusion, 13 with incomplete occlusion versus 7 with
complete occlusion and 7 with incomplete occlusion; P=.73) (Fig
1). Furthermore, no correlation was found between the percentage
of WSM and the occlusion grade. Most interesting, SLS had signifi-
cantly less WSM (25%, 3/12) compared with the DL (83%, 10/12;
P=.012) and SL (75%, 9/12; P =.039) devices.

Histologic Findings

The mean histologic healing score was not significantly different
between the 3- and 12-month groups (5.6 [SD, 2.6] versus 4.2 [SD,
2.5]; P=.11), but it was significantly higher in aneurysms with
complete occlusion compared with those with incomplete occlu-
sion (6.39 [SD, 2.07] versus 2.80 [SD, 1.75]). Histologic evaluation
of aneurysm sacs showed a combination of loose connective tissue
and thrombus (unorganized, organized, and poorly organized).

DL (n =12) SL(n=12) SLS (n =12) Total (n = 36)
Follow-Up, Without With Without With Without With Without
Occlusion With WSM, WSM, No. WSM, No. WSM, No. WSM, No. WSM, No. WSM, No. WSM, No.
Group® No. (%) (%2) (%) (%) (%) (%) (%) (%)
3 Months
Grade I or Il 4(333) 0 0 1(83) 1(83) 3(25.0) 5(13.9) 4(m)
Grade Ill or IV 2(16.7) 0 3(25.0) 2(16.7) 1(83) 1(83) 6 (16.7) 3(83)
12 Months
Grade I or Il 3(25.0) 1(83) 1(83) 0 0 2(67) 4 () 3(83)
Grade lll or IV 1(83) 1(83) 5 (417) 0 1(83) 3(25.0) 7 (19.4) 4 ()
Total 10 (83.3) 2 (16.7) 9 (75.0) 3 (25.0) 3 (25.0) 9 (33.3) 22 (61.]) 14 (38.9)

@ Grade | represents complete occlusion; grade II, complete occlusion with recess filling; grade I, residual neck; grade 1V, residual aneurysm.

336 Ding Feb 2021 www.ajnr.org



FIG 2. WEB shape changes at 3 months following device implantation. A, Anteroposterior DSA image before device implantation shows an an-
eurysm cavity (arrow). B, The DSA image immediately after SL device deployment shows complete aneurysm occlusion (arrow). C,
Unsubtracted image of B shows proximal and distal markers (arrows) of the WEB device. D, DSA image at 3-month follow-up shows a residual
neck (arrow). E, Unsubtracted image of D shows device compression. Note that the distance between the proximal and distal markers (arrows)

is reduced compared with that in C, indicating a change in shape.

FIG 3. A, Anteroposterior DSA before aneurysm treatment (arrow). B, A DSA image immediately
after DL device deployment shows residual aneurysm (arrow). C, A DSA image at 12months

[18/20] in the incomplete occlusion
group). Inflammation within the aneu-
rysm lumen was absent or mild.

Aneurysms with the WSM showed
a high level of organized thrombus
compared with those without WSM
(68% [15/22] wversus 50% [7/14],
P=.09) (Fig 3). The mean histologic
healing score, inflammation score, fi-
brosis percentage, and SMA percentage
was 5.0 [SD, 2.3], 1.5 [SD, 0.6], 15.9
[SD, 14.8], and 12.6 [SD, 9.6], respec-
tively, in aneurysms with WSM, and
47 [SD, 32], 1.2 [SD, 0.8], 9.6 [SD,
8.0], and 9.5 [SD, 8.2], respectively, in
aneurysms without WSM. There were
no statistically significant differences in
histologic healing, inflammation, fibro-
sis, and SMA between aneurysms with
and without WSM. However, the per-
centage of WSM was moderately corre-
lated with both fibrosis (r=10.37,
P=.2) and SMA levels (r=20.36,
P=.032) (Fig 4). WSM was not signifi-
cantly correlated with either total histo-
logic healing or inflammation.

shows complete occlusion (arrow) with substantial shortening of the device. D, Photomicrograph
of a section (hematoxylin-eosin, original magnification x12.5) demonstrates an aneurysm sac filled

with loose connective tissue, except for a small neck remnant. A neointimal layer completely tra-

DISCUSSION

verses the neck interface near the proximal device markers (arrows). E, Photomicrograph of a sec-

tion shows moderate collagen deposition throughout the aneurysm cavity (Masson trichrome
stain, original magnification x2.3). Relatively high collagen content was noted near the proximal
marker (arrow). F, Photomicrograph of a section shows the presence of smooth muscles through-
out the aneurysm dome, as well as in the neointimal lining bridging the neck (arrows) (SMA immu-

nostain, original magnification x2.0). Tx indicates treatment.

Aneurysms that demonstrated complete occlusion had more
organized thrombus (76%, 16/21), while aneurysms that exhibited
incomplete occlusion had unorganized thrombus (60%, 9/15) in
the aneurysm dome. Most aneurysms showed open areas with no
tissue filling and a neck remnant with a concave surface toward the
dome (75% [12/16] in the complete occlusion group versus 90%

Our study, which aimed to delin-
eate the underlying mechanisms of
WSM in WEB devices, demon-
strates that WSM does not corre-
late with angiographic aneurysm
occlusion or total histologic heal-
ing outcomes in the rabbit aneu-
rysm model. However, WSM is positively associated with
collagen and SMA levels, supporting the hypothesis that
WSM is likely more related to aneurysm healing than exter-
nal (eg, hemodynamic) compression alone.

The underlying mechanisms of WSM or compression could
be multifaceted (eg, device size and construction, exact anatomic
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A high stringent limit may provide
different results. Third, we did not
evaluate numerous other factors,
including mechanical and hemody-
namic factors, which could influence

the device shape changes.

CONCLUSIONS

WSM is not associated with incom-
plete aneurysm occlusion in the rabbit
model but may be related to connec-
tive tissue formation and collagen dep-
osition after WEB implantation.

FIG 4. Correlation of the degree of device shape change with histologic features. Linear regres-
sion shows a significant positive correlation between the percentage of device length change

and fibrosis (A) and SMA (B). Straight lines indicate regression; bowed lines indicate 95% Cl.

configuration of aneurysm geometry and surrounding vessels,
parent artery, aneurysm neck). Computational fluid dynamics
simulations have shown that WEB device compression was posi-
tively correlated with computational fluid dynamics-derived
inflow into the aneurysm.*® In endoluminal FDs, pore den-
sity has been positively associated with aneurysm occlusion.
Pore density at the proximal WEB device marker is relatively
2939 and it

is highly unlikely that device compression would lead to
131

high compared with that in endoluminal devices,
reduced pore density at the neck. Rouchaud et al”* demon-
strated, in coiled aneurysms, that a higher level of collagen in
the aneurysm dome could trigger coil retraction from the
neck orifice into the aneurysm cavity, resulting in aneurysm
recurrence. Our findings suggest that WEB devices could
behave like coils in the vascular microenvironment and
result in device compression, and the contractile properties
of connective tissue components in WEB-implanted aneur-
ysms could lead to WSM. Proper endothelial cell growth
across the pores of FDs in the aneurysm neck is also consid-
ered critical for aneurysm occlusion, in addition to the
change in blood hemodynamics, for the mechanistic action
of FDs. Endoluminal FDs placed in the healthy parent artery
act as scaffolds for endothelial cell migration and neointima
formation. In contrast, intrasaccular FDs are implanted in
the aneurysm cavity, which represent a nonfunctional endo-
thelium and a smooth-muscle layer and could explain the
lack of neointimal coverage at the neck.

The observed WSM rate of 62% in the rabbit model is similar
to that reported in clinical studies for the WEB device.***
Although DL WEB devices had higher adequate occlusion rates
compared with SL devices in this study, the DL devices also dem-
onstrated higher WSM. Given the small sample sizes and the dif-
ference of a single result providing statistical significance, taken
together, these results suggest that WSM is not well-correlated
with either device type.

Our study has several limitations. First, the variation in the
angiographic working projection angle resulted in inaccurate
measurements of the distance between device markers. Second,
we arbitrarily defined 10% of the device as a threshold for WSM.
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Assessment of 4D MR Angiography at 3T Compared with
DSA for the Follow-up of Embolized Brain Dural
Arteriovenous Fistula: A Dual-Center Study

B. Dissaux, ““'F. Eugéne, ““'J. Ognard, ““).-Y. Gauvrit, “).-C. Gentric, and ““/).-C. Ferré

ABSTRACT

BACKGROUND AND PURPOSE: 4D contrast-enhanced MRA in the follow-up of treated dural arteriovenous fistulas has rarely been
evaluated. Our aim was to evaluate its diagnostic performance at 3T in the follow-up of embolized dural arteriovenous fistulas
using DSA as the standard of reference.

MATERIALS AND METHODS: Patients treated for dural arteriovenous fistulas in 2 centers between 2008 and 2019 were included if
they met the following criteria: 1) dural arteriovenous fistula embolization, and 2) follow-up imaging with <6 months between DSA
and 4D contrast-enhanced MRA. Two readers reviewed the 4D contrast-enhanced MRA images, first independently, then in consen-
sus to detect any residual/recurrent dural arteriovenous fistula and to grade cases according to the Cognard classification system.
Interobserver and intermodality agreement for the detection of a residual dural arteriovenous fistula and stratification of bleeding
risk (0-I-11a; 1Ib-lla+b-II-1V-V) was calculated using « coefficients.

RESULTS: A total of 51 pairs of examinations for 44 patients (median age, 65 years; range, 25-81years) were analyzed. Interobserver
agreement for the detection and stratification of bleeding risk was, respectively, k = 0.8 (95% Cl, 0.6-1) and k = 0.8 (95% Cl, 0.5—
1). After consensus review, the sensitivity and specificity of 4D contrast-enhanced MRA for the detection of residual/recurrent
dural arteriovenous fistula was 63.6% (95% Cl, 40.7%—82.8%) and 96.6% (95% Cl, 82.2%-99.9%), respectively. The positive and nega-
tive predictive values of 4D contrast-enhanced MRA were 933% (95% Cl, 68.1%-99.8%) and 77.8% (95% Cl, 60.8%—89.9%).
Intermodality agreement for the detection and stratification of bleeding risk was good, with k = 0.60 (95% Cl, 0.3-0.8).

CONCLUSIONS: 4D contrast-enhanced MRA at 3T is of interest in the follow-up of treated dural arteriovenous fistulas but lacks

the sensitivity to replace arteriography.

ABBREVIATIONS: DAVF = dural arteriovenous fistula; 4D-MRA = 4D contrast-enhanced magnetic resonance angiography

D ural arteriovenous fistulas (DAVFs) are abnormal arteriove-
nous connections between dural vessels. The risk of intracra-
nial hemorrhage is variable according to the venous drainage
patterns.'” There are several treatment options, including surgi-
cal resection and endovascular embolization, which can be
attempted to achieve a cure. The risk of bleeding persists as long
as an anatomic cure is not completely achieved, with risk depend-
ing on the residual venous drainage pattern. Therefore, it is
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necessary to confirm that the DAVF has been effectively cured af-
ter treatment.

Due to its high sensitivity and specificity, DSA is the current
method of choice in the diagnosis and follow-up of DAVFs de-
spite several disadvantages, such as radiation exposure for
patients and medical staff, injection risk of iodinated contrast
agent (including allergy and nephrotoxicity), and neurologic pro-
cedural risks (0.30%-2.63)."° The technique has very good spatial
and, especially, temporal resolution, allowing precise evaluation
of a potential residual shunt.

Several noninvasive cross-sectional imaging techniques such
as 3D-TOF-MRA and 3D contrast-enhanced MRA have been
used to reduce the risk of invasive procedures for patients who
otherwise would undergo repeat angiography during treatment
planning or follow-up. The diagnostic accuracy of these techni-
ques has proved to be relatively good, but not sufficient to replace
DSA due to limited spatial resolution and a static temporal view
without temporal hemodynamic information, such as arterial
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phase venous filling.® 4D contrast-enhanced MRA (4D-MRA)
was conceived to solve this problem and provide better temporal
resolution while also preserving spatial resolution. With improv-
ing technology, it became a widely used technique with the
advantage of a dynamic DSA-like evaluation of DAVFs. Previous
studies report time-resolved 3T MR angiography as an appropri-
ate tool for DAVF diagnosis and monitoring. However, the value
of 4D-MRA for the follow-up of patients with treated DAVFs has
rarely been evaluated.

We hypothesized that this technique could be valuable for the
follow-up and posttherapeutic assessment of DAVFs. With DSA
images as the standard of reference, the purpose of this study was
to evaluate the performance of 4D-MRA at 3T in the follow-up of
patients with treated DAVFs.

MATERIALS AND METHODS

Study Design

Institutional review board approval was granted (No. 19.87), and
informed consent was waived due to the study design. All
patients treated for DAVFs in 2 university hospital departments
(Rennes and Brest, France) were included in a data base. For this
study, patients imaged between August 2008 and May 2019 were
included if they met the following criteria:

1. They had a DAVF treated with embolization

2. They underwent both 4D-MRA at 3T and DSA during
follow-up

3. Both examinations were performed within a 6-month interval
without treatment between them.

Treatment Strategy

For all patients, the indication and strategy of treatment were
based on multidisciplinary decisions involving neurologists, neu-
rosurgeons, and neuroradiologists.

MR Imaging

All MRA examinations were performed on a 3T MR imaging sys-
tem (Achieva and Ingenia, Philips Healthcare, Best, Netherlands).
All contrast-enhanced 4D-MRA examinations consisted of coro-
nal, sagittal, and axial MIP subtraction images derived from a
sagittal time-resolved 3D TI-weighted fast gradient-echo
sequence. Several acquisition schemes were used according to the
brain coverage (full or two-thirds). At least 20 dynamic acquisi-
tions were performed with a temporal resolution of 0.9-
1.7 seconds per volume and a native spatial resolution from 0.8 x
0.8 x 1.6 mm’ to 1.1 x 1.1 x 2.8 mm® and, after interpolation,
ranging from 0.5 x 0.5 x 0.9 mm? to 0.94 x 0.94 x 1.4 mm>.
The 15-mL macrocyclic gadolinium bolus was administered
intravenously at a minimum rate of 3 mL/s.”

DSA Technique

DSA was performed on a biplane angiography system (Allura,
Philips Healthcare, Best, Netherlands and Artis, Siemens
Healthineers, Erlangen, Germany). DSA images involved selec-
tive injection of internal and external carotid and vertebral
arteries with anterior-posterior and lateral projections, supple-
mented by additional views when necessary. Each projection was
acquired with a frequency of 2-3 images per second. For each

projection, a 6- to 10-mL bolus of nonionic iodinated contrast
material was injected with a power injector.

End Points

The primary end point was to evaluate the diagnostic reproduci-
bility and performance of 4D-MRA for detecting any residual/
recurrent shunts in patients with treated DAVFs using DSA as
the standard of reference. The secondary end point was to evalu-
ate the diagnostic reproducibility and performance of 4D-MRA
for detecting any high-bleeding-risk residual/recurrent shunts
in patients with treated DAVFs using DSA as the standard of
reference.

Interpretation

Readers were blinded to all clinical data except the original loca-
tion of the treated DAVF. Only the 3 MIPs were used to read the
4D-MRA. One reader (J.-C.F., reader 3) with 17 years’ experience
in neuroradiology reviewed the DSA images. Two readers (F.E.,
reader 1, and B.D,, reader 2) with 9 and 5 years’ experience in
neuroradiology, respectively, reviewed the 4D-MRA images.
First, readers 1 and 2 assessed the quality of the 4D-MRA images.
4D MRA image-quality scores ranged among 0 (no vascular
study possible), 1 (vascular study possible with low diagnostic
confidence), 2 (vascular study possible with adequate diagnos-
tic confidence), and 3 (vascular study possible with high diagnostic
confidence). The readers independently assessed the presence of
residual/recurrent DAVFs on the 4D-MRA and DSA images.
Then, when present, each DAVF was graded according to the
Cognard classification scheme and divided into 2 groups based
on bleeding risk: low-bleeding-risk DAVFs (types I and Ila) and
high-bleeding-risk DAVFs (types IIb, ITa + b, III, IV, and V).5
Second, a consensus reading (readers 1 and 2) of the 4D-MRA
images was conducted to solve any discrepancies. Third, a retro-
spective explanatory analysis was performed in consensus by
the 3 readers to explain intermodality (4D-MRA and DSA)
differences.

Data Analysis and Sample Size
Baseline characteristics, including age and fistula type, were sum-
marized using descriptive statistics. The intervals among DSA
and 4D-MRA, treatment, and the first imaging technique (DSA
or 4D-MRA) were recorded. 4D-MRA interobserver and inter-
modality agreement was assessed using k for the following: 1) re-
sidual/recurrent DAVF detection, and 2) bleeding-risk grading
with a 2 x 2 contingency table (low-risk: absence of a shunt and
Cognard types I-IIa; high-risk: Cognard types IIb, III, IV, and V)
and on a 3-tier modified scale (comprising absence of a shunt;
Cognard types I-IIa; and Cognard types IIb, IIL, IV, and V). The
Cohen « coefficient was calculated using quadratic weighting
(for bleeding-risk grading with the 3-tier modified scale). The
95% confidence intervals for k were estimated with the bootstrap
method. « statistics were interpreted as suggested by Landis and
Koch (k < 0, poor agreement; 0.01-0.20, slight agreement; 0.21-
0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80,
substantial agreement; and 0.81-1, almost perfect agreement).
The binary decision regarding the presence of a residual/
recurrent DAVF and a residual high-bleeding-risk DAVF (low
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risk: absence of a shunt and Cognard types I-IIa; high risk:
Cognard types IIb, III, IV, and V) was used to determine the
diagnostic performance of 4D-MRA (sensitivity, specificity, posi-
tive predictive value, negative predictive value, the area under the
ROC curve), and 95% confidence intervals were estimated with
generalized estimating equations.

All statistical analyses were performed using STATA software
(STATA/MP 16.0; StataCorp).

RESULTS

We included 51 examination pairs (4D-MRA and DSA within
6 months) for 44 patients with a median age of 65 years
(range, 25-81 years). No examination (neither 4D-MRA nor
DSA) was included >1 time. Nineteen (43%) of the 44
patients were women. Pretreatment DAVF grading was as
follows—type I: n =1 (2.3%), type Ila: n = 2 (4.6%), type IIb:
n =13 (29.5%), type Ila + b: n = 0 (0%), type III: n = 13
(29.5%), type IV: n = 12 (27.3%), and type V: n = 3 (6.8%).
Thirty-nine (88.6%) patients underwent 1 embolization ses-
sion, and 5 patients (11.4%) underwent 2 sessions. The corre-
sponding flowchart is shown in Fig 1. The median interval
between 4D-MRA and DSA was 49 days (range, 0-155 days).
4D-MRA was performed before DSA in 31 (70.4%) examina-
tion pairs. The median interval between DAVF treatment and
the first examination was 124 days (range, 2-730 days). The
DSA images vyielded the following results—no residual/

FIG1. Flow chart.

recurrent DAVF: 29/51 (56.9%), type I: n = 4 (7.9%), type
ITa: n =4 (7.9%), type IIb: n =1 (1.9%), type IIa + b: n =0
(0%), type III: n = 11 (21.6%), type IV: n =1 (1.9%), and
type V residual/recurrent DAVEF: n =1 (1.9%). Twelve ex-
amination pairs were obtained from 5 patients: After the
first follow-up (n = 5), 4 examination pairs were obtained
after a new treatment and 3 later in the follow-up of the first
treatment.

4D-MRA Image Quality

After reaching a consensus, all images were given a mini-
mum score of 1. The median quality score was 3. One
(1.9%) 4D-MRA examination scored 1, seven (13.7%)
scored 2, and 43 (84.4%) scored 3 on the 4-point grading
scale, respectively.

4D-MRA Interobserver Agreement

One reader assigned 1 examination a score of zero (no vascular
study possible). Fifty examinations were assessed for interob-
server agreement. Interobserver agreement was considered sub-
stantial for residual/recurrent DAVF detection, with an
0.8 (95% CI, 0.6-1).
Disagreement among readers (readers 1 and 2) is shown in

agreement of 92% and k =

Table 1. Interobserver agreement was considered substantial

in terms of the ability to detect a fistula at risk of hemorrhage,

with an agreement of 92% and k = 0.8 (95% CI, 0.5-1) ina 2

x 2 contingency table (low-risk: absence of a shunt and types
I-1Ia; high-risk: types IIb, III, IV,
and V) and an agreement of 92%
and k = 0.8 (95% CI, 0.8-0.9) on a
3-tier modified scale (comprising
absence of a shunt; types I-IIa; and
IIb, IIL, IV, and V).

Intermodality Agreement

After reaching a 4D-MRA reading
consensus, 51 comparisons were
available. Table 2 provides the results
for the 2 modalities. Disagreement
between readers 1 and 2 is shown in
Table 3.

Intermodality agreement was
considered substantial for residual/
recurrent DAVF detection, with an
agreement of 82.4% and k = 0.6 (95%

CI, 0.4-0.8). Intermodality agreement

Table 1: Interreader disagreement in 4D-MRA residual/recurrent DAVF classification

4D-MRA 4D-MRA 4D-MRA 4D-MRA
Dural Fistula Classification Classification Classification DSA Consensus
Location Reader 1 Reader 2 Consensus Classification Quality Score
Hemispheric right 0 1l M 1 3
Parasagittal right 0 I 0 0 3
SSS 0 lla 0 0 1
Epiphyseal 0 Il 1 Il 3
Sinus lateralis left I 0 I I 3
Medulla Il} 0 0 \ 3

Note:—SSS indicates superior sagittal sinus.
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Table 2: Contingency table of residual/recurrent DAVF grading according to technique (4D-MRA and DSA)®

4D-MRA

DSA No Shunt Type I° Type lla®

Type lIb€

Type lla+b® Type llI€ Type IV€ Type V©

No shunt
Type °

Type l1a®
Type IIb*
Type lla + b®
Type Il
Type IV€
Type V¢

28 0 0

_ —_ N O O o o
O O OO O0OOoOw
OO OO o wo

0

[elNelNelNelNeNeoNeol

1 0 0 0

[eNeNeNeNeoNeoNe)
OO MO OOO
O O woOOoOoOo
[elelelNeolNeNeoNel

2 Consensus grading according to Cognard et al.”
® Low bleeding risk.
“High bleeding risk.

Table 3: Intermodality discrepancy in residual/recurrent dural arteriovenous fistula detection and classification®

4D-MRA/ 4D-MRA
DSA 4D-MRA  4D-MRA Reader Consensus
Pretreatment  Interval DSA Consensus  Disagreement Quality
Location Grading (Days)  Grading  Grading (Yes/No) Year Score Possible Explanation
Parasagittal right M 65 v 0 No 2010 3 Confusion between
occipital artery and a
cortical vein
Cavernous sinus I 59 1 0 No 2015 2 Cortical vein visible
right but missed by 4D-
MRA readers
Transverse sinus Ib 2 I 0 No 2017 2 Artery and vein overlay
left
SSS Ib 129 0 lla+b No 2012 3 Early drainage due to a
meningioma
Cavernous sinus I 0 1 0 No 2015 3 Cortical vein visible
left but missed by 4D-
MRA readers
Posterior fossa \% 43 I 0 No 2009 3 Early opacification of
right all dural sinuses;
shunt missed due to
misinterpretation of
time sequence in
4D-MRA
Sigmoid sinus 1] 2 lla 0 No 20M 2 Cortical vein visible
left but missed by 4D-
MRA readers
Medulla \Y 3 \% 0 Yes (11l/0) 20M 3 Not visible in the FOV
Parieto-occipital 1 85 I 0 No 2018 2 Cortical vein visible
left but missed by 4D-

MRA readers

Note:—SSS indicates superior sagittal sinus.
2 Grading according to Cognard et al.®

was considered moderate in terms of the ability to detect a fis-
tula at risk of hemorrhage, with an agreement of 84.3% and k =
0.6 (95% CI, 0.3-0.8) in a 2 x 2 contingency table (low-risk: ab-
sence of a shunt and types I-IIa; high-risk: types IIb, III, IV, and
V) and an agreement of 83.3% and xk = 0.6 (95% CI, 0.5-0.7) on
a 3-tier modified scale (comprising absence of a shunt; types I-
IIa; types IIb, IIL, IV, and V).

Diagnostic Value of 4D-MRA Compared with DSA

The diagnostic accuracy of 4D-MRA in terms of residual/
recurrent DAVF detection yielded a sensitivity of 63.6%
(95% CI, 40.7%-82.8%), specificity of 96.6% (95% CI,
82.2%-99.9%), positive predictive value of 93.3% (95% ClI,

68.1%-99.8%), and negative predictive value of 77.8% (95%
CI, 60.8%-89.9%). The area under curve score was 0.8 (95%
CI, 0.7-0.9).

The diagnostic accuracy of 4D-MRA in terms of bleeding-
risk grading yielded a sensitivity of 50% (95% CI, 23%-77%),
specificity of 97.3% (95% CI, 85.8%-99.9%), positive predictive
value of 87.5% (95% CI, 47.3%-99.7%), and negative predictive
value of 83.7% (95% CI, 69.3%-93.2%). The area under the curve
score was 0.7 (95% CI, 0.6-0.8).

Retrospective Review of Intermodality Disagreement
As described in Table 3, intermodality disagreement involved 8
false-negatives and 1 false-positive result. There were several
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FIG 2. A, Sagittal MIP of 4D-MRA at arterial phase. B, Cerebral arteriography through the left ver-
tebral artery in a sagittal view. The white arrow in A and the black arrow in B show early opacifi-
cation of an epiphyseal vein, before the superior sagittal sinus, confirming an arteriovenous

shunt. This examination was rated type Ill on both imaging modalities.

FIG 3. A, Sagittal MIP of 4D-MRA at late arterial phase. B, Cerebral arteriography through the left
external carotid artery in a sagittal view. The black arrow in B shows early opacification of an

occipital vein, confirming an arteriovenous shunt not found in A.

DAVF locations: supra- or infra tentorial, near the midsagittal
plane, or more laterally. Figs 2 and 3 provide examples of a true-
positive result and a false-negative result of 4D-MRA. Only 1
intermodality disagreement was also an interobserver disagree-
ment. The false-positive case was due to a concomitant condition
(early venous drainage due to a meningioma in the vicinity of the
DAVE). Six of the 8 false-negative cases involved types IIL, IV, or
V DAVFs, ie, DAVFs with cortical (small) veins. In 4 cases, the
cortical vein was shown to be retrospectively present but was
missed by all 3 readers.

DISCUSSION

This study assessed the diagnostic accuracy of 4D-MRA at 3T for
detecting any recurrent/residual shunts in treated DAVFs. The
sensitivity and specificity of the technique were, respectively,
63.6% (95% CI, 40.7%-82.8%) and 96.6% (95% CI, 82.2%-
99.9%), with substantial intermodality agreement compared with
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DSA, which yielded agreement of
82.4% and k = 0.6 (95% CI, 0.4%-
0.8%).

4D contrast-enhanced MRA is
widely used to detect, characterize,
and monitor brain vascular malfor-
mations and conditions, especially
brain arteriovenous malforma-
tions.>® Previous studies reported
the diagnostic performance of 4D-
MRA for detection and grading of
DAVFs. Contrary to brain arteriove-
nous malformations, only a few stud-
ies documented treated DAVFs, and
they concerned limited numbers of
patients.>®?! The value of 4D-MRA
in posttreatment follow-up is, there-
well-defined.

Meckel et al® evaluated the diagnostic

fore, currently not
performance of MRA using a time-
resolved 3D contrast-enhanced tech-
nique with 18 examination pairs (9 in
a diagnosis group and 9 in a post-
treatment follow-up group). On ini-
tial diagnosis, both readers identified
signs indicative of a DAVF in all 9
cases of angiographically proved fis-
tulas. In the follow-up group (post-
embolization or surgery), both read-
ers were able to differentiate between
complete occlusion of a fistula and a
fistula.
DAVF occlusion was complete in 5 of

patent residual However,
the 9 patients. The readers could also
use subtracted volumes in addition to
3-plane MIP images, which may have
improved diagnostic accuracy.” Bink
1'% reported diagnostic accuracy

with 3T MR imaging, with sensitiv-

et a

ities and specificities ranging from 84% to 100% for 3 readers
tasked with detecting DAVFs in 38 patients (19 with DAVFs
and 19 without). The readers assessed 4D-MRA in addition to
3D-TOF-MRA and 3D-MPRAGE. One patient had undergone
endovascular therapy, and 1 patient had undergone surgical clo-
sure.'® In a consensus reading, Ertl et al'! reported excellent
intermodality agreement (x = 1) for the pretreatment Cognard
classification of lateral DAVFs in 24 patients using additional ana-
tomic images such as TOF-MRA, contrast-enhanced T1-, axial T2-,
and axial T2*-weighted images. However, there were no type III
DAVFs and just 3 type IV DAVFs according to the Cognard classi-
fication. Farb et al'* compared 4D-MRA at 3T with DSA for the di-
agnosis and classification of DAVFs in 42 cases, which included
surveillance of a previously cured fistula in 15 cases. In 93% (39/42)
of DAVFs, 3 readers were unanimous and correct in identifying or
excluding them. However, all examinations performed for surveil-
lance were negative for DSA, thus limiting the generalizability of
the results in this population.



Unlike in previous studies, we chose to assess 4D-MRA
alone without additional morphologic images.'”!" This could
partly explain the lower performance in this context. Also, post-
therapeutic changes, such as embolization product artifacts or
anatomic changes, could partly explain these results. Another
explanation might be the higher proportion of Cognard type III
and IV DAVFs in our study compared with that of Ertl et al."’
Indeed, direct drainage into a cortical vein might reduce DAVF
detection with 4D-MRA.

The sensitivity and specificity of the technique in terms of the
ability to detect a fistula at risk of hemorrhage was, respectively,
50% (95% CI, 23%-77%) and 97.3% (95% CI, 85.8%-99.9%),
with an agreement of 84.3% and k = 0.6 (95% CI, 0.3-0.8) in a
2 x 2 contingency table (low-risk: absence of a shunt and types
I-1Ia; high-risk: types IIb, III, IV, and V) and an agreement of
83.3% and k = 0.6 (95% CI, 0.5-0.7) on a 3-tier modified scale
(comprising absence of a shunt; types I-IIa; and IIb, III, IV, and
V). Detecting the bleeding risk of a residual/recurrent DAVF is
crucial in determining further treatment (false-negative rate of
0.5). Six of 8 false-negatives on 4D-MRA were types III-V
DAVFs. We note that the cortical vein was shown to be retro-
spectively present but was missed by all 3 readers in 4 cases. For 1
patient, the cortical veins were not included in the FOV. In addi-
tion to this acquisition defect, discrepancies could be explained
by the lack of spatial or temporal resolution. Also, we might spec-
ulate that 3-plane MIP image reading was perhaps not the opti-
mal method. Multiplanar, thin MIP reconstructions could help to
alleviate confusion between arteries and veins, though the exist-
ing literature on the method for reading 4D-MRA images for
DAVEF (thick MIP, thin MIP, MPR) is limited.

Interobserver agreement was considered substantial for resid-
ual/recurrent DAVF detection, with an agreement of 92% and
k = 0.8 (95% CI, 0.6-1). Farb et al'* reported agreement among
3 readers of 0.94 [SD, 0.04] (P < .001). In our study, 4 of 6 cases
of disagreement involved type III DAVFs, ie, DAVFs with direct
drainage into a cortical vein. All except 1 disagreement involved
high-quality (score = 3) 4D-MRA images.

Limitations

Limitations of our study include its retrospective design and the
relatively small number of patients. However, to the best of our
knowledge, this is the largest series of patients in the particular
case of postembolization evaluation. Indeed, DAVF is a rare dis-
ease, and we focused on patients with embolized DAVFs who
had undergone DSA and 4D-MRA within a 6-month interval
during their follow-up, and this focus reduced the number of eli-
gible patients, possibly resulting in a selection bias because
patients with negative findings on DSA or who were asymptom-
atic but with a residual low-risk DAVF with DSA were less likely
to benefit from both modalities within 6 months. The reason for
this focus was because it is the first line of treatment for most
DAVFs, and surgical treatment may involve the use of materials
that can cause artifacts.! Second, different 4D-MRA techniques
were used due to the study length and the 2 centers involved.
Although Lin et al'® reported a trend toward better performance
in newer MR imaging studies, in our cases, intermodality discrep-
ancies involved recent and older examinations, as shown in Table

3. Furthermore, we graded image quality to overcome this limita-
tion.” Third, we read only the 4D-MRA images without any other
sequences. This may seem artificial, but it was essential for assess-
ing the diagnostic accuracy of the technique (4D-MRA). Fourth,
the statistical distribution of the DAVF types based on the
Cognard classification with a higher proportion of true-negative
results (DSA, 0; 4D-MRA, 0) was expected but may have influ-
enced the « values.

As previously shown, the use of consensus reading for 4D-
MRA in our study improved the diagnostic accuracy and might,
therefore, be recommended.'? Also, several publications have
described novel tools that can further improve 4D-MRA efficacy,
opening up new prospects for DAVF assessment before and after
treatment.'*"” Indeed, venous arterial spin-labeling has shown
high sensitivity and specificity in detecting dural arteriovenous

fistulas;*>'®

and the novel temporal spatial acceleration method,
HYPRFlow, has also been reported to provide accurate delinea-

tion of DAVF vasculature.'*

CONCLUSIONS

4D-MRA is a useful noninvasive technique for the follow-up of
treated DAVFs. However, given its current limitations, it is not
sufficient to confirm an effective cure but can be used as a diag-
nostic confirmation test. DSA remains mandatory for ensuring
optimum bleeding-risk assessment in cases of residual/recurrent
DAVE.

Disclosures: Francois Eugéne—UNRELATED: Consultancy: Biomodex. Jean-
Christophe Gentric—UNRELATED: Consultancy: Medtronic, Stryker, Balt; Stock/
Stock Options: INTRADYS.
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ABSTRACT

BACKGROUND AND PURPOSE: Visualization in neuroendovascular intervention currently relies on biplanar fluoroscopy and contrast
administration. With the advent of endoscopy, direct visualization of the intracranial intravascular space has become possible with
microangioscopes. We analyzed the efficacy of our novel microangioscope to enable direct observation and inspection of the cer-
ebrovasculature, complementary to a standard fluoroscopic technique.

MATERIALS AND METHODS: Iterations of microangioscopes were systematically evaluated for use in neurodiagnostics and neuroin-
terventions in both live animal and human cadaveric models. Imaging quality, trackability, and navigability were assessed. Diagnostic
procedures assessed included clot identification and differentiation, plaque identification, inspection for vessel wall injury, and
assessment of stent apposition. Interventions performed included angioscope-assisted stent-retriever thrombectomy, clot aspira-
tion, and coil embolization.

RESULTS: The microangioscope was found helpful in both diagnosis and interventions by independent evaluators. Mean ratings of
the imaging quality on a 5-point scale ranged from 3.0 (clot identification) to 4.7 (Pipeline follow-up). Mean ratings for clinical utility
ranged from 3.0 (aspiration thrombectomy) to 4.7 (aneurysm treatment by coil embolization and WEB device).

CONCLUSIONS: This fiber optic microangioscope can safely navigate and visualize the intravascular space in human cadaveric and
in vivo animal models with satisfactory resolution. It has potential value in diagnostic and neurointerventional applications.

ABBREVIATIONS: ICAD = intracranial atherosclerotic disease; IVUS = intravascular ultrasound; OCT = optical coherence tomography

Modern endovascular technique relies on fluoroscopy and
contrast agents to guide visualization of the vasculature
and deploy interventional devices. Even advanced techniques
using conebeam CT are limited to this type of indirect visualiza-
tion of the intravascular space—that is, that the operator cannot
see what is not shown by the contrast or inherent radio-opacity.
Matched with challenging anatomy, this indirect visualization
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can lead to suboptimal clinical and radiologic outcomes, as well
as complications.'?

Methods of direct intravascular visualization have been
studied for neuroendovascular application, namely, intravas-
cular ultrasound (IVUS) and optical coherence tomography
(OCT). IVUS uses an ultrasound microcatheter and provides
real-time cross-sectional images from inside the artery; it has
been studied in stent placement for cervical atherosclerotic
disease.>*

OCT involves using a fiber optic wire that emits near-infrared
light that produces a signal based on the scattered or reflected
light off the surrounding tissue and has been used to evaluate
atherosclerotic disease and flow-diversion device placement.’”
Nonetheless, both IVUS and OCT face notable challenges
because they offer neither direct visualization of intravascular pa-
thology nor the miniaturization necessary to be compatible with
the intracranial vasculature.

Prior studies of “angioscopes” (intravascular endoscope)®
have focused on larger vessels (cervical carotid artery). These
were 7F and 5F guide catheters, again too large and inflexible for
intracranial vessels.""

AINR Am J Neuroradiol 42:347-53  Feb 2021 www.ajnr.org 347


https://orcid.org/0000-0001-7673-6805
https://orcid.org/0000-0001-9498-2268
https://orcid.org/0000-0001-5596-0613
https://orcid.org/0000-0002-4102-416X
https://orcid.org/0000-0002-6947-3530
https://orcid.org/0000-0001-8907-9867
https://orcid.org/0000-0002-5580-831X
https://orcid.org/0000-0002-9920-5895
https://orcid.org/0000-0001-8381-0313
https://orcid.org/0000-0003-2484-1640
https://orcid.org/0000-0002-6224-097X
mailto:ptkan@utmb.edu
https://mobile.twitter.com/@PeterKa80460001

Our group has recently described the development of a novel
microangioscope for neurointerventional application."" The goal
of this device is to provide direct, in vivo intravascular imaging of
pathology and neurointerventional devices to augment the view
by traditional fluoroscopy. In initial development, the device was
tested in an in vivo porcine model, and several adjustments were
made.

In this follow-up study, we aimed to develop this high-resolu-
tion microangioscope for clinical application in the human cere-
brovasculature. The goals were to assess the compatibility of the
device with the human cerebrovasculature (based on the interac-
tion with the delivery system and flexibility) and its diagnostic
utility and validity in assisting neurointerventions in animal
models (based partially on image quality/resolution).

MATERIALS AND METHODS

The study was approved by the institutional animal care and use
committee (AN-5442). Several prototype microangioscopes, not
yet commercially available, were used for intravascular visualiza-
tion (Vena Medical). The development of the microangioscope
and technologic background have been previously described.! The
first aim of this study was to improve on the resolution, flexibility,
depth of view, and ergonomics of the previous microangioscope.

As previously described, continuous high-flow irrigation
(50 mL/min) was performed via a balloon guide catheter or bal-
loon distal access catheter (not commercially available). The com-
bination of flow arrest and irrigation allowed visualization up to
3 cm distal to the distal access catheter or guide catheter."’

Three independent evaluators assessed the image quality for
diagnostic utility of the live camera feed and processed proce-
dural videos. Compatibility with the human cerebrovasculature
was assessed by a separate cadaver study. Finally, the perceived
utility of the microangioscope for diagnostic and interventional
applications was graded by the same 3 independent evaluators,
again using live camera intraprocedural feed and processed opera-
tive videos from cadaver and animal experiments. Procedures were
performed by a fellowship-trained neurointerventionalist, and
assessments were performed independently by 3 other neurointer-
ventionalists. Videos were assessed using a 5-point qualitative scale
(1 =poor, nondiagnostic; 2 =limited diagnostic value; 3 =average,
some restricted visibility; 4 = good quality, minimal restrictions on
visibility; 5 = excellent) based on prior similar radiographic analy-
sis.'> The clinical utility for the interventions was rated on a simi-
lar-but-separate 5-point qualitative scale based on the added
information and the likelihood of using the microangioscope in the
clinical setting. A structured debriefing session was then conducted
between the engineering team and the clinicians following each
experiment to allow iterative improvement of the microangioscope.

Periprocedural animal care (porcine and rabbit) was provided
by a veterinary team, according to previously published proto-
cols.”” On completion of the study, the animals were euthanized
under anesthesia.

Red and white thrombi were prepared using autologous por-
cine blood. Red thrombi were prepared by mixing autologous
blood with bovine thrombin. White thrombi were obtained after
centrifuge separation of autologous whole blood. Thrombus
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preparation and the model for large-vessel occlusion have been
previously described."?

The cadaver model was a formalin-fixed whole body.
Standard surgical exposure was performed of the cervical carotid
artery, which was transected. The distal access catheter was
placed within the arterial lumen, and a suture was placed to close
the artery around the catheter.

Last, a fusiform aneurysm with intimal injury was created
using a rabbit survival model, in which the right common carotid
artery was exposed and a 1-cm segment was trapped with 2 aneu-
rysm clips. Elastase (12.5 U; Worthington Biochemical) was
injected into the isolated segment and incubated for 20 minutes
before reperfusion. The rabbits underwent follow-up angiog-
raphy 4 weeks later to assess the device and vessel again.
Further details about animal research methodology (accord-
ing to ARRIVE guidelines; https://arriveguidelines.org/) are
described in the Online Supplemental Data.

Statistical analysis was performed in Excel (Microsoft) for typ-
ical descriptive statistics; mean ratings are displayed as mean
[SD].

RESULTS

Technologic Iterations and Improvement

Since the first generation of the microangioscope, considerable
effort has been made to improve the device in 4 major areas: reso-
lution, flexibility, FOV, and depth of view. Resolution was
improved by increasing the number of pixels from 1600 to 3000.
This resulted in more resolving power. With this addition, the
FOV also increased from 33.3° to 50°, which made it capable of
capturing more of the intravascular environment.

Flexibility was the next important factor, especially for the
application to the human cerebrovasculature. This was improved
by thinning the image bundle, increasing flexibility by >50% and
by selecting more malleable materials for the outer sheath. The
overall outer diameter was reduced from 2.1F to 1.7F, increasing
flexibility by >100%. In silicone model testing (not shown), the
minimum bend radius was determined to be <3.1 mm, which
was corroborated by the models tested here. Ultimately, these
improvements resulted in a marked reduction in stiffness and
allowed the device to traverse into the tortuous anatomy of the
human cerebrovasculature. Finally, a greater depth of view was
important to advance or retract the device.

Three-watt battery-powered LED light sources were used in
our initial experiments, but these only illuminated surfaces within
3 mm of the tip of the device. The light source was upgraded to a
L9000 LED Light Source (Stryker Endoscopy), improving the
depth of view to between 5 and 10 mm. However, due to poor
white balancing with this iteration, the final version included a
Stryker X7000 Xenon Light Source (Stryker Endoscopy). This
300-watt xenon lamp provided a white light source with even
greater illumination at the tip of the device. By improving the
light source as well as the number of illuminating fibers, we were
able to increase the light intensity by >20%, which ultimately
allowed a greater depth of view.

Much of the focus has also been on improving the human fac-
tors associated with the use of the microangioscope. Moving
from a battery-powered light source to a standard endoscopy


https://arriveguidelines.org/

FIG 1. Clot identification and differentiation. A, Clot interface seen ex vivo with a red clot. A
white clot is seen through the catheter (B) and in vivo in a porcine model (C). Red clots are
seen clearly ex vivo (D), within the distal access catheter (E), and in vivo lodged in the por-

cine vessel (F).

light source meant that the light source did not need to be
changed midway through a procedure. This feature naturally
improved the workflow by extending the continuous viewing
time of the camera. In addition, the display unit was changed
from a cart-based one in which the physician must intermit-
tently look away from the fluoroscope images to see the micro-
angioscope images to an “integrated” display so that both
fluoroscopic and angioscopic images can be seen side by side
on the Artis zeego monitor (Siemens) (Online Supplemental
Data). The microangioscope also originally had a threaded
attachment to the proximal assembly that was cumbersome
and slow to couple. That was refined to a quick-disconnect sys-
tem that takes 1 easy motion to replace the scope intraopera-
tively if necessary. Along with an increased working length of
150 cm and extended cables from the microangioscope to the
control console, these improvements provide physicians and
nurses with added flexibility and ease of operation. The overall
advances between the first-generation and the current genera-
tion have resulted in a clinically acceptable device that can
now be used to practically image the intravascular space
(Online Supplemental Data).

Diagnostic Utility: Clot Identification and Differentiation

Autologous porcine blood clots were created and injected into
the porcine external carotid circulation. Distinct clots (“red clot”
or “white clot”) were made by separation of whole-blood

products to mimic the red cell-rich or
fibrin-rich clots. The mean rating for
clot identification by video and static
images was 3.0 [SD, 1]. Clots were
viewed in both ex vivo and in vivo set-
tings. The clarity of the images was suffi-
cient to differentiate the color of the
clots as a proxy for their composition
(Fig 1). The individual ratings are shown
in the Table.

Compatibility with Human
Cerebrovasculature

Because our initial proof-of-concept
study'' was in an animal model and
prior studies with an angioscope had
evaluated only up to the human cervical
carotid artery, we expanded the angio-
scopy into the human intracranial vas-
culature using a cadaver model. After
gaining access via the common carotid
artery, the microangioscope was suc-
cessfully navigated to the MCA with ac-
ceptable force within a distal access
catheter using conventional angiogra-
phy (Catalyst 5; Stryker Neurovascular).
This deliverability was compared at the
time of procedure with other deployed
devices (stent retriever) and was compa-
rable with the deployment of a stent re-
triever in stiffness/tracking. At the most distal aspect, the
microangioscope was positioned in the distal M1 to visualize the
MCA bifurcation. No untoward events such as vessel dissection
or perforation were noted.

Diagnostic Utility: Carotid Disease and Intracranial
Atherosclerotic Disease

The mean rating for the carotid disease and intracranial athero-
sclerotic disease (ICAD) was 4.0 [SD, 1] in the human cadaver
model. In the procedure, a plaque was noted in the proximal in-
ternal carotid artery, just past the carotid bifurcation (Online
Supplemental Data). This was visualized clearly as a plaque via
the microangioscope but was missed on subsequent conventional
angiography. Going further distally into the intracranial circula-
tion, we identified an intracranial plaque within the artery
(Online Supplemental Data), which was also not visualized on
subsequent angiography.

Diagnostic Utility: Vessel Wall Injury

In the rabbit model, a fusiform aneurysm was created by incuba-
tion of the arterial segment with elastase. The mean rating for the
microangioscope video visualizing the diseased intima of this seg-
ment was 3.3 [SD, 1.2]. In this in vivo model, the differentiation
of the intima between this segment and the normal segment
proximally was seen as a luminal irregularity within the diseased
segment. The irregularity was visualized by both angiography
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Ratings of microangioscope image quality and interventional utility

Ratings MD1 MD 2 MD 3 Mean
Image-quality rating®
Video clip
Diagnostic, cadaver carotid 3 4 5 4.0
Diagnostic, clot identification 2 3 4 3.0
Diagnostic, vessel wall injury 2 4 4 33
Diagnostic, PED follow-up 4 5 5 47
Diagnostic, PED initial 3 5 5 43
Interventional, aspiration 2 4 3 3.0
Interventional, stent retriever 3 4 3 33
Interventional, coil embolization 3 5 5 43
Interventional, WEB deployment 2 5 3 33
Utility rating®
Interventional application

Aspiration 2 4 3 3.0
Stent retriever 3 4 3 33
Coil embolization 4 5 5 47
WEB deployment 4 5 5 4.7

Note:—MD indicates independent neurointerventionalist evaluator.

?One worst; 5 best. Image quality rating scale described first, followed by device interventional utility rating scale:

1) Poor, no diagnostic value; not useful at all for intervention.

2) Limited diagnostic value; minimally useful, just of research value/interest.

3) Average quality, of possible clinical utility; moderately useful, adds to procedure quality/safety.

4) Good quality, minimal restrictions on visibility, probably adds benefit beyond angiography; significantly useful, should strongly consider for this indication.

5) Excellent quality, adds benefit beyond angiography, could definitely use as an adjunct; extremely useful, would definitely use in most/all such procedures.

desired endothelialization  response,

FIG 2. Visualization of a flow-diverting device by the microangioscope. A, The fine-woven mesh
of the PED is seen. B, The interface between the PED and the distal vessel is seen (thin arrow),
and the distal vessel is dark (thick arrow) and beyond the illumination of the microangioscope,
giving depth perception. Thrombus formation is excluded, and good wall apposition is con-
firmed. C, After 1 month post-procedure, the device is partially endothelialized, with struts less
visible (medium white arrow) and endothelium more prominent (medium black arrow).

and microangioscopy (Online Supplemental Data: Video show-
ing the diseased vessel in a rabbit model).

Diagnostic Utility: Device Follow-Up

The fusiform aneurysm created in the prior experiment was then
treated with flow diversion using the Pipeline Embolization
Device (PED; Medtronic). The aneurysm and device were visual-
ized immediately after device deployment to assess apposition
(Fig 24, -B) and 4 weeks later to assess endothelialization (Fig
2C). The mean rating for the new device placement was 4.3 [SD,
1.2], and the rating at follow-up was 4.7 [SD, 0.6]. Immediately
after deployment, all stent tines and the interface between the
stent and the normal vessel were well-visualized, and the ability
to assess apposition was excellent. No thrombus was seen on the
device surface. At follow-up, the same stent tines were visualized
in only some areas, though less distinct, and in others, there was
complete tissue coverage. We expect that this is secondary to the
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though it could also be a combination of
fibrin deposition, smooth-muscle cell
proliferation, or immune-cell attach-
ment. This was deemed clinically rele-
vant and useful in the follow-up of flow-
diversion treatment by all independent
evaluators.

Interventional Utility: Stroke
Thrombectomy

The feasibility and utility of the micro-
angioscope as an adjunct in stroke
thrombectomy was tested with the 2
main thrombectomy techniques: aspira-
tion (A Direct Aspiration First Pass
Technique [ADAPT] technique, Catalyst
5) and stent-retriever thrombectomy (Trevo, Stryker; and
Embotrap II, Cerenovus) (Fig 3). Experiments were con-
ducted across 3 porcine subjects. The mean rating for the
ADAPT image quality was 3.0 [SD, 1], while the rating of vis-
ualization of the stent retriever thrombectomy was 3.3 [SD,
0.6]. The expected clinical utility was separately assessed,
with a mean rating of 3.0 [SD, 1] for aspiration and 3.3 [SD,
0.6] for the stent retriever. These fall between 3, moderately
useful, adds to procedure quality/safety and 4, significantly
useful, should strongly consider for this indication.

In the aspiration experiment (3 attempts), a clot was delivered
at a bifurcation and the microangioscope was positioned within
the aspiration catheter as the pump was turned on. Distal fluid
was seen flowing backward toward the camera. Once sufficient
force was generated, the clot was aspirated toward the catheter tip
and was “corked.” A “red out” was seen on the microangioscope
as it was obscured by the face of the clot. A few seconds later, the



FIG 3. Visualization of mechanical thrombectomy. A, A clot is visual-
ized by the microangioscope, and an aspiration catheter is positioned
at the face of the clot. The interface between the artery and the clot
is seen (thin arrow). B, Corresponding view on roadmap fluoroscopy
shows the positioning of the aspiration catheter at the sharp cutoff
point. C, A red thrombus is seen during removal by stent-retriever
thrombectomy. D, The struts of the device can be clearly seen, as can
the endothelium, with clear color differentiation (thick arrows).

clot was then ingested into the inner lumen of the aspiration cathe-
ter past the microangioscope, again giving clear visualization and
confirming successful clot evacuation. The microangioscope then
traversed outside the aspiration catheter and could visualize the
newly recanalized segment. The camera was able to visualize small
residual clot in the aspiration catheter, and this small clot was suc-
cesstully aspirated by a second attempt (Online Supplemental
Data: Data/Videos).

In the stent-retriever experiments (5 attempts), both Trevo
and Embotrap II stent retriever thrombectomy was performed
(Fig 3). In these cases, the tines and expansion of each device
were clearly seen, regardless of their radio-opacity on fluoros-
copy. Furthermore, the interface between the clot and the de-
vice could be visualized as the clot was retrieved. As in
aspiration thrombectomy, the microangioscope could later
adequately inspect the vessel after recanalization to confirm
total revascularization.

All 8 vessels were recanalized after the first pass.

Interventional Utility: Aneurysm Treatment

The feasibility and utility of the microangioscope as an adjunct in
aneurysm treatment were tested with multiple devices, including
coil embolization and intrasaccular flow disruption (Woven
EndoBridge, WEB; MicroVention).

Aneurysm coiling was simulated in an in vivo porcine model.
The microangioscope and the coiling microcatheter were simul-
taneously placed in a balloon guide catheter. The coils were
deployed with the camera positioned at the origin of a vessel to
simulate aneurysm coiling. The mean rating for this video was
4.3 [SD, 1.2]. The vessel origin, a surrogate of the aneurysm neck,

was well-visualized with the microangioscope. The distal vessel,
however, as a surrogate for the aneurysm fundus, was better seen
with conventional angiography. The mean rating for the clinical
utility was 4.7 [SD, 1.2], which ranges between 4, significantly
useful and 5, extremely useful, would definitely use in most/all
such procedures.

Finally, an intrasaccular flow-disruption device (WEB),
deployed at a vessel origin, was visualized with the microangio-
scope. The fine mesh of the device, very similar to the lattice of
the PED, was visualized clearly, as was the interface between the
device and the normal vessel as a surrogate for the aneurysm
neck. The mean rating for this video was 3.3 [SD, 1.5]. The mean
rating for the clinical utility was 4.7 [SD, 1.2].

DISCUSSION

Shortcomings of Diagnostic Angiography

DSA is the criterion standard for all modern neuroendovascular
interventions but has notable disadvantages. Namely, high cumu-
lative radiation doses, contrast usage, and poor visualization over
bony anatomy limit its safety and utility. Furthermore, the proper
visualization of devices with DSA relies largely on their radio-
opacity. To this end, there has been interest in using IVUS and
OCT as adjuncts to DSA. However, these methods have their
own limitations, chiefly their cumbersome size and stiffness that
limit safe neurovascular navigation.

From Angioscope to Microangioscope

Angioscopy, as described in previous iterations, has been limited
by visualization through blood in vivo, camera size, and image
quality. In this study, we demonstrate the utility of a further-
improved'' high-resolution microangioscope. The miniaturiza-
tion of the angioscopic technology is truly transformative and
allows access into the distal intracranial vasculature (MCA bifur-
cation), as seen in the human cadaver experiments. In the itera-
tive process used between our proof-of-concept study and the
current version, the microangioscope optics have also been
improved with better diagnostic quality. Specifically, improve-
ment in the fiberoptic light source allowed better image resolu-
tion (increased image fibers) as well as intravascular illumination
and depth of view (improved light source and increased illumina-
tion fibers). Additional improvements were also made to the flex-
ibility and FOV of the device. Each successive iteration made for
a quantitatively improved experience.

Diagnostic Applications

Four discrete diagnostic applications were evaluated in this study:
clot identification/differentiation, plaque identification, inspec-
tion of vessel wall injury, and flow-diverter apposition and endo-
thelialization. The mean rating for these all reached above 3/5,
qualifying for potential clinical benefit/use per the clinicians
viewing the video.

The clot identification and differentiation have clear implica-
tions for mechanical thrombectomy. The ability to identify vessel
wall injury and inspect the vessel wall surface is important for
identifying subtle vascular dissection and differentiating vasculi-
tis/vasospasm from diffuse atherosclerotic disease. These entities
are often difficult to diagnose and differentiate on angiography,
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and a microangioscope can clarify these diagnoses with direct vis-
ual inspection.

The uses of other intravascular visualization technologies
(IVUS, OCT) have been studied in the context of flow-diversion
follow-up.>” In follow-up angiograms, usually obtained at 3- to
12-month intervals after aneurysm treatment, the neurointerven-
tionalist evaluates parent artery patency, aneurysm occlusion,
branch vessel patency, and in-stent stenosis. The goal of flow
diversion is to achieve durable aneurysm occlusion by endotheli-
alization of the stent across the aneurysm neck. However, com-
plete aneurysm occlusion is only inferred by angiography in these
experiments. In this study, the microangioscope was able to
clearly identify the tissue response across the fine struts of the
PED. With this technology, the successful treatment with a device
can be monitored and could then dictate the necessary duration
of antiplatelet therapy.

Interventional Applications: Stroke
Various interventional applications were evaluated in this study,
namely aneurysm treatment by several modalities (flow diversion
with the PED, intrasaccular flow disruption with WEB, and aneu-
rysm coiling) and stroke thrombectomy. In all interventions, de-
vice adjustments were made on the basis of real-time feedback to
increase workflow and accuracy in a clinical setting. Overall, there
is potential for assistance in thrombectomy as per the clinician
ratings.

Practically, we envision the potential use of the microangio-
scope in stroke thrombectomy as an adjunct to the current treat-

14,15 and

ment paradigm, which is meant to be performed swiftly
with a high first-pass efficacy.'® First, given the ability of the
microangioscope to directly visualize and differentiate between
white clot (high fibrin content, firm, recalcitrant) and red clot
(high red blood cell content, softer, easier to remove), the optimal
thrombectomy strategy could be chosen (aspiration versus stent
retriever). If using aspiration, as in the case of a fibrin clot, the
microangioscope can help identify when corking or when contact
has been established and can identify any uncaptured/residual
clot to be ingested. If using a stent retriever, in the case of a red
thrombus, the microangioscope can visualize clot integration and
identify residual, especially because some thrombi were not seen
on conventional angiography. In this sense, the microangioscope
shows up-close what was previously seen only in clear silicone
flow models with simulated clots. The microangioscope practi-
cally gives us a “new set of eyes” in the angiography suite. Future
translational research is certainly needed to corroborate some of
the potential applications in our models and bring them to the
angiography suite. Most important, these applications are limited
by visualization just to the clot face (and not distal to it) and the
flow-arrest requirement.

In another scenario, when there is re-occlusion, the microan-
gioscope can be used to evaluate and differentiate between intra-
cranial atherosclerosis and vasospasm/vasculitis and can help
guide additional treatment such as rescue stent placement'” in
the case of ICAD or antispasmodics in case of vasospasm. From
the perspective of carotid disease and stroke work-up, microan-
gioscopy could potentially identify high-risk plaques (eg, throm-
bus or ulceration) in the setting of mild or normal-appearing
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angiographic stenosis for patients with an otherwise unremark-
able stroke work-up. This could be a key development in identify-
ing the embolic source in this clinically challenging group of
patients.'®

Interventional Applications: Aneurysm Treatment

The clinical utility ratings for the 2 aneurysm treatments (coil
embolization and WEB deployment) were both very high, 4.7
[SD, 1.2]. In both of these treatments, visualization of the neck of
the aneurysm is critical to ensure complete coverage and treat-
ment and to prevent encroachment of the implant into the parent
artery or branch artery. In standard fluoroscopy, oblique views
are often needed to optimize visualization of the aneurysm neck
and the normal artery. However, this can be challenging, depend-
ing on patient anatomy and aneurysm projection. Therefore, the
ability of the microangioscope to directly visualize this critical
area of the neck to ensure complete and safe device deployment
is clinically significant.

Workflow

The imagined workflow of angiography and microangioscopy is
demonstrated in the Online Supplemental Data. These are com-
plementary technologies. Generally, the microangioscope helps
visualize proximal pathology and is somewhat limited distally,
given the 3-cm tether from the balloon catheter. Thus, the distal
anatomy is well-seen with angiography, which also provides a
roadmap to go further with the microangioscope. Practically, this
is similar to what neuroendoscopy has done in operative micro-
neurosurgery; bringing the light source and visualization closer
to the pathology has been revolutionary.'” The ergonomics of
where to position the operating instruments (microcatheter and
microwire device) relative to the endoscope (microangioscope)
are quite similar. Thus, in the aneurysm experiments, fluoroscopy
and the microangioscope each had their own distinct advantages
and were quite complementary. Overall, standard angiography
demonstrates the distal aneurysm fundus and the walls well,
whereas the neck of the aneurysm can be well-visualized with the
microangioscope.

Future Directions
This technology has myriad potential applications in neuroendo-
vascular surgery and for both clinical and translational research
to further our understanding of cerebrovascular diseases. For
example, further quantitative studies should be performed to
truly assess its value in microangioscope-assisted thrombectomy.
In this study, we were able to visualize intracranial atherosclerotic
disease in a cadaver experiment, but the results should be vali-
dated in further cadaveric and possibly in vivo human subjects.
Our thrombectomy experiments suggest that direct visualization
of thrombi could help the clinician with revascularization, and
more quantitative revascularization outcomes should be tested.
Other types of vascular injury (intimal flaps/dissections, webs)
can also be difficult to assess by angiography alone. In the assess-
ment of its use in aneurysm treatment, these experiments were
only a proof-of-concept and also deserve future study using well-
established aneurysm models to explore the visualization of



device apposition, intraprocedural clot detection, and aneurysm
neck healing with time.

Limitations

The limitations of this technology were discussed in our prior
proof-of-concept study."" Briefly, these are the inability to see dis-
tally beyond the pathology and the necessity for flow arrest. The
duration of flow arrest could theoretically vary from procedure
to procedure but certainly carries potential morbidity with the
use of balloons and increased ischemic time during device
manipulation.

The study itself additionally has limitations. This study has
established the feasibility of its use in a human cadaver and a por-
cine model. The cadaver model had no flowing blood and did not
require the ability to obtain intracranial flow arrest, and the exter-
nal carotid artery of the porcine model had limited tortuosity and
was of large diameter. Additionally, the outcome measures used to
assess imaging quality and device compatibility are not validated.

CONCLUSIONS

Current neuroendovascular imaging relies on fluoroscopy-based
DSA. We used a recently developed fiber optic microangioscope
to visualize the intravascular space in human cadaveric and in
vivo animal models. In this series of experiments, we demonstrate
its feasibility in diagnostic and neurointerventional applications.
An independent rating of video capture suggested satisfactory
visualization and potential utility, particularly in aneurysm embo-
lization procedures. Further studies are needed to evaluate its
potential in this and other applications, including diagnosis, de-
vice deployment, and treatment monitoring.
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Correlation of Technical and Adjunctive Factors with
Quantitative Tumor Reduction in Children Undergoing
Selective Ophthalmic Artery Infusion Chemotherapy for
Retinoblastoma

T. Abruzzo, ““K. Abraham, ““K.B. Karani, ““).I. Geller, “'S. Vadivelu, ““J.M. Racadio, ““’B. Zhang, and “*Z.M. Correa

ABSTRACT

BACKGROUND AND PURPOSE: Selective ophthalmic artery infusion chemotherapy has improved ocular outcomes in children with
retinoblastoma. Our aim was to correlate quantitative tumor reduction and dichotomous therapeutic response with technical and
adjunctive factors during selective ophthalmic artery infusion chemotherapy for retinoblastoma. An understanding of such factors
may improve therapeutic efficacy.

MATERIALS AND METHODS: All patients with retinoblastoma treated by selective ophthalmic artery infusion chemotherapy at a
single center during a 9-year period were reviewed. Only first-cycle treatments for previously untreated eyes were studied.
Adjunctive factors (intra-arterial verapamil, intranasal oxymetazoline external carotid balloon occlusion) and technical factors (chem-
otherapy infusion time, fluoroscopy time) were documented by medical record review. Quantitative tumor reduction was deter-
mined by blinded comparison of retinal imaging acquired during examination under anesthesia before and 3-4weeks after
treatment. The dichotomous therapeutic response was classified according to quantitative tumor reduction as satisfactory (= 50%)
or poor (<50%).

RESULTS: Twenty-one eyes met the inclusion criteria. Patients ranged from 2 to 59 months of age. Adjuncts included intra-arterial
verapamil in 15, intranasal oxymetazoline in 14, and external carotid balloon occlusion in 14. Quantitative tumor reduction ranged
from 15% to 95%. Six showed poor dichotomous therapeutic response. A satisfactory dichotomous therapeutic response was corre-
lated with intra-arterial verapamil (P = .03) in the aggregate cohort and in a subgroup undergoing treatment with single-agent
melphalan at a dose of <5mg (P = .02). In the latter, higher average quantitative tumor reduction correlated with intra-arterial ve-
rapamil (P <.01).

CONCLUSIONS: Intra-arterial verapamil during selective ophthalmic artery infusion chemotherapy is correlated with an improved
therapeutic response, particularly when treating with lower doses of single-agent melphalan.

ABBREVIATIONS: CIT = chemotherapeutic infusion time; DTR = dichotomous therapeutic response; ECBO = external carotid artery balloon occlusion;
FT = fluoroscopy time; IAV = intra-arterial verapamil; INA = intra-nasal Afrin; OA = ophthalmic artery; SOAIC = selective ophthalmic artery infusion chemo-
therapy; QTR = quantitative tumor reduction

elective ophthalmic artery infusion chemotherapy (SOAIC)  carotid artery, infusion of verapamil into the ophthalmic artery
has emerged as an important approach to ocular salvage in ~ (OA), and intranasal oxymetazoline or (Afrin) (INA) have all
children with intermediate-to-advanced intraocular retinoblas-  been described as adjunctive methods to optimize ocular hemo-
toma. Numerous variations in neuroendovascular technique have ~ dynamics."” Known factors associated with failure of intravenous
been reported. Temporary or permanent occlusion of the external ~ chemotherapy for retinoblastoma include older patient age,
greater tumor thickness, vitreal seeds, and subretinal fluid at
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presentation.” Tumor response to SOAIC is proportional to the
product of tissue chemotherapeutic concentration and the dura-
tion of chemotherapeutic exposure.*> Each of these factors is
influenced by variations in the neuroendovascular technique,
particularly adjuncts that modulate ocular blood flow and intro-
duce variations in chemotherapeutic dilution and reflux.

We sought to determine the impact of technical and adjunc-
tive factors on quantitative tumor reduction (QTR) and dichoto-
mous therapeutic response (DTR) as biomarkers of SOAIC
therapeutic efficacy. We also evaluated the association of chemo-
therapeutic infusion time (CIT), a correlate of drug exposure du-
ration, and fluoroscopy time (FT), a surrogate of the difficulty of
OA catheterization, with specific therapeutic adjuncts, QTR and
DTR.

MATERIALS AND METHODS

The clinical material for this study comprises patients with reti-
noblastoma who were evaluated and treated at Cincinnati
Children’s Hospital Medical Center. This study was approved by
the institutional review board at Cincinnati Children’s Hospital
Medical Center. Records of all patients with retinoblastoma
treated by SOAIC at Cincinnati Children’s Hospital Medical
Center during a 9-year period (December 2008 to July 2017)
were evaluated. Only the first SOAIC cycles for previously
untreated eyes in chemonaive patients were studied to avoid the
confounding effects of prior treatment. This approach also opti-
mized our chances of observing measurable changes in QTR
because the largest tumor reduction is known to occur with the
first SOAIC.®

Baseline tumor features and treatment response were docu-
mented by the senior author during ophthalmic examination
under anesthesia. During this examination, retinal photographs
were obtained with a wide-field retinal imaging system (Retcam;
Clarity Medical Systems). All SOAICs were performed by the
senior neurointerventionist. SOAIC was conducted by placing
the tip of a steam-shaped 1.5F microcatheter (Marathon;
Medtronic) directly into the ostium of the OA." If a stable ostial
microcatheter position could not be established after multiple
attempts with alternate microcatheter tip shapes, midsegment
OA catheterization was performed with a 1.2F microcatheter
(Magic FM; Balt).

Steam-shaping of microcatheter tips was accomplished by
inserting a malleable wire template into the microcatheter tip and
then shaping the wire template to conform to a curved line drawn
through the infraophthalmic internal carotid artery lumen into
the OA origin on lateral projections of simultaneously acquired
carotid angiograms. The reconfigured microcatheter tip and
coaxial wire template were placed into a steam jet for 1-2
minutes. Before removal of the wire template, the microcatheter
tip was submerged into and flushed with room temperature sa-
line. Microcatheter tips steam-shaped in this manner generally
retained patient-specific curvatures that would support a stable
ostial microcatheter position.

In the initial phase of this experience, intra-arterial verapamil
(IAV) was selectively administered to patients with a small or
constricted OA. In the later phase, IAV was administered to all
patients. IAV consisted of 20 pg per kilogram of verapamil (in

2mlL) infused into the internal carotid artery for 2 minutes and
80 pg per kilogram of verapamil (in 8 mL) infused into the OA
for 8 minutes. Also, in the initial phase, INA, comprising 2 puffs
ipsilateral to the OA, was administered to all patients after estab-
lishing general anesthesia. In the latter phase, INA was selectively
administered to patients with robust OA perfusion of the nasal
mucosa. External carotid artery balloon occlusion (ECBO) was
performed as previously described." Patients were selected for
ECBO if carotid or OA angiography showed continuous or inter-
mittent retrograde OA flow. Patients undergoing SOAIC with a
single agent were treated with melphalan or topotecan. SOAIC
with single-agent topotecan was performed according to an
investigational protocol (NCT01466855). Patients undergoing
triple-agent SOAIC were treated with melphalan, topotecan,
and carboplatin. Chemotherapeutics and dosing schemes were
selected as reported previously.”

Patient age, sex, International Classification of Intraocular
Retinoblastoma group, tumor laterality, history of familial retino-
blastoma, date of SOAIC, procedure-related adverse events, and
chemotherapeutics were documented by electronic medical re-
cord review. The date of SOAIC was used to divide cases into
early (before May 2015) and late (subsequent to May 2015)
epochs. Epochs were defined according to a time point that
divided the study period into halves according to the number of
the first-cycle SOAICs. Adjunctive (IAV, INA, ECBO) and tech-
nical (CIT, FT) factors were documented by electronic medical
record review. CIT intervals were designated as brief (<20
minutes), intermediate (20-38 minutes), or prolonged (= 39
minutes). FT intervals were designated as brief (<20 minutes),
intermediate (20-35 minutes), or prolonged (> 35 minutes).

QTR was determined by retrospective estimation of changes
in overall tumor size judged by comparison of retinal photo-
graphs, fundus maps, and sonographic examinations acquired by
ophthalmic examination under anesthesia before and 3-4 weeks
after first-cycle SOAIC (Fig 1). All QTR determinations were
made by the senior author, an ophthalmologist with fellowship
surgery and oncology
and >20 years of clinical practice experience. Each QTR determi-

training in vitreoretinal ocular
nation was made by masking patient identifiers in the presented
images. Furthermore, no information about treatment-related
technical or adjunctive factors was provided at the time of QTR
determination. Consequently, QTR determinations were consid-
ered to be blinded with respect to study end points. DTR was
categorized as satisfactory (QTR = 50%) or poor (QTR < 50%).

Preliminary analysis to estimate the potential confounding
effect of prior exposure to systemic multiagent chemotherapy
was conducted on the entire population of patients undergoing
SOAIC treated at the study center during the study period. DTR
for first-cycle SOAIC was compared between patients previously
exposed to systemic multiagent chemotherapy and patients not
previously exposed to systemic multiagent chemotherapy.

For the primary analysis, only first-cycle SOAIC for each en-
rolled eye was considered. Study inclusion criteria were the fol-
lowing: 1) previously untreated eye, 2) chemonaive patient, and
3) adequate records to retrospectively determine QTR. SOAICs
complicated by microcatheter migration during chemoinfusion
were excluded. In the primary analysis, primary outcome
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FIG 1. Composite photograph shows 2 eyes of 2 individual patients with macular retinoblastoma
displaying substantially different QTRs at 3—4 weeks after the first cycle of selective ophthalmic
artery infusion chemotherapy. Analysis of the top pair of photos gives a QTR of 15% and a DTR
classified as poor (QTR < 50%). Analysis of the bottom pair of photos gives a QTR of 95% and

DTR classified as satisfactory (QTR > 50%).

measures (QTR and DTR) were analyzed in relation to adjunctive
factors (IAV, INA, ECBO) and technical factors (CIT, FT) for the
aggregate study population and 2 subgroups of first-cycle SOAIC
performed with different doses of single-agent melphalan (any
dose and <5mg). Secondary analyses included correlation of pri-
mary outcome measures (QTR and DTR) with epoch, correlation
of technical factors (CIT, FT) with adjunctive factors (IAV, INA,
ECBO), and assessment of procedure-related adverse events.

Descriptive analysis was performed to summarize patient
demographics, tumor characteristics, and chemotherapeutics.
Correlation between categoric variables was evaluated by x* or
Fisher exact tests. A 2-sample ¢ test or 1-way ANOVA was used
to detect differences in average QTR, CIT, and FT between differ-
ent adjunctive treatment groups and epochs or to assess differen-
ces in average QTR between different CIT and FT intervals.
Correlation between continuous variables was assessed using the
Pearson correlation coefficient. All analyses were performed
using SAS software, Version 9.4 (SAS Institute). A P value < .05
was considered statistically significant.

Procedure-related adverse events were assessed for all first-
cycle SOAICs performed during the study period.

RESULTS

During December 2008 to July 2017, forty eyes of 35 patients
with intraocular retinoblastoma were treated by SOAIC at the
study center. Two eyes were excluded because fundus views pre-
cluded determination of QTR. Preliminary analysis of the
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remaining 38 eyes confirmed correla-
tion of prior systemic multiagent
chemotherapy with poor DTR (P =
02).

Fifteen eyes previously exposed to
systemic multiagent chemotherapy
were excluded. One eye was excluded
because SOAIC was complicated by
microcatheter migration during che-
moinfusion. One eye was excluded
because of prior local therapy. The
remaining 21 eyes of 20 patients com-
posed the aggregate study population.
These patients ranged from 2 to 59
months of age (median, 12 months).
One of these 20 patients had bilateral
retinoblastoma, and both eyes of this
patient were enrolled in the study. The
single patient with bilateral retinoblas-
toma was also the only patient in the
study with familial retinoblastoma.
Laterality was evenly distributed (11
left, 10 right). Eleven eyes were treated
in the early epoch, and 10, in the late
epoch. The OA was the chemoinfu-
sion artery for all SOAIC treatments.
Fourteen first-cycle SOAICs were
performed with ECBO, and 7 were
performed without ECBO. In 1 case,
ECBO was performed because super selective OA angiography
demonstrated retrograde OA flow throughout the angiographic
cycle. In the remaining 13 cases, ECBO was performed because flu-
oroscopic monitoring of contrast media injected through the treat-
ing microcatheter or superselective OA angiography demonstrated
competitive retrograde inflow of unopacified blood into the OA
from external carotid artery collaterals as the contrast injection
pressure decreased.

The Table and Online Table 1 summarize patient and tumor
characteristics. There is a trend toward younger age and male sex
in patients achieving satisfactory DTR. Patients treated with
ECBO (P < .01) were younger. Low-grade tumors (group B)
accounted for a small minority in all comparison groups. Triple-
agent chemotherapy had a negative association with INA (P =
.03), and single-agent topotecan had a positive association with
IAV (P = .04).

QTR for the aggregate population ranged from 15% to 95%
(average, 59.0%). DTR was poor in 6 and satisfactory in 15
(Online Tables 2-4). DTR and QTR were not significantly associ-
ated with sex or age. One-third of patients with poor DTR were
cases with single-agent melphalan; one-third, with single-agent
topotecan; and one-third, with triple-agent chemotherapy. In the
aggregate population, FT ranged from 10 to 76 minutes (average,
29 minutes), and CIT ranged from 12 to 60 minutes (average, 31
minutes).

Online Tables 2 and 3 compare primary outcome measures
(QTR and DTR, respectively) between treatment groups differen-
tiated according to adjunctive factors (= IAV, = INA, = ECBO).



Age, sex, history of familial retinoblastoma, and tumor laterality

Tumor Laterality

Female Sex Familial Bilateral Right-Sided  Left-Sided
Average (Fraction of  Retinoblastoma Tumors Tumors Tumors
Patient Age Total (Fraction of (Fraction of  (Fraction of  (Fraction of
(mo) [SD] Patients) Total Eyes) Total Eyes) Total Eyes) Total Eyes)
Aggregate study 195[SD,147]  12(0.60) 2(0.09) 2(0.09) 10 (0.48) m
population
n = 21 eyes,
n = 20 patients
Eyes treated with ~ + (n=15eyes) 154 [SD, 111] 8 (0.53) 2(0.13) 2(0.13) 6 (0.40) 9 (0.60)
IAV —(h=6eyes) 29.7[SD,16.5] 4 (0.67) 0(0.0) 0 (0.0) 4(0.67) 2(0.33)
Eyes treated with + (n=14eyes) 17.7[SD,15.] 8(0.57) 2 (0.14) 2 (0.14) 8(0.57) 6 (0.43)
INA —(n=7eyes)  231[SD, 14.0] 4(0.57) 0(0.0) 0(0.0) 2(0.29) 5 (0.71)
Eyes treated with + (n=14eyes) 143[SD,9.5] 8(0.57) 2 (0.14) 1(0.07) 5(0.36) 9 (0.64)
adjunctive ECBO  —(n=7eyes) 30.0[SD,18.2] 4(0.57) 0(0.0) 1(0.4) 5(0.71) 2(0.29)
Eye status Satisfactory 16.4 [SD, 10.0] 7(0.47) 1(0.07) 2(0.13) 7(0.47) 8(0.53)
according to (n =15 eyes)
DTR Poor (n = 6 27.3[SD, 21.8] 5(0.83) 1(0.17) 0(0.0) 3(0.50) 3(0.50)
eyes)

Note:—+ indicates receiving; —, not receiving.

Online Table 4 compares CIT and FT between treatment groups
differentiated according to adjunctive factors (= IAV, = INA,
= ECBO). In the aggregate population, IAV was correlated with
satisfactory DTR (P = .03) (Fig 2) but not QTR. Notably, IAV
correlated with a late epoch (P = .01), but DTR was not associ-
ated with an epoch (Online Table 5). There were 14 first-cycle
SOAICs with single-agent melphalan. Five milligrams of melpha-
lan was used in 2 first cycle SOAIC treatments. Analysis of first-
cycle SOAIC performed with single-agent melphalan shows cor-
relation of TAV with satisfactory DTR (P = .01) (Online Table 3
and Fig 2) and higher average QTR (P <.01) (Online Table 2) for
a melphalan dose of <5 mg. When any melphalan dose is consid-
ered, the correlation of IAV with DTR falls just short of statistical
significance (P = .06) (Fig 2). In the aggregate population, FT
correlated with INA (P <.01) and ECBO (P = .04) (Online Table
4). The difference in average FT between patients with and with-
out ECBO was 11 minutes. The difference in average FT between
patients with and without INA was 16 minutes.

The average CIT was 30.2 and 31.7 minutes in patients with
satisfactory and poor DTRs, respectively (Online Table 6).
Average FT was 31.9 and 23.3 minutes in patients with satisfac-
tory and poor responses, respectively (Online Table 6). Higher
average QTR and satisfactory DTR were associated with decreas-
ing CIT, but differences between CIT intervals were not signifi-
cant (Fig 3). Similarly, higher average QTR and a satisfactory
DTR were associated with increasing FT, but differences between
FT intervals were not significant.

Adverse events for 40 first-cycle SOAICs in 35 patients (me-
dian age, 16 months) are detailed in Online Table 7. There were
no strokes, subclinical cerebral infarctions on brain imaging, or
ischemic retinal events. There were 2 transient, subclinical neuro-
vascular events involving reversible vasoconstriction (1 cerebral
and 1 ophthalmic) in infants receiving INA.

Transient periorbital erythema secondary to hyperemia was
common after AV and was not counted as an adverse event.
Symptomatic periocular edema requiring oral steroids occurred
after SOAIC twice, once after IAV. In 2 different cases, ocular

hemorrhages were found on ophthalmic examination under an-
esthesia at 3—4 weeks (1 subretinal and 1 retinal). In both cases,
IAV was administered. Neither was associated with prolonged
CIT or a wedge microcatheter position, but the retinal hemor-
rhage was associated with midsegment OA catheterization
(Online Table 7).

There were 2 instances of hypotension in infants receiving
TAV. Both necessitated resuscitation with blood products. One
patient was treated with calcium gluconate to counteract vera-
pamil. There were also 2 instances of bronchospasm, which
resolved with microcatheter repositioning and endotracheal albu-
terol. Postextubation laryngospasm required reintubation in 1
case.

There were 2 access site complications including 1 groin he-
matoma and 1 transient external iliac artery thrombosis treated
by short-term lovenox without sequelae. Both occurred in infants
requiring bifemoral arterial access for SOAIC with ECBO.

DISCUSSION

To our knowledge, this is the first study that describes QTR and
its derivative DTR, as metrics of SOAIC therapeutic efficacy.
QTR uniquely enables one to measure the effect of individual
treatments differentiated by technical factors (ie, CIT). In con-
trast, the ocular salvage rate is determined by the cumulative
effect of multiple treatments with variations in technical factors
that are difficult or impossible to control. Our focus on first-cycle
SOAIC in previously untreated patients allowed us to eliminate
confounding effects of prior treatment and isolate the impact of
the neuroendovascular technique.

Our study reveals a correlation of IAV with satisfactory DTR.
This correlation was significant for the aggregate population and
a subgroup treated by SOAIC with <5 mg of single-agent mel-
phalan (Fig 2). Furthermore, the average QTR was higher for
first-cycle SOAIC performed with IAV (P < .01) in the latter sub-
group. These associations eliminate doubt that the benefit of IAV
was due to unequal distribution of differentially effective chemo-
therapeutics. Although IAV was associated with the late epoch,
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we found no correlation between DTR and epoch to suggest that
the benefit of IAV was attributable to increasing experience of
the operating team.

IAV enhancement of therapeutic efficacy could be related to
augmentation of ocular perfusion, chemosensitization, or both.
Verapamil has potent long-lasting vasodilator actions when
administered by the arterial route.® Because the tumoricidal effect
is proportional to tumoral perfusion with chemotherapeutics, va-
sodilation in target tissue may enhance therapeutic efficacy.
Laboratory and clinicopathologic studies have demonstrated that
verapamil inhibits membrane-associated glycoproteins, conferring
multidrug resistance to retinoblastoma cells and that expression of
these glycoproteins by retinoblastoma is associated with treatment
failure.”'* Biochemical studies show that these verapamil-
sensitive glycoproteins actively export melphalan, rendering reti-
noblastoma cells resistant to the chemotherapeutic activity of mel-
phalan.'? Owing to this mechanism, the chemosensitizing potency
of verapamil is blunted at higher melphalan doses.'*'> The results
of our study are consistent with that paradigm (Fig 2).

The chemosensitizing tissue concentration of verapamil can-
not be safely established by oral or intravenous routes, but the
pharmacokinetics of superselective intra-arterial administration
make it achievable. Others have leveraged intra-arterial adminis-
tration strategies to commission the chemosensitizing properties
of IAV.'®'” Another property of verapamil underlies an anatomi-
cally specific advantage unique to the retina. Extensive research
has demonstrated that verapamil is actively transported across
the blood-retina barrier by retinal pigment epithelium pro-
teins.'®'° Thus, a combination of pharmacokinetic and molecular
transport effects may enable chemosensitization with IAV during
SOAIC.

In the current series, 2 of 25 children treated with IAV experi-
enced hypotension. Both were infants younger than 12 months of
age. Notably, some authors advise against intravenous verapamil
administration in infants younger than 12 months of age due to a
paucity of safety data.”® Despite such recommendations, intrave-
nous verapamil dosed at 100-200 pg per kilogram for 2 minutes
remains the preferred treatment for some types of cardiac dys-
rhythmia in infants.”® While most agree that the risk of verapamil
toxicity is very high during the first 6 weeks of life, there is no evi-
dence that the use of intravenous verapamil in older infants is
unsafe.’”?! The incidence of hypotension in this series is substan-
tially lower than that reported in other series of SOAIC.** In
those series, IAV was not given, and procedural hypotension was
related to autonomic reflexes associated with OA catheteriza-
tion.? It is possible that intraoperative hypotension in the current
series was at least partially related to autonomic responses.

INA was not correlated with a therapeutic response in this
study. INA has been used to limit perfusion of the sinonasal mu-
cosa with chemotherapeutics during SOAIC. Theoretically, per-
fusion of the sinonasal mucosa through ethmoidal branches of
the OA can cause a steal that reduces delivery of chemotherapeu-
tics to the retina and may cause mucosal injury resulting in
epistaxis.”> Two infants receiving INA in the current study expe-
rienced procedure-related adverse events related to vasoconstric-
tion (1 cerebral and 1 ophthalmic). Although OA spasm during
SOAIC is primarily related to mechanical stimulation, the
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FIG 2. The absolute number of satisfactory (black) or poor (white)
DTRs for first cycle of SOAIC treatments performed with or without
adjunctive 1AV is presented for the aggregate study population (A),
SOAIC treatments performed with single-agent melphalan at any
dose (B), and SOAIC treatments performed with single-agent melpha-
lan at doses of <5mg (C).

striking association of INA with increased FT in this study raises
the possibility that INA may be a contributory factor and that
off-target vasoconstriction caused by INA may interfere with OA
catheterization. One patient in the current study demonstrated
findings concerning for reversible cerebral vasoconstriction after
administration of INA, which cannot be attributed to vessel
instrumentation. Reversible cerebral vasoconstriction associated
with concomitant administration of oxymetazoline and phenyl-
ephrine-containing eye drops during SOAIC has been reported
in another patient.**

ECBO is used to optimize ocular hemodynamics during
SOAIC because it ensures continuous anterograde OA flow
throughout the entire period of chemotherapeutic administra-
tion, regardless of microcatheter injection pressure or the
patient’s blood pressure.' The direction of OA flow during
SOAIC is assessed by angiography and by subtracted



FIG 3. The average QTR is presented for the first cycle of selective
ophthalmic artery infusion chemotherapy treatment differentiated
into brief (<20minutes), intermediate (20-38 minutes), and pro-
longed (=39 minutes) CIT intervals. Error bars indicate = 1SD.

fluoroscopic monitoring of contrast media injected through
the treating microcatheter in a manner that simulates chemo-
therapy administration." In children with well-developed
external carotid artery-to-OA collaterals, OA flow may be
frankly retrograde throughout the entire angiographic cycle.
Alternatively, competitive retrograde inflow from external ca-
rotid artery collaterals may only be transiently revealed in the
delayed phase of angiography as the angiographic injection
pressure falls. Under these circumstances, all or some of the
administered chemotherapeutic misses the tumor target and
refluxes into the cerebral circulation. Another approach
intended to overcome competitive flow from external carotid
artery collaterals involves administration of chemotherapeutics
through the dominant competing external carotid artery collat-
eral, which is frequently the orbital branch of the ipsilateral
middle meningeal artery. Advancing a microcatheter deep into
such a collateral vessel often produces a pressure gradient that
promotes blood flow in the collateral vessel to move toward
the external carotid artery, away from the OA. Under these
conditions, chemotherapeutic infusion is administered against
the direction of arterial flow in the microcatheter-bearing col-
lateral vessel. Moreover, external carotid artery anastomoses
with the OA are often distal to the origin of the retinociliary
trunk (parent vessel of the central retinal artery and posterior
ciliary arteries). This anatomy makes a chemoinfusion admin-
istered through the external carotid artery branch countercur-
rent with blood flow entering the ostium of the OA origin
from the internal carotid artery. In order for the chemothera-
peutic to reach the retinal circulation under these circumstan-
ces, it must overcome a potentially stronger countercurrent
flow from the internal carotid artery. As a result, administra-
tion of chemotherapy through external carotid artery collater-
als trades one source of competitive countercurrent flow with
alternative sources of countercurrent flow. We favor ECBO for
the management of competitive countercurrent flow encoun-
tered during SOAIC because it completely suppresses all sour-
ces of countercurrent flow, without introducing new ones.
Nonetheless, if the orbital branch of the middle meningeal ar-
tery is highly dominant and OA catheterization is challenging,

administration of chemotherapy through the orbital branch of
the middle meningeal artery may be preferable.

ECBO was not correlated with QTR or DTR in this study.
However, because our practice was to perform ECBO in patients
with intermittent or continuous OA flow reversal, selection bias
likely masked the benefit. ECBO was associated with 11 minutes
of additional FT in this study due to the need for fluoroscopy
guidance during balloon catheter positioning, inflation, re-adjust-
ment of the balloon during chemoinfusion, and deflation. This
amount of added FT may not be significant, depending on the
advantage provided by ECBO in any given case. Although there
were no adverse events directly attributable to ECBO, our only 2
access site complications occurred in patients undergoing ECBO
(Online Table 7). Notably, our method of ECBO relies on bife-
moral arterial sheath placement, and patients undergoing ECBO
were notably younger. These features raise the possibility that
there is a tendency toward retrograde OA flow in younger
patients because the ratio of extracranial vascular resistance to
cerebrovascular resistance is elevated in early childhood. Indeed,
transcranial Doppler studies provide indirect evidence of this.* It
is also possible that age-related changes in OA anatomy may con-
tribute to hemodynamic variations encountered in children.
Perhaps expansion of the calvaria and bony orbit in early child-
hood cause physical displacement of OA anastomoses from
corresponding external carotid artery feeders, resulting in devel-
opmental involution of anastomoses with maturation of the cra-
nial skeleton. In any case, additional study is warranted to further
investigate the safety and potential therapeutic advantage of
ECBO.

As reported by others, our approach to SOAIC involves man-
ual infusion of the total chemotherapy dose in a volume of
30 mL."** Although most operators strive to administer the infu-
sion for 30 minutes, adjustment of infusion parameters is often
necessary to prevent chemotherapeutic reflux into the internal ca-
rotid artery and maximally flood the anterograde target-tissue
blood volume. Consequently, CIT varies. Although tumor killing
during SOAIC is proportional to the duration of tumor chemo-
therapeutic exposure, higher average QTR and satisfactory DTR
were associated with decreasing CIT in this study, albeit the asso-
ciations were not statistically significant (Fig 3). It is possible that
prolonged CIT with a fixed infusion volume diminishes the ther-
apeutic potency by allowing chemotherapeutics entering the OA
to be diluted by a larger volume of inflowing blood.

All except one of the ocular, neurovascular, and cardiovascu-
lar adverse events in this series were associated with prolonged
FT, and these were predominantly in infants younger than
12 months of age (Online Table 7). The findings emphasize that
longer and technically more difficult cases are associated with a
generalized increase in procedure-related risks and that infants
younger than 12months of age are particularly at risk. In our
study, satisfactory DTR correlated more closely with prolonged
FT than brief FT. The results suggest that even children present-
ing with significant technical challenges realize the full therapeu-
tic benefit of SOAIC. It is notable that the only procedure-related
retinal hemorrhage in this series complicated an SOAIC treat-
ment involving midsegment OA catheterization. In our approach
to SOAIC, midsegment OA catheterization is generally avoided

AINR Am J Neuroradiol 42:354-61 Feb 2021 www.ajnr.org 359



because we believe that it carries a higher risk of bronchospasm,
bradycardia, hypotension, OA spasm, OA dissection, retinal
hemorrhage, and retinal ischemia relative to ostial catheteriza-
tion. Even in the absence of OA spasm, long-segment obturation
of the OA by an indwelling microcatheter (as in midsegment
catheterization) may create a “wedge dynamic” that pressurizes
the retinal circulation during chemoinfusion (leading to retinal
hemorrhage) or restricts retinal perfusion (leading to retinal is-
chemia). Furthermore, procedure-related OA microdissections
or intramural hematomas created by excessive OA instrumenta-
tion may evolve into a stenosis that thwarts future treatment
attempts.

One weakness of this study lies in the retrospective nature of
data collection and analysis. Because the details of treatment were
obtained by electronic medical record review rather than imaging
review, the results are susceptible to documentation inaccuracies
and omissions. Another weakness is that most patients received a
mixture of different adjunctive therapies, making it difficult to
isolate the effect of individual adjuncts. Furthermore, some
potentially confounding variations of anatomy and technique
(ostial-versus-midsegment OA catheterization) were not consid-
ered in our analysis.”® Because midsegment OA catheterization is
rarely performed in our practice, we do not think that variations
in the OA catheterization technique contributed significantly to
our results. Although only 1 case of midsegment catheterization
was known to occur, our study methodology did not allow us to
systematically classify cases according to catheterization tech-
nique. Investigation of the catheterization technique would have
required analysis of OA angiograms rather than review of reports
contained in the electronic medical record. Future studies should
address the potential impact of the OA catherization technique.
Although the current study suggests IAV enhancement of thera-
peutic efficacy, the study cohort is small and further study is nec-
essary to determine whether the added therapeutic benefit
outweighs the increased risks of drug-induced hypotension.

CONCLUSIONS

In children undergoing SOAIC for intraocular retinoblastoma,
IAV is safe and may increase the probability of a satisfactory ther-
apeutic response, particularly in those treated with <5 mg single-
agent melphalan. Procedural hypotension occurs in a minority of
infants and is correctable with calcium gluconate and/or volume
resuscitation. INA is not associated with measurable benefit and
may produce off-target vasoconstrictive effects that lead to
adverse events, particularly in infants. Although ECBO did not
demonstrate a therapeutic advantage in this study, selection bias
may have confounded our assessment.

Disclosures: Sudhakar Vadivelu—UNRELATED: Consultancy: Alcyone Lifesciences.
Zelia M. Correa—UNRELATED: Consultancy: Castle Biosciences.
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ORIGINAL RESEARCH
HEAD & NECK

Cone-beam CT versus Multidetector CT in Postoperative
Cochlear Implant Imaging: Evaluation of Image Quality and
Radiation Dose

RA. Helal, ““R. Jacob, “’'M.A. Elshinnawy, “’ All. Othman, ““I.M. Al-Dhamari, “*’D.W. Paulus, and ““T.T. Abdelaziz

ABSTRACT

BACKGROUND AND PURPOSE: Cone-beam CT is being increasingly used in head and neck imaging. We compared cone-beam CT
with multidetector CT to assess postoperative implant placement and delineate finer anatomic structures, image quality, and radia-
tion dose used.

MATERIALS AND METHODS: This retrospective multicenter study included 51 patients with cochlear implants and postoperative imaging
via temporal bone cone-beam CT (n=32 ears) or multidetector CT (n=19 ears) between 2012 and 2017. We evaluated the visualization
quality of single electrode contacts, the scalar position of the electrodes, cochlear walls, mastoid facial canal, metallic artifacts (using a 4-
level visual score), and the ability to measure the insertion angle of the electrodes. The signal-to-noise ratio and radiation dose were also
evaluated.

RESULTS: Cone-beam CT was more sensitive for visualizing the scalar position of the electrodes (P=.046), cochlear outer wall
(P=.001), single electrode contacts (P<<.001), and osseous spiral lamina (P=.004) and had fewer metallic artifacts (P <<.001).
However, there were no significant differences between both methods in visualization of the modiolus (P =.37), cochlear inner wall
(P>.99), and mastoid facial canal wall (P=.07) and the ability to measure the insertion angle of the electrodes (P> .99). The cone-
beam CT group had significantly lower dose-length product (P <.001), but multidetector CT showed a higher signal-to-noise ratio
in both bone and air (P=.22 and P = .00]).

CONCLUSIONS: Cone-beam CT in patients with cochlear implants provides images with higher spatial resolution and fewer metallic
artifacts than multidetector CT at a relatively lower radiation dose.

ABBREVIATIONS: CBCT = cone-beam CT; Cl = cochlear implant; MDCT = multidetector CT

Acochlear implant (CI) as a treatment option for profound
sensorineural hearing loss has increased remarkably in recent
years. This increase can be partly attributed to the innovative diag-
nostic radiologic procedures. These procedures facilitate preopera-
tive and intraoperative processes and enhance postoperative
outcomes.' Preoperative assessment of the temporal bone and
inner ear structures is crucial to check the feasibility of implanta-
tion and predict the outcome. Usually both MR imaging and mul-
tidetector CT (MDCT) are used for assessment. Intraoperative
imaging is usually reserved for cases with severe anatomic abnor-
malities and during minimally invasive procedures to guide the
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electrode placement and reduce the duration of the operation
using fluoroscopy or mobile radiography.’

As in most cases, the use of MR imaging after a CI must be lim-
ited, so the electrode position is usually assessed using conventional
X-ray or MDCT.? An important postoperative assessment is to
ensure the proper positioning of the electrode inside the cochlea and
check its insertion depth (which are important factors for the first
activation and follow-up) as well as to assess the scalar position (the
proper location being in the scala tympani near the nerve endings),
distance of the first contact from the round window (optimal, 3-
4mm), and distance from the electrode to the modiolus or lateral
wall. Any complications such as electrode kinking, looping, or dislo-
cation; presence of extracochlear electrodes; inner ear trauma; or os-
seous spiral lamina injury should be also assessed.*®

These assessments post-CI require optimal imaging techniques.
Conventional x-ray can localize the implant position but does not
provide much detail and is, therefore, inadequate. MDCT provides
more anatomic details; however, it has remarkable metallic artifacts.”


https://orcid.org/0000-0002-2340-9736
https://orcid.org/0000-0001-5646-5884
https://orcid.org/0000-0002-7410-8562
https://orcid.org/0000-0002-3264-0091
https://orcid.org/0000-0002-5209-6599
https://orcid.org/0000-0002-2967-5277
https://orcid.org/0000-0002-8275-6498
mailto:raniahelal@med.asu.edu.eg
https://mobile.twitter.com/20f81fe9c71b44c

Cone-beam CT (CBCT) is becoming increasingly popular for head
and neck imaging despite its low contrast resolution, which pre-
cludes the examination of soft-tissue pathology, because of its high
spatial resolution and relatively low radiation dose. In the field of
ClIs, the importance of CBCT is increasing due to its provision of
more accurate details and fewer metallic artifacts.”"*

CBCT involves a rotating gantry to which an x-ray source (with
a divergent cone-shaped radiation) and flat panel detector are
fixed. During complete/partial rotation of the gantry, multiple se-
quential planar projection images of the FOV are obtained, which
differ from the helical progression of the fan-shaped radiation used
in MDCT devices. Thus, CBCT imaging requires a relatively longer
duration compared with MDCT, which increases the overall risk
of motion artifacts."®

The accuracy of radiologic implant assessment is also impor-
tant for improving surgical skills (correct electrode positioning)
and CI fitting procedures. Auditory outcome depends on the cor-
rect scalar position of the electrode in the scala tympani, without
scalar translocation. Furthermore, these data help in the develop-
ment of new devices, more accessible surgical techniques, and
better follow-up of patients.'® Recently, the combination of post-
operative CBCT with preoperative MR imaging has shown very
good results in the assessment of electrode position.'”

The purpose of this study was to compare CBCT with MDCT
post-CI for radiologic evaluation of important finer anatomic details
around the implant, electrode radiologic assessment, and assessment
of metallic artifacts, signal-to-noise ratio, and radiation doses used.

MATERIALS AND METHODS

Study Design and Population

This was a retrospective multicenter study approved by Ain Shams
University institutional review board (approval number MD237/
2017). We conducted a retrospective review from January 2012 to
December 2017 using our institution’s CI data base and a public
human cochlea data base to retrieve the postoperative imaging data
of patients who underwent CI surgery and postoperative MDCT
(from our institution) or CBCT (from the public data base).
Exclusion criteria were the presence of a morphologically abnormal
cochlea, severe motion artifacts distorting the image quality, and
inadequate data about the type of electrode inserted. For patients
undergoing bilateral CI, only the right ear was included (for statisti-
cal reasons). Fifty-one patients were identified and included, regard-
less of their age or sex. Patients’ demographic data and data about
the types of electrodes inserted were collected.

Radiologic Examination and Analysis

CBCT Group. This group was scanned using the CBCT 3D
Accuitomo 170 (J. Morita). Each ear was imaged separately using
90-kV tube voltage and 5-mA current, with a high-resolution
mode (Hi-Res J.Morita) with a rotation of 180°. A voxel size of
0.125mm and an ROI of 80 x 80 x 80 mm were used. Images
were reconstructed with filtered back-projection using the G_001
reconstruction algorithm.

MDCT Group. The MDCT group was scanned using the
MDCT Somatom Definition Flash (dual-source 64-detector
row scanner; Siemens) with single-energy automated tube-

voltage selection (CARE kV; Siemens). The quality reference
tube voltage was 120kV, providing an acquisition of 100kV.
Automated tube modulation (CARE Dose4D; Siemens) was used,
with a quality reference tube current of 375mAs. Images were
obtained using a beam collimation = 0.5 mm, rotation time = 1
second, FOV = 240 mm, section thickness = 0.6mm, section
interval = 0.3 mm, and pitch = 0.8. Reconstruction was performed
using the Hr60 kernel.

The obtained images were anonymized and examined by 2
experienced neuroradiologists with 5 and 15 years of experience
until consensus was reached. The images were processed in the
coronal, sagittal, and cochlear views. The window width and level
were 3500 and 500, which were adjusted according to the observ-
ers’ preferences for optimal visualization of the cochlear struc-
tures near the metallic artifacts.

Qualitative Image Analysis and Analysis of Electrode Positions
mage sharpness was defined by identification of important ana-
tomic details, such as the cochlear inner and outer walls, osseous
spiral lamina, modiolus, and the mastoid facial nerve canal wall.
Each image was also evaluated for the precise scalar localization of
the inserted electrode, its insertion angle, and visualization of single
electrode contacts. The electrode insertion angle was measured

using the method suggested by Pearl et al'®

(Fig 1). Its measurement
ability was categorized into a 2-level score (0=not measurable;
1 =measurable). The quality of visualization of the other details
was reported according to a 4-level score (0 = not visualized, 1 =
barely visualized, 2 = well-visualized, 3 = perfectly visualized).
Scoring of metallic artifacts was also performed (ranging from 0 =
markedly affecting the diagnosis to 3 = minimal metallic artifacts).

Quantitative Image-Quality Analysis

The signal-to-noise ratio was calculated for each group; for calcula-
tion, 2 ROIs measuring approximately 4 mm? were used. One was
at the bone surrounding the cochlea (posterior-medial to the basal
turn), and the other was in the air in the external auditory canal.
The signal was defined as the mean ROI value, while the SD was
defined as image noise; the signal-to-noise ratio was calculated as
the mean ROI signal value divided by the SD."

Patient Dose Analysis. The dose-length product was analyzed;
the calculation was according to the manufacturer-specific proto-
cols, and the output was via the device. Separate measurements
were not performed.

Statistical Analysis. Data were coded and processed using the
Statistical Package for the Social Sciences (SPSS Statistics for
Windows, Version 23.0; IBM). Quantitative data were pre-
sented mainly as medians with interquartile ranges, when not
normally distributed. Qualitative variables were presented as
numbers and percentages. The x” test was used for compari-
son of =2 groups of categoric variables. The Monte Carlo test
was used as correction for the y? test when >20% of the cells
had a count of <5 in the tables. For comparison of the dose
measurements and signal-to-noise ratio (quantitative data
with nonparametric distribution), the Mann-Whitney test
was used. A P value = .05 was considered statistically signifi-
cant, with a confidence interval of 95%.
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FIG 1. Coronal oblique (cochlear view with thick MPR=5mm) CBCT image showing the mea-
surement of the angle of insertion between the deepest electrode and the reference line joining
the insertion point (round window/cochleostomy center) (a) and the center of a circle formed
by the 3 most apical electrodes (b). The insertion angle = 360°- (c). The cochlear lateral wall is

also well-visualized in this thick MPR coronal view (white arrows).

Table 1: Different electrodes with intercontact distancing

Qualitative Image Analysis and
Analysis of Electrode Positions
The results of comparison between both
groups regarding visualization of the finer
anatomic details and electrode position-
ing are shown in Tables 2 and 3 (Fig 2).
Scalar positioning of electrodes inside the
cochlea was identified in both groups,
except for 1 ear in the MDCT group
(strong metallic artifacts). In the
CBCT group (n=32), electrodes in
63% of ears (n =20) were inserted in
the scala tympani (2 were barely
visualized), 9% (n=3) were in the
scala vestibuli (1 was barely visual-
ized), and 28% (n =9) had scalar dis-
location (1 was barely visualized),
whereas in the MDCT group
(n=19), 79% (n=15) were inserted
in the scala tympani (1 was barely
visualized), 11% (n =2) were in the
scala vestibuli (1 was barely visualized),
5% (n=1) had scalar dislocation, and
5% were nonassessable (1= 1). The elec-
trodes with widely spaced contacts
showed perfectly visualized contacts
(n=13) in the MDCT group, despite the
higher metallic artifacts and were

perfectly to well-visualized (n=7

Intercontact CBCT Group MDCT Group
Electrodes Distancing (mm) (n=32) (n=19) and n =2, respectively) in the CBCT
Widely spaced contacts group. The narrowly spaced con-
FLEX28® 21 3 0 tacts were barely visualized (n=26)
FL.EX—Synchrony—rt\)Aediuma 19 2 2 and were not visualized (n=10) in
2;4Rze;*flAlDSCALA 8:;5095 31 (; the MDCT group compared with
Narrowly spaced contacts those in the CBCT group: well-
CI24RE-CAC Nonuniform 0.4-0.8 9 0 visualized (n=9), barely visualized
CI512-CA® Nonuniform 0.4-0.8 3 0 (n=13), and not visualized (n=1).
C|532'CACC 06 n ! The barely-to-nonvisualized elec-
C|24RE__ST : 075 b trodes in the CBCT group were
:\:EE;EA indicates contour advance; ST, straight electrode. mainly Cochlear CI532 and CI512.
® Advanced Bionics.
<Cochlear. Quantitative Image-Quality

All distances were obtained from the portfolios of the electrodes (* except for Cl422 cited from Bennink et al.**)

RESULTS

A total of 51 ears that received CIs were included in the final anal-
ysis. Thirty-two patients underwent postoperative CBCT
(females = 13 [40.6%], males= 19 [59.4%] with median
age=56 vyears [interquartile range, 46-0.5 years] and
range = 13-84 years), and 19 patients underwent postopera-
tive MDCT (females = 11 [57.9%], males= 8 [42.1%] with
median age =4 years [interquartile range, 3-6 years] and
range = 1-17 years). The average exposure time for the
CBCT protocol was 15.8 seconds, while that for MDCT was
4 seconds. Details of the implanted electrodes are shown in

Table 1.
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Analysis

The results of comparison of the sig-
nal-to-noise ratio between both
groups are shown in Table 4.

Dose Analysis

There was a statistically significant ‘difference between both
groups in terms of the dose-length product values. The me-
dian (interquartile range) in the CBCT group was 93 (47.6-
93) with a range of 47.6-93 mGy*cm, while in the MDCT
group, the median was (interquartile range)=387.5 (206-
527.75) with a range of 179-650 mGy*cm (P <.001). The dif-
ference between the maximum doses encountered in both
groups was 557 mGy*cm, representing 85.7% of the maxi-
mum dose encountered in the MDCT group.



Table 2: Qualitative image scoring results for fine anatomic structures and metallic

artifacts
Scale Points CBCT Group (n =32) MDCT Group (n =19) P Value
Cochlear inner wall
Not visualized (0) 1(3%) 0 (0%) >.99
Barely visualized (1) 3 (9%) 2 (10.5%)
Well-visualized (2) 6 (19%) 3(15.8%)
Perfectly visualized (3) 22 (69%) 14 (73.7%)
Cochlear lateral wall
Not visualized (0) 0 (0%) 1(5%) 001
Barely visualized (1) 0 (0%) 0 (0%)
Well-visualized-(2) 2 (6%) 8 (42%)
Perfectly visualized (3) 30 (94%) 10 (53%)
Modiolus
Not visualized (0) 0 (0%) 0 (0%) 37
Barely visualized (1) 2 (6%) 0 (0%)
Well-visualized (2) 5 (16%) 1(5%)
Perfectly visualized (3) 25 (78%) 18 (95%)
Osseous spiral, lamina
Not visualized (0) 18 (56%) 19 (100%) 002
Barely visualized (1) 10 (31%) 0 (0%)
Well -visualized (2) 4 (13%) 0 (0%)
Perfectly visualized (3) 0 (0%) 0 (0%)
Mastoid facial, canal wall
Not visualized (0) 4 (13%) 4 (21%) .07
Barely visualized (1) 10 (31%) 6 (32%)
Well-visualized (2) 9 (28%) 9 (47%)
Perfectly visualized (3) 9 (28%) 0 (0%)
Metallic artifacts
Very strong artifact (0) 0 (0%) 0 (0%) <.001
Strong artifacts (1) 6 (18.8%) 14 (74%)
Moderate artifacts (2) 22 (68.8%) 5 (26%)
Weak artifacts (3) 4 (12.5%) 0 (0%)
Table 3: Qualitative image scoring results for electrode evaluation
Scale Points CBCT Group (n =32) MDCT Group (n=19) P Value
Electrode scalar position
Not visualized (0) 0 (0%) 0 (0%) 046
Barely visualized (1) 4 (13%) 3 (16%)
Well-visualized (2) 3(9%) 7 (37%)
Perfectly visualized (3) 25 (78%) 9 (47%)
Single electrode contact
visibility
Not visualized (0) 1(3%) 10 (52.6%) <.001
Barely visualized (1) 13 (41%) 6 (31.6%)
Well-visualized (2) 1 (34%) 0 (0%)
Perfectly visualized (3) 7 (22%) 3 (15.8%)
Insertion angle of electrode
Not measurable (0) 0 (0%) 0 (0%) >99
Measurable (1) 32 (100%) 19 (100%)

Mean, 437.7° [SD, 120.8°]

Mean, 329.4° [SD, 80°]

DISCUSSION

The number of CI operations has increased notably in recent years;
however, there is still a wide spectrum of postoperative outcomes.
Hence, more improvement in the electrode design, surgical
approaches, and evaluation of the related detailed cochlear anatomy
is necessary.>** Conventional radiography and MDCT have long
been used for postoperative evaluation. CBCT imaging is a rela-
tively new technique in the imaging of Cls and is reported to have a
better spatial resolution than MDCT, with fewer metallic artifacts
affecting the implant evaluation.

3,21

High-resolution images are neces-
sary for the proper visualization of sin-
gle electrode contacts. Verbist et al*®
compared 4 different MDCT devices
in the evaluation of CIs. They used an
in-plane resolution (x and y axis) of
0.48-0.68 mm and a longitudinal reso-
lution (z-axis) of 0.7-0.98 mm, obtain-
ing images with the high resolution
necessary to adequately discriminate
among the different electrode con-
tacts. However, the use of flat panel
detectors in CBCT devices provides
images with higher isotropic resolu-
tion using a submillimeter detector
size ranging from 0.09 to 0.4 mm."” In
the current study, the voxel size used
in the CBCT group was 0.125mm (in
all dimensions), which provided an
isotopic image with high spatial reso-
lution, thus allowing good-to-perfect
visualization of single electrode con-
tacts in 56% of patients (including
widely spaced and narrowly spaced
electrode contacts) compared with
only 16% in the MDCT group (includ-
ing only widely spaced contacts).

The metallic artifacts were also sig-
nificantly lower in the CBCT group
than in the MDCT group (P <.001).
However, some of the patients under-
going CBCT implanted with CI532
(intercontact distance of 0.6 mm) and
CI512 (nonuniform intercontact dis-
tance ranging from 0.4 to 0.8) had
high to-moderate metallic artifacts,
leading to poor visualization of elec-
trode contacts. The signal-to-noise ra-
tio was significantly lower in the
CBCT group; this finding can be
explained by the higher scattered radi-
ation of CBCT, which is one of its
main disadvantages, which decreases
the contrast resolution and increases
image noise.” The other disadvantage
of CBCT was the relatively longer ex-
posure time, which may increase the
risk of motion artifacts. However, in

patients with dizziness, shortened techniques with slightly lower
resolution can be used to overcome this.

Some studies have examined the role of CBCT in the assessment
of postoperative CIs in vitro.'>"* These studies compared the results
of image analysis, including scalar positioning of the electrode, the
presence of kinking, the number of intracochlear electrode contacts,
and proper overall insertion using CBCT with those of histopatho-
logic examinations in temporal bone specimens and concluded that

CBCT as a noninvasive approach yielded results comparable with
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FIG 2. CBCT group. A, Midmodiolar view (cochlea) shows the modiolus (white arrow), the per-
fectly visualized cochlear lateral wall (black arrow), and the scalar translocation from ST to SV at
the pars ascendens (dashed arrow). B, Axial view (cochlea) shows good visualization of single
electrode contacts, C, Sagittal oblique view shows good visualization of the facial nerve canal
wall (arrow). D, In the MDCT group, the midmodiolar view (cochlea) shows the modiolus (white
arrow), nonvisualized cochlear lateral wall (artifacts) (black arrow), and the difficult scalar local-
ization of the electrode (mostly ST). E, Axial view (cochlea) shows difficult identification of single
electrode contacts and the osseous spiral lamina. F, Sagittal oblique view shows difficult identifi-
cation of the facial nerve canal wall (arrow). ST indicates scala tympani; SV, scala vestibuli.

Table 4: SNR comparison

better contrast with the cochlear
lumen, unlike the inner wall, which
contains neural elements with
lower density.

Our study revealed a statistically sig-
nificant difference between the 2 groups
regarding the visualization of the coch-
lear outer wall (P <.001), with it being
perfectly visualized in 94% of the
patients of the CBCT group compared
with 53% in the MDCT group; however,
there was no significant difference in the
visualization of the cochlear inner wall
(P>.99) and the modiolus (P=.37).
Perfectly visualized cochlear inner walls
and modioli were reported in 69% and
78% of patients in the CBCT group,
respectively, compared with 73.7% and
95% in the MDCT group. This finding
could be attributed to the larger number
of lateral wall electrodes used in the
MDCT group compared with the more
perimodiolar and midscalar electrodes
used in the CBCT group in our study
population. The proximity of the elec-
trode to the lateral cochlear wall or the

CBCT Group MDCT Group P Value® modiolus can degrade the image quality
SNR in bone (median) (IQR) 8.31(3.8) 10.77 (4.25) .02 by metallic artifacts. Furthermore, the
SNR in air (median) (IQR) 6.58 (3.85) 11.97 (5.53) .001 osseous spiral lamina could be identified

Note:—IQR indicates interquartile range.
#Mann-Whitney U test.

those of histopathologic analyses, encouraging its clinical use.
Razafindranaly et al'* compared the role of CBCT with that of
MDCT in 9 patients in terms of scalar localization, insertion depth,
and radiation doses. They concluded that there was good agreement
between the 2 modalities in the evaluation of insertion depth; how-
ever, CBCT could be superior to MDCT in determining the scalar
location of electrodes with lower doses.

Our results are in line with these previous studies because perfect
visualization of the scalar position of the electrode was successful in
78% of cases in the CBCT group compared with 47% in the MDCT
group. There was no statistically significant difference between both
groups in the ability to measure the electrode insertion angle.
Nevertheless, Jia et al*> had difficulty in assessing the scalar position
of electrode or interscalar translocation using the mobile intraopera-
tive CBCT device compared with previously obtained images using
MDCT in the same patients; however, this issue could be attributed
to the differences between mobile and fixed CBCT devices and the
lack of specialized neuroradiologists during the operation.

The assessment of cochlear walls is essential for electrode
localization, scalar position, and evaluation of postimplant
inner ear trauma. Verbist et al*? concluded that the outer
(lateral) cochlear wall could be better evaluated than the
inner wall, a result attributed to the thick outer wall being a
part of the otic capsule (dense bone), which provides a

366 Helal Feb2021 www.ajnr.org

in only the CBCT group, in which 31%
were barely visualized and 13% were
well-visualized. The visualization of the
spiral lamina could be further used for
better evaluation of electrode translocation and inner ear trauma af-
ter CL
The facial nerve canal, though an extracochlear anatomic
structure, is an important surgical landmark in the CI field.** In
the current study, the good-to-perfect visualization of the facial
canal bony wall was higher in the CBCT group than in the
MDCT group. Although the difference was nonsignificant, this
finding might allow a better radiologic evaluation of postopera-
tive complications such as facial nerve injury or stimulation.
Many studies have compared the radiation dose of MDCT
and CBCT in the assessment of CIs.>> Guberina et al*® compared
CBCT with MDCT with 3 different machines (128-, 256-, and
384-multislice CT scanners) by imaging 4 temporal bone speci-
mens and concluded that the dose-length product of a CBCT ex-
amination was 9%-15% of the dose-length product used during
MDCT. In another study, this mean value was 200 [SD, 53.4]
mGy*cm  for CBCT compared with 605 [SD, 57.2]
mGy*cm for MDCT.*' Our results also revealed significant radia-
tion dose differences between the 2 groups. The dose-length
product for the CBCT group ranged from 47.6 to 93 mGy*cm,
while it was 179-650 mGy*cm for the MDCT group, indicating a
reduction of about 85.7% of the maximum dose with CBCT com-
pared with MDCT. However, the low radiation dose is associated
with a decreased signal-to-noise ratio, which makes CBCT



unsuitable for soft-tissue imaging and limits its use for visualizing
bone details.”

Other studies examined the possibility of using low-dose CT
in the cadaveric lamb model for assessment of the electrode posi-
tion.””?® They succeeded in evaluating the electrode position
using a reduced tube current of 50% without an increase in the
artifacts. They stated that the use of low-dose CT protocols might
have results comparable with those of CBCT, both in terms of
image quality and radiation dose. However, further prospective
studies are needed to substantiate this possibility.

The main limitations of our study were the heterogeneity in the
age, the differences in the types of implanted electrodes, and the 2
imaging modalities not being compared in the same group of
patients because of the risk of radiation exposure.

CONCLUSIONS

CBCT imaging in postoperative patients with CIs can provide
images with high spatial resolution and fewer metallic artifacts com-
pared with MDCT, with a relatively lower radiation dose.

Disclosures: Ibraheem M. Al-Dhamari—UNRELATED: Employment: Koblenz University.
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MR Imaging Characteristics of Intraocular
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ABSTRACT

J.E. Williams,

Perfluoro-n-Octane

B.A. Winegar, ““'RF. Carmody, and ““).B. Christoforidis

SUMMARY: We describe the unique MR imaging characteristics of intraocular perfluoro-n-octane, a liquid used for intraoperative

and postoperative tamponade in the context of complex retinal detachment repair, and contrast it with other intraocular patholo-

gies. Because trace amounts of perfluoro-n-octane may be left in the globe postoperatively, it may be confused for other abnor-

malities, such as foreign bodies or tumors.

ABBREVIATION: PFO = perfluoro-n-octane

erfluoro-n-octane (PFO) is a low-viscosity perfluorocarbon

liquid used for intraoperative retinal tamponade in complex
retinal detachments." Its high specific gravity makes it useful for
stabilizing and flattening the retina intraoperatively.' PFO is
thought to exert a long-term toxic effect on the retina, depending
on the amount left in the eye, and typically at the end of the surgi-
cal procedure, it is exchanged with a perfluorocarbon gas or sili-
cone oil for postoperative tamponade.' The fluid-air exchange
process is not perfect, and trace amounts of PFO may be left in
the eye without consequence, except in rare cases when trace
amounts of the liquid may be trapped in the subretinal space.”
There have been reports, however, of trace amounts of PFO mim-
icking intraocular foreign bodies on CT, thus prompting further
unnecessary work-up when its history of use was unrecognized.>*
Although its CT characteristics have been reported, its MR imag-
ing characteristics have not been described to our knowledge.

In some cases, PFO may be intentionally left in the globe short
term postoperatively for tamponade in eyes at high risk of re-
detachment because of proliferative vitreoretinopathy or in patients
with giant retinal tears or multiple inferior breaks who cannot toler-
ate face-down positioning.” We describe here the MR imaging
characteristics of PFO in a patient with a history of recurrent retinal
detachments of the left eye requiring postoperative PFO tamponade
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who subsequently underwent MR imaging for unrelated vision loss
of the right eye.

A 64-year-old male patient with a history of repair 2 weeks
earlier of a recurrent rhegmatogenous retinal detachment of the
left eye, complicated by proliferative vitreoretinopathy requiring
PFO for postoperative tamponade, underwent MR imaging of the
orbits (Figure) after presenting with vision loss of unclear cause
of the right eye.

FINDINGS

PFO liquid demonstrates signal void on conventional fast spin-echo
MR imaging, appearing hypointense on T1-weighted sequences, fat-
suppressed T2-weighted sequences, and STIR sequences. In large
quantities, the signal void of PFO on MR imaging resembles air.
However, the high specific gravity of PFO accounts for its depend-
ent layering when placed in the posterior segment, which is opposite
of the nondependent layering of air and gaseous compounds.

DISCUSSION

The appearance of PFO on MR imaging results from its high spe-
cific gravity and lack of proton spins within the substance, lead-
ing to dependent layering and signal void on all sequences. The
lack of proton spins owes to its chemical composition, CgFisg,
consisting entirely of carbon and fluorine atoms without any
hydrogen atoms. In clinical contexts, PFO is most likely to be
encountered in trace quantities. In these trace amounts, PFO
could be mistaken for subhyaloid or retinal hemorrhage, air bub-
bles, dystrophic calcification, intraocular masses, or foreign
bodies. Of the 5 substances injected into the globe for retinal tam-
ponade, including filtered air, sulfur hexafluoride gas, perfluoro-
propane gas, silicone oil, and PFO, PFO is the only substance
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FIGURE. Axial Tl-weighted (A), axial fat-suppressed T2-weighted (B), axial STIR (C), and sagittal Tl-weighted (D) MR imaging of the orbits demon-
strate hypointense PFO layering dependently within the posterior segment of the left globe (arrowheads) with fluid—fluid level (arrows). Note
that the attenuation of PFO is greater than that of water, causing it to layer dependently within the left globe in this supine patient.

with a specific gravity higher than water and would be the only
substance of the 5 expected to settle in a dependent manner.
Silicone oil has been described as appearing similar to hemor-
rhage, demonstrating hyperintensity to vitreous on T1-weighted
imaging and hypointensity on T2-weighted imaging.®

Intraocular masses, including uveal melanoma, intraocular me-
tastases, retinoblastoma, and retinal capillary hemangioma, all
demonstrate hypointensity to vitreous on T2-weighted images but
are distinguishable from PFO by hyperintensity to vitreous on T1-
weighted sequences or isointensity to vitreous on T1-weighted
images in the case of metastases.” Calcifications, which may be
seen in phthisis bulbi, retinoblastoma, and optic disc drusen, would
not feature fluid-fluid levels and typically take on a more disorgan-
ized or scattered appearance in the case of phthisis bulbi and
retinoblastoma.®

Depending on their physical properties, intraocular foreign
bodies can demonstrate a wide range of signal characteristics on
MR imaging. Nonmetallic foreign bodies typically demonstrate low
T1-weighted and T2-weighted signal intensity and may appear simi-
lar to PFO, especially if they are small.” However, nonmetallic intra-
ocular foreign bodies of larger size typically demonstrate geometric
shapes without the fluid-fluid level appearance of PFO.” Most non-
metallic intraocular foreign bodies also typically demonstrate a thin
high-intensity rim most notable on T1-weighted images, with some
foreign bodies, particularly certain types of glass and wood, also
demonstrating variable blooming artifacts not seen with PFO.”

CONCLUSIONS

PFO may be differentiated from other intraocular entities by its
signal void on all sequences, fluid—fluid levels when present in suf-
ficient quantity, and dependent layering in the globe, owing to its
high specific gravity. Multiple cases have been reported of trace
amounts being confused for intraocular foreign bodies on CT, and
if unrecognized, it may prompt further unnecessary work-up.>* In
cases of repair of ocular trauma, both silicone oil droplets and PFO
droplets have been reported to migrate intracranially, potentially

leading to further diagnostic confusion.'®'" Knowledge of its MR
imaging characteristics compared with other intraocular entities is
important to avoid incorrect diagnosis.
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Vestibular Implant Imaging

A. Hedjoudje, ““D.P. Schoo, “*B.K. Ward, C.C. Della Santina, and ““’M. Pearl
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ABSTRACT

SUMMARY: Analogous to hearing restoration via cochlear implants, vestibular function could be restored via vestibular implants
that electrically stimulate vestibular nerve branches to encode head motion. This study presents the technical feasibility and first
imaging results of CT for vestibular implants in 8 participants of the first-in-human Multichannel Vestibular Implant Early Feasibility
Study. Imaging characteristics of 8 participants (3 men, 5 women; median age, 59.5years; range, 51-66years) implanted with a
Multichannel Vestibular Implant System who underwent a postimplantation multislice CT (n = 2) or flat panel CT (n = 6) are
reported. The device comprises 9 platinum electrodes inserted into the ampullae of the 3 semicircular canals and 1 reference elec-
trode inserted in the common crus. Electrode insertion site, positions, length and angle of insertion, and number of artifacts were
assessed. Individual electrode contacts were barely discernible in the 2 participants imaged using multislice CT. Electrode and osse-
ous structures were detectable but blurred so that only 12 of the 18 stimulating electrode contacts could be individually identified.
Flat panel CT could identify all 10 electrode contacts in all 6 participants. The median reference electrode insertion depth angle
was 9° (range, —57.5° to 45°), and the median reference electrode insertion length was 42mm (range, —21—66 mm). Flat panel CT
of vestibular implants produces higher-resolution images with fewer artifacts than multidetector row CT, allowing visualization of
individual electrode contacts and quantification of their locations relative to vestibular semicircular canals and ampullae. As muilti-
channel vestibular implant imaging improves, so will our understanding of the relationship between electrode placement and ves-
tibular performance.

ABBREVIATIONS: FF = full-field; FPCT = flat panel CT; HR = high-resolution; MSCT = multislice CT; SCC = semicircular canal; MVI = Multichannel

Vestibular Implant System

Ithough individuals with a unilateral vestibular deficit and 1

normal labyrinth usually compensate well via rehabilitation
exercises and adaptation, those with bilateral vestibular hypo-
function often have degraded visual acuity during head move-
ment, postural instability, and chronic disequilibrium.'> When
bilateral vestibular hypofunction results from ototoxic drug expo-
sure, Méniére disease, genetic defects, or other inner ear dysfunc-
tion sparing the vestibular nerve and central pathways, an
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implantable neuroelectronic prosthesis that measures 3D head
rotation and stimulates the vestibular nerve with motion-modu-
lated electrical pulse trains could substantially improve quality of
life.*®

Vestibular implants are similar to commercially available coch-
lear implants in that they include an external unit that powers and
communicates with an implanted inner ear stimulator via a trans-
cutaneous inductive link.*® The external unit includes a head-
worn unit (for sensing head motion and delivering power and sig-
nals to the implanted stimulator) and a power and control unit
containing a battery and microprocessor. As in cochlear implant
systems, the head-worn unit and implanted stimulator each con-
tain at least 1 magnet to hold the head-worn unit on the scalp over
the implant. Unlike cochlear implant systems, vestibular implant
systems sometimes include =1 additional magnet on each compo-
nent to facilitate retention of the head-worn unit. Vestibular
implant electrode arrays typically are much smaller than cochlear
implant electrode arrays and are implanted in the semicircular
canal (SCCs) near the ampullae, where the vestibular nerves
branches terminate.* Variations on this approach have included an
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FIG 1. A, The MVI stimulator comprises 3 fixation magnets, an inductive coil link, electrical current stimulator circuitry, a stimulation electrode
array, a stimulation reference electrode, and a recording reference electrode. The electrode array includes a 3-electrode shank for the posterior
canal (B, E3—E5), a forked subarray with 2 shanks for the horizontal (C, E6—E8) and anterior (C, E9—ETl) canals, and a stimulation reference electrode
(D). eCAP indicates electrically evoked compound action potential. Reprinted with permission from Labyrinth Devices, LLC, 2019.

extralumenal approach (in which the surgeon attempts to expose
and place electrodes near vestibular nerve branches in the distal-
most aspect of the internal auditory canal and singular nerve
canal); implantation of electrode arrays near the utricle and sac-
cule; simultaneous or delayed placement of a separate electrode
array in the cochlea; and variations in location of the stimulation
reference electrode, which can be implanted in the labyrinth or a
subperiosteal pocket (as an alternative surgical procedure) or inte-
grated with the stimulator housing.

Empiric studies in animals and finite element models of current
flow in the labyrinth indicate that electrode distances to target and
nontarget nerve branches are key determinants of the strength and
selectivity of stimulation. Therefore, precise knowledge of electrode
location, as provided by high-resolution postoperative imaging, can
provide information helpful for both prognosis and guiding the
choice of which electrodes to activate and which stimulus parame-
ters to use. Postoperative imaging performed as a part of a vestibu-
lar implant operation is useful to confirm the location of implanted
electrode arrays, measure the depth of insertion and electrode posi-
tion relative to vestibular nerve branches, and detect kinking, dam-
age, or displacement. MR imaging is unsuitable for assessing
electrode location because of field interactions that distort images
and can displace the magnet of the implant, poor air-bone contrast
within the temporal bone, and the inability of MR imaging to
directly image the platinum/iridium wires and silicone that make
up electrode arrays (other than by imaging displacement of inner
ear fluids). Multislice CT (MSCT) is the better technique for charac-
terizing cochlear implant position and is the current de facto stand-
ard, given its greater spatial resolution and better contrast among
bone, air, metal, and fluid.*” Metal artifacts, however, can signifi-
cantly degrade image quality. Flat panel CT (FPCT), a relatively
new imaging technique that yields tomographic reconstructions
from images acquired using a C-arm x-ray system with flat panel
image detectors, provides excellent visualization of high-contrast
structures with better spatial resolution than MSCT.** In particular,
FPCT produces images with sufficient resolution to precisely quan-
tify cochlear electrode contact locations in a clinical setting,®”*'

The purpose of this study was to present the very first imag-
ing results of CT in vestibular implant imaging. In this report,

we present the technical aspects and imaging performance of
MSCT and FPCT in assessing the intravestibular position of
implanted electrode arrays in 8 participants in the first-in-
human Multichannel Vestibular Implant Early Feasibility Study
(clinicaltrials.gov, NCT02725463), and we suggest important
features that should be reported in post-vestibular implantation
imaging studies as well as a protocol for FPCT imaging of ves-
tibular implants.""

MATERIALS AND METHODS

This study was conducted under a protocol approved by the Johns
Hopkins institutional review board (No. NA_00051349) and was
registered on the clinicaltrials.gov data base (NCT02725463).

Vestibular Implant Electrode Array Design and
Implantation

The implanted stimulator component of the Multichannel
Vestibular Implant System (MVI; Labyrinth Devices) is a
CONCERTO cochlear implant stimulator (MED-EL), modified
for implantation in the SCCs (Fig 1A). It includes an electrode
array with stimulation electrodes, a stimulation return and re-
cording reference electrode, hermetically encapsulated electron-
ics, 3 magnets, and an antenna coil for transcutaneous inductive
transmission of power and control signals that the implant
receives from the external system component.

The MVI is implanted via a postauricular incision and trans-
mastoid approach similar to that typically used for cochlear im-
plantation or labyrinthectomy, except that no entry is made into
the cochlea and the SCCs are identified but not destroyed. Instead
openings are made into the labyrinth for electrode array insertion
(in the superior SCC ampulla, horizontal SCC ampulla, posterior
SCC thin segment, and near the common crus). The electrode
array (Fig 1B, C, and D) consists of a silicone carrier and comprises
10 platinum/iridium electrodes: 2 linear arrays of 3 electrodes each,
joined to form a forked array inserted into the horizontal and supe-
rior ampullae; 3 on a linear array implanted in the posterior canal;
and a braided platinum/iridium wire reference/return electrode
inserted either into the common crus or in a subperiosteal pocket
outside the temporal bone. Electrodes are spaced 0.2 mm apart in
the silicone carrier for the forked array for the horizontal and
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Table 1: Demographic information for participants with vestibular implants

Participants Date Implanted Date Imaged Age (yr),” Sex Imaging Protocol Implant Side Reference Location
1 12 Aug 2016 Sep 2016 62, M MSCT Left CcC
2 4 Nov 2016 Nov 2016 57, M MSCT Left CcC
3 3 Feb 2017 Feb 2017 63, F FPCT, HR mode Left CcC
4 15 Dec 2017 Jan 2018 62, F FPCT, FF mode Left CcC
5 24 Aug 2018 Sep 2018 51, F FPCT, HR mode Right CcC
6 31 Aug 2018 Sep 2018 66, F FPCT, FF mode Right cC
7 14 Jan 2019 Feb 2019 53, F FPCT, HR mode Left CcC
8 13 Sep 2019 Oct 2019 55, M FPCT, HR mode Right SP

Note:—CC indicates common crus of the implanted labyrinth; SP, in a subperiosteal pocket outside the temporal bone; Aug, August; Jan, January; Sep, September; Dec,

December; Feb, February; Nov, November.
 Age in years at time of implantation.

FIG 2. Method for generating MSCT (A and B) and FPCT (C and D) MPR. Two planes are gener-
ated. The first plane is approximately tangential to the thin segments of the superior and horizon-
tal SCCs at their junctions with their ampullae and includes the 6 electrode contacts of the
forked array inserted into the superior and horizontal ampullae. The second plane is in the poste-
rior plane of the SCC and includes the 3 electrode contacts of the linear array implanted in the
posterior canal and the tip of braided platinum/iridium wire inserted into the common crus.
Section thickness was set to 2mm to include all electrode contacts on 1image for both planes.
Window width and contrast level were adjusted as needed to optimize the visibility of electrode
contacts. A 3D representation of the vestibular lumen and vestibular nerve is added in transpar-

ency (E and F) to help visualize the anatomy.

superior ampullae and 0.3 mm apart in the silicone carrier for the
posterior SCC.

Participants

Eight participants (3 men, 5 women; median age, 59.5 years,
range, 51-66 years) disabled by bilateral vestibular hypofunction
were implanted unilaterally with the implanted receiver/stimula-
tor of the MVI. Three participants were implanted in the right
ear, and 5 participants, in the left ear. Table 1 summarizes demo-
graphic information.

Image Acquisition

After implantation, all subjects were scanned with either an MSCT
(Somatom Sensation; Siemens) or a C-arm-based FPCT platform
(Artis zee biplane; Siemens ). MSCT was performed using standard
clinical imaging parameters for temporal bone CT, with orienta-
tion of “axial” slices pitched to align with a plane through the hori-
zontal SCC. Scanning was performed with 0.6-mm collimation,
120kV, and 320 mAs. FPCT (DynaCT; Siemens) evaluation was
performed using a flat panel angiography system (Axiom Artis zee;

372 Hedjoudje Feb 2021 www.ajnr.org

Siemens) and commercially available
software (syngo DynaCT; Siemens).
The participant was placed supine on
the angiography table, and the head
was taped in place to limit participant
When we
DynaCT acquisition, attention was paid
to collimate the VOI to include only the
temporal bones (craniocaudal collima-

motion. prepared the

tion from just above the petrous ridges
to just below the mastoid tip). A 20-sec-
ond FPCT acquisition of the head was
performed using the following parame-
ters: 109 kV, small focus, 200° rotation
angle, and angulation step of 0.4° per
frame. FPCT was performed in 2
modes: full-field (FF) and high-resolu-
tion (HR). The FF mode uses top and
bottom collimation, whereas the HR
mode has collimation in all planes,
allowing focal acquisition of the tempo-
ral bone of interest. Four participants
underwent FPCT imaging with the HR
mode, and 2 participants, with the FF
mode.

Reconstruction Parameters

The MSCT dataset was reformatted with 0.6-mm slices every
0.2mm using a 512 x 512 matrix and a 65-70 mm FOV. FPCT
secondary reconstructions were created with the following pa-
rameters: manually generated VOI to include only the electrode
array; isotropic voxel size, 0.08 mm; 512 x 512 section matrix;
sharp image characteristics.

Multiplanar Images

We used MPR to generate 2 oblique 2D images. The first image
was in the plane of the posterior SCC and included the 3 elec-
trode contacts of the linear array implanted in the posterior canal
and the tip of the braided platinum/iridium wire reference elec-
trode inserted into the common crus. The second image was in a
plane that was approximately tangential to the thin segments of
the superior and horizontal canals and their junctions with their
respective ampullae. This second image included the 6 electrode
contacts of the forked array inserted into the superior and hori-
zontal ampullae. Section thickness was set to 2 mm to include all



FIG 3. Subject: Participant 7. Method for calculating the angle (6) of
the angular insertion depth of the common crus reference electrode.
CC indicates common crus of the implanted labyrinth; PE, posterior
electrode array; PSCC, posterior semicircular canal; SSCC, superior
semicircular canal; RE, reference electrode; Sup, superior; Lat, lateral.

electrode contacts on 1 image. Window width and contrast level
were adjusted as needed to optimize the visibility of the electrode
contacts (Fig 2).

Measuring Common Crus Reference Electrode Insertion
Depth

To see the tip of the braided platinum/iridium wire reference
electrode inserted into the common crus, we reduced the MPR
section thickness to 0.1 mm for an oblique section in the plane of
the posterior canal. The crest of bone at the junction of the com-
mon crus, superior canal, and posterior canal was designated as
the first reference point for measuring angular insertion depth of
the reference electrode. A line drawn from the first reference
point to the center of the circle formed by the posterior canal
served as the reference (zero degree) line. The angle between the
line joining the tip of the reference electrode and the center of the
posterior SCC and the reference line was then calculated (Fig 3)
and defined as the insertion depth angle. The angle was positive
when the reference electrode tip was inserted deeper than the
junction of the superior and posterior canal (deep insertion) and
negative otherwise (short insertion). We also reported the length
inserted by measuring the wire distance from the point of inser-
tion in the posterior SCC to the tip of the reference electrode. All
measures were individually performed by 2 radiologists; the
mean result was obtained and reported if measures did not
exceed a 10% error.

Visualization of Electrode Contacts

Vestibular implant electrode array and single-electrode contacts
were rated on a 3-point scale (0 = not visible; 1 = blurred, no sin-
gle electrodes distinguishable; and 2 = clearly visible with single
electrodes distinguishable).

RESULTS

Visualization of Individual Electrode Contacts

Individual electrode contacts were barely discernible in the 2 partic-
ipants imaged using MSCT. Contacts and osseous structures were

detectable but blurred enough so that only 12 of the 18 stimulation
electrode contacts could be individually identified (not visible, n =
0; blurred, n = 6; clearly visible, n = 12). A blooming-type artifact
(Fig 2A), in which the electrode array appears larger than its actual
size, was identified on the MSCT images both between contacts and
at the level of individual electrode contacts. Electrode arrays
appeared to occupy most of the ampullae space, making it challeng-
ing to identify precisely each electrode contact.

FPCT was able to identify individually all 9 stimulating elec-
trode contacts of the MVI arrays in all 6 participants, as well as all
6 reference electrodes inserted in the common crus (not visible,
n = 0; blurred, n = 0; clearly visible, n = 60). A linear sunburst
streak artifact (Fig 2C) was observed in all FPCT images and was
noticeable at the level of individual electrode contacts but was
reduced between electrode contacts. The use of the HR mode when
obtaining FPCT images (n = 4 participants) produced the clearest
images of the electrode array and surrounding labyrinthine struc-
tures. After we used the FF mode (n = 2 participants), all individual
electrode contacts could be identified, but electrodes and surround-
ing osseous structures were less well-resolved compared with the
HR mode. MPR reconstructions for all subjects are shown in Fig 4.

Common Crus Insertion Depth

The median reference electrode insertion depth angle was 9°
(range, —57.5° to 45°). The median reference electrode insertion
length was 42 mm (range, 21—66 mm). The reference electrode
tip was within the common crus in 3 participants, in the superior
canal proximal to the common crus in 1 patient, in the posterior
canal in 3 participants, and in a subperiosteal pocket in one.
Results are summarized in Table 2.

DISCUSSION

Accurately positioning each electrode array near the nerve branch
of the SCCs that it is intended to stimulate can maximize the
strength and selectivity of the prosthetic stimulation because it
reduces the current intensity required to achieve and excite a
given proportion of neurons in the targeted nerve branch and
also reduces current spread to adjacent neurons in other vestibu-
lar nerve branches. Vestibular implant outcomes can vary consid-
erably depending on the strength and selectivity of the electrode-
nerve interface, as indicated by variation in the magnitude and
direction of reflex eye movements driven by stimuli meant to tar-
get each nerve branch individually.* Electrode distances to target
and nontarget nerve branches are key determinants of the
strength and selectivity of stimulation; changing electrode loca-
tion by ~200 um can change implant outcomes dramatically.
Typically, 1 electrode on an electrode array of a given canal out-
performs the others that are 250-500 um away.'?

Knowing vestibular implant array location, their insertion
depth, and distance from target vestibular nerve branches can
provide helpful information to choose the best electrodes to acti-
vate and define stimulus parameters to use, valuable insights that
can drive iterative improvements in electrode array design and
surgical technique. For example, electrode contact locations can
be used as input to individualized finite element models that,
once adequately validated via comparison with real data, can
facilitate interpretation of empiric data, generation of testable
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FIG 4. MSCT (A-D) and FPCT (E-P) multiplanar reconstructions for all participants. A and B,
Participant 1 MSCT. C and D, Participant 2 MSCT. E and F, Participant 3 FPCT. G and H, Participant 4
FPCT. I and J, Participant 5 FPCT. K and L, Participant 6 FPCT, M and N, Participant 7 FPCT. O and P,
Participant 8 FPCT. In every panel, the top of the image is superior and the left edge of the image is
anteromedial. Sep indicates September; Feb, February; Oct, October; Nov, November; Jan, January.

Table 2: Common crus reference electrode angular depth and insertion length calcula-

tions and locations

selectivity. We also found that reference
electrode location varied significantly
from case to case, likely because the sur-
gical technique used (making as small
an entry as possible in the posterior
canal near the common crus, then slid-
ing the reference electrode in with the
intent of it reaching the common crus)
does not permit direct intraoperative
observation or steering of the electrode
tip. In 2 cases, the reference electrode
was inserted into the superior SCC
instead of going down through the
common crus. Intraoperative fluoros-
copy or DynaCT may be helpful for
guiding or confirming the electrode
location.

FPCT versus MSCT

FPCT is a relatively new imaging tech-
nology that implements flat detectors
to create volumetric reconstructions.
Several advantages have been seen in
angiography and temporal bone imag-
ing for cochlear implantation."”” FPCT
is a rapid imaging technique that
obtains a full dataset of temporal bone
images in approximately 20 seconds.
The most clinically significant advant-
age of FPCT over MSCT is the ability
for small voxel areas to be viewed with
high resolution. Due to its higher spatial
resolution, FPCT yields equal or higher
image quality than MSCT when assess-

Anatomic Location of

ing bony structures of diagnostic inter-
PHI416 - potential
drawbacks to using FPCT for temporal

est for radiologists.

Participant CC Insertion Insertion Insertion the Reference
No. Intended Depth Angle Length (mm) Electrode Tip
1 Yes —3° 39 Common crus
2 Yes +26° 66 Superior canal
3 Yes -30° 42 Posterior canal
4 Yes -57° 21 Posterior canal
5 Yes +21° 46 Common crus
6 Yes -2° 4 Posterior canal
7 Yes +45 51 Common crus
8 No NA NA Outside temporal bone

bone imaging compared with MSCT
include lack of widespread availability
and poorer resolution of soft tissue with
currently available FPCT systems.

A significant reduction in artifacts
was appreciated on FPCT images over

Note:—NA indicates not appliable.

hypotheses, and optimization of electrode array designs through
simulation.'?

In the present study, we found that the locations of stimulating
electrodes and their relation to vestibular bony structures can be
depicted precisely with FPCT. All stimulating electrode arrays were
close to their target end organs within the target ampullae; however,
they varied with respect to location: adjacent to or far from the
bone walls of each ampulla. Electrode contact with vestibular laby-
rinth walls may influence electrode impedance and the spatial pat-
tern of current density, altering stimulation efficiency and
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MSCT images. A blooming artifact,
with the electrode array appearing
larger than its actual size, was identified
on the MSCT images. This smooth,
concentric artifact was identified both between and at the level of
the individual electrode contacts, making it challenging to identify
precisely each electrode contact. A beam artifact (linear streak
bands) was noticeable on the FPCT images at the level of individual
electrode contacts but was significantly reduced between electrode
contacts. The position of the electrode contacts was better assessed
on the FPCT images mainly because of the decrease in artifacts
between them.

Previous authors have reported that an important advantage
of FPCT is a reduced radiation dose compared with standard



FIG 5. A, Lateral scout view showing electrode arrays visible through
the external auditory canals (yellow arrowhead) and cephalic edges of
the infraorbital rims (yellow diamond). Those palpable landmarks
define the Reid plane (yellow line) and the plane of horizontal canals
(red line). The plane of the horizontal semicircular canals, the standard
“axial” plane for temporal bone CT reconstructions, is at a ~20° pitch
from the Reid plane.” By supporting the head on a firm wedge to pitch
the head forward from supine (and flexing the neck until the Reid plane
is pitched ~20° nose toward chest from Earth vertical), one can mini-
mize scatter artifacts from the stimulator cannister to the inner ear by
keeping them on opposite sides of a separation plane perpendicular to
the gantry rotation axis (B).

temporal bone MSCT protocols.® Depending on the clinical ques-
tion, FPCT can reduce the radiation dose even more by imaging
only the implanted ear. The collimation available in HR mode
can direct the x-ray beam to the ear of interest, minimizing the
dose received by the head.

Protocol for Vestibular Implant Imaging

Similar to imaging after cochlear implantation,”” FPCT imaging
of postoperative vestibular implantation is easy to perform, pro-
duces high-resolution images, and can depict all individual elec-
trode contacts. Patients should be positioned supine with the
head pitched to prevent shadowing/overlap of the stimulator
and/or magnets with the inner ear. Our imaging methods use a
high-resolution secondary reconstruction algorithm with a man-
ually generated small VOI (voxel size = 0.08 mm), Hounsfield
unit kernel type, and sharp image characteristic. A 20-second
FPCT acquisition of the head is performed using the following
parameters: 109 kV, small focus, 200° rotation angle, and 0.4° per
frame angulation step. Before image acquisition, the external
components of the vestibular implant system are removed. The
patient’s head is pitched forward ~20° by flexing the neck and

supporting the head on a firm wedge. The head is then taped in
place. This positioning ensures that the Reid plane (which con-
tains the center of the external auditory canals and the cephalic
edges of the infraorbital rims, both easily palpable landmarks) is
pitched ~20° from Earth-vertical, so that the horizontal SCC
plane is approximately perpendicular to the gantry rotation axis
and scatter artifacts from the magnets and stimulator electronics
will not shadow the inner ear (Fig 5). Acquisition should include
the entire implant, overlying scalp (to check scalp thickness over
the magnets), inner ears, and at least the maxillary teeth (which
are used to get canal orientation relative to a bite block for pro-
gramming the alignment matrix of the processor).

Finally, multiplanar reconstructions are performed in the axial
(horizontal plane of the SCC) and coronal planes, the planes of
the superior and posterior canals (which also gives slices through
the basal turn of the cochlea), and the plane that contains the
superior and horizontal forked electrode array. This last plane
should be tangential to the superior and horizontal canals at the
junction of their ampullae as described in the Materials and
Methods above. When reporting imaging findings of FPCT, we
recommend that in addition to commenting on common tempo-
ral bone imaging findings, additional comments should be made
on the quality of the examination, the number of metallic arti-
facts, the locations of stimulating electrode contacts relative to
the ampullae, the location of the tip of the reference electrode if
applicable; and scalp thickness over the implant.

This study has some limitations including a small sample size,
lack of a control group, and lack of clinical information regarding
correlation between vestibular function recovery and electrode
contact positions. These topics are beyond the scope of this article,
which aims to present the very first imaging results that are cur-
rently under investigation to be addressed in future studies in
which imaging plays an important role.

Future development of vestibular imaging may lead to intrao-
perative DynaCT. DynaCT technology can be applied with accepta-
ble additional time requirements without adding too much
complexity to the surgical procedure. Intraoperative data acquisi-
tion by DynaCT may represent a suitable option for real-time surgi-
cal navigation during a vestibular implant operation. This imaging
technology will encourage further advances in vestibular implant
surgery and integrate functional aspects of imaging by applying
individualized anatomy-based mathematic models that will help
predict vestibular flow current spreading for each patient to further
understand clinical outcomes of prosthesis implantation.

CONCLUSIONS

FPCT produces high-resolution images of vestibular implants,
allowing identification of individual electrode contacts and quanti-
fication of their locations relative to vestibular SCC ampullae.
Reduced artifacts were seen in FPCT images compared with
MSCT images. Optimal FPCT imaging includes a high-resolution
secondary reconstruction algorithm with a manually generated
VOI that includes only the electrode array. As MVI imaging
improves, so will our understanding of the relationships among
vestibular anatomy, MVI electrode placement, vestibular perform-
ance, and hearing outcomes.
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Assessment of the Membranous Labyrinth in Infants Using a
Heavily T2-weighted 3D FLAIR Sequence without Contrast
Agent Administration

G. Conte, “¥'S. Casale, ““L. Caschera, ““/F.M. Lo Russo, ““C. Paolella, ““C. Cinnante, “*'F. Di Berardino, ““'D. Zanetti,
D. Stocchetti, ““E. Scola, “*'L. Bassi, and ““'F. Triulzi
ABSTRACT

BACKGROUND AND PURPOSE: Imaging is fundamental to assessing the acoustic pathway in infants with congenital deafness. We
describe our depiction of the membranous labyrinth in infants using the heavily T2-weighted 3D FLAIR sequence without a contrast
agent.

MATERIALS AND METHODS: We retrospectively reviewed 10 infants (20 ears) (median term equivalent age: 2 weeks; IQR: 1-5 weeks) who
had undergone brain MR imaging including a noncontrast heavily T2-weighted 3D FLAIR scan of the temporal bone. For each ear, 3 observ-
ers analyzed, in consensus, the saccule, the utricle, and the 3 ampullae, assessing the visibility (score 0, not appreciable; score 1, visible with-
out well-defined boundaries; score 2, visible with well-defined boundaries) and morphology (‘expected” or “unexpected” compared with
adults). The heavily T2-weighted 3D FLAIR sequence was scored for overall quality (score 0, inadequate; score 1, adequate but with the
presence of image degradation; score 2, adequate).

RESULTS: Six (60%) MR examinations were considered adequate (score 1 or 2). The saccule was visible in 10 ears (83.3%) with an expected
morphology in 9 ears (90%). In 1 ear of an infant with congenital deafness, the saccule showed an unexpected morphology. The utricle
was visible as expected in 12 ears (100%). The lateral ampulla was visible in 5 ears (41.6%), the superior ampulla was visible in 6 ears
(50.0%), and the posterior ampulla was visible in 6 ears (50.0%), always with expected morphology (100%).

CONCLUSIONS: MR imaging can depict the membranous labyrinth in infants using heavily T2-weighted 3D FLAIR without an injected

contrast agent, but the sequence acquisition time reduces its feasibility in infants undergoing MR studies during natural sleep.

ABBREVIATION: HT2W = heavily T2-weighted

c ongenital bilateral permanent hearing loss is a chronic condi-
tion affecting approximately 1.33 per 1000 live births."?
Environmental and prenatal factors such as congenital infections,
particularly cytomegalovirus, are common risk factors, most nota-
bly in low-income settings.” Genetic causes account for most cases
in developed countries and can lead to syndromic and nonsyn-
dromic congenital hearing loss.*® Hearing during the critical peri-
ods of infancy and early childhood is necessary to develop spoken
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language.” Thus, hearing screening tests are performed no later
than the first month of age.® If congenital hearing loss is detected,
understanding the cause is necessary to direct therapeutic decision
making and guide prevention and (genetic) counseling.

Imaging plays a fundamental role in the assessment of the
congenital hearing loss by detecting malformations, guiding
genetic testing, helping to diagnose congenital cytomegalovirus
infection, and providing preoperative information, including the
feasibility of cochlear implantation and surgical risk factors.?
Although CT is the imaging technique of choice for assessing the
bony labyrinth and MR imaging is fundamental to evaluating the

cochlear nerve and CNS in children and adults,” !

no imaging
study has been used to visualize the membranous labyrinth in
infants.

Heavily T2-weighted (HT2W) 3D FLAIR images acquired 4
to 5 hours after IV contrast agent administration can assess the
membranous labyrinth in adults.'>'? However, this imaging
protocol may not be suitable for infants because of the need for

contrast agent injection and to acquire the images during
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separate sessions. In this study, we describe our experience in
depicting the normal anatomy of the membranous labyrinth in
a cohort of infants using the HT2W 3D FLAIR sequence with
no contrast agent.

MATERIALS AND METHODS

Participants

This is a retrospective observational study approved by the insti-
tutional review board. Infants were recruited as clinical cases with
ethical approval for review of clinical notes and MR images with
consent from parents or legal guardians. The cohort consists of
infants who underwent brain MR imaging with HT2W 3D
FLAIR of the temporal bone at our neuroradiology department
from September 2019 to January 2020. All brain MR imaging was
performed for clinical purposes, and the HT2W 3D FLAIR
sequence was acquired as part of the optimization of MR imaging
protocols after the upgrade of the MR imaging scanner. Infants
were not consecutively enrolled because the HT2W 3D FLAIR
sequence was performed when a neuroradiologist with expertise
in head and neck radiology (G.C.) was overseeing the MR imag-
ing session. No exclusion criteria were adopted.

MR Imaging Acquisition

Each participant was imaged on a 3T Achieva scanner (Philips
Healthcare) using a 32-channel phased-array coil. We applied a
scan-specific energy dose corresponding to 0.5kJ/kg that varied
according to the baby’s weight. Small infants (younger than
3 months of age) were scanned during natural sleep after feeding
or under sedation with oral midazolam. One patient (23 months
of age) was scanned under sedation with propofol. During the
MR examination, infants were monitored by pulse oximetry and
electrocardiography (Invivo-Expression Monitor MR200). Small
infants (younger than 3 months of age) were also dressed in
MR-compatible tracksuits; a warm blanket and a hat were used
to prevent heat dispersion.14 Appropriate noise attenuators
(MiniMulffs, Natus Medical) were used.

The imaging protocol consisted of sequences performed for
whole-brain evaluation: T1-weighted 3D fast field-echo sequence,
axial and coronal T2-weighted turbo spin-echo sequences, axial
DWTI sequence, and axial SWI sequence. The HT2W 3D FLAIR
sequence was used to evaluate the membranous labyrinth with the
following parameters: axial plane; TR: 6000 ms; TE: 350 ms; TI:
2350 ms; fat saturation: spectral presaturation with inversion recov-
ery; TSE factor: 182; flip angle: 90 degrees; number of slices: 30;
FOV: 230 x 190 mm? matrix: 232 x 229; voxel size: 0.7 x 0.7 x
0.7 mm>; averages: 6; and scan time: 10 minutes and 6seconds.
Because MR examination was performed for clinical purposes, the
HT2W 3D FLAIR sequence was acquired only at the end of the MR
protocol. This guaranteed the best quality of MR images acquired
for diagnostic purposes, an acceptable scanning time, and the short-
est sedation time when applicable. Of note, sedation was never pro-
longed to obtain good-quality HT2W 3D FLAIR images. No
contrast agent was injected during the examinations.

Image Analysis
Three observers (1 senior neuroradiologist with 10 years of experi-
ence in neuroimaging and 2 young neuroradiologists with 2 years
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FIG 1. Schematic representation of the membranous labyrinth in the
sagittal plane parallel to the superior semicircular canal (4, asterisk)
and corresponding reformatted oblique sagittal MR images (B, inter-
mediate sagittal plane; C, medial sagittal plane) with the corresponding
colored representational structures (D and E). In E, the reuniens duct
connecting the inferior portion of the saccule and the cochlear duct is
highlighted in orange. The images were obtained from the same par-
ticipant. (Reprinted from Conte G, Caschera L, Tuscano B, et al. Three-
Tesla magnetic resonance imaging of the vestibular endolymphatic
space: a systematic qualitative description in healthy ears. Eur ) Radiol
2018;109: 79. Copyright 2018, with permission from Elsevier.)

of experience in neuroimaging) assessed the HT2W 3D FLAIR
images in consensus. MPRs were obtained using a local PACS
viewer (section thickness: 0.33 mm). A systematic evaluation of the
membranous labyrinth from each ear was performed following the
method described by Conte et al.'"* In particular, the analysis was
performed by taking as a reference 2 main image reconstruction
planes: 1) a short-axis oblique plane parallel to the superior semi-
circular canal (Fig 1 and 2) an axial plane parallel to the lateral
semicircular canal (Fig 2).

The observers evaluated the saccule, the utricle, and 3 ampul-
lae of the semicircular canals as identified by Conte et al.'> Each
structure was assessed using an ordinal visual scale: score 0, not
appreciable; score 1, visible without well-delineable boundaries;
and score 2, visible with well-delineable boundaries. In addition,
for visible structures (score 1 or 2), the morphology was defined
as “expected” or “unexpected” according to the normal radiologic
anatomy described by Conte et al.'* Finally, the observers scored
the quality of the MR examinations as follows: score 0, inad-
equate; score 1, adequate but with the presence of image degrada-
tion; and score 2, adequate.

Data Reporting

We reported a descriptive analysis of our data because the small
numbers prevented us from obtaining reliable inferential statis-
tics. Data were analyzed using an Excel spreadsheet (Microsoft).

RESULTS
We enrolled 10 infants (3 male, 7 female; median term equivalent
age: 2weeks [IQR: 1-5weeks]). Five infants (50%) required



FIG 2. Reference working planes (A-D, asterisk) of the reformatted
oblique axial MR images (E-H) parallel to the plane of the lateral semicircu-
lar canal with the corresponding colored representational images (I-L).
The images were obtained from the same subject. (Reprinted from Conte
G, Caschera L, Tuscano B, et al. Three-Tesla magnetic resonance imaging
of the vestibular endolymphatic space: a systematic qualitative descrip-
tion in healthy ears. Eur J Radiol 2018;109:80. Copyright 2018, with permis-
sion from Elsevier.)

FIG 3. A 23-month-old female patient with extrapyramidal disorder
and congenital sensorineural hearing deafness related to prematurity
(born at 24 weeks of gestation). Reformatted oblique axial (A and B) and
sagittal (C and D) MR images with corresponding colored representa-
tional images (E-H) showing the enlarged saccule and an elongated
structure connecting the utricle and the saccule. This was interpreted as
an enlarged utricular-saccular duct.

sedation during the MR imaging examination; the remaining
infants were scanned during natural sleep after feeding. Nine
infants were premature; congenital cytomegalovirus infection was

also diagnosed in 1 of them. Otoacoustic emissions at the neonatal
hearing screening were present in all participants with the excep-
tion of 1 infant (female, 23 months old at MR imaging) who pre-
sented with extrapyramidal disorder and congenital deafness
(bilateral moderately severe high-frequency sensorineural hearing
loss) related to prematurity (gestational age at birth: 24 weeks).

In 4 (40%) of 10 cases, the MR examination was judged inad-
equate for analysis because of motion artifacts (all cases per-
formed without sedation); 1 case (10%) was judged adequate but
with the presence of image degradation (without sedation), and 5
cases (50%) were judged adequate (all cases performed with seda-
tion). In total, 12 ears were ultimately analyzed.

The saccule was visible with well-defined boundaries in 9 ears
(75%), visible without well-delineable boundaries in 1 ear (8.3%),
and not visible in the 2 ears (16.7%) in the MR examination with
image degradation. The morphology of the saccule was as expected
in 9 (90%) of 10 ears. The saccule was enlarged in both axial and
short-axis oblique planes in the left ear of the infant with congeni-
tal bilateral sensorineural hearing loss (Fig 3) resembling a saccular
hydrops grade I as described in adults."® In addition, an elongated
structure connecting the utricle and the saccule was identified and
interpreted as an enlarged utriculo-saccular duct.'” In this infant,
the conventional sequences did not reveal pathologic ear and brain
findings.

The utricle was visible with well-defined boundaries in 10 ears
(83%) and visible without well-delineable boundaries in the 2
ears (17%) of the MR examination with image degradation. The
morphology was as expected in the 12 visible utricles.

The lateral semicircular canal ampulla was visible with well-
defined boundaries in 4 ears (33.3%), visible without well-defined
boundaries in 1 ear (8.3%), and not visible in 7 ears (58.4%). The
superior semicircular canal ampulla was visible with well-defined
boundaries in 4 ears (33.3%), visible without well-defined boun-
daries in 2 ears (16.7%), and not visible in 6 ears (50%). The PSC
ampulla was visible with well-defined boundaries in 4 ears
(33.3%), visible without well-defined boundaries in 2 ears
(16.7%), and not visible in 6 ears (50%). The morphology was as
expected in the 17 visible ampullae.

DISCUSSION

In this study, we describe our experience in using the noncontrast
HT2W 3D FLAIR sequence for assessing the membranous laby-
rinth in infants. The sequence could depict the membranous lab-
yrinth when not degraded by motion artifact. Although the
sequence’s long scan time (>10 minutes) led to motion artifact,
all inadequate HT2W 3D FLAIR images were acquired in small
infants (younger than 3 months of age) during natural sleep.

In the literature, the 4-hour-delayed contrast-enhanced HT2W
3D FLAIR sequence has been demonstrated to depict the membra-
nous labyrinth of adults with satisfactory anatomic details."® The
contrast agent gradually accumulates in the perilymph, where it
reaches the maximum concentration at about 4.5hours after IV
administration. The use of 4-hour-delayed postcontrast HT2W 3D
FLAIR allows for the visualization of the membranous labyrinth as
a hypointense structure surrounded by the enhanced perilymph.'®
This sequence has largely been used in adults to describe the normal
vestibular membranous labyrinth anatomy and to assess inner ear
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pathologies such as Méniere disease and sudden sensorineural hear-
ing loss."®® In recent years, various researchers have tried to image
the vestibular membranous labyrinth with noncontrast MR techni-
ques without achieving a good differentiation between the endo-
lymph and perilymph.** Conversely, our study showed that the
membranous labyrinth can be visualized using the noncontrast
HT2W 3D FLAIR sequence in infants. This finding is of importance
because the contrast agent is administered with caution in this pop-
ulation because of potential cellular toxicity and adverse reactions.®
In particular, IV administration of contrast agents is not recom-
mended for assessing patients with congenital deafness. The radio-
logic work-up often includes assessment of the temporal bone using
a CT scan”® and of the inner ear and the CNS with noncontrast MR
imaging”"! Augmenting the MR protocol with this sequence may
reveal the presence of abnormalities of the membranous labyrinth
in children screened for congenital deafness, especially when con-
ventional imaging is normal as in 1 case we demonstrated. In fact,
the only patient who underwent MR imaging for congenital deaf-
ness showed an unexpected morphology of the vestibular membra-
nous labyrinth with a hydropic saccule and a dilation of the
utricular-saccular duct.

It is difficult to explain why this sequence—which is identical
to that used in adults in our department—allows for the visualiza-
tion of the membranous labyrinth without the need for IV contrast
agent administration. Indeed, even in adults, this noncontrast
HT2W 3D FLAIR sequence shows a faint signal contrast between
the perilymph and the endolymph. In fact, the perilymph shows
high signal because of the HT2W, but the endolymph signal is sup-
pressed by the selective inversion time pulse based on their differ-
ing compositions. However, the membranous labyrinth remains
less defined because the intrinsic high noise of the sequence lowers
the contrast-to-noise ratio. This leads to our rationale for adminis-
tering the contrast agent—it increases the signal of the perilymph
and, as consequence, the contrast-to-noise ratio. Thus, it improves
the differentiation between perilymph and endolymph (Online
Fig). We theorize that the contrast-to-noise ratio is spontaneously
higher in infants than in adults on the noncontrast HT2W 3D
FLAIR; thus, IV contrast agent administration is not necessary to
delineate the membranous labyrinth.

Other findings may further validate our hypothesis. The tem-
poral bone is much less mineralized in infants than in adults, and
the head is smaller even if the inner ear size has already reached its
maximum.”” These 2 factors may reduce susceptibility artifact. We
also speculate that the chemical composition of the labyrinthine
fluids may be different between infants and adults and thus is re-
sponsible for the spontaneous increased contrast.*® Furthermore,
the spontaneous contrast between the perilymph and the endo-
lymph was also detected in the nonsedated infant whose MR ex-
amination was degraded by motion artifact, excluding a role of the
administered drugs (midazolam, propofol) in the signal changes of
the perilymph.

This study does have limitations. We assessed a limited cohort
of participants, potentially reducing the number of anatomic var-
iants that we observed in the imaging assessment. However, the
variability of the membranous labyrinth is limited as reported in
the study of Conte et al'® in adults. An intraparticipant analysis
comparing imaging findings before and after contrast agent
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administration would have been useful for validating our results;
however, the administration of a contrast agent would have been
unethical without a clinical indication. There is also a study set-
ting problem stemming from reimaging the infant after 4 hours
from the base examination.

Finally, to avoid a longer scan time, we could not repeat the
sequence more than once per infant, preventing us from optimizing
MR parameters and addressing this critical point. Currently, the
use of this sequence seems to be feasible only in sedated infants and
appropriate only in the assessment of congenital sensorineural hear-
ing loss to avoid the inappropriate prolongation of sedation; new
MR technologies may overcome this drawback. Another limitation
is that the 3D FLAIR MR assessment of the membranous labyrinth
was performed without morphologic measurements because nor-
mal reference ranges are not available in the literature for both
infants and adults.

It is well known that the bony labyrinth of the inner ear
reaches its maximum in life at about 23 weeks of gestation,”” and
thus we supposed that the membranous labyrinth dimensions are
comparable between infants and adults.

CONCLUSIONS

Our study demonstrates that the noncontrast HT2W 3D FLAIR
sequence can depict the membranous labyrinth in infants though
the susceptibility to motion artifact with the lengthy scan time
limits the feasibility of the sequence when infants are scanned
without sedation. Further optimization of the sequence to limit
scan time and improve contrast resolution may encourage its
routine use in clinical practice.
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Pediatric Head CT: Automated Quantitative Analysis with
Quantile Regression

S.W. Fielden

K.A. Cauley, ““Y. Hu, and

ABSTRACT

BACKGROUND AND PURPOSE: Together with quantile regression methods, such a model would have the potential for clinical util-
ity through automated quantitative comparison of individual cases relative to their age and gender-matched peer group. Our aim
was to demonstrate the automated processing of digital clinical head CT data in the development of a clinically useful model of
age-related changes of the brain in the first 2 decades of life.

MATERIALS AND METHODS: A total of 415 (209 female) consecutive, clinical head CTs with radiographically normal findings from patients
from birth through 20years of age were retrospectively selected and subjected to automated segmentation. Brain volume, brain paren-
chymal fraction, brain radiodensity, and brain radiomass were assessed as a function of patient age. Statistical modeling and quantile
regression were performed.

RESULTS: Brain volume increased from 400 cm® at birth to 1350 cm? at 20 years of age (>3-fold). Males had a slightly steeper growth tra-
jectory than females, with approximately 8% difference in volume between the sexes established in the first few years of life. Brain paren-
chymal fraction was variable at younger than 2 years of age, stabilizing between 0.85 and 0.92 at 2-3 years of age. Brain mean radiodensity
was lower at birth (24 HU) and increased through 3 years of age, after which it stabilized near 30 HU, an approximately 25% increase. The
product of brain volume and mean brain radiodensity (radiomass), increased from 700 HU x mL at birth to 3900 HU x mL, a 5.6-fold
increase, with approximately 5% difference between males and females at 20 years. Quantile regression enables a given metric to be inter-
preted relative to an age- and sex-matched peer group.

CONCLUSIONS: Automated segmentation of clinical head CT images permitted the generation of a reference database for quanti-
tative analysis of pediatric and adolescent brains. Quantile regression facilitates clinical application.

ABBREVIATION: BPF = brain parenchymal fraction

«

. it became apparent that the conventional methods were not
making full use of all the information the X-rays could give.”
G. Hounsfield, Nobel Lecture, 1979

T is a highly calibrated and scaled imaging technique ca-

pable of volumetric and radiodensity assessment, though

this capability is rarely used in the clinical setting. Concerns over
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radiation exposure have limited prospective human subject
research in CT and consequently have limited the investigation
into the value of quantitative CT. Recent improvements in image
quality and the availability of postprocessing software enable the
generation of large reference databases from the existing clinical
archives. Such databases facilitate research into quantitative CT
by helping define the normal statistical variance, identify outliers,
and correlate measurements with pathology.

In neuroimaging, brain volumetrics can have diagnostic value,
as illustrated by prospective MR imaging studies of neurodegenera-
tive diseases such as age-related dementia,' amyotrophic lateral scle-
rosis,” and multiple sclerosis.>* The volumetrics of CT imaging
data have been less extensively researched, though a recent study of
automated segmentation of clinical head CT data shows that the
brain volume is statistically smaller in patients with Alzheimer dis-
ease.” CT has the additional capability of voxel-based assessment of
radiodensity, expressed in terms of Hounsfield units, a tissue
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FIG 1. Products of automated head CT segmentation. Routine clinical head CT (A), brain-extracted

image (B), and CSF eliminated (brain parenchyma) (C).

property measure that is unique to this technique. Because most
brain imaging research has been conducted using MR imaging,
there is little information on the diagnostic value of the brain radio-
density measure. It is well-established that mean brain radiodensity
is abnormal in hypoxic-ischemic encephalopathy, for example, and
quantitative assessment appears to have diagnostic and prognostic
implications.®® Mean brain radiodensity is also abnormal in multi-
ple sclerosis,” and mean brain radiodensity shows a statistically sig-
nificant decline as a function of aging.'® It would, therefore, appear
reasonable that other forms of encephalopathy or neurodegenera-
tive disease may also demonstrate abnormalities of brain radioden-
sity, and radiodensity measures may serve to identify disease or
quantify disease progression. As with brain volume measures, these
types of studies will also require a reference normative data base.

In this study, we focus on the pediatric age group and apply
an automated segmentation algorithm to a large number of retro-
spectively identified head CTs with radiographically normal clini-
cal findings to initiate the development of a clinical reference
data base for brain volume, parenchymal fraction, brain radio-
density, and brain radiomass. Such a data base can be subject to
quantile regression analysis because individual cases can be refer-
enced against their clinical peer group.

MATERIALS AND METHODS

Study Design

This study was limited to a retrospective analysis of head CTs per-
formed on patients who were identified from the clinical PACS.
The study was approved by this institutional review board
(Geisinger Medical Center), and a waiver of consent was granted.

Study Cohort

In total head CTs from 417 patients (209 females), 0-20 years of
age, were included. Details regarding the imaging and data base for
the neonates 0-2years of age have been published previously."
The remaining cases were from a 2-year time interval (January 1,
2015, to December 31, 2016). Selected cases were scanned for
trauma with no traumatic findings or nonspecific symptoms
(headache, syncope, vertigo) without known systemic disease and
were discharged without incident. All cases were interpreted as
having normal findings (without acute or chronic abnormal find-
ings) by 2 board-certified neuroradiologists. Patients older than 2
years of age were scanned in a single CT scanner (LightSpeed

VCT; GE Healthcare), which primarily
serves the emergency department of a
level 1 trauma center. The axial acquisi-
tion noncontrast head CT protocol was
the following: 135kV (peak) and modu-
lated milliampere, minimum 50 and
maximum 290mA, rotation time =
0.75 seconds, acquired from the fora-
men magnum through the vertex with
a standard 512 X 512 matrix, 24-cm
FOV at 5.0-mm section thickness. The
scanner undergoes a daily quality-
assurance procedure, which assesses
the radiodensity of water. This value
must be within allowable limits, generally 0-5 HU. Drift or trend-
ing is rarely observed. In a typical month, the Hounsfield units of
water or the tissue density plug is found to vary by <1 HU. In
addition, scanners undergo an annual inspection by a medical
physicist using the American College of Radiology phantom.
Acceptable ranges of Hounsfield units for clinical scanners are
broad (—7 to +7 for water, 110-135 for acrylic). This testing is
extended to all kilovolt peaks used by the scanner. Additionally,
service engineers routinely test the calibration at preventive
maintenance.

Image Processing and Analysis

DICOM images were converted to the Neuroimaging Informatics
Technology Initiative (NIfIT; https://nifti.nimh.nih.gov/) data for-
mat using MRIConvert-2.0.7 (http://lcni.uoregon.edu/jolinda/
MRIConvert/). Images were first thresholded from —15 to 50 HU
to grossly remove background and skull. Brain extraction was then
applied by using FSL Brain Extraction Tool (http:/fsl.fmrib.ox.ac.
uk/fsl/fslwiki/BET)'>'? with a fractional intensity threshold of 0.01.
All cases were carefully reviewed for integrity of brain extraction.
For segmentation, FMRIB’s Automated Segmentation Tool
(FAST; http://poc.vl-e.nl/distribution/manual/fsl-3.2/fast/index.
html) was used to generate a 3-tissue compartment segmenta-
tion with the resulting white matter and gray matter compart-
ments combined into a single brain compartment (Fig 1). Brain
radiomass was calculated as the product of mean brain radio-
density and total brain volume.

Statistical Methods

Statistical analysis was performed using GraphPad Prism software,
Version 7.0c for Mac OS X (GraphPad Software). Scatterplots were
generated in Excel (Microsoft) for Mac 2011, Version 14.2.3.

The overall polynomial regression of age was fitted on brain vol-
ume and brain parenchymal fraction (BPF) to evaluate the impact
of sex on the outcomes. When stratified by sex, quantile regression
models with the polynomial term of age were adopted to character-
ize brain volume and BPF, respectively. A 2-phase model enabled
the best fit of the data. A natural inflection at 2 years was confirmed
by 2D cluster analysis using a Gaussian mixture model (Online Fig
1). The Gaussian mixture model is a probabilistic model that com-
prises Gaussian distributions. Each Gaussian in the mixture is rep-
resented by a mean and covariance matrix. For ages 0-2, the linear
term of age was fit, where 0.05 and 0.10 quantiles were presented.
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For ages 2-20, a quadratic term of age
was fit, in which 0.05 and 0.10 quantiles
were presented. A P value of < .05 was
statistically
Quantile regression models were per-
formed in R Studio (Version 1.2.1335;
http://rstudio.org/download/desktop).
Quantile regression quadratic coeffi-

considered significant.

cients for 2-20 years of age are included
in Online Tables 1-4.

RESULTS

Brain Volume

Brain volume (Fig 2A) increases from
approximately 400mL at birth to
1350 mL at 20 years of age; males had
a slightly steeper growth trajectory
than females, with approximately 8%
difference in volume established in
the first few years of life. For 0-2
years of age, males had higher mean
brain volumes than females (mean
difference = 37.94; 95% CI, 0.07-

FIG 2. Scatterplots of computed brain metrics as a function of subject age: brain volume (A), BPF

(B), mean brain radiodensity (C), and brain radiomass (D).

FIG 3. Box-and-whisker plots of BPF: 0-3 years (left) and 5-20 years
(right). Tabular data below 0-3 years (Table 1). Data scatter is greater
immediately after birth and decreases during the first 2 years, and the
pattern is similar between the sexes. There is no significant difference
between the mean BPF of the groupings. Table 2 shows statistically
significant difference between the means of 5-year groupings.

Table 1: Brain parenchymal fraction 0-3.0 years

Male Female

Age (yr) Total Mean SD Total Mean SD

0-0.5 20 0.845  0.047 17 0.84 0.062
0.5-1.0 15 0.86 0.018 23 0.86 0.035
1.0-1.5 12 0.87 0.022 13 0.87 0.024
15-2.0 10 0.86 0.030 7 0.87 0.033
2.0-2.5 4 0.87 0.005 2 0.89 0.014
25-3.0 2 0.89 0.000 4 0.88 0.014
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75.81; P=.05). For 2-20 years of age,
males again had higher mean brain
volumes than females (mean differ-
ence = 94.81; 95% CI, 69.53-120.09;
P<.001).

Brain Parenchymal Fraction

The BPF value was variable in subjects younger than 2 years of age,
with lower numbers in the immediate postpartum period (Fig 3),
after which it stabilized as a largely age- and sex-independent vari-
able between 0.85 and 0.92 (Table 1 and Fig 2B). During adoles-
cence, the slight increase in brain size is reflected in a small,
gradual increase in BPF. The mean BPF at 5-10 years of age was
0.87, and at 15-20 years of age, it was 0.89, with differences being
statistically significant (P < .001) and virtually identical between
the sexes (Table 2 and Fig 2B).

Brain Radiodensity

Brain tissue radiodensity was low at birth (mean, 24 HU) and
increased through 3 years of age, after which it stabilized near
30 HU (Fig 2C). Although the data scatter is relatively large,
there was no significant difference in mean density when
comparing data between male and female cohorts. The mean
radiodensity was not significantly changed among the age
groups of 5-10, 10-15, and 15-20 years and was not signifi-
cantly different between the sexes.

Brain Radiomass
The product of brain volume and radiodensity (the radiomass)
increased from 7000 HU x cm® at birth to 39,000 HU x c¢cm?>, a
5.6-fold increase, with an approximately 5% difference between
males and females at 20 years of age (Fig 2D).

Direct comparison was made of changes in brain volume,
brain radiodensity, and brain radiomass. Brain volume and brain


http://rstudio.org/download/desktop

radiodensity increased along similar power trendlines in the first
few years of life. Because the product of these 2 measures is the
radiomass, we further investigated the correlation between these
2 variables by normalization and plotting on the same graph.
When normalized for direct comparison, the radiodensity
nearly plateaued at 3 years of age, whereas the volume contin-
ued to increase through early adulthood (Online Fig 2). The
radiomass showed a small-but-consistent increase through
adolescence and early adulthood. All 3 sets of curves are vir-
tually identical between male and female patient groups. This
high level of reproducibility between independent datasets
(male and female patients) suggests that the trends are not
significantly influenced by the presence of abnormal outliers
and approximate normalcy.

Table 2: Brain parenchymal fraction 5-20 years

5-10 Years  10-15 Years
Age (yr) Total Mean (P Value) (P Value)

Male

5-10 18 0.872

10-15 20 0.879 NS

15-20 72 0.891 <.001 .004
Female

5-10 12 0.874

10-15 20 0.877 NS

15-20 70 0.889 .003 .003

Note:—NS indicates not significant.

Quantile Regression

Quantile regression provides a means to compare individual cases
with their age- and sex-matched clinical peer group. Quantile
regression of brain volume and BPF is shown in Fig 4. A linear
regression is a best fit for the 0-2 age group, and a polynomial best
fit is used for the 2-20 years-of-age grouping; quadratic coefficients
are shown in Online Tables 1-4.

DISCUSSION

This study was motivated by a desire to bring quantitative meth-
ods to otherwise qualitative clinical head CT interpretation. The
objectives of our study were the following: 1) to demonstrate
automated data processing of clinical head CTs, 2) to demon-
strate that these data can be used to develop a model of age-
related changes in the first 2 decades of life that approaches nor-
mative data, and 3) to apply quantile regression methods to show
how individual cases compare with their age- and sex-matched
peer group.

Potential Value of Quantitative CT

CT is a very widely used first-line clinical imaging technique,
though quantitative brain CT imaging has received considerably
less research attention than MR imaging. CT can generate volu-
metrics and radiodensity measures. We know from MR imaging
that brain volume and BPF have clinical implications.'* Because
radiodensity is a measure that only CT can provide, there is cur-
rently little information regarding the use of the radiodensity mea-
sure to evaluate global brain parenchyma. It is well-established that

FIG 4. Quantile regression of brain volume (upper graphs) and BPF (lower graphs), male on the left, female on the right. The 5%-95% and 10%—

90% quantiles are shown.
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mean brain radiodensity is abnormal in hypoxic-ischemic ence-
phalopathy following cardiac arrest, for example, and quantitative
assessment appears to have diagnostic and prognostic implica-
tions.”® It may be reasonable to expect that other forms of ence-
phalopathy may also be abnormal with respect to radiodensity. We
have found that global brain radiodensity is abnormal in multiple
sclerosis,” and we have recently shown that mean brain radioden-
sity shows a statistically significant decline as a function of age in
older adults.'” Thus, radiodensity may also be abnormal in other
neurodegenerative diseases or in congenital neurologic conditions.
These are topics for future investigation.

At imaging, tissue volume is a surrogate for tissue mass or
weight because it might be obtained at postmortem examination.
Because mass is the product of volume-by-density, the truer corre-
late of weight is volume-by-radiodensity, or radiomass, though this
correlate has received little attention in the literature. Because we
have evidence that both measured brain volume and radiodensity
may have clinical significance, radiomass is a valid topic for investi-
gation. In multiple sclerosis, for example, both brain volume®* and
brain densit}? are abnormal, and both mean brain radiodensity
and brain volume decline as a function of age.'® Therefore the
product of these measures may be abnormal in MS and potentially
in other neurodegenerative diseases as well. This is a direction for
future investigation.

Leveraging the Clinical Archive to Create a Reference
Data Base for Head CT Imaging

Because CT entails a radiation dose, limiting prospective
human subject research, we propose to leverage the existing
clinical image archive to generate a reference data base. An
argument against the use of clinical images is that patients
are not truly healthy because they have been scanned for a
clinical indication. We contend that large data bases gener-
ated from clinical scans with structurally normal findings will
approximate normalcy. Additionally, the data base generated
from clinical images reflects the clinical spectrum of interest
to physicians, rather than a data base of cases with truly nor-
mal findings. We support this argument by comparing it with
published data on subjects with normal findings (largely gen-
erated by MR imaging) and demonstrating statistical integ-
rity by showing that our results are internally consistent, with
relatively few outliers, with very similar findings between
male and female patients.

Brain Volume and BPF

Regarding brain volume, we had previously shown that by
means of clinical head CT data, brain volume increases from
approximately 360 cm® to 1072 cm® at 2 years."" The current
study shows a continued small increase in brain volume after
2 years of age, to reach a volume of 1350 cm® at 20 years of
age, an approximately 3.8-fold increase in volume from birth
to early adulthood. Also, consistent with published findings,
male brains are consistently larger than female brains, not
correcting for body size, and this difference is seen very early
in development and reaches an approximately 10% differ-
ence by 20 years of age,'* findings similar to those found at
MR imaging."
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BPF is the ratio of the brain volume to the intracranial volume
and has been widely used in the adult population as a means of
measuring brain atrophy while normalizing for head size.'®'” An
MR imaging study by Bartholomeusz et al'® investigated the
BPF of children to find that the head circumference was an
excellent predictor of brain volume in children 1.7 to 6 years of
age. In further studies, BPF has been investigated in the preterm
infant'® and younger pediatric'® populations using MR imag-
ing, to find a wider range of normal CSF volumes occurring in
children younger than 2 years of age. Our study also shows that
the BPF is variable in the postnatal period and approaches adult
values (0.85-0.90) at about 2 years of age, evidence that head
circumference is a less accurate predictor of brain volume in
this younger age group, similar to the findings reported for MR
imaging.'” This pattern may suggest that the BPF is more vari-
able before the closure of the fontanelles, which typically occurs
within the first 2 years of life.>’

Because the brain volume continues to increase slightly
through late adolescence and early adulthood, the BPF also
continues to increase. The increase is statistically significant
and not significantly different between the male and female
cohorts (Table 2 and Fig 2B and Fig 3), as has been noted in an
MR imaging study.'” Using statistical modeling methods, we
found that brain growth, both in volume and BPF, exhibited 2
distinct phases of growth as identified by 2D cluster analysis
using a Gaussian mixture model (Online Fig 1) and is best
modeled using a linear regression from 0-2 years of age and a
polynomial equation after 2 years. Other models are possible.
Although there are relatively few studies modeling total brain
growth through the adolescent and early adult periods, there
are none using CT scans. Others have also noted that the most
significant volume changes occur in the first 2 years, with a
more linear growth and a nonlinear, flattening trajectory

thereafter.*!>*!

Radiodensity and Radiomass

CT measures radiodensity, an intrinsic tissue property, and
automated segmentation can readily yield a mean brain
radiodensity assessment. We had previously shown that the
radiodensity of brain tissue is lower at birth and rises to sta-
ble, near-adult values within the first year of life.!! Here, we
show that this small increase in brain radiodensity continues
throughout adolescence.

As Hounsfield had observed, at CT imaging, x-ray absorb-
ance and the associated signal intensity reflect mainly 1 vari-
able—density, but also a minor one—atomic number.”> When
one compares like tissues of living persons, eg, the radiodensity
values of the human brain, the contribution of differences in
the mean atomic number is negligible, and the radiodensity is
proportional to tissue density. We have found a strong correla-
tion between the brain radiomass and the true brain weight as
deduced from published postmortem examination values (data
not shown). Published postmortem data show increasing brain
weights throughout adolescence and early adulthood, with a
peak brain weight reached at approximately 20 years of age.*®
These data evidence a brain weight of 369 g at birth and
approximately 1300 g at 20 years of age. This 3.5-fold increase



in weight closely parallels the increase in brain radiomass
observed in this study (3.8-fold).

Quantile Regression

Quantile regression provides a means of quantitatively compar-
ing an individual measure with its reference data base and a
means of putting a given metric into a statistical context. Using
quantile regression, a study outcome is not judged to be “normal”
or “abnormal” but rather “at the nth percentile for age and sex.”
While an extreme percentile measure may be used to trigger or
validate further clinical inquiry, all studies would have associated
quantitative metrics that can be followed across time in the event
of repeat imaging.

Study Limitations

For the current study, cases of patients older than 2 years of
age were obtained from a single (LightSpeed VCT) CT scan-
ner because we wished to investigate the variation among
individuals as measured with a current standard clinical
machine. Specifically, we wished to learn the variance among
individuals in terms of brain volumes, BPF, and mean brain
radiodensity and whether the variance was large enough to be
detected with confidence above the variation in measure that
can occur from a single, typical clinical scanner. Learning the
answer to this question is an important first step in the inves-
tigation of the clinical use of quantitative CT.

We know from the literature that Hounsfield unit measures
can vary with scan manufacturer,>* with kilovolt (peak),“’25
and probably with scan protocol. The contribution of these fac-
tors as they affect the Hounsfield unit measure of human brain
is a topic for future investigation. In an earlier study of mean
brain radiodensity, we compared the results from 3 different
clinical machines to find small differences in scan values, but
the overall pattern of mean brain Hounsfield unit changes as a
function of age from all 3 machines was very similar.'' A uni-
versal reference data base likely represents a future goal that
may be achievable through higher calibration standards or sta-
tistical normalization of datasets.

CONCLUSIONS

Clinical head CT images can be analyzed using automated seg-
mentation algorithms to yield objective, reproducible, quantita-
tive information about the pediatric brain. The existing clinical
archive can be leveraged by processing previously acquired image
datasets to generate reference data bases. Statistical methods such
as quantile regression can be applied to a reference data base to
compare individual patients with their age- and sex-matched
peer group. These methods would facilitate quantitative reporting
and have the potential to aid in the identification of pathology,
though further research is needed.
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Involvement of the Spinal Cord in Primary Mitochondrial
Disorders: A Neuroimaging Mimicker of Inflammation and
Ischemia in Children

C.APF. Alves, ““A. Goldstein, ““SR. Teixeira, ““).S. Martin-Saavedra, “*'|.P. de Barcelos, “*'G. Fadda, “*'L. Caschera, ““M. Kidd,
F.G. Gongalves, ““’ E.M. McCormick, “’'MJ. Falk, “*'Z. Zolkipli-Cunningham, ““ A. Vossough, and “*'G. Zuccoli
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ABSTRACT

BACKGROUND AND PURPOSE: Little is known about imaging features of spinal cord lesions in mitochondrial disorders. The aim of this
research was to assess the frequency, imaging features, and pathogenic variants causing primary mitochondrial disease in children with spinal
cord lesions.

MATERIALS AND METHODS: This retrospective analysis included patients seen at Children’s Hospital of Philadelphia between 2000 and
2019 who had a confirmed diagnosis of a primary (genetic-based) mitochondrial disease and available MR imaging of the spine. The MR
imaging included at least both sagittal and axial fast spin-echo T2-weighted images. Spine images were independently reviewed by 2 neu-
roradiologists. Location and imaging features of spinal cord lesions were correlated and tested using the Fisher exact test.

RESULTS: Of M9 children with primary mitochondrial disease in whom MR imaging was available, only 33 of 119 (28%) had available
spine imaging for reanalysis. Nineteen of these 33 individuals (58%) had evidence of spinal cord lesions. Two main patterns of spinal
cord lesions were identified: group A (12/19; 63%) had white * gray matter involvement, and group B (7/19; 37%) had isolated gray
matter involvement. Group A spinal cord lesions were similar to those seen in patients with neuromyelitis optica spectrum disor-
der, multiple sclerosis, anti-myelin oligodendrocyte glycoprotein-IgG antibody disease, and leukoencephalopathy with brain stem
and spinal cord involvement and lactate elevation. Group B patients had spinal cord findings similar to those that occur with ische-
mia and viral infections. Significant associations were seen between the pattern of lesions (group A versus group B) and the loca-
tion of lesions in cervical versus thoracolumbar segments, respectively (P <.01).

CONCLUSIONS: Spinal cord lesions are frequently observed in children with primary mitochondrial disease and may mimic more
common causes such as demyelination and ischemia.

ABBREVIATIONS: mtDNA = mitochondrial DNA; NMOSD = neuromyelitis optica spectrum disorder; LBSL = leukoencephalopathy with brain stem and spi-
nal cord involvement and lactate elevation; MOG = myelin oligodendrocyte glycoprotein; LHON = Leber hereditary optic neuropathy; AQP4-Ab = antiaqua-
porin 4 antibody

P rimary mitochondrial disorders are a heterogeneous group of ~ multisystemic impairment, with particular involvement of the

genetic diseases that can present in childhood and cause ~ CNS.' Little is known about spinal cord lesions in individuals

with mitochondrial disorders despite the high frequency of brain
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involvement and the several well-described cerebral imaging pat-
terns. A recent review of original articles published between 1966
and 2017 focused on spinal cord findings in patients with mito-
chondrial disorders, concluding that the spinal cord may be
involved in various mitochondrial disorders.>? However, the dif-
ferent imaging patterns and the frequency of spinal cord lesions
in these patients remain poorly defined. One exception is the
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well-described spinal cord involvement that occurs in individuals
with leukoencephalopathy with brain stem and spinal cord
involvement and lactate elevation (LBSL) that is caused by patho-
genic variants in DARS2, which is characterized by cervical spinal
lesions affecting the posterior columns and lateral corticospinal
tracts.>*

Common mitochondrial disease phenotypes such as Leigh
syndrome, Kearns-Sayre syndrome, and POLG (polymerase
gamma)-related disorders and other pathogenic gene disorders
have not had spinal cord imaging results described, with the
exception of several small case reports and neuropathologic stud-
ies.>® To address this knowledge deficiency, the present study
aimed to assess the frequency, MR imaging features, and clinical
and genetic associations of spinal cord lesions that occur in chil-
dren with primary (genetic-based) mitochondrial disease.

MATERIALS AND METHODS

Setting and Participants

This retrospective study was reported according to the
Strengthening the Reporting of Observational Studies in
Epidemiology statement.” The study was conducted under an
approval by the institutional review board of The Children’s
Hospital of Philadelphia (CHOP) #18-015488. Clinical cases
were identified from the Mitochondrial Medicine Frontier
Program in IRB-approved CHOP Study #08-6177 (M.J.F.,
Principal Investigator) and by electronic medical record data
base search of brain MR imaging reports spanning January 2000
to January 2019 using the keywords “mitochondrial disease” or
“mitochondrial disorder.”

Included individuals had a genetically confirmed primary mi-
tochondrial disorder identified by mitochondrial DNA sequenc-
ing, nuclear gene panel-based testing, or exome sequencing, with
inheritance pattern confirmed when parental samples were avail-
able, and had undergone spinal MR imaging, with images avail-
able for review of at least the cervical segment. Patients older
than 18 years of age at clinical onset and those with low-quality
images were excluded. To avoid classification bias, 1 pediatric
neurologist who specializes in mitochondrial disorders and 1
genetic counselor (20 and 8 years’ clinical experience, respec-
tively) reviewed medical records to confirm pathogenic genetic
variants (mutations), clinical diagnosis, and the accuracy of the
collected clinical data.

Collected Data
Clinical data were abstracted from the medical record for age at dis-
ease onset, sex, clinical presentation at onset, age and clinical presen-
tation at time of imaging, and genotypes. Children were classified
according to pathogenic variant, mitochondrial (mtDNA) or nu-
clear gene disorder, and mitochondrial pathway functional classifi-
cations.! Neurologic symptoms present at the time of spinal cord
imaging study were recorded, as well as the results of testing for
CSF oligoclonal bands, serum antiaquaporin 4 antibody (AQP4-
Ab), and antimyelin oligodendrocyte glycoprotein antibodies (anti-
MOG), when available.

Spine MR imaging, previously performed for clinical purposes,
was independently reviewed by 2 neuroradiologists with more than
5 years of experience in pediatric neuroradiology. Disagreements
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FIG 1. Flowchart of patient selection and inclusion criteria for our
cohort.

were resolved by a third pediatric neuroradiologist (18 years of
experience). MR imaging was done on a variety of 1.5T and 3T
scanners (Siemens, GE Healthcare, Philips Healthcare). Studies
included at least sagittal and axial fast spin-echo T2-weighted MR
imaging: Axial T2—section thickness = 3-5 mm, section gap =
0-2.5mm, TR = 2616-5720 ms, TE = 92-114 ms, flip angle =
90-160°, echo-train length = 14-29, acquisition matrix = 156-
320 x 108-240; Sagittal T2—section thickness = 3 mm, section
gap = 0-0.3mm, TR = 2500-5150 ms, TE = 81-113 ms, flip
angle = 90-180° echo-train length =
matrix =184-448 x 134-336.

MR imaging examinations were reviewed on a PACS and data

16-35, acquisition

were collected using a standardized form. Reviewers were blinded
to patients’ genetic diagnoses and clinical phenotypes.

Spinal cord MR imaging abnormalities were described
according to the spinal cord segment involved (cervical, thoraco-
lumbar, or both), their longitudinal extent (long if =3 vertebral
bodies, or focal if <3 vertebral bodies), and the transverse distri-
bution of the lesions (central, anterior, posterior, lateral columns,
or whole cross-section). Spinal cord lesions were further classified
into 2 main imaging categories, with group A having involvement
of white matter (or both white and gray matter) and group B hav-
ing exclusive involvement of gray matter.

Statistical Analysis

Data were analyzed using Statistica, version 13.5 (TIBCO Data
Science). Numeric variables were described according to their
distribution, with median and IQR. Categoric variables were
expressed as percentage and frequency. Associations of the loca-
tion of lesions with patterns of the lesion (group A versus group
B) were tested using the Fisher exact test. Statistical significance
was defined as P <.05.

RESULTS

Among 119 children identified with genetically confirmed pri-
mary mitochondrial disease who underwent CNS MR imaging
studies, 33 had spine MR imaging performed of at least the cervi-
cal segment. Twenty of these 33 patients had MR imaging



FIG 2. Segment distribution of the lesions and different appearances. Three patients with MR imaging spinal cord lesions in different segments
of the spinal cord. Imaging in patient 1 (A and D) with an NDUFSI pathogenic variant (c.365C>T:p.Prol22Leu and c.155 + 1G>A) shows a lesion
located in the cervical segment (arrow, A), at the level of Cl, with a posterior and central distribution on the axial view (D) and extension to the
area postrema. Imaging in patient 2 (B and E) with MT-ND4 pathogenic variant (m.1777C>A) shows a spinal cord lesion with diffuse cross-sec-
tional involvement (E), longitudinally extensive, and involving both cervical and thoracic levels, including the area postrema (arrow, B). Imaging in
patient 3 (C and F) with MT-ND5 pathogenic variant (m.13513G>A) shows a thoracolumbar lesion, extending to the conus medullaris, with iso-

lated gray matter involvement and snake eyes appearance.

performed of the entire spine. Nineteen (19/119, 16% of all
patients with primary mitochondrial disease; 19/33, 58% of those
with spine MR imaging) demonstrated spinal cord lesions (Fig 1).
The median age at onset of clinical symptoms was 1.76 years
(IQR = 0.3-12.3 years), and the male:female ratio was 0.7:1.

Spine MR imaging studies were obtained for a variety of rea-
sons: children demonstrating weakness (6/19, 32%), 3 of whom
had acute onset respiratory failure and were found to have brain
stem lesions extending to the spinal cord on brain MR imaging,
changes in gait (4/19, 21%), acute bowel and bladder symptoms
(4/19, 21%), scoliosis (2/19, 11%), and extremity tremor (2/19,
11%). Spinal myoclonus and vomiting were present in 1 child
each (1/19, 5%), with lesions extending to the area postrema
(Online Supplemental Data).

Sixteen (16/19, 84%) patients had lesions located at cervical
levels, of whom 6 had lesions that extended to thoracic levels.
Three (3/10, 30%) individuals had lesions restricted to the thor-
acolumbar levels that extended to the conus medullaris (Fig 2).
Eight (8/19, 42%) of the spinal cord lesions were longitudinally
extensive, and 11 (11/19, 58%) were focal in appearance. Six
children (6/19, 32%) had lesions reaching the area postrema,
and 3 (3/19, 16%) had lesions with a tumefactive appearance
(with cord expansion). Clinical, genetic, and main radiologic
findings of these cases with spinal cord involvement are

summarized in the Online Supplemental Data. Clinical and de-
mographic features of all patients with a spine study are sum-
marized in the Online Supplemental Data.

Involvement of the cross-sectional anatomy of the spinal cord
varied. Lesions were most frequently distributed centrally around
the central canal (11/19, 58%) followed by lesions involving the
posterior columns (7/19, 37%).

Two main imaging patterns of spinal cord lesions were identi-
fied. The group A pattern was present in 12 patients (12/19,
63%), with involvement of the peripheral white matter with or
without involvement of the central gray matter. This imaging pat-
tern resembled that of demyelinating lesions.

Among the group A cohort, we further subdivided the lesions
into 3 major subgroups based on their imaging appearance con-
sistent with typical patterns of particular demyelinating disorders:
neuromyelitis optica spectrum disorder (NMOSD)-like in 6 chil-
dren, anti-MOG-like in 2 children, and MS-like in 2 children. In
the group A NMOSD-like MR imaging presentation, spinal cord
lesions were longitudinally extensive, mostly accompanied by
tumefactive effect and involvement of the area postrema (Fig 3).
No positive laboratory test results for AQP4-Ab were detected in
these patients. Group A patients who had spinal cord lesions with
anti-MOGe-like imaging features demonstrated lesions that were
longitudinally extensive with diffuse cross-sectional involvement,
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FIG 3. Group A, NMOSD appearance. A 12-year-old male patient with MT-ND4 pathogenic vari-
ant (m.1I777C>A) with a demyelination-like pattern of the spinal cord lesion and NMOSD-like
appearance. Sagittal and axial T2 MR imaging of the cervical spine shows a longitudinal extensive
hyperintense lesion in both cervical and thoracic segments with a tumefactive effect and
involvement of the area postrema (arrow, A). The lesion has a diffuse cross-sectional involve-
ment of the cord in the axial plane (B).

with more evident abnormalities in
the central gray matter giving the
“H sign” appearance (Fig 4). Of the
2 patients with anti-MOG-like MR
imaging patterns, 1 child with MT-
TL1 variant was tested for anti-
MOG antibodies because of a clini-
cal presentation consistent with
acute disseminated encephalomyeli-
tis and had positive antibody
results, leading to a final diagnosis
of anti-MOG antibody associated
disease in addition to the primary
mitochondrial disorder. The other
patient with an anti-MOG-like
imaging pattern was not evaluated
for the presence of serum antibod-
ies. The 2 children with an MS-like
imaging appearance demonstrated
numerous lesions that were short in
length, located at the cervical and
thoracic levels, and distributed
within the white matter at the pe-
riphery of the cord. No CNS oligo-
clonal bands were found in these
children.

FIG 4. Group A, anti-MOG appearance. A 10-year-old female patient with a family diagnosis of LHON Leber’s hereditary optic neuropathy
(heteroplasmic m.14484T>C and homoplasmic m.15256G>A mtDNA variants) and MOG+ demyelination. Brain MR imaging study axial and cor-
onal FLAIR sequences show asymmetric hyperintense lesions in the thalami, more evident on the right side (A), and enlargement and hyperinten-
sity of the intraorbital left optic nerve (arrow, D). Sagittal and axial spinal MR imaging of the cervical (B and E) and thoracic segments (C and F)
show longitudinal extensive hyperintense lesions in both segments, with more evident involvement of the central gray matter, giving the

“H sign” appearance on the axial planes (arrowheads, E and F).
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FIG 5. Group A, LBSL appearance. MR imaging of 2 patients with leukoencephalopathy with brain stem and spinal cord involvement and
increased lactate (LBSL) appearance. Patient 1(A—C) is a 6-month-old male patient with an NDUFSI pathogenic variant. Patient 2 (D—F) is a 1-year-
old male patient with a DARS2 pathogenic variant. In both patients, axial T2 sequences show symmetric hyperintense lesions, affecting both cor-
ticospinal tracts, in the pons (dotted arrows, A and D). Hyperintense lesions are also observed along the intraparenchymal portions of the tri-
geminal nerves (arrows, A and D) and medial lemnisci (arrowheads, A and D). Lesions affecting the pyramids (arrowheads, B and E) and inferior
cerebellar peduncles (arrows, B and E) are observed in the medulla.On axial T2-weighted cervical spinal MR imaging (C and F), hyperintense
lesions are seen in the dorsal columns (arrowheads) and lateral corticospinal tracts (arrows).

Moreover, 2 patients who were included in group A and desig-
nated to have selective white matter involvement presented with
imaging features of LBSL. These lesions involved the posterior and
lateral columns of the spinal cord in the cervical segment. One of
these children had pathogenic variants in DARS2, the commonly
known cause of this phenotype, but the other child had NDUFS!
pathogenic variants that were not previously associated with this
imaging phenotype. The brain MR imaging of these 2 patients was
consistent with the imaging phenotype of LBSL, showing symmetric
lesions affecting the bilateral corticospinal tracts, the intraparenchy-
mal part of the trigeminal nerves, and the medial lemnisci (Fig 5).

The group B pattern was observed in 7 patients (7/19, 37%)
with lesions limited to the spinal cord gray matter, resembling
imaging features of spinal cord infarct or acute viral infections.

Regarding the clinical symptoms, whereas children in group A
often demonstrated acute symptoms, children in group B showed
gradually progressive symptoms, except for bowel and bladder
changes that were always acute. A significant association was found
between the pattern of lesions (group A versus group B) and lesions
involving the cervical versus thoracolumbar segments (P <<.01).
Cervical lesions were more frequently observed in group A (12/12,
100%) as opposed to group B (4/7, 57%). Thoracolumbar lesions
extending to the conus medullaris were observed in group B (3/7,
43%) but not in group A (0/12, 0%).

DISCUSSION
Although a few publications have reported spinal cord lesions may
occur in very select mitochondrial disorders, limited evaluation has

been performed to characterize correlations between spinal cord
imaging findings and clinical phenotypes in a broad range of
patients with primary mitochondrial disease with well-defined
pathogenic causes.>®'* Here, we performed a comprehensive ret-
rospective review of all spine imaging in patients with confirmed
primary mitochondrial disease over the past 2 decades, which has
clearly demonstrated that a high frequency of spinal cord lesions
occurs in children with primary mitochondrial disorders. Indeed,
spinal cord lesions were observed in more than half of our pediat-
ric patients with primary mitochondrial disease who underwent
spine imaging.

A detailed description of the histopathologic features of spinal
cord lesions in mitochondrial disorders has shown damage of
motor, sensory, and autonomic fibers.2>¢8-101516 Nioreover, a
variety of findings, including the presence of ischemia, necrosis,
relative sparing of neurons, edema of the gray matter, vascular
congestion, and demyelination around the central canal and dor-
sal columns of the cervical cord, have been reported in the neuro-
pathologic literature.>'” These data support our study’s findings
that imaging features resemble different forms of pediatric demy-
elination and that more frequent distribution of lesions occurs
around the central canal and in the posterior columns of the spi-
nal cord.

Studying the broad spectrum of imaging findings and pat-
terns, we were able to classify the imaging appearance of the spi-
nal cord lesions into 2 distinct patient subtypes, group A and
group B. Group A patterns included individuals with overlapping
imaging features of lesions observed in demyelinating disorders.
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These lesions tend to be distributed in the cervical and thoracic
segments and were restricted to the white matter or affected both
white and gray matter. Group A patterns were present in half of
the patients with imaging findings typical of NMOSD,"® includ-
ing tumefactive effect, longitudinal extensive lesions, and
involvement of the area postrema. These patients were clini-
cally evaluated for demyelinating diseases but with negative
results for AQP4-Ab. Possible associations linking NMOSD
and mitochondrial disorders have been considered for many
years, mainly based on a few patients who demonstrated
imaging similarities of NMOSD in the context of having a di-
agnosis of Leber hereditary optic neuropathy (LHON)."**’ As one
example, Hudson et al”! sequenced the mtDNA genes commonly
known to cause LHON in patients with NMOSD, in addition to
specific mtDNA haplogroups that are preferentially associated
with pathogenic variants in complex I mtDNA gene that cause
LHON, in both patients with NMOSD and control participants.
The authors did not find any statistically significant association
between these 2 disorders.>’

However, in recent literature, mtDNA has been increas-
ingly recognized as an agonist of the innate immune system.
Its role in inflammasome activation as a damage-associated
molecular pattern is shown by its ability to induce the secre-
tion of interleukin-18 from microglia.*>** Interestingly,
levels of CSF mtDNA have been noted to be higher in
NMOSD AQP4-Ab-positive patients compared with those
with other neurologic disorders. Moreover, transfected cells
that express AQP4 when incubated with serum from
NMOSD AQ4-Ab-positive patients were shown to release
mtDNA.>* NMOSD AQP4-Ab-negative patients may show
similar imaging findings, including spinal cord features
resembling positive AQP4-Ab.'® Furthermore, primary mito-
chondrial dysfunction may induce microglial activation.
Microglial cells, in turn, can release reactive oxygen species
and proinflammatory cytokines, which are able to damage
essential components of the mitochondria such as mtDNA.*

We postulate that the mtDNA insult and release may trigger
neuroinflammation in predisposed individuals, as exemplified by
specific case observations. Interestingly, 2 patients in group A
who had lesions affecting the whole cross-section of the spinal
cord that involved most pronounced signal abnormality in the
central gray matter to give the “H sign” appearance were sus-
pected in their differential diagnosis of having anti-MOG demye-
lination.?® Indeed, 1 of these children harbored a heteroplasmic
m.14484T>C known pathogenic variant and positive family
history of LHON and had a confirmed anti-MOG Ab diagno-
sis. Although the spinal cord imaging features for the other
patient were compatible for anti-MOG Ab phenotype, this
child was not tested because there had been no other support-
ing clinical indication.

Two children had short-length spinal cord lesions that
occurred in the periphery of the cord that involved only the white
matter in the cervical and thoracic segments, mimicking MS.
However, neither the brain imaging findings nor the laboratory
results supported the imaging-based diagnosis of MS.*” Reports
from the scientific literature highlight the difficulty of a clinical
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approach to patients affected by mitochondrial disorders who
also present with brain lesions resembling demyelination.*** We
believe that our study’s focus on spinal cord MR imaging findings
further supports the hypothesis of the mitochondrial cause of
these MS-like cases, which also present with overlapping imaging
features of autoimmunity.

Two other group A children from our cohort presented with
the typical imaging findings of LBSL (following previously estab-
lished features).® These included 1 child with DARS2 pathogenic
variants (a gene that encodes mitochondrial aspartyl-tRNA synthe-
tase described in association with this imaging pattern)® and the
other with NDUFSI pathogenic variants, a nuclear gene encoding
a mitochondrial complex I subunit that has not previously been
associated with this unique imaging phenotype. Further imaging
characterization of larger prospective cohorts affected by these 2
pathogenic genes and related gene classes may be helpful to differ-
entiate and optimize care for individuals with these genetic
disorders.

The children in group B included patients who presented with
features typical of spinal cord infarct, with all lesions localized
within the gray matter. Even though other disorders, such as
acute flaccid myelitis caused by viral infection, may present with
similar ﬁndings,30 there is indirect evidence that mitochondrial
dysfunction that impairs cellular energy production may be a
causal or contributing factor to ischemic tissue changes.*’ Thus,
we believe that ischemic lesions remain the primary pathogenic
cause of isolated gray matter spinal cord lesions and accordingly
should be excluded in this context. Indeed, some of the ischemic
lesions that we identified in children with primary mitochondrial
disease occurred within the lower thoracolumbar segment,
extended to the conus medullaris, and had the classic ischemic
“snake-eye” appearance.>”

Upon review of clinical phenotypes in our cohort with spinal
cord lesions, Leigh syndrome was the most frequently observed; it
was present in three-quarters of our cohort. Leigh syndrome cases
with spinal cord lesions had diverse gene causes in both genomes,
a range of pathogenic variants and lesions that could be grouped
into both spinal cord imaging patterns (groups A and B).

Patients with primary mitochondrial disease and spinal cord
lesions may present with several different neurologic symptoms,
such as monoparesis, spasticity, autonomic dysfunction, or sen-
sory or motor transverse syndrome. Less frequently, asymptom-
atic cases may occur. Spinal deformities are also commonly
observed.” However, it has not previously been clear in the litera-
ture whether these neurologic symptoms are sufficiently common
to support establishment of a standard MR imaging protocol or
interval to routinely analyze the spinal segment for patients with
primary mitochondrial disease. In our study, the most common
clinical symptoms that led to performing spine MR imaging or
brain MR imaging with subsequent spine evaluation (because of
lesions depicted on brain imaging in the upper spine) were acute
or progressive weakness and respiratory failure. Acute bowel or
bladder incontinence or retention, change in gait, neuromuscular
scoliosis, hyperreflexia, and myoclonus were also neurologic symp-
toms observed in our cohort. Moreover, individuals with acute
weakness had a higher frequency of group A spinal cord lesions
identified both at the cervical level and with longitudinally



extensive lesions. These data provide strong support to consider
updating imaging protocols for children with mitochondrial dis-
ease when they have concerning neurologic manifestations.
Further study will be needed to determine the potential utility of
obtaining spinal MR imaging in patients with definite primary
mitochondrial disease before the onset of severe neurologic evi-
dence of spinal cord involvement.

The only statistically significant association observed was
between the location of the lesions and the cross-sectional imaging
pattern, with lesions involving the cervical segment more frequently
observed in group A (demyelination features, white * gray matter
involvement) and lower segment lesions (thoracic or thoracolum-
bar) more often observed in group B (ischemic features, selective
gray matter involvement).

Ascertainment bias is a potential limitation of our study
to estimate the frequency of spinal cord lesions in pediatric
patients with primary mitochondrial disease because most
individuals who had brain MR imaging performed during
the 2 decades of the study period did not undergo full spine
MR imaging. Indeed, all children evaluated in this study had
MR imaging performed for at least part of the spinal cord
because of pronounced neurologic signs or symptoms indic-
ative of potential spinal cord involvement. Retrospective
analysis of spinal cord images in this symptomatic cohort
demonstrated the relatively high frequency of and value of
clinical spine MR imaging to identify spinal cord lesions in
patients with primary mitochondrial disorders who have
concerning neurologic presentations. Despite the relatively
low number of patients with definite mitochondrial disease
who had spine MR imaging available for review, this study is
the largest cohort reported to date and clearly demonstrates
that spinal cord lesions are not an infrequent finding in chil-
dren with a diverse array of primary mitochondrial diseases.

Furthermore, these analyses discovered that 2 main imaging
patterns for spinal cord lesions occur in the context of primary
mitochondrial disease, which may help to broaden the differential
diagnosis of other common entities such as demyelination, ische-
mic, or viral disorders.

CONCLUSIONS

Spinal cord lesions are common in children with primary
mitochondrial disorder who manifest with neurologic
signs and symptoms. Spine imaging should be considered
if spinal cord involvement is suspected based on the clini-
cal associations described in this report. Moreover, spinal
cord lesions related patients with primary mitochondrial
disease may mimic demyelination, with features that over-
lap with those of NMOSD, anti-MOG antibody-associated
demyelination, or MS, with a possible cervical predilection
(group A, white = gray matter involvement), or they may
mimic ischemia, with the classic snake-eye appearance and
may have a predilection along the lower segments of the spi-
nal cord (group B, selective gray matter involvement). The
medical community should be aware that primary mitochon-
drial disorders affect the spinal cord with lesions similar to

those observed in cord autoimmunity and ischemia.
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Spinal CSF-Venous Fistulas in Morbidly and Super Obese
Patients with Spontaneous Intracranial Hypotension

W.I. Schievink, ““’'M. Maya, ““RS. Prasad, “*'V.S. Wadhwa, ““RB. Cruz, and ““F.G. Moser

ABSTRACT

BACKGROUND AND PURPOSE: Spinal CSF-venous fistulas are increasingly recognized as the cause of spontaneous intracranial hy-
potension. Here, we describe the challenges in the care of patients with CSF-venous fistulas who are morbidly or super obese.

MATERIALS AND METHODS: A review was undertaken of all patients with spontaneous intracranial hypotension and a body mass
index of >40 who underwent digital subtraction myelography in the lateral decubitus position to look for CSF-venous fistulas.

RESULTS: Eight patients with spontaneous intracranial hypotension with a body mass index of >40 underwent lateral decubitus
digital subtraction myelography. The mean age of these 5 women and 3 men was 53 years (range, 45 to 68 years). Six patients were
morbidly obese (body mass indexes = 40.2, 40.6, 41, 41.8, 45.4, and 46.9), and 2 were super obese (body mass indexes = 53.7 and
56.3). Lumbar puncture showed an elevated opening pressure in 5 patients (26.5-47 cm H,O). The combination of an elevated open-
ing pressure and normal conventional spine imaging findings resulted in a misdiagnosis (midbrain glioma and demyelinating disease,
respectively) in 2 patients. Prior treatment included surgical nerve root ligation for suspected CSF-venous fistula in 3 patients.
Digital subtraction myelography demonstrated a CSF-venous fistula in 6 patients (75%). Rebound high-pressure headache occurred
in all 6 patients following surgical ligation of the fistula, and papilledema developed in 3.

CONCLUSIONS: In our series, opening pressure was generally elevated in patients with morbid or super obesity. The yield of iden-
tifying CSF-venous fistulas with digital subtraction myelography in this patient population can approach that of the nonobese

patient population. These patients may be at higher risk of developing rebound high-pressure headaches and papilledema.

ABBREVIATIONS: BMI = body mass index; DSM = digital subtraction myelography; SIH = spontaneous intracranial hypotension

S pontaneous intracranial hypotension (SIH) is an increasingly
recognized cause of secondary headache and has also been
associated with a wide variety of other neurologic disorders.'™
The cause of SIH is a spinal CSF leak; at least 3 distinct types have
been identified.> A direct communication between the subarach-
noid space and a spinal epidural vein, a so-called CSF-venous fis-
tula, is the most recently discovered type of spinal CSF leak and
may be detected in up to one-fourth of patients with SIH.® Since
the first description of spontaneous spinal CSF-venous fistulas in
2014,” several groups have confirmed their importance, but
much remains unknown about these fistulas.®'* The main reason
that this type of CSF leak remained undiscovered for so long is
that it is not associated with an extradural CSF collection and its
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detection requires sophisticated imaging, eg, digital subtraction
myelography (DSM) or dynamic CT myelography.®'

Obesity has emerged as a major global and national health
problem.'® Obesity is defined as a body mass index (BMI) of =30
and is associated with various diseases, such as diabetes, metabolic
syndrome, and cardiovascular disease. The prevalence of obesity is
increasing, and in the United States, it is among the highest in
the world. According to the National Health and Nutrition
Examination Survey 2015 and 2016 dataset, 39.8% of US adults live
with obesity.'” Morbid obesity (BMI = 40) and super obesity
(BMI = 50) have shown the most rapid rise in prevalence, and
with data from the Behavioral Risk Factor Surveillance System, it
was estimated that 6.6% of Americans had a BMI of >40 in 2010."®
Despite the importance of obesity, there is very limited information
available on obesity in patients with spontaneous spinal CSF-ve-
nous fistulas. Actually, no information on BMI is available in any
of the prior reports, including our own, on spontaneous spinal
CSF-venous fistulas.”"> We have noted that particularly morbid
and super obesity can result in unique challenges in the diagnosis,
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FIG 1. A, Anterior-posterior DSM demonstrates a CSF-venous fistula (BMI = 46.9 kg/m?, weight 149 kg, height = 178 cm). B, Lateral DSM demon-
strates a CSF-venous fistula (BMI = 40.6 kg/m?, weight = 94.5 kg, height = 152 cm). C, Anterior-posterior DSM demonstrates a CSF-venous fistula
(BMI = 40.2 kg/m?, weight = T3 kg, height = 167 cm). D, Anterior-posterior DSM demonstrates a CSF-venous fistula (BMI = 53.7 kg/m?, weight =
151kg, height = 167 cm). E, Anterior-posterior DSM demonstrates a CSF-venous fistula (BMI = 41kg/m?, weight = 137 kg, height = 183 cm). F,
Anterior-posterior DSM demonstrates a CSF-venous fistula (BMI = 45.4kg/m?, weight = 161kg, height = 188 cm). In 2 other patients (BMI =
563 kg/m’, weight = 149 kg, height = 163 cm and BMI = 41.8 kg/m?, weight = 140 kg, height = 182 cm, respectively), DSM failed to demonstrate

a CSF-venous fistula. Arrows indicates CSF-venous fistulas.

detection, and treatment of patients with STH with spontaneous
spinal CSF-venous fistulas; therefore, we reviewed our experience
with this patient population.

MATERIALS AND METHODS
This study was approved by the Cedars-Sinai Medical Center
institutional review board.

Using a prospectively maintained registry, we identified all
patients with STH and a BMI of =40 who underwent DSM in the
lateral decubitus position to look for CSF-venous fistulas. The diag-
nosis of SIH was based on the criteria of the International
Classification of Headache Disorders, third edition," with minor
modifications. These criteria require objective evidence of SIH,
consisting of brain MR imaging showing stigmata of SIH (e,
pachymeningeal enhancement, brain sagging, or subdural fluid
collections), spinal imaging showing a CSF leak (ie, the presence of
extradural CSF), or low CSF opening pressure (ie, <6.0 cm H,O).
The modification consists of also including patients who do not
have headaches but whose symptoms are best explained by STH.

All patients underwent brain MR imaging and MR myelogra-
phy (heavily T2-weighted MR imaging without intrathecal con-
trast). For DSM, the technique as described by Hoxworth et al*’
was used with some minor modifications.®® Briefly, DSM is per-
formed with the patient under general endotracheal anesthesia
with deep paralysis and suspended respiration for maximal detail
and temporal resolution. Patients are positioned in the lateral
decubitus position in a biplane angiography suite, with tilt-table
capability. Pillows or foam padding are placed to optimize cervi-
cothoracic alignment. A fluoroscopically guided lumbar puncture
is performed at the L2-3 level with a 22-ga needle. An opening
pressure is obtained at this time using standard manometry.
Then, accurate needle position is confirmed with an injection of
0.5mL of iohexol (Omnipaque; GE Healthcare). Patients are then
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further positioned on the basis of the area of interest, and the ta-
ble is tilted to achieve contrast flow to the cervicothoracic spine.
Great care is taken, especially in these patients with obesity, to
maximize contrast opacification of the lateral dural sac by adjust-
ing the degree of tilting to patient-specific spinal curvature and
anatomy. Finally, contrast is injected manually at 1 mL per sec-
ond with suspended respiration for 40-100 seconds while acquir-
ing biplane subtraction images at 2 frames per second. If the first
DSM fails to identify a CSF-venous fistula, then the study is
repeated on another day with the patient in the lateral decubitus
position on the contralateral side.

Radiation exposure during DSM was calculated for these
patients and for 2 age- and sex-matched controls, each with a BMI
of <40.

RESULTS

Eight patients with STH with a BMI of =40 underwent lateral
decubitus DSM (Fig 1). The mean age of these 5 women and 3
men was 53 years (range, 45-68 years). Six patients were morbidly
obese (BMI = 40.2, 40.6, 41, 41.8, 45.4, and 46.9), and 2 were
super obese (BMI = 53.7 and 56.3). None of the patients had
undergone bariatric surgery. Four patients presented with iso-
lated orthostatic headaches; 3, with orthostatic headaches with
Valsalva-induced worsening; and 1, with isolated Valsalva-
induced headache. Fundoscopic examination findings were nor-
mal in all 8 patients. Brain MR imaging showed brain sagging in
7 patients and meningeal enhancement in 5 patients.

Before referral to our medical center, a lumbar puncture in the
lateral decubitus position had been performed in 6 patients, show-
ing a low opening pressure (<6 cm H,0) in 1 patient and an ele-
vated opening pressure (26.5-36 cm H,O) in 5 patients. A lumbar
puncture performed with the patient in the prone position yielded
a normal opening pressure (11.5 cm H,0) in the remaining patient.



FIG 2. Sagittal T2-weighted MRIs showing brain sagging and T2 signal change within the cervical
spinal cord (presyrinx) (A) and resolution of the presyrinx after surgical ligation of the thoracic
CSF-venous fistula due to resolution of brain sagging and cerebellar tonsillar herniation (B).

All patients had undergone a spine MR imaging, 5 had undergone
a conventional CT myelogram, 3 had undergone dynamic CT my-
elography, and 2 had undergone DSMs in the lateral decubitus
position (using general or local anesthesia). None of these investiga-
tions had shown extradural CSF collections or a clear evidence of a
CSF-venous fistula. The combination of an elevated opening pres-
sure and normal spine imaging findings resulted in the diagnosis of
SIH being discarded in 2 patients who were subsequently misdiag-
nosed with demyelinating disease (T2 signal abnormality of the spi-
nal cord in the setting of severe brain sagging, Fig 2) and a
midbrain glioma (T2 signal abnormality in the setting of severe
brain sagging), respectively. Three patients had been treated with
multiple epidural blood patches or fibrin glue injections as well as
surgical ligation of thoracic nerve roots for the suspicion of a CSF-
venous fistula. One patient had undergone an exploratory operation
at the site of a disc herniation.

Using DSM with the patient in the lateral decubitus position,
we were able to detect a CSF-venous fistula in 6 of the 8 patients
(75%). All fistulas were located in the thoracic spine, 3 on the
right side and 3 on the left side. All were associated with a spinal
meningeal diverticulum. A normal opening pressure was found
in 3 patients (13, 17, and 20 cm H,O), a borderline elevated open-
ing pressure was found in 2 patients (23 and 24 cm H,0), and an
elevated opening pressure was found in 3 patients (28, 29, and
47 cm H,0). These opening pressure readings were obtained
with the patient in the lateral decubitus position under general
anesthesia. Radiation exposure was higher in these patients
(mean, 1753 mGy; range, 1271-2314 mGy) than in controls
(mean, 488 mGy; range, 167-979 mGy).

All 6 patients with a spinal CSF-venous fistula underwent an
uneventful thoracic foraminotomy, with ligation of the fistula
resulting in symptom resolution and normalization of the MR
imaging findings. However, rebound high-pressure headache

requiring treatment with acetazol-
amide developed in all 6 patients, and
this was complicated by visual blur-
ring and papilledema in 3 patients. A
lumbar puncture was performed with
the patient in the lateral decubitus
position in 2 of these patients with
papilledema, and this showed an
increase of opening pressure from 24
to 30cm H,O in one patient (sponta-
neous respirations) and from 47 to 51
cm H,O in the other (at the time of
repeat DSM with general anesthesia).
Vision symptoms resolved with the
acetazolamide treatment.

DISCUSSION
In this study of morbidly and super
obese patients with spontaneous spinal
CSF-venous fistulas, we found specific
challenges in the diagnosis, imaging,
and treatment.

Although it has been well-docu-
mented since the 1990s that patients
with SIH often do not have abnormally low CSF pressure,n’23 the
current study showed that opening pressure can be markedly
elevated in these patients. This finding shows that just like the
presence of a normal opening pressure, an abnormally high
opening pressure does not preclude the diagnosis of SIH.
Prior studies had already concluded that some patients with

22,23 and a

SIH may have borderline elevated CSF pressure,
patient with SIH and an opening pressure of 31 cm H,O was
reported by Kranz et al.>> The combination of an elevated
opening pressure in addition to normal results of conven-
tional spinal imaging, ie, the absence of any extradural CSF
collection, caused the diagnosis of SIH to be discarded in
some of the presently reported patients, despite the presence
of the typical brain MR imaging findings. This step resulted in
an erroneous diagnosis of demyelinating disease in one
patient and of a midbrain glioma in another. The presence of
elevated CSF pressure also has possible pathophysiologic
implications for the development of spinal CSF-venous fistu-
las. Similar to spontaneous skull base CSF leaks in patients

with idiopathic intracranial hypertension,**~*”

chronically
elevated CSF pressure could also predispose to spontaneous
spinal CSF leaks. This possibility also had been reported in
patients with pre-existing idiopathic intracranial hypertension
who developed SIH.? The presently reported patients had nor-
mal fundoscopic examination findings on presentation and
did not have idiopathic intracranial hypertension. Of note,
none of the patients in the present study had undergone bari-
atric surgery, a risk factor for developing SIH.*®

The detection of CSF-venous fistulas requires sophisticated
imaging, and we have been using lateral decubitus DSM with the
patient under general anesthesia for this purpose with excellent
results.® Although the body habitus of morbidly and super obese
patients may be intimidating, it should not result in a defeatist

AINR Am J Neuroradiol 42:397-401 Feb 2021 www.ajnr.org 399



attitude. In the present study, we detected CSF-venous fistulas in
three-fourths of morbidly and super obese patients with SIH and
no extradural CSF collections on spinal imaging, thus demon-
strating that the yield of identifying such fistulas in this patient
population can approach that of the nonobese patient popula-
tion.® In a prior study of 23 consecutive patients with STH and
the stigmata of STH on brain MR imaging but no extradural CSF
collections on spinal imaging who underwent lateral decubitus
DSM, we found CSF-venous fistulas in 17 patients (74%).°
Postoperatively, rebound high-pressure headaches occurred
in all 6 patients who underwent surgical ligation of the CSF-
venous fistula, and this was complicated by papilledema and
visual symptoms in 3 patients. The development of papille-
dema was associated with only a modest increase in opening
pressure. This compares with a previous study in which about
one-fourth of 113 patients developed rebound high-pressure
headache requiring administration of acetazolamide following
treatment of SIH, and papilledema was noted in only 2 patients.*
Similarly, Wang et al*® reported rebound high-pressure headaches
requiring treatment with acetazolamide in 5 (25%) of 20 patients
with SIH following surgical ligation of a spinal CSF-venous fistula.
Although the number of patients in the current study is small, this
suggests that morbidly and super obese patients with CSF-venous
fistulas are at increased risk of developing rebound high-pressure
headaches and papilledema postoperatively and that consideration
should be given to pharmacologic prophylaxis with, for example
acetazolamide, before treating the CSF-venous fistula and that
careful ophthalmologic evaluation postoperatively is indicated.

CONCLUSIONS

In patients with SIH due to a spinal CSF-venous fistula who are
morbidly or super obese, CSF pressure often is elevated and the
risk of posttreatment rebound high-pressure headache and papil-
ledema is increased. The yield of finding a CSF-venous fistula in
this patient population using DSM is similar to that in patients
who are not obese.
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LETTERS

Seeing What We Expect to See in COVID-19

appreciate the effort among your staff that must be required to
keep the articles in the American Journal of Neuroradiology cur-
rent as we learn more about the potential for CNS involvement
with coronavirus disease 2019 (COVID-19) infections.
The article in the September 2020 issue, “Anosmia in COVID-
19 Associated with Injury to the Olfactory Bulbs Evident on MRI,”
is certainly timely and of considerable interest because this symp-
tom has been reported in many infected patients.' In this article,
the authors report their experience with the imaging of 5 patients
whom they believe demonstrated abnormalities of the olfactory
bulbs, though 1 of these 5 did not have anosmia. While their article
appears to support the suspicion of many that COVID-19 directly
involves the olfactory bulbs, I think we should be careful that we
are not seeing only what we expect to see. In Fig 1, where the
authors point to presumed hemorrhage (microbleeding) into the
left olfactory bulb, there is also high signal in both inferior rectus
muscles and bilateral frontal lobes just lateral to the olfactory sulcus
on the precontrast scan and in the inferior frontal lobes on the
postcontrast scan. Because it is most likely that these other areas of
symmetric high signal along brain-bone-air interfaces in the orbits
and frontal fossa are susceptibility artifacts, one could argue that
the high signal that appears to be in the olfactory bulb is also arti-
factual. In support of that contention, the left and right olfactory
bulbs do not appear enlarged or asymmetric on the STIR scan, sur-
prising with presumed hemorrhage.
It is entirely possible, however, that one or more of the other
cases in which only postcontrast imaging is provided have real
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enhancement of the olfactory bulbs. However, they do not appear
to be enlarged, and this feature differs from a report in Neurology,
in which transient enlargement without particularly evident sig-
nal change was illustrated in a patient with COVID-19 and anos-
mia,” albeit measured on MR imaging that appears to be acquired
on different scanners or at least with different techniques.

This discrepancy among early reports supports the commen-
tary in the same issue, “Level of Evidence during COVID-19
Pandemic: Making the Case for Case Series and Case Reports.” T
agree that rapid publication of case reports of imaging findings
with COVID-19 will, in time, benefit our patients, but in the
meantime, we need to be particularly critical about the quality of
these early reports and avoid reaching any conclusions until there
is consistent and reliable evidence regarding CNS involvement
from COVID-19 infection.
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We are not always absolutely certain that what we see on
MRI truly represents tissue injury, but there are consistent
changes in the images of the olfactory bulbs in patients with coro-
navirus disease 2019 (COVID-19).

We understand the reason for Dr Alex Mamourian’s ques-
tions and confess that initially, we also had the same doubts that
he expressed in his letter, when for the first time, we were faced
with the images of olfactory bulb injuries in these patients with
COVID-19. The question arises about whether these are artifacts
or do they truly represent an abnormality in the olfactory bulbs?
To make sure that the findings we were identifying in the olfac-
tory bulbs of patients with COVID-19 were real and abnormal,
we reviewed healthy olfactory pathway of subjects from our data
base with pre- and/or postcontrast fat-suppression TIWI and
STIR of the orbit MRIs performed before the COVID-19 pan-
demic. We compared them with our data base because we did
not find any article in the literature describing the normal aspect
of the olfactory bulbs in pre- and postcontrast fat-suppression
T1WT or on STIR.

We would like to reply to Dr Alex Mamourian, pointing out
that all considerations regarding the difficulty of analyzing the ol-
factory bulbs were noted in our article in the last paragraph,
which discusses the limitations' of our retrospective study during
this terrible pandemic, which is still threatening humanity.

This region is difficult to analyze with fat-suppression TIWI
because of the susceptibility artifacts in the interface with the air,
and we spoke about these in the last paragraph of the Discussion
in our article.! These artifacts are generally well-recognized by an
experienced radiologist. In fact, if one reviews the image in Fig 1
of our article (case 1) (referred to by Dr Mamourian as an arti-
fact), it seems that it does not correspond to an artifact. It is uni-
lateral, located in the left bulb, with well-defined margins (the
susceptibility artifacts usually have ill-defined margins that van-
ish, and they are often bilateral). Another important argument
against the possibility of an artifact is that besides being seen in
pre- and postcontrast fat-suppression TIWI (where susceptibility
artifacts often appear), it is also clearly identified on the STIR
image; thus, it would seem that it corresponds to a real image.
STIR is not a sequence that identifies this kind of artifact.”
Moreover, if you read the legend, you will see that we stated
“probable”" methemoglobin.

In the other 4 cases (Fig 2 of our article), the bulbs seemed to
enhance on the postcontrast series, but because there were no
precontrast series, the differential diagnosis would be made with
the presence of methemoglobin (this is also very clear in the
Materials and Methods)."

The cases in our retrospective study did not have any coronal
FLAIR, FIESTA, or CISS images because the olfactory bulbs and
anosmia were not the reason for the investigation by brain MR
imaging." Thus, our study cannot be compared with the other
studies about presence of edema or an increase of volume, and
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FIGURE. A woman in her 60s with confirmed COVID-19 for which
MR imaging shows a hyperintense lesion on a coronal reconstruction
of 3D-FLAIR (A, arrow) and also on pre- (B, arrow) and postcontrast
SPGR TIWI (C, arrow). This is suggestive of a component of probably
methemoglobin in this left olfactory bulb lesion, which seems to be a
little larger and asymmetric compared with the apparently normal
right olfactory bulb. This asymmetry is better seen on FLAIR. On
FLAIR (A, short arrow), there is also a small round hyperintense lesion
in the subcortical white matter in the left frontal lobe, which is hypo-
intense on TIWI (B, short arrow) and does not enhance on postcon-
trast TIWI (C, short arrow), being no specific lesion area probably
corresponding to gliosis. This patient also had some areas of brain
parenchymal bleeding and microbleeding, and had around 50% of the
bilateral pulmonary parenchyma compromised with typical COVID-19
lesions on chest CT, not shown in this figure.

we also spoke about this in the introduction.! However, one of
our new cases was also investigated using a 3D-FLAIR sequence,
allowing clear evidence of damage to the olfactory bulb, corre-
sponding to the alterations observed in the pre- and postcontrast
spoiled gradient recalled (SPGR) T1WI, definitively ruling out the
possibility of an artifact, at least in this particular case (Figure).
Regarding another comment, the only case reported in our
publication (case 5) that did not mention anosmia presenting on
the MR imaging had suggestive enhancement only in the left ol-
factory bulb, which is also described in the Results.' We also held
a discussion about this and concluded (fourth paragraph), “The
patient hardly perceives unilateral anosmia.”" She probably had
unilateral damage to the olfactory bulb that was not sufficient to
clinically result in anosmia. The human olfactory pathway proj-
ects ipsilaterally to the brain, and the central processing of its in-
formation is initially also restricted to the same hemisphere. Later
processing includes bilateral cortical activation.’ The clinical



consequence of this is that unilateral olfactory deficits can remain
asymptomatic and thus cannot be noticed. We did not use the ol-
factory test evaluation, only the patient's report, because our
study was retrospective. However, even using smell tests meas-
uring olfactory function mostly reflects the best side when testing
bilaterally.

Unlike the pathologist who deals directly with the injured tis-
sue, the radiologist tries to interpret on the image what may be
happening in the tissue, evaluating a possible anatomofunc-
tional correlation. Thus, it was not only in our study’ that a
relationship between anosmia and apparent alteration of the
MR image was observed in patients with COVID-19 even if
other MR imaging sequences have been performed and ana-
lyzed.*"® Our obligation is to present to the scientific commu-
nity what we believe as an interpretation of a possible lesion
demonstrated by the imaging. Obviously, we agree that there
is always the risk of seeing what we want to see and not seeing
what we do not want to see. Moreover, we have to always
remember that in science, there are false-positives and false-
negatives beyond the artifacts.

We think all would agree that anatomopathologic studies are
necessary to better define neuroradiologic interpretation.
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LETTERS

COVID-19 Related Central Nervous System Vasculopathy:

I read with great interest the article by Hanafi et al' reporting the
case of a patient with coronavirus disease 2019 (COVID-19) who
developed multiple focal supra- and infratentorial ischemic lesions
involving the periventricular white matter, basal ganglia, cerebellar
peduncles, and the corpus callosum. The authors considered
hypoxic-ischemic injury as an unlikely mechanism, given the tem-
poral mismatch between hypoxemia and neurologic deterioration,
as well as imaging studies excluding involvement of the striatum
and brain cortex. They also excluded a prothrombotic state because
coagulation panel findings were normal. Because there was an
association between ischemic and hemorrhagic lesions with patchy
enhancement after intravenous contrast administration, the possi-
bility of injury to small intracranial vasculature in the distribution
of distal perforating arteries in a pattern suggestive of vasculitis
was suggested.

I would like to share some comments on this case, in the hope
of adding some more useful insights.

In Severe Acute Respiratory Syndrome coronavirus 2 (SARS-
CoV-2) infection, vascular injury can occur through 2 potentially
complementary mechanisms: direct, resulting from the virus affin-
ity to angiotensin-converting enzyme-2 expressed by endothelial
cells;> and indirect, due to a misdirected host immune response
inducing coagulopathy and vasoconstriction.” Despite having a
negative coagulation panel, the patient had elevated C-reactive pro-
tein (60mg/L) and, very likely, a cytokine storm, as severely ill
patients with COVID-19 typically present with it;* these are known
inflammatory markers that potentially induce hypercoagulability*
and endothelial cell injury per se. Moreover, Hanafi et al' could
have stated which specific coagulation/inflammatory parameters
were determined, as there are many described in the literature as
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Beyond Vasculitis

O

being abnormally high in patients with COVID-19, such as ferri-
tin, D-dimer, or lactate dehydrogenase levels.

Simultaneously, to assertively diagnose vasculitis, one should
document vessel lumen irregularities and, most important, vessel
wall inflammation. Given the apparent small-vessel involvement,
due to the topographic distribution of the aforementioned ischemic
lesions, digital subtraction angiography could have been performed
to characterize potential distal vessel irregularities (in this context, a
more sensitive technique than 3D time-of-flight MRA); moreover,
despite less sensitivity for small-vessel involvement, vessel wall MR
imaging should ideally have been performed to search for concen-
tric vessel wall enhancement, a known direct sign of regional mural
inflammation. Therefore, in this case, the association of ischemic/
hemorrhagic lesions and the patchy enhancement pattern is, in my
opinion, insufficient to establish the diagnosis of vasculitis.

Therefore, I believe one should be cautious and more conserva-
tive and describe this condition as a COVID-19 related vasculop-
athy, potentially induced by a misdirected host immune response
in a probable setting of a cytokine storm.
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We thank Dr Miguel Quintas-Neves for his interest in our
article' and for his useful comments. As mentioned in Dr
Quintas-Neves’s commentary, and in our article, mechanisms of
injury related to hypoxic-ischemic injury and a hypercoagulable
state were confidently ruled out in our patient on solid clinical
and biologic grounds. On the other hand, the patient clearly pre-
sented with signs and markers of inflammation.

In that patient, multiple, diffuse cerebral lesions were present,
mostly ischemic, some hemorrhagic, in a wide distribution that
included the deep white matter of both hemispheres, the corpus
callosum, the deep gray matter structures, and the middle cerebellar
peduncles. Restricted diffusion was present in all of those lesions,
some of which demonstrated a “patchy” pattern of contrast uptake.

Such patterns of diffuse punctate deep white matter/gray
matter restricted diffusion with postcontrast “patchy/punctate”
enhancement have been shown to be associated with active small
vessel wall inflammatory changes in primary and secondary CNS
angiitis and in some presentations of the reversible cerebral vaso-
constriction syndrome and posterior reversible encephalopathy
syndrome complex.> In those patients, hemorrhagic transforma-
tion has been speculated to possibly result from damage to the
arterial wall in relation to a necrotizing pattern, allowing trans-
mural passage of blood.*

Consequently and on the basis of the radiologic findings in
that patient, we suspected and reported a vasculitis-like pattern.
We further suggested that such a vasculitis-like picture may pos-
sibly be in relation to diffuse endotheliitis from the Severe Acute
Respiratory Syndrome coronavirus 2 spike glycoprotein effect on
the endothelial angiotensin-converting enzyme 2 (ACE-2) recep-
tors. MRA demonstrated no evidence of large- or medium-sized
vessel abnormalities. Although small, the potential risk of con-
ventional cerebral angiography was not believed to be justified in
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that patient, considering the lack of substantial impact on the
patient’s management.

Indeed, both mechanisms suggested by Quintas-Neves, ie,
direct viral affinity for endothelial ACE-2 receptors and cytokine
storm-related endothelial injury, are plausible mechanisms that
are entirely in line with our description. Indeed, too, such a pat-
tern of endothelial inflammation leading to microvascular ische-
mia/thrombosis may conceivably affect randomly any part of the
body.

We further believe it likely that other, unforeseen mecha-
nisms may be present to explain CNS injuries in patients with
coronavirus disease 2019. Hopefully, new research will educate
us all on the various molecular mechanisms through which this
new virus can cause harm, until an effective vaccine is found.
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ERRATUM

I n the article “Secondary Otalgia: Referred Pain Pathways and Pathologies” by Norris CD and Koontz NA (AJNR Am ] Neuroradiol
2020;41:2188-98), cervical nerves 2 and 3 were incorrectly printed as cranial nerves IT and III.
The journal regrets the error.
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