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First described in 1751, NGC 2070, also called the Tarantula Nebula, is a large emission nebula in the Large Magellanic Cloud (LMC) in the southern constellation of Dorado.
This image was remotely acquired from Australia using a 20” Planewave corrected Dall-Kirkham telescope, Planewave Ascension Mount, and FLI-09000 camera (3056 x 3056 with 12
micron pixels). It was shot with narrowband filters (Ha, Olll, SIl) using a series of 5-minute exposures with 3 hours total imaging time, and registered, stacked, and combined in
PixInsight, with additional postprocessing in Photoshop. This image was formed using the Hubble palette, which assigns red to SlI, green to He, and blue to Ol

Jeffrey S. Ross, Barrow Neurological Institute, Phoenix, Arizona
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REVIEW ARTICLE

Ultra-High-Field MR Neuroimaging

P. Balchandani and T.P. Naidich
O=

ABSTRACT

SUMMARY: At ultra-high magnetic fields, such as 7T, MR imaging can noninvasively visualize the brain in unprecedented detail and
through enhanced contrast mechanisms. The increased SNR and enhanced contrast available at 7T enable higher resolution anatomic and
vascular imaging. Greater spectral separation improves detection and characterization of metabolites in spectroscopic imaging. Enhanced
blood oxygen level-dependent contrast affords higher resolution functional MR imaging. Ultra-high-field MR imaging also facilitates
imaging of nonproton nuclei such as sodium and phosphorus. These improved imaging methods may be applied to detect subtle anatomic,
functional, and metabolic abnormalities associated with a wide range of neurologic disorders, including epilepsy, brain tumors, multiple
sclerosis, Alzheimer disease, and psychiatric conditions. At 7T, however, physical and hardware limitations cause conventional MR imaging
pulse sequences to generate artifacts, requiring specialized pulse sequences and new hardware solutions to maximize the high-field gain
in signal and contrast. Practical considerations for ultra-high-field MR imaging include cost, siting, and patient experience.

ABBREVIATIONS: B, = magnetic field; B, = radiofrequency field; BOLD = blood oxygen level-dependent; CT-PRESS = constant time point-resolved spectro-
scopic sequence; ITSS = intratumoral susceptibility signal; MRSI = MR spectroscopic imaging; RF = radiofrequency; SAR = specific absorption rate; WHO = World

Health Organization

rom the initial grainy images of the human brain obtained in
Fthe late 1970s," MR imaging has progressed to provide exqui-
site images of brain anatomy and function and metabolic compo-
sition, making MR imaging integral to nearly all current neuro-
logic evaluations.> Two major determinants of MR image quality,
SNR and contrast, both increase with field strength (Table).>*
Therefore, MR imaging scanners operating at field strengths of 7T
(and up to 11.7T) have the potential to improve lesion detection,
enhance lesion characterization, improve treatment planning,
and help elucidate the mechanisms underlying disease. This re-
view addresses the advantages and limitations of ultra-high-field
MR imaging and MR spectroscopy and discusses some of the ma-
jor clinical applications to the brain. Physical and technical chal-
lenges of high-field MR imaging and some current solutions to

From the Translational and Molecular Imaging Institute (P.B.) and Department of
Radiology (P.B., T.P.N.), Icahn School of Medicine at Mount Sinai, New York, New
York.

This work was funded by the National Institutes of Health/National Institute of
Neurological Disorders and Stroke grant ROO NS070821; Icahn School of Medicine
Capital Campaign, Translational and Molecular Imaging Institute, and Department
of Radiology, Icahn School of Medicine at Mount Sinai; and Siemens Healthcare.

Please address correspondence to Priti Balchandani, PhD, Translational and Molec-
ular Imaging Institute, Icahn School of Medicine at Mount Sinai, 1470 Madison Ave,
New York, NY 10029; e-mail: priti.balchandani®@mssm.edu
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these challenges are outlined, as are practical aspects of placing an
ultra-high-field scanner in an imaging facility.

Improved Visualization of the Brain at 7T

Structural Imaging. Because SNR scales with field strength
(Table),”> 7T MR imaging provides higher resolution images
within reasonable scanning times, compared with lower field
studies.®'? At 7T, therefore, MR imaging displays finer anatomic
detail, increases lesion conspicuity, and more accurately charac-
terizes brain abnormalities. Figure 1, for example, illustrates 7T
axial and coronal-oblique turbo spin-echo images of the hip-
pocampus obtained from healthy volunteers at 450-um in-plane
resolution and 2-mm section thickness.

Vascular and Functional Imaging. Increasing the field strength
provides opportunities for novel MR imaging contrast mecha-
nisms, including improved susceptibility, blood oxygen level—de-
pendent (BOLD) and flow-dependent contrast. MR imaging sen-
sitivity to susceptibility effects scales with field strength (Table),
making it possible to more effectively depict venous microvascu-
lature, microbleeds, and iron and calcium deposits through sus-
ceptibility-weighted imaging.'* Figure 2 illustrates a MIP of an
SWI obtained at 7T.

The increased T2*dephasing due to deoxygenated blood
should enhance BOLD contrast, permitting higher resolution
functional MR imaging.'”> Furthermore, the component of the



Relationship of imaging parameters and main magnetic field strength

Relationship with Main

Imaging Property Magnetic Field Strength Observed Trend in Practice

SNR SNR a B, SNR increases linearly with By; however, a linear increase may not be
achievable in the presence of inhomogeneity and changing tissue
relaxation*®

Resolution Resolution o n®>* In practice, further increases in resolution may be achieved because

When By, is increased by a factor of n  of improvements in detector and gradient design and enhanced

contrast-to-noise ratio for some types of imaging sequences acting
in conjunction with increased field strength

Tl (in sec) T1=1/(0.35 + 0.64 X B, %) This is a heuristic approximation (in SI units) for cortical gray matter®;
generally T1 values for different tissues lengthen and converge
with field strength

T2* (in sec) T2* =1/(7 + 3.5 X By) This is a heuristic approximation (in SI units) for cortical gray
matter®®”®

Apparent T2 Decrease with B, Theoretically, field strength has little effect on the spin-spin

Sensitivity to susceptibility A¢ aB, X TE In

Spectral resolution in MRSI AF a B,

CSL error CSL a B, X section thickness/ In

(RF bandwidth)

relaxation governing intrinsic T2°%: however, due to effects such

as spins diffusing through susceptibility microgradients, apparent T2
shortens for some spin-echo sequences®®'°%*'

practice, higher B, enables the use of shorter TEs to maintain

the same phase effect; coupled with higher SNR, this

results in improved resolution and speed

Although the separation of spectral peaks increases with field

strength, increased B, inhomogeneity within a voxel will cause
broadening of peaks, counteracting this benefit; better shimming
and smaller voxel volumes are required to prevent peak broadening
MRSI, this results in substantial shifts in selected volumes for
metabolites resonating at different frequencies; high bandwidth RF
pulses, such as adiabatic pulses can mitigate CSL error

Note:—A¢ indicates the phase difference between 2 tissues; AF, frequency separation between metabolite peaks; CSL, chemical shift localization; S, International System of Units.

FIG1. High-resolution axial (A) and coronal oblique (B) images of the brain obtained at 7T. The 450-um in-plane resolution enables visualization

of the hippocampus in fine detail. C, Effective hippocampal subfield s
manually traced courtesy of Dr Jason Bini on high-resolution coronal

egmentation may be performed on a 7T TSE image. Subfields were
TSE images on OsiriX Image Viewing Software (http:// www.osirix-

viewer.com) by using the segmentation work by Van Leemput et al'®? as a guide. Scanner: whole-body 7T MR imaging (Magnetom; Siemens). RF
coil: Nova 32-channel head coil (Nova Medical, Wilmington, Massachusetts). Scan parameters: number of sections = 25, section thickness = 2
mm, FOV = 23 cm, grid size = 512 X 512, resolution = 0.44 X 0.44 X 2 mm?, scanning time = 6 minutes and 30 seconds.

BOLD signal that arises from smaller blood vessels also scales with
field strength, so the BOLD signal has better spatial correlation to
oxygen extraction and is more tightly coupled to the underlying
neuronal activity.'®'”

The T1 values of tissue increase with field strength (Table). At 7T,
the higher SNR and longer T1 values for tissue enhance suppression
of static background signal in TOF angiography, increasing overall
contrast and the detectability of smaller arteries.'® Figure 3 shows a
TOF image obtained at 7T depicting the multiple arterial branches
arising from the anterior and middle cerebral trunks.

MR Spectroscopic Imaging. The chemical shift differences among
metabolite resonances are directly proportional to field strength

(Table). The combination of increased SNR and increased spec-
tral separation of metabolite peaks results in higher resolution
spectroscopic images and improved spectral quantification.® Fig-
ure 4 shows a spectrum obtained at 7T with a constant time point-
resolved spectroscopic (CT-PRESS) pulse sequence described by
Mayer and Spielman.'® Greater numbers of metabolites become
detectable as SNR and peak separation increase.

DTI.
coils, has been shown to increase the certainty and accuracy of

The increased SNR at 7T, coupled with improved receiver

determining DTI-based parameters such as fractional anisot-
ropy, compared with 3T and 1.5T.*° Figure 5 illustrates stream-
lines generated from diffusion-weighted data obtained on a
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7T whole-body MR imaging scanner (Magnetom; Siemens, Er-
langen, Germany) by using an optimized Stejskal-Tanner se-
quence.”' A readout-segmented EPI method proposed by Heide-

mann et al*?

was used to overcome issues such as magnetic field (B,)
inhomogeneity. Unfortunately, for such an acquisition, total scan-
ning time is impractically long (75 minutes), so new approaches,
such as multiband excitations, are being explored to obtain these

types of results within reasonable scanning times.*>**

Multinuclear Imaging. Greater SNR provides a signal boost to
nuclei other than protons, such as sodium-23 (**Na) and phospho-
rus-31 (*'P), which provide a means of probing important cell pro-
cesses, different metabolic pathways, and new relaxation mecha-
nisms.>>>* Figure 6 illustrates a high-resolution >*Na image obtained
at 7T using a 3D attenuation-adapted projection reconstruction
method described in Nagel et al.*® The signal from sodium *’NA is
30,000 times lower than the signal from protons, due to the smaller
gyromagnetic ratio of sodium, lower concentration in biologic tissue,
and rapid biexponential decay.”® Nevertheless, the increased SNR
available at 7T enables imaging at a resolution that depicts main an-
atomic features in the brain, even in the SNR-starved regime of the

FIG 2. MIP of a 7T susceptibility-weighted image of the brain of a
healthy volunteer revealing tiny venules in the cortex. Scanner: whole-
body 7T MR imaging (Magnetom; Siemens). RF coil: Nova 32-channel head
coil. Scan parameters: resolution = 0.2 X 0.2 X 1.5 mm>, MIP thickness =
12 mm over the set of sections, scanning time = 6 minutes and 2 seconds.

FIG3. Time-of-flight angiography performed on a healthy volunteer at 7T. Axial and sagittal MIP of TOF
images are shown. Scanner: whole-body 7T MR imaging (Magnetom; Siemens). RF coil: Nova 32-channel
head coil. Scan parameters: resolution = 0.26 X 0.26 X 0.4 mm?, scan time = 7 minutes and 56 seconds.
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sodium nucleus. More recently, chlorine-35 (**Cl), a nucleus that
exhibits even lower MR imaging sensitivity than >*Na, has been im-
aged within clinically feasible scanning times.?” Early work indicates
that *>Cl imaging may reveal pathophysiologic changes associated
with loss of chloride homeostasis.*”

Clinical Applications of 7T in Neuroradiology
High-resolution 7T imaging may now be used to improve the
detection and characterization of abnormalities associated with a
wide range of neurologic disorders, including epilepsy, brain tu-
mors, multiple sclerosis, Alzheimer disease/dementia, and neuro-
psychiatric disorders.”' %2342

Epilepsy. Theimproved resolution and novel contrast mechanisms
available at 7T show structural and biochemical abnormalities in
greater detail to delineate seizure foci, aid in surgical planning, and
improve patient outcome. 7T detection of abnormalities not visible
at 3T may obviate invasive evaluation through depth electrodes or
provide the data needed to establish concordance with invasive eval-
uations. 7T MR imaging has already shown value for characterizing

842 cortical dysplasias,*> and vascular mal-

hippocampal sclerosis,
formations** associated with epilepsy. Figure 7A compares 3T and
7T FSE images in a patient with epilepsy with subtle left hippocampal
abnormalities. Figure 7B shows the benefit of 7T imaging in a second

patient with mesial temporal lobe epilepsy.

Brain Tumors. Ultra-high-field MR imaging may be applied in
different ways to better visualize brain tumor pathology. Superior
image quality and enhanced sensitivity to susceptibility have been
leveraged at 8T to depict the neovasculature in a high-grade gli-
oma.”® "H-MR spectroscopic imaging (MRSI) at 7T has been
shown to provide a benefit for measuring metabolic markers of
tumor tissue, such as choline and N-acetylaspartate, with in-
creased spectral and spatial resolution compared with 3T.*

Sodium MR imaging greatly benefits from the increased SNR
available at 7T. Sodium signal has been shown to increase in brain
tumors.*®*® This signal increase is caused by the cellular energetic
breakdown of Na*/potassium *—adenosine triphosphatase, by
sustained cell depolarization initiating cell division and by in-
creased extracellular space. Thus, the total sodium signal probes
several aspects of tissue viability.”® 7T
**Na MR imaging using optimized pulse
sequences has been performed in patients
with brain tumors (14 World Health Or-
ganization [WHO] grades I-IV and 2 me-
tastases).”” Figure 8 shows total sodium
(*NaT) images (A-C) and relaxation-
weighted (**NaR) sodium images (D-F)
of a glioblastoma (WHO grade IV) of the
left mesial frontal lobe. The 2 pulse se-
quences used for these images are given in
Nagel et al.*®

Total sodium images and relaxation-
weighted sodium images provide comple-
mentary data. In particular, >>NaT images
provide a volume-weighted average of the
intra- and extracellular sodium concen-
tration, while the *’NaR images provide



FIG 4. In vivo brain spectra acquired on a healthy volunteer by using a CT-PRESS sequence at
7T. Spectrum is courtesy of Drs Dirk Mayer and Daniel Spielman, Stanford University, Stanford,
California. Plotted below the in vivo data are simulated spectra of individual metabolites, as
generated by the CT-PRESS acquisitions.'®> Metabolites shown are: phosphocreatine (PCr), cre-
atine (Cr), myo-inositol (ml), scyllo-inositol (sl), N-acetylaspartate (NAA), N-acetyl aspartylglu-
tamate (NAAG), alanine (Ala), aspartate (Asp), glutamate (Glu), glutamine (GlIn), Choline (Cho),
gamma-aminobutyric acid (GABA), glutathione (GSH), phosphoethanolamine (PE), glucose (Glc),

Another MR imaging parameter, in-
tratumoral susceptibility signals (ITSSs),
correlates with tumor malignancy and
may contribute to a grading system for
gliomas.*>° Park et al>® showed that the
Spearman correlation coefficients be-
tween ITSS degree and glioma grade were
0.88 (95% CI, 0.79—-0.94). Microvascular
proliferation is a primary feature of glio-
blastoma, often resulting in microhemor-
rhages. These act as the source of ITSS
within these lesions. Hemorrhage is an
uncommon feature of B-cell primary
CNS lymphoma, resulting in little-to-no
ITSS within these lesions.”" Therefore, in
addition to helping to grade gliomas, ITSS
is useful for differentiating glioblastoma
and primary CNS lymphoma.”" Because
7T MR imaging enhances sensitivity to
susceptibility effects, 7T offers improved
contrast and more detailed assessment of
ITSS. Figure 9 shows TSE imaging and
SWI acquired at 3T and 7T for a patient
with a histopathologically confirmed left
temporal glioblastoma. The MR imaging
was performed before neurosurgery or
any other treatment. ITSSs are more ap-
parent and better resolved in the 7T SWI.
The structural appearance of the tumor
may be assessed in fine detail in Fig 9A.

Multiple Sclerosis. 7T MR imaging has
particular utility for visualizing the patho-
logic features of MS. The addition of 7T
anatomic scans to clinical 3T imaging
protocols improves classification of le-
sions at the cortical boundary® and im-
proves the detection and display of gray
matter lesions.'” Local field shift maps
that are sensitive to susceptibility differ-
ences in tissue have been used to quantify
the pathologic increase in iron concentra-
tion in the basal ganglia of patients with
MS versus controls.”® This method has

taurine (Tau). Scanner: 7T whole-body scanner (MR950; GE Healthcare, Milwaukee, Wisconsin).

RF coil: Nova head coil. Scan parameters: resolution = 2 X 2 X 2 cm?; voxel centrally located in

the supertentorial brain, scanning time = 5 minutes.

signal from a compartment defined by *Na relaxation properties
rather than intra- or extracellular histologic compartments. Nagel

et al®

found that total sodium was elevated in all tumor types.
However, the relaxation-weighted sodium signal was elevated
only in glioblastomas, not in WHO grades I-11I tumors. >*NaR,
therefore, provides a noninvasive method for correct MR imaging
distinction between WHO grade IV gliomas and WHO grades
I-IIT tumors. In Figure 8, the total sodium signal is elevated in the
entire tumor, while the relaxation-weighted signal increase is lo-
calized to the central tumor portion, consistent with the influx of
*’Na into cells in that region.

also been used to detect iron-rich macro-
phages at the periphery of MS plaques.>®
Early active MS lesions may be associated
with venular dilation, and chronic lesions, with venular pruning
and loss.>* Any vascular pathology associated with MS lesions
may be assessed in vivo through highly sensitive T2* and suscep-
tibility-weighted imaging at 7T.>>® SWI at ultra-high fields also
allows very effective depiction of the tiny venules within plaques in
the cortex as shown in the image obtained at 7T from a patient with
MS in Fig 10.

Alzheimer Disease. One early pathologic change in Alzheimer
disease is neuronal loss in specific subfields of the hippocampus.>”
High-resolution hippocampal imaging at 7T has been proposed
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FIG 5. Tractography performed by using diffusion imaging at 7T with readout-segmented EPI
and parallel imaging. Image courtesy of Dr Robin Heidemann, Max Planck Institute for Human
Cognitive and Brain Sciences, Leipzig, Germany. Scanner: whole-body 7T MR imaging (Magne-
tom; Siemens). RF coil: Nova 24-channel head coil. Scan parameters: b-value of 1000 s/mm?,
resolution = 1 X 1 X Tmm?, 30 diffusion directions, generalized autocalibrating partially parallel
acquisition acceleration factor = 3, TE/TR = 60/11,000 ms, scanning time = 75 minutes.

FIG 6. Sodium brain image of a healthy volunteer obtained at 7T using a 3D attenuation-
adapted projection reconstruction. Images courtesy of Dr Armin Nagel, the German Cancer
Research Center, Heidelberg, Germany. Scanner: whole-body 7T MR imaging (Magnetom; Sie-

through 7T T2*-weighted imaging, may
serve as a potential early imaging marker for
Alzheimer disease.

Psychiatric Illness. The etiology of mood
and anxiety disorders such as major de-
pressive disorder remains poorly under-
stood.” Study results have been diver-
gent, with no clear consensus on proper
neuroimaging markers for these condi-
tions.>°® However, it is known that the
medial prefrontal cortex and tem-
porolimbic structures, including the hip-
pocampus and amygdala, are critical
nodes in major depression.’”°***> Fur-
thermore, high-spatial-resolution MR
imaging at 4.7T and 7T successfully dif-
ferentiates among hippocampal subfields
and should, therefore, provide a more
sensitive marker for psychiatric disease
total
ume Huang et al®® have
already conducted high-field (4.7T) hip-
pocampal subfield analysis in a group of

than does
12,13,64

hippocampal  vol-

patients with major depressive disorder,
showing volume reductions in the cornua
ammonis 1-3 and dentate gyrus hip-
pocampal subfields and the posterior hip-
pocampal body and tail for unmedicated
patients with major depressive disorder
versus controls. Further comprehensive
high-field studies combining high-resolu-
tion anatomic scans with DTI and 'H-
MRSI should help in detecting morpho-
logic

connectivity,’® and reduced glial and neu-
67-69

abnormalities,  disruptions in

ronal cell attenuation associated with

psychiatric disorders.

mens). RF coil: double-resonant ('H = 297.2 MHz; *Na = 78.6 MHz) quadrature birdcage coil

(Rapid Biomed, Rimpar, Germany). Scan parameters: resolution = 2 X 2 X 2 mm?®, scanning

time = 20 minutes.

as an effective tool for revealing these changes.” 7T MR imaging
has already shown differences in the cornu ammonis 1 hippocam-
pal subfield of patients with mild Alzheimer disease compared with
controls.” Figure 11 illustrates 7T images of the left hippocampus of
age-matched healthy individuals (A) versus those with amnestic mild
cognitive impairment (B) and probable Alzheimer disease (C). With
increasing disease severity, the stratum radiatum/lacunosum-mo-
leculare (thin apical dark band of tissue) becomes thinner, the den-
tate gyrus/CA3 region becomes greatly diminished in size, and the
entire hippocampus shrinks in relation to the surrounding CSF.
Ultra-high-field MR imaging is also being used to investigate the
possible increase in tissue iron associated with early-stage amyloid
pathology. The cerebral cortex of patients with Alzheimer disease was
studied by 7T T2*-weighted imaging to calculate the relative phase
shift, a parameter that is sensitive to iron content. This study revealed
increased phase shift within the cortex of patients with Alzheimer
disease versus controls.*® Therefore, relative phase shift, measured
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Technical and Physical Limitations
The present use of ultra-high-field MR

imaging is limited by technical and pa-
tient concerns. The technical issues include inhomogeneity of
both the main magnetic field and the applied radiofrequency (RF)
field (B,), errors in chemical shift localization, and increased de-
position of RF power within the patient. These cause image arti-
facts, limit section number/spatial coverage, and limit the use of
MR spectroscopy.

B, Inhomogeneity. B, inhomogeneity directly scales with field
strength (Table). In MR imaging, this results in distortion of both
the geometry and the intensity of images. Single- or few-shot
rapid acquisition schemes such as echo-planar imaging or spiral
imaging are particularly susceptible to geometric distortions due
to susceptibility effects. In MR spectroscopy, B, changes among
voxels manifest as spectral shifts for the metabolite peaks. As a
result, frequency-selective pulses that are designed to operate on
particular spectral bands are less effective. Water and lipid sup-
pression techniques become less effective. The varying B, field



FIG 7. A, 3T and 7T coronal FSE images obtained for a patient with mesial temporal lobe
epilepsy. Subtle left hippocampal abnormalities are visualized in greater detail in the 7T image.
B, In a second patient with mesial temporal lobe epilepsy, loss of gray matter in the left hip-
pocampus is detected at 7T (white arrow), after no abnormalities were reported at 3T. Images
are courtesy of Drs Michael Zeineh, Manoj Saranathan, and Brian Rutt, Stanford University,
Stanford, California. Scanners: whole-body 3T and 7T MR imaging (MR950; GE Healthcare). RF
coils: standard 3T head coil (GE Healthcare) and Nova 7T head coil. Scan parameters: section
thickness = 2 mm, resolution = 0.22 X 0.22 X 2 mm?, scanning time = 10 minutes.

within a voxel broadens the metabolite peaks, reduces the SNR, and
increases peak overlap. To combat this effect, robust referencing
schemes, advanced B, shimming, and decreased voxel volumes are
required.

B, Inhomogeneity. One of the most difficult problems to overcome
at high magnetic fields is the severe B, inhomogeneity over the vol-
ume of interest. As the By, field increases to 7T, the RF operating
wavelength becomes comparable with the diameter of the human
head, resulting in a severe reduction of B, strength in the brain pe-
riphery compared with the isocenter.”® This ultimately leads to signal
drop-out and unexpected changes in contrast. Standard pulse se-
quences using conventional RF pulses for excitation and refocusing
are very susceptible to changes in B,, resulting in spatially varying
contrast and SNR in structural and spectroscopic images.

Lack of an RF Transmit Body Coil. A third major technical issue
has been the lack of an RF transmit body coil, making it necessary
to integrate a dedicated RF transmit coil into head RF coil designs.
This integration increases the complexity of RF head coil design. A
few robust transmit/receive head coils are now becoming available
for useat 7T, potentially resolving this problem. Such coils are usually
supplied by the manufacturer at the time of scanner purchase.

RF Power Deposition. RF power deposition, measured as the spe-

cific absorption rate (SAR), theoretically in-
creases as the square of B. Although other
effects may partially compensate for this in
practice, there is still a tighter limit on the
number, duration, and amplitude of ap-
plied RF pulses in a given time period at 7T
compared with 3T. For some commonly
used MR imaging pulse sequences that use
many closely spaced high-flip-angle RF
pulses, such as fast spin-echo or turbo spin-
echo (depending on the vendor), these
pulses severely limit the number of sections
that may be acquired. See Fig 12 for the sim-
ulated B, and SAR in the brain at 7T com-
pared with 3T.

Changing Relaxation Behavior. Relax-
ation constants change as a function of field
strength (Table). T1 values lengthen and
converge for most tissues as the field
strength increases. T2* values decrease with
field strength, resulting in enhanced con-
trast due to iron deposits, calcifications, and
deoxygenated blood but also increased sig-
nal loss at tissue interfaces on gradient re-
called-echo images. The exact, heuristically
derived relationships between T1 and T2*
and By, are provided in the Table. At higher
field strengths, apparent T2 values also
shorten for spin-echo sequences due to dif-
fusion effects through microgradients sur-
rounding capillaries. The specific effect on
T2 will depend on tissue type. The apparent
T2 was experimentally found to shorten
from 76 to 47 ms in frontal gray matter and
from 71 to 47 ms in white matter, when moving from 3T to 7T.”*
Single-echo sequences such as diffusion-weighted EPI are particu-
larly vulnerable to such T2 shortening. In addition, such single-echo
or few-echo series have distortions due to B, and B, inhomogeneity.
Sequence timing must be changed to account for these effects and
achieve the desired contrast. In particular, longer TRs and shorter
TEs are required to maximize signal and contrast.

Increased Chemical Shift Localization Error. MR spectroscopy is
planned within a volume of interest specified at the scanner. How-
ever, the precise location of the volume achieved shifts with the RF
pulse and with the resonant frequency of the metabolite. This
spatial offset is called the chemical shift localization error. Because
each metabolite to be studied has a different resonant frequency,
each metabolite volume is spatially shifted with respect to the
others. As a result, the volume in which all of the metabolites can
be imaged together is smaller than the volume initially specified.
The degree of the shift is proportional to the magnetic field
strength (B,), proportional to the section width, and inversely
proportional to the bandwidth of the applied RF pulse. Cho and
NAA, for example, are separated by 1.2 ppm. This translates into
a frequency separation of 153 Hz at 3T, but 360 Hz at 7T. Because
chemical shift localization error is linearly proportional to this
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FIG 8. A-C,Images of total sodium content for a patient with a glioblastoma of the mesial frontal
lobe. Total sodium signal is elevated in tumor tissue. D—F, Images of relaxation-weighted sodium
signal of the same patient. This provides sodium levels from a different tissue compartment and is
only elevated in the central portion of the tumor. Images are courtesy of Drs Armin Nagel and Armin
Biller, German Cancer Research Center, Heidelberg, Germany. Scanner: whole-body 7T MR imaging
(Magnetom:; Siemens). RF coil: rapid double-resonant ('H = 297.2 MHz; *Na = 78.6 MHz) quadrature
birdcage coil. Scan parameters: resolution = 2.5 X 2.5 X 2.5 mm?, scanning time = 13 minutes (A—-C);
resolution = 5.5 X 5.5 X 5.5 mm?, scanning time = 10 minutes (D—F).

FIG 9. A, High-resolution TSE image of a left temporal glioblastoma. B, 7T SWI provides improved
depiction of intratumoral vessels and hemorrhages (white arrow) compared with SWI at 3T (C).
Images are provided by Dr Alexander Radbruch, Heidelberg University Hospital and German Cancer
Research Center, Heidelberg, Germany. Scanner: whole-body 7T MR imaging (Magnetom; Siemens).
RF coil: Nova 32-channel head coil. Scan parameters: resolution = 0.3 X 0.3 X 2 mm?, scanning
time = 4 minutes and 13 seconds (A); resolution = 0.7 X 0.7 X 2.5 mm>, scanning time = 3 minutes
and 18 seconds (B); resolution = 0.4 X 0.4 X 0.4 mm?, scanning time = 6 minutes and 17 seconds (C).

and enhanced contrast afforded by 7T may
be exploited. RF pulses are rapid changes in
the amplitude and/or frequency of the ap-
plied RF field. They are designed to rotate
the net magnetization into the transverse
plane so that it is detected by an RF coil. A
pulse sequence is a set of RF pulses followed
by spatially varying magnetic field gradients
to encode the received signal. Adiabatic
pulses are a special class of RF pulses that,
above a certain amplitude called the “adia-
batic threshold,” uniformly rotate magneti-
zation, independent of B, field variations.
These adiabatic RF pulses may be used to
provide uniform flip angles in the presence
of a nonuniform B, field.”>”*

Methods have been proposed to system-
atically design adiabatic pulses to achieve
the same behavior as conventional RF
pulses.” 2D selectivity may also be achieved
by sampling an adiabatic pulse waveform
with small-tip-angle spatial subpulses and
coupling the pulse with an oscillating gradi-
ent waveform.”®”” The sampled envelope
provides selectivity in the first dimension,
while the subpulses provide selectivity in the
second dimension. When the dimension se-
lected by the sampled envelope is set to fre-
quency (instead of space), the pulse acts as
an adiabatic spatial-spectral pulse and pro-
vides spatial and spectral selectivity. Such
specialized RF pulses may be used in exist-
ing and new MR imaging pulse sequences to
enable robust operation at higher fields. Al-
though new design considerations arise
with the use of these pulses, they may be
integrated seamlessly into many MR imag-
ing pulse sequences, including those used
for anatomic spectroscopic and diffusion-
weighted imaging. Essentially, they provide
the same contrast or tissue parameters,
while combatting field inhomogeneity
and remaining within safe RF power

limits.7>77-5

Tailored RF Pulses to Compensate for B,

frequency shift, the usable volume in which MR spectroscopy can
be performed is reduced at 7T.

Engineering Solutions

Solutions to some of the technical issues at 7T include customized
RF pulse and pulse sequence designs to produce uniform trans-
mission profiles while minimizing deposited RF energy (SAR).
Development of specialized hardware such as multiple transmit
coils for RF signal transmission is also necessary.

Customized RF Pulses and Pulse Sequences. Creative RF pulse
and pulse sequence design may be used to overcome many of the
physical limitations of existing hardware so that the full signal gain
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Inhomogeneities. Another solution to B, inhomogeneity is to
create pulses that are specifically designed to compensate for the
nonuniformities in the B, field. The B, field map for every subject
may be measured by using new fast and accurate B,-mapping
methods.**® Then, 2D tailored RF pulses may be designed to
cancel the B, variation and achieve a consistent flip angle
throughout the FOV.**#” These tailored 2D pulses require less RF
power than adiabatic pulses but may have greater sensitivity to B,
inhomogeneity.

Parallel Imaging and Lower Flip Angle Schedules. Parallel imaging
may be used in conjunction with segmented readouts to accelerate



FIG10. 7T SWIof a patient with MS. MS plaques (white and yellow arrows) and tiny veins within
MS plaques (yellow arrows) become visible with the high resolution and enhanced contrast
afforded by the 7T scanner. Images courtesy of Professor Siegfried Trattnig and Dr Gunther
Grabner, Medical University of Vienna, Vienna, Austria. Scanner: whole-body 7T MR imaging
(Magnetom; Siemens). RF coil: Nova 32-channel head coil. Scan parameters: SWI sequence:

resolution = 0.3 X 0.3 X 1.2 mm3, scanning time = 10 minutes.

FIGTL. Left hippocampusimaged at 7T across aged-matched patient
populations. Healthy control (A), amnestic mild cognitive impairment
(B), and probable Alzheimer disease (C). Images courtesy of Drs Jeffrey
Bernstein, Brian Rutt, and Geoffrey Kerchner, Stanford University,
Stanford, California. Scanner: whole-body 7T MR imaging (MR950; GE
Healthcare). RF coil: Nova 32-channel head coil. Scan parameters: FSE
sequence: section orientation = coronal oblique intersecting per-
pendicular to longitudinal axis of hippocampus, TE/TR = 49/6000 ms,
16 sections, section thickness = 1.5 mm, resolution = 0.22 X 0.22 X 1.5
mm3, scanning time = 13 minutes.

acquisition times to overcome some of the SAR limitations and B,
field distortions.* Lower flip angle schedules have been designed to
achieve contrast similar to that achieved by trains of high flip angle RF
pulses like TSE and FSE sequences. These may also help to reduce the
amount of RF energy deposited.®®

Specialized Parallel Transmit Hardware. Another method to gain
more control over the transmitted B, profile is to use specialized

hardware solutions such as parallel trans-
mit arrays. By using multiple transmit
coils, parallel transmit arrays divide the
RF field into multiple, partially overlap-
ping, spatial regions. These arrays may
then be used to improve B, field homoge-
neity in 2 ways: One way is by B; shim-
ming. This involves altering the ampli-
tude and/or phase of the RF waveform
transmitted on each channel to mitigate
the B, nonuniformity. The second way
is by applying a different RF pulse to
each transmit channel to customize the
transmitted B, field. This technique may be
used to create a more nearly homogeneous
B, field over the full region of interest or to
customize the B, field in a specially defined
region of interest.*> !

Currently, the heterogeneous SAR
profiles resulting from multiple RF
transmission are not fully understood,
limiting flip angles to very small values to remain within safety
limits. Furthermore, such an approach requires acquisition of
subject-specific field maps to generate the custom RF pulses
and requires the scanner to be equipped with parallel transmit
hardware. Thus it remains valuable to have single-channel
solutions for uniform B,-insensitive, section-selective RF
excitation.

Multinuclear Imaging. When imaging nuclei other than hydrogen,
different physical considerations come into play. In fact, nuclei such
as sodium, with lower gyromagnetic ratios, have more uniform B,
profiles and behave in a manner similar to that of protons at 1.5T.
However, their resonant frequency, relatively low SNR, and different
relaxation behavior require the use of custom-tuned RF coils and
specialized sequences that rapidly encode spatial frequency space to
capture the signal.>>*9>%>

Practical Considerations

Siting. The ease of siting a 7T magnet has greatly improved in
recent years. Because they are now actively shielded, 7T MR sys-
tems have become more compact and easy to site. Active shielding
eliminates the need to place approximately 400 tons of iron
shielding into the walls of the magnet room. Heretofore, such
“passive” shielding may have been as thick as 12 inches (30.48 cm)
to reduce the stray magnetic field that would otherwise emanate
in all directions from the magnet.

Cost. One factor in operating a 7T scanner has been helium boil-off.
Newer magnets are “zero boil-off,” resulting in very little helium leak
with time, reducing helium costs after initial magnet installation. A
second factor has been economy of scale. Because manufacturers
produce far fewer high-field magnets than 1.5T magnets, the unit
cost of 7T MR imaging scanners remains high. Although prices vary
according to vendor, 7T installations can cost approximately $10
million in the United States. As a larger number of research institu-
tions and clinics adopt ultra-high-field scanners, these scanners will
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stitutional review boards. Some manufac-
turers have announced interest in ob-
taining the FDA 510K clearance for 7T
human scanners. The role of researchers
and clinicians in showing the clinical
value of these scanners in humans will be
pivotal to obtaining this approval.

Patient Experience

Risks at 7T are similar to those at 1.5T and
3T. However, there are some added con-
siderations in terms of patient comfort
and safety.

Transitory Physiologic Effects. With re-
gard to patient comfort level, the 7T scan-
ner is very similar to 3T, except for limited
transitory physiologic effects. Among the
most frequently reported are dizziness
and vertigo. These are due to magnetohy-
drodynamic forces exerted on ionic fluids
in the inner ear as a person moves through
the fringe field. To minimize these effects,
patients are instructed not to move their
heads quickly while near or in the magnet.
For the same reason, 7T scan tables are
programmed to move very slowly to en-
sure slow motion of the patient through
the fringe field. Metallic taste in the
mouth has also been reported and is likely
due to electrolysis of metallic chemicals in
dental fillings while moving through the
field.”* All effects disappear when the per-

FIG12. Differences between the transmitted Bl fields and the specific absorption rates at 3T and 7T.
A, Model of a human head placed in a simple quadrature-driven birdcage head coil. B and C, Simu-
lated transmitted B, field (B,) for 3T (B) and 7T (C). At 7T, wave-propagation effects cause more
severe variation of the B, field than is seen at 3T. D and E, Simulated SAR in the head model for 3T and
7T (in Watts per kilogram). SAR simulations show increased RF power deposition and greater spatial
heterogeneity at 7T than at 3T. At 7T, one must contend with 2 physical limitations, the greater
inhomogeneity in the transmit B, field and the increased SAR deposition. These simulations were
performed by Dr Bei Zhang at the Icahn School of Medicine, Mount Sinai, New York. A commercial
finite-difference time domain software, CST Microwave Studio (Computer Simulation Technology,
Darmstadt, Germany), was used to simulate electric and magnetic fields within the head for “Donna”
in the Computer Simulation Technology virtual family. The B, map was obtained by using IW for the

son is out of the magnet.

Noise Levels, RF Energy Deposition, and Pe-
ripheral Nerve Stimulation. Noise levels,
RF energy deposition, and peripheral
nerve stimulation are presently mini-
mized by adherence to the conservative
safety guidelines set by regulatory bodies
such as the FDA and institutional safety

input power. The resolution of Donna is 1.875 X 1.875 X 2 mm”.

become mass produced, the manufacturing processes will become
more streamlined, and the unit cost should decline.

The number of ultra-high-field scanner installations contin-
ues to grow as researchers harness the increased signal to push the
boundaries of resolution and contrast. Currently, there are forty-
three 7T installations worldwide, 19 of which are in the United
States. Five magnets have been installed that are above 7T field
strength and 7 more have been ordered.

FDA Approval. 7T whole-body human scanners are still pending
510K approval by the US FDA. However, the FDA has already
designated MR imaging scanners functioning at 8T and below as
nonsignificant risk for adults and children. For infants 1 month or
younger, this limit is presently 4T. Human research at 7T at med-
ical and academic institutions is governed by their respective in-
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committees. Acoustic noise in the scanner
is a result of Lorentz forces on gradient
windings producing bulk vibration. The Lorentz force is depen-
dent on both the magnitude of the magnetic field and the orien-
tation of the current-carrying gradient coil with respect to that
field. For similar coil geometry and positioning, the Lorentz force
should scale directly with the field strength. However, the exact
scaling law between acoustic noise and field strength is difficult to
determine because magnet bore and gradient coil geometry do
play a significant role.”® Noise dampening, noise insulation, and
encapsulation and sequence protocol design are used to bring
noise down to comfortable levels, as specified by the FDA. At
present, the safe noise level is set at 99 dB(A) with the use of ear
protection.” Systems have been tested to operate within these
specified comfort levels.

RF energy deposition within the patient, quantified as the specific



absorption rate, is closely tracked by SAR monitors to ensure that the
sequences used do not exceed the conservative safety limits specified
by the FDA. Peripheral nerve stimulation, which is related to the
speed of switching gradients, is also monitored and limited. It is not
field strength—dependent.

Implantable Devices. Currently, only 2 contrast injectors and a
radiofrequency identification device chip are approved for 7T
scanners.”® However, researchers are testing a wide range of im-
plantable devices to permit 7T MR scanning in a wider range of
patients.

Conclusions and Future Directions

Ultra-high-field MR imaging has great potential to display in vivo
subtle abnormalities that are not detectable at lower field
strengths. Increasing the field strength provides opportunities to
visualize subtle anatomic abnormalities associated with disease;
reveal spatially varying metabolite ratios between smaller struc-
tures; isolate functional signal that is more tightly coupled to un-
derlying neuronal activity; image microvasculature and blood
products in great detail; and tap into the signal from nuclei other
than protons, revealing new information about cellular activity.
By using novel RF pulse and pulse sequence designs, we can over-
come the technical barriers confounding ultra-high-field MR im-
aging and fully exploit the SNR advantage and enhanced contrast
to visualize the brain in unprecedented detail. The combination of
high-resolution anatomic, spectroscopic, and functional MR im-
aging at 7T has the potential to be a powerful, noninvasive toolset
for improved diagnosis and treatment of a wide range of neuro-
logic diseases and disorders.

Continued technical development of new signal transmission
and readout methods is needed to overcome the physical limita-
tions of performing high-field imaging in vivo within reasonable
times and appropriate safety limits. Additional clinical studies are
needed to demonstrate the value of 7T for disease diagnosis, treat-
ment, and management. It is expected that continued advances in
high-field imaging will lead to a new understanding of neurologic
disease and improved detection and treatment of such diseases.
These will propel the field forward.
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ABSTRACT

SUMMARY: Recanalization of intracranial aneurysms following endovascular coiling remains a frustratingly common occurrence. An
understanding of the molecular and histopathologic mechanisms of aneurysm healing following coil embolization is essential to improving
aneurysm occlusion rates. Histopathologic studies in coiled human and experimental aneurysms suggest that during the first month
postcoiling, thrombus formation and active inflammation occur within the aneurysm dome. Several months following embolization, the
aneurysm is excluded from the parent vessel by formation of a neointimal layer, which is often thin and discontinuous, across the aneurysm
neck. Numerous coil modifications and systemic therapies have been tested in animals and humans in an attempt to improve the
aneurysm-healing process; these modifications have met with variable levels of success. In this review, we summarize the histopathologic
and molecular biology of aneurysm healing and discuss how these findings have been applied in an attempt to improve angiographic

outcomes in patients with intracranial aneurysms.

ABBREVIATION: MMP = matrix metalloproteinase

C oil embolization is increasingly used for treatment of intracra-
nial aneurysms." While coil embolization has been shown to be
safe and effective in the occlusion of the aneurysmal sac, recanaliza-
tion of the treated aneurysm, resulting in retreatment, occurs in ap-
proximately 10%-20% of cases.>” Because of the high recanalization
rates following endovascular coiling, much research has been per-
formed to further understand the biologic mechanisms of aneurysm
healing following coil embolization. Such research is often difficult to
perform and apply because aneurysms developed in preclinical ani-
mal models often do not emulate the conditions of the human aneu-
rysm. Human aneurysm samples are often limited, and histologic
and genetic studies are difficult to perform.*

Developing an understanding of biologic processes that are
conducive to aneurysm healing following coil embolization is es-
sential to improving patient outcomes. Endovascular coiling fo-
cuses on the structure and geometry of aneurysms rather than
their biologic foundation. Greater understanding of biologic
mechanisms of aneurysm healing allows investigators to develop
new strategies or make modifications to current devices to accel-
erate healing and decrease recanalization rates. In this review ar-
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ticle, we summarize the current state of the literature regarding
the biology of aneurysm healing postcoiling and discuss future
directions in aneurysm biology research.

Mechanism of Recurrence
The major limitations of endovascular treatment are, with time,
incomplete occlusion and recurrence or recanalization.” There
is a strong relationship among aneurysm volume, packing atten-
uation, and recurrence.’® The rate of complete obliteration with
coils is low in large and giant aneurysms treated with coils; the
simple fact that aneurysm volume is cubic in relation to the aneu-
rysm diameter yet coil volume is only linear with deposited coil
length guarantees progressively lower packing attenuation with
increasing aneurysm size. In general, even in tightly packed, small
aneurysms, 75% of the aneurysm sac is filled with thrombus fol-
lowing coil embolization.”™®

Aneurysms often recur early after treatment. Raymond and
Darsaut’® reported that nearly 50% of subsequent recurrences
were present by 6 months after coiling in humans. Various mech-
anisms underlying late aneurysm recanalization have been pro-
posed, including the following: 1) growth of the aneurysm it-
self,'>'" 2) poor thrombus organization as a result of the
biologically inert platinum coil construction,'? 3) instability of
fresh, unorganized thrombus and degradation by fibrolysis, 4)
continued transmission of blood pulsation affecting the asso-
ciation of the coil-thrombus (:ornplex,13 5) lack of neointima
formation across the neck of aneurysm,'* and 6) formation of



FIG1. A, Zero-to-7 days: thin fibrin layer covers the coils (tan). Macrophage invasion is seen in the coil periphery (purple). Unorganized thrombus
surrounds the coils (red). A thin-but-incomplete fibrin layer is seen at the aneurysm neck. B, One-to-2 weeks: increased fibrin coating of the coils
(tan). Macrophages in the coil periphery (purple) and myofibroblast invasion (green) are seen. Note the thin fibrin layer at aneurysm neck.
Endothelialization at the neck periphery and along the coil is seen. C, Two weeks to 1 month: increased myofibroblast invasion (green). Thrombus
is more organized (red), and macrophages in the aneurysm periphery (purple) are seen. Note increased endothelialization of the aneurysm neck.
D, One-to-3 months: decreased cellularity occurs within the aneurysm. Myofibroblasts (dark green) and macrophages (dark purple) die through
apoptosis. Note increased endothelialization of the aneurysm neck. E, Three months plus: the aneurysm dome is acellular. Vascularized
connective tissue is seen in the aneurysm dome (red fibers). Note increased fibrin coverage of coils (tan) and endothelialization of the aneurysm
neck. There is a progressive increase in the amount of collagen within the aneurysm through 3 months.

neovessels inside the aneurysms lumen, exposing the aneu-
rysm cavity to blood flow.

Histopathologic Mechanism of Aneurysm Healing
following Bare Platinum Coil Embolization

Histologic Findings of Human Cases. A number of case reports
and small case series have demonstrated the histopathologic find-
ings of coiled human aneurysms.*'>**> A summary of histopa-
thology studies in humans is provided in the On-line Table. His-
topathologic studies have demonstrated that blood clot
composed of red blood cells and fibrin is generally present within
the first week of aneurysm coiling.'>'”%*2* By the end of the first
week following coil embolization, fibroblasts and macrophages
begin to invade the clot and foreign body giant cells begin to
proliferate about the coils. No endothelialization of the neck oc-
curs within the first week; however, fibrin formation along the coil
surface of the aneurysm neck has been reported in some cases (Fig
1A).>* One-to-two weeks following coil embolization, coils
within the dome begin to be covered with fibrin. Inflammatory
cell, macrophage, and fibroblast invasion occurs in most patients.
At the site of the aneurysm neck, a thin fibrin membrane forms
(Fig 1B).">'712? Some studies have reported that a thin layer of
endothelial cells begins to form along the coils of the aneurysm
neck during this time.'” Two weeks to 1 month following coil
embolization, coils in the aneurysm dome are generally covered
by a thin layer of fibrin. Fibroblast invasion of the clot in the dome
is most vigorous at this phase. In addition, there is continued
invasion of the aneurysm dome by inflammatory cells, macro-
phages, and fibrocytes. Some collagen deposition occurs during
this time as well. At the aneurysm neck, there is increased neoin-

tima formation with deposition of a thin layer of fibrin along the
coil surface of the neck (Fig 1C).">'”'®2123 Endothelialization at
the edges of the neck has been reported.'®

One-to-three months following embolization, coils remain
covered by fibrin. Macrophages have been reported present
within the aneurysm sac; however, inflammatory cells are largely
absent. Some capillaries are seen in the aneurysm dome as
well.'>2% At the aneurysm neck, a thin membrane is present,
which has been shown to consist of endothelial cells and fibro-
blasts (Fig 1D). Three-to-twelve months following embolization,
there is increased vascularized connective tissue within the aneu-
rysm dome and about the coils. Continued foreign body reaction
with multinucleated giant cells is seen about the aneurysm
coils.'”?*2° One case report demonstrated that the neck is com-
pletely covered by a layer of long slender cells resembling endo-
thelium during this time (Fig 1E)."” After 1 year, the coil is gen-
erally incorporated into the aneurysm wall. The aneurysm dome
is generally filled with a vascular fibrous connective tissue. There
is continued foreign body response with multinucleated giant
cells surrounding the coil. Inflammatory cells and macrophages
are generally a minor component because there is little inflamma-
tory cellular reaction. The aneurysm neck is generally completely
covered with a thin layer of fibrous tissue and endothelial cells. In
general, endothelial cells are seen encroaching along the coils at
the aneurysm neck.*'>!%-20-23-26

Histologic Findings in Animal Models following Bare
Platinum Coil Embolization

Thrombus Formation, Myofibroblast Invasion, and Extracellular
Matrix Deposition. The formation of thrombus is essential to
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providing a provisional matrix to allow recruitment of cells in-
volved in the aneurysm-healing process.**”*® Complete throm-
bus organization within the aneurysm cavity is associated with
improved healing and neointima formation and is best appreci-
ated in aneurysms with increased packing attenuation and small
volumes.?’ Within the first 2 weeks of coil embolization, stasis
induced by the coils results in the formation of unorganized
thrombus in the aneurysm dome (Fig 24, -B).>”*® The core of the
thrombus is typically acellular; however, myofibroblasts can be
seen in the periphery of the thrombus. The origin of these myofi-
broblasts remains unclear because some suggest that myofibro-
blasts arise from differentiation of macrophages present within
the thrombus, while others suggest that they arise from the aneu-
rysm wall.*”*® During 4 weeks, there is progressive infiltration of
the aneurysm dome by myofibroblasts. Myofibroblast infiltration
of the aneurysm dome is important because these cells promote
collagen synthesis and deposition and express contractile protein
processes essential to most wound healing. However, in the case of
the rabbit model of intracranial aneurysms, sparse collagen depo-
sition is seen in the aneurysm dome following myofibroblast in-
filtration and contraction of the aneurysm sac has yet to be appre-
ciated in experimental models.”” At approximately 4 weeks
following coil embolization, these myofibroblasts undergo apo-
ptosis and are no longer present in the aneurysm dome.>” After 10
weeks, the aneurysm dome is primarily composed of vascularized,
loose hypocellular tissue (Fig 2G, -H).

Apoptosis. At approximately 4 weeks following coil emboliza-
tion, myofibroblasts begin to undergo apoptosis.”” Histologic
studies of rabbit aneurysms have demonstrated that there is
increased expression of activated cleaved caspases at 4 weeks fol-
lowing coil embolization.>” Apoptosis of myofibroblasts in the an-
eurysm dome has been shown to be mediated by both intrinsic (B-
cell lymphoma 2/mitochondrial-mediated) and extrinsic (tumor
necrosis factor-a/receptor-mediated) pathways of apoptosis.*

In a study of 20 rabbit aneurysms undergoing coil emboliza-
tion, Kadirvel et al’' found that the apoptotic cells in the aneu-
rysm sac were predominantly myofibroblasts. Apoptosis of cells
in the aneurysm dome is thought to occur due to lack of physio-
logic stimulation from pulsatile flow secondary to the stasis in-
duced by the aneurysm coils. This explanation is further sup-
ported by the fact that markers of apoptosis are strongly expressed
in the aneurysm dome, but not at the aneurysm neck. Further-
more, studies suggest that low wall shear stress diminishes the
ability of the aneurysm wall to function and maintain a healthy
endothelium and upregulates expression of matrix metalloprotei-
nases, molecules thought to play a role in aneurysm formation
and recanalization.’* A study performed by Qi et al’* found that
low shear stress promotes both vascular smooth muscle cell mi-
gration and apoptosis in the rat aorta.

Neointima Formation and Endothelialization. The biology of the
aneurysm neck differs from that of the aneurysm dome. Recruit-
ment of endothelial cells to the site of the aneurysm neck is
thought to be essential to ensuring adequate healing of the treated
aneurysm. Rabbit models generally demonstrate only a single,
partial layer of endothelial cells at the aneurysm neck (Fig 2C-
F)$1217:19:21,23.24 qyine models of aneurysm healing demon-
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strate robust neointima formation with a thick layer of vascular
smooth muscle cells and robust deposition of endothelial cells.***
Endothelial cells are primarily seen growing along the coils at the
aneurysm neck; this feature has led some investigators to believe
that the endothelial cells arise from the adjacent vessel wall.'®*
However, recent studies suggest that endothelial cells found at the
aneurysm neck may originate from bone marrow—derived endo-
thelial progenitor cells rather than migration of adjacent endothe-
lial cells.***> Studies in humans suggest that circulating endothe-
lial progenitor cells are mobilized after endovascular therapy;
these findings suggest that vessel injury promotes mobilization
of the endothelial progenitor cells to the aneurysm neck.>® Pro-
motion of endothelial growth along the aneurysm neck is a po-

tential therapeutic target to improve aneurysm healing.

Similarity and Differences in the Wound-Healing Process. Early
studies suggested that the mechanism of aneurysm healing fol-
lowing coil embolization would be similar to the well-studied and
well-understood wound-healing process. The wound-healing
process is classically thought to comprise 4 phases: hemostasis,
inflammation, proliferation, and rernodeling.3 7 The inflamma-
tory phase depends on recruitment of inflammatory cells such as
neutrophils and macrophages, which deposit new extracellular
matrix.”® Following resolution of the inflammatory phase, fibro-
blasts and myofibroblasts begin to enter the wound site during the
proliferation phase.” This process also relies on neovasculariza-
tion of the wound to supply fibroblasts and epithelial cells and
promote cell migration.*® Following migration of fibroblasts, the
fibroblasts begin to proliferate and lay down collagen matrix (pri-
marily type IIT collagen) in the wound site. Later in the prolifera-
tive phase, angiogenesis ceases and fibroblasts begin to differenti-
ate into myofibroblasts. Myofibroblasts bind to the surrounding
collagen matrix and then contract the wound through contrac-
tion of actin.” This process leads to the maturation phase during
which the previously deposited type III collagen is replaced by
type I collagen and the wound organizes to restore normal tissue
strength and apoptosis of cells that are no longer needed, such as
endothelial cells and myofibroblasts, occurs. 142

The process of wound healing differs from that of aneurysm
healing following coil embolization. Perhaps the most important
difference is that the extensive collagen matrix seen following
healing of a wound is not seen following coil embolization. His-
tologic and gene-expression studies have demonstrated that col-
lagen is not highly expressed in treated aneurysms, both well-
healed and poorly healed. The role of myofibroblasts, however, is
likely similar in both healing wounds and coiled aneurysms. Myo-
fibroblasts are thought to promote retraction of the aneurysm
wall just as they promote wound retraction. Thus, early apoptosis
of myofibroblasts, when the aneurysm is still not fully healed, is of
so much interest. Prevention of myofibroblastic apoptosis early in
the aneurysm-healing process could allow the aneurysm-healing
process to more closely emulate the wound-healing process, re-
sulting in improved occlusion rates.

Molecular Biology of Aneurysm Healing and Recanalization. Prior
studies have demonstrated that aneurysm recanalization often oc-
curs early, within 6 months of aneurysm coiling.>” It is clear that
much of the biologic activity associated with aneurysm healing



occurs early, within 4 weeks of coil embolization, and is fairly
complex. A number of studies have examined the histologic and
biochemical features of recanalization as well as well-healed and
poorly healed aneurysms. Proteomic analysis has demonstrated
that densely packed aneurysms are associated with up-regulation
of cell-to-cell signaling and cell-adhesion molecules within 2
weeks of coil embolization.*? Significant differences in differential
gene expression exist in well-healed and poorly healed aneurysms.

Kadirvel et al**

demonstrated that densely packed and well-healed
aneurysms have higher expression of adhesion molecules, pro-
teases, and cytokines compared with loosely packed aneurysms.
This study found that loosely packed aneurysms did have high
gene expression of types I and III collagen; however, histologic
analysis found little collagen deposition in these aneurysms.**
Osteopontin, a cell-adhesion molecule, has markedly in-
creased expression in densely packed and well-healed aneu-
rysms.***° This is important because osteopontin plays a key role
in chemotaxis and wound healing and helps promote cell adhe-
sion to the extracellular matrix and cell migration.*® Further-
more, this molecule inhibits apoptosis and enhances cell prolifer-
ations. Case reports that have demonstrated the presence of bony
metaplasia in the postcoiling aneurysm sac further highlight the
potential role that osteopontin may play in aneurysm healing. Dai
etal*” reported 2 cases of bone formation, 1 in the aneurysmal sac

and 1 in the aneurysm neck. Plenk et al*®

found cartilage neofor-
mation in 6 of 144 experimental aneurysms (4.2%) and bone
formationin 9 of 144 experimental aneurysms (6.3%). The source
of bone formation is still unknown. Potential sources include
mesenchymal stem cells arising from the arterial wall, metaplasia
of arterial wall smooth muscle cells into chondrocytes, and osteo-
blasts. These hypotheses are supported by the fact that osteopon-
tin has been shown to promote differentiation of vascular smooth
muscle and mesenchymal stem cells to an osteogenic pheno-
type.*”>° Given the potential role of osteopontin in aneurysmal
healing, osteopontin has emerged as a potential therapeutic
target.

The role of matrix metalloproteinases in aneurysm healing is
currently controversial. Bouzaghrane et al®’ found that matrix
metalloproteinase-9 (MMP-9) may play a key role in aneurysm
recanalization in both murine and canine models. MMP-9 mes-
senger RNA and protein were seen in higher concentrations in
recanalized aneurysms compared with well-healed aneurysms.
However, in a rabbit model, Kadirvel et al** found that MMP-9
was more highly expressed in well-healed aneurysms than in
poorly healed ones. It is likely that MMP-9 expression has prop-
erties that are both conducive and inhibitory to aneurysm healing.
On the one hand, MMP-9 may cause recanalization by promoting
artery injury and aneurysm growth. However, on the other hand,
MMP-9 is essential to many important facets of aneurysm heal-
ing. MMP-9 regulates migration of smooth muscle cells from the
tunica media to the intima; this regulation helps promote neoin-
tima formation along the aneurysm neck, an essential component
in aneurysm healing.***> Many studies by using rabbit, canine,
and swine models have found that well-healed aneurysms dem-
onstrate endothelial cell proliferation along the aneurysm neck,
and MMP-9 may be essential to this process.

Characteristics of well-healed aneurysms

Characteristics

Anatomic/angiographic
Increased packing attenuation
Smaller aneurysm volume
High aspect ratio
Histologic
Complete thrombus formation
Myofibroblast infiltration
Collagen deposition in aneurysm dome
Complete endothelialized neointimal layer
Molecular
Osteopontin expression
Cell-signaling and cell-adhesion molecule expression
C-reactive protein
Fibronectin expression
Expression of inhibitors of apoptosis

Application of Biologic Findings

Many investigators have applied the findings from biologic stud-
ies to devising means of enhancing the aneurysm-healing process.
A summary of the histopathologic and molecular biologic char-
acteristics of well-healed and poorly healed aneurysms is found in
the Table. These findings provide the framework for the device
modifications and systemic therapies described below.

Modified Coils. Studies highlighting the importance of early
thrombus formation in the aneurysm sac led to the development
and testing of thrombogenic-/antithrombolytic-coated coils in
the experimental rabbit model. However, early studies revealed
that both conventional coils and antithrombolytic coils had sim-
ilar histopathologic and angiographic findings, including a thin
membrane of neotintima covering the aneurysm neck and intra-
aneurysmal scar formation.>® Studies highlighting the impor-
tance of myofibroblasts in aneurysm healing led to the develop-
ment of fibroblast-coated coils. Early studies in rabbits found that
fibroblast allografts were viable and proliferated in the vascular
space in rabbits and remained within the aneurysmal sac.>* In a
study of rabbits treated with fibroblast-coated coils, Dai et al>>>¢
found that fibroblast-coated coils accelerated early histologic
healing and even promoted endothelialization of the aneurysm
neck. However, these coils have yet to be tested in humans.

Due to the importance of attenuated packing of the aneu-
rysmal sac in improving long-term occlusion rates, a number
of second-generation coils have been developed. The HydroCoil
(MicroVention, Tustin, California) was developed with an expand-
able polymer that allows improved aneurysm filling,>” Matrix coils
(Stryker, Kalamazoo, Michigan) carry a biodegradable polymer de-
signed to amplify tissue response to the coil and improve aneurysm
healing. In a study by using a swine model, Murayama et al®® found
that the Matrix coil accelerated aneurysm fibrosis and neointima for-
mation without resultant parent artery stenosis. HydroCoil emboli-
zation has been shown to improve aneurysm filling and decrease
aneurysm recanalization rates in experimental aneurysms, but with-
out the aggressive cellular response seen with Matrix coils.”” In a
comparative study of Matrix and hydrogel coils in the rabbit model,
Ding et al*® found that HydroCoils resulted in improved long-term
occlusion rates compared with Matrix and platinum coils, while Ma-
trix coils had increased inflammation and coil compaction. In a his-
tologic study of 2 human patients treated with Matrix coils, Szikora et
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FIG 2. A and B, Histopathologic hematoxylin-eosin stains (original magnification X15 and X60,
respectively) of a rabbit aneurysm dome 1 week postcoiling demonstrate unorganized thrombus
filling the aneurysm dome around the coil loops. No endothelialization has occurred at the
aneurysm neck. Histopathologic hematoxylin-eosin stains (original magnification X10 and X150, re-
spectively) for a rabbit aneurysm dome 6 weeks postcoiling demonstrate loose connective tissue in
the aneurysm dome surrounding the coil loops (C) and an incomplete layer of endothelium-lined
neointima over the aneurysm neck (D). The neointima and endothelial cells at the neck interface are
both continuous with that of the parent artery. E and F, Histopathologic hematoxylin-eosin stains
(original magnification X10 and X15, respectively) 12 months postcoiling demonstrate loose connec-
tive tissue in the aneurysm dome surrounding coil loops (E) and a layer of neointima of variable
thickness covering the aneurysm neck (F). The neointima and endothelial cells at the neck interface are
both continuous with those of the parent artery. G and H, Histopathologic hematoxylin-eosin stains
(original magnification, X20 and X125, respectively) of the aneurysm dome 12 months postcoiling
demonstrate loose connective tissue in the aneurysm dome.

al* found no difference in the histologic appearance of Matrix-

Current studies suggest that modified coils
are at least equivalent to platinum coils in

humans.***!

Systemic Therapies. A number of sys-
temic therapies have been tested to im-
prove aneurysm healing. Because vita-
min C is known to stimulate collagen
synthesis and cross-linking, it was iden-
tified as a potential therapeutic agent for
patients with coiling. However, a recent
study by using the rabbit aneurysm
model found that vitamin C did not re-
sult in improvement of aneurysm occlu-
sion.®® Zhang et al® studied the thera-
peutic benefit of bone marrow—derived
endothelial progenitor cell transfusion
following aneurysm embolization in a
rat model. In this study, bone marrow—
derived endothelial progenitor cells
were labeled and transfused following
aneurysm embolization. Zhang et al
demonstrated that the labeled cells accu-
mulated at the aneurysm neck, acceler-
ating repair and remodeling of the neck.

Other Therapies. A number of other
therapies have been proposed to enhance
aneurysm healing following coil emboli-
zation. Raymond et al** tested the efficacy
of radiofrequency endothelial emboliza-
tion following coil embolization in an ar-
terial occlusion dog model and found that
coiling with concomitant radiofrequency
ablation was more effective in reducing re-
canalization rates than coiling alone.
Cryoablation has also been tested but has
not been shown to be as effective as radio-
frequency ablation, at least in current ani-
mal models.®> In situ low-dose radiation
has also been tested and has been shown to
inhibit recanalization following coil em-
bolization. In a study comparing *?P-
coated coils with non->?P-coated coils,
Raymond et al found that the use of >*P-
coated coils resulted in improved aneu-
rysm occlusion and more complete neoin-

timal coverage of the aneurysm neck.***”

Future Directions
As mentioned previously, our under-
standing of the mechanisms of healing

of coiled intracranial aneurysms has led to some practical im-

treated aneurysms compared with aneurysms treated with bare plat-
inum coils at 1 week. However, at 6 months following coil emboli-
zation, the patient treated with Matrix coils had increased neovascu-
larization, smooth muscle cell infiltration, and collagen deposition
compared with the patient treated with bare platinum coils. Both
HydroCoils and Matrix coils are on the market for use in humans.
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provements in coil technology aimed at decreasing the rates of
aneurysm recurrence. Our review of the literature suggests that
most of the healing process following coiling occurs within the
first month postembolization. Future investigations should focus
on means to induce and accelerate a healing response similar to
that of wound healing with collagen deposition, resulting in in-



creased occlusion of the aneurysm dome. Coil-modification tech-
nologies and systemic administration of medications known to
accelerate wound healing are potential means of accomplishing
this aim. In addition, therapies and coil modifications aimed at
increasing endothelialization of the aneurysm neck to completely
exclude the aneurysm from the parent vessel are essential because
both rabbit and human models demonstrate that endothelializa-
tion along the aneurysm neck is limited. Further research is also
needed in improving animal models for embolization of intracra-
nial aneurysms. There is currently no model of aneurysm rupture,
growth, or mass effect that would be amenable to coil emboliza-
tion. There are limited human postmortem examination speci-
mens of postcoiled ruptured intracranial aneurysms.

CONCLUSIONS

The healing of the postcoiled intracranial aneurysm is a dynamic
process. Much of the active healing process occurs within the first
4 weeks of coil embolization. Histopathologic studies have dem-
onstrated that myofibroblasts play an important role in healing of
the aneurysm dome, while endothelialization with endothelial
progenitor cells is essential for healing the aneurysm neck. Gene
and protein studies have demonstrated that factors such as MMPs
and osteopontin may play an integral role in the aneurysm-heal-
ing process. Findings from histopathologic and molecular studies
have been applied to develop treatment methods aimed at im-
proving the aneurysm-healing process.
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SOCIAL MEDIA VIGNETTE

Social Media and Public Outreach: A Physician Primer

he emergence of social media with easy and anywhere smart-

phone access has facilitated our society’s information-craving
behaviors to the point that many rely on the Web and social media
to make health-related decisions. Recognizing this reality, many
health care professionals and organizations have in recent years
become increasingly visible on social media.

According to a database of health care organizations actively
using social media, over 1500 US hospitals now have a social me-
dia presence. In California alone, 105 hospitals sponsor 444 social
media accounts that include 53 YouTube accounts, 89 Facebook
accounts, 69 Twitter accounts, 39 LinkedIn accounts, 78 Four-
square accounts, and 11 blogs.1

Many social media pages and on-line review sites used by pa-
tients are unfortunately vulnerable to bias and often inaccurate.
Given the role of social media in forming the public’s “image” of
health care facilities and providers, a credible presence by those
parties is more important than ever, particularly as crowd-
sourced metrics potentially take root as a measure of quality.>

Patients should always be the primary focus of our work. To
help shape ongoing reform efforts, the American College of Radi-
ology recently launched the Imaging 3.0 initiative.” One of its
many goals is to improve patient awareness of the integral role of
radiologists in their overall health care, and to enhance their un-
derstanding of and comfort with the tests and procedures they are
undergoing. Social media can be a major facilitator of that culture
shift.

The responsible use of social media provides golden opportu-
nities for marketing physician services, as well as for contributing
to public health by providing high quality on-line content that is
both accurate and understandable to laypeople. Radiologists, for
example, can leverage social media to help correct widespread and
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frequently publicized fear-generating myths regarding the risks of
ionizing radiation from diagnostic imaging.

Public perception of who we are and what we do is the engine
of professional advocacy campaigns and important to the future
of radiology as a specialty. Social media engagement with patients,
their employers, policymakers, and lawmakers can be a strong
vehicle to help accurately form that perception. A current exam-
ple pertains to Medicare reimbursement for lung cancer screen-
ing. The June 2014 Journal of the American College of Radiology
(#JACR) tweet-chat engaged both physicians and patients, and
was focused on lung cancer screening—a hot topic with many
public policy considerations—with an emphasis on patient expe-
rience. A tweet-chat is a live Twitter event that is usually moder-
ated and focused around a general topic. To filter all the chatter on
Twitter into a single conversation, a hashtag (#) is used. A set time
is also established so that the moderator, guest, or host is available
to engage in the conversation.*

Despite its enormous potentials, the boundless reach of social
media creates legal and ethical challenges for physicians. The “4-
sphere” concept provides a simple guiding framework for profes-
sional users of social media to avoid undesired ethical and legal
consequences.” It dictates that any social media activity should be
in compliance with the media site’s terms of service, professional
standards, organizational policies, and individual best practices
(Fig 1). To those ends, resources are available. Physicians are ad-
vised to familiarize themselves with policies developed by their
health care organizations to address concerns of reputation, pri-
vacy, and productivity. The American Medical Association has
published its own “Professionalism in the Use of Social Media”
guidelines document.®”

Social media and on-line platforms are here to stay. Some
platforms may fade away, but new ones will emerge. Based on
current trends, media skills could eventually become a profes-
sional technical competency and a component of future medical
education curricula.

Social media are new to many currently practicing physicians
and that may generate anxiety. The avoidance of social media,
however, does not protect us as professionals from our public. On
the contrary, it constrains our on-line identity and cedes its con-
trol to nameless and often uninformed sources. We believe it is far
better to be in control—to the degree we can— of what our pa-
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FIG 1. “Four-sphere” concept as a guiding framework for professional use of social media. Adapted from Gagnon et al.®

tien
and
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ts, colleagues, and others find about us using search engines
other on-line tools. At the end of the day, as our on-line and
identities increasingly converge, they together define who we

are in the eyes of others.
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ORIGINAL RESEARCH
PATIENT SAFETY

Imaging the Parasinus Region with a Third-Generation
Dual-Source CT and the Effect of Tin Filtration on Image

Quality and Radiation Dose

MM. Lell, M.S. May, M. Brand, A. Eller, T. Buder, E. Hofmann, M. Uder, and W. Wuest

ABSTRACT

BACKGROUND AND PURPOSE: CT is the imaging technique of choice in the evaluation of midface trauma or infllmmatory disease. We
performed a systematic evaluation of scan protocols to optimize image quality and radiation exposure on third-generation dual-source CT.

MATERIALS AND METHODS: CT protocols with different tube voltage (70-150 kV), current (25-300 reference mAs), prefiltration, pitch
value, and rotation time were systematically evaluated. All images were reconstructed with iterative reconstruction (Advanced Modeled
Iterative Reconstruction, level 2). To individually compare results with otherwise identical factors, we obtained all scans on a frozen human
head. Conebeam CT was performed for image quality and dose comparison with multidetector row CT. Delineation of important anatomic
structures and incidental pathologic conditions in the cadaver head was evaluated.

RESULTS: One hundred kilovolts with tin prefiltration demonstrated the best compromise between dose and image quality. The most
dose-effective combination for trauma imaging was Sn100 kV/250 mAs (volume CT dose index, 2.02 mGy), and for preoperative sinus
surgery planning, Sn100 kV/150 mAs (volume CT dose index, 1.22 mGy). “Sn” indicates an additional prefiltration of the x-ray beam with a tin
filter to constrict the energy spectrum. Exclusion of sinonasal disease was possible with even a lower dose by using Sn100 kV/25 mAs
(volume CT dose index, 0.2 mGy).

CONCLUSIONS: High image quality at very low dose levels can be achieved by using a Sn100-kV protocol with iterative reconstruction.
The effective dose is comparable with that of conventional radiography, and the high image quality at even lower radiation exposure
favors multidetector row CT over conebeam CT.

ABBREVIATIONS: CBCT = conebeam CT; CTDI,, = volume CT dose index; HPM = high-pitch mode; MDCT = multidetector row CT; Sn = an additional
prefiltration of the x-ray beam with a tin filter to constrict the energy spectrum

P rojection radiography was used in the past for the evaluation
of midface trauma and inflammatory sinonasal disease, but
due to insufficient delineation of the complex anatomy, cross-
sectional imaging has largely replaced radiography.'™ Multide-
tector row CT (MDCT) has become the criterion standard due to
its exquisite delineation of small bony details, 3D properties, short
examination time, and relatively low cost. MDCT is, however,
responsible for the most radiation exposure in medical imaging.
MR imaging can also exquisitely depict sinonasal mucosal disease,
thereby avoiding radiation exposure, but delineation of fine bony
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structures is not optimal. Conebeam CT (CBCT), primarily in-
troduced for dental applications, has evolved as an alternative to
MDCT because its large flat panel detectors can image the maxil-
lofacial region or even the complete head and provide excellent
detail of bony anatomy, though only very limited soft-tissue in-
formation. CBCT provides high spatial resolution and low radia-
tion exposure, though at the cost of longer image-acquisition
times and, therefore, a higher risk of motion artifacts. In recent
years, radiation dose—optimized MDCT protocols have been pro-
posed, reducing the tube current from 170 effective mAs at 120 kV
down to 33 effective mAs.> Iterative reconstruction and special
scanning techniques like high-pitch mode (HPM) and low-kilo-
volt scanning have further decreased radiation exposure.*®” Ra-
diation exposure is considered a relevant issue because sinonasal
disease may require repetitive imaging in a relatively young, oth-
erwise healthy patient population with radiosensitive organs
within the field of direct exposure (ie, eye lenses) or scattered
x-rays (ie, thyroid gland).

Image quality and radiation exposure should be individually
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adapted to the specific clinical situations: While a high noise level
may be acceptable in ruling out mucosal inflammation, less noise
may be desired in the preoperative setting, where anatomic vari-
ants need to be ruled out and thin bony structures like the lamina
papyracea and cribrosa must be assessed, especially if image-based
navigation or robotic surgery is performed.® Even higher image
quality and therefore less noise are required for the assessment of
trauma.

The aim of our study was to assess the image quality and radi-
ation exposure of different MDCT protocols and to identify pro-
tocols with an optimal compromise between radiation exposure
and image quality for specific indications.

MATERIALS AND METHODS

MDCT Image Acquisition and Reconstruction

The scans were performed on a cadaver head (see below) on a
third-generation dual-source CT system (Somatom Definition
Force; Siemens, Erlangen, Germany) in single-source helical
mode with a detector collimation of 192 X 0.6 mm. Examinations
were conducted with 5 different settings of the tube current (25,
50, 100, 150, 200 mAs) and 7 different tube-voltage settings (70,
80, 90, 100, Sn100, 120, Sn150 kV). “Sn” indicates an additional
prefiltration of the x-ray beam with a tin filter to constrict the
energy spectrum. Additional scans with 250 and 300 mAs were
performed with Sn100 kV. Pitch values of 0.75 and 1.2 and gantry
rotation times of 0.5 and 1.0 seconds were used, resulting in 148
different scan protocols.

All images were reconstructed with 0.6-mm section thickness,
0.4-mm section interval, FOV = 210 mm, sharp (bone) kernel
(Hr64; Br64 in case of Sn100 kV), and iterative reconstruction
(Advanced Modeled Iterative Reconstruction, level 2).

Conebeam CT

A clinical flat panel conebeam CT system (ProMax 3D; Planmeca,
Helsinki, Finland) with a maximum FOV = 230 X 260 mm was
used for comparison of image quality and radiation exposure. We
used 2 clinical protocols: a high-resolution sinus protocol with a
section thickness of 0.2 mm, 11 mA at 96 kV, and an FOVXy of 130
mm, FOV, of 160 mm, exposure time of 12.3 seconds; and a
low-dose head protocol with a section thickness of 0.4 mm, 11 mA
at 96 kV, an FOV , of 230 mm, FOV, of 160 mm, exposure time
9.4 seconds.

Data Transfer and Image-Quality Assessment

The volume datasets were stored in DICOM format in our PACS
system. A 3D postprocessing platform (syngo.via; Siemens) was
used to display all datasets in MPR mode (1.5-mm thick sections,
window-level setting of 3300/300 HU on two 21.2-inch (53.85
cm) high-resolution monitors (Radiforce RX 320; EIZO,
Ishikawa, Japan) after removing all scan protocol-related infor-
mation. The readers were allowed to adjust the window-level set-
tings at their discretion. The datasets were analyzed by 2 readers
with >10 years’ experience in head and neck radiology.

Scan Object
A fresh frozen cadaver head of a white male adult was used for

imaging. Ten anatomic regions (lamina papyracea, lamina cri-
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brosa, nasal septum, ethmoid air cells, sinus walls, orbital floor,
lacrimal duct, temporomandibular joint, tympanic cavity, mas-
toid cells); and 5 incidental “pathologic” conditions (calcified
ICA plaque, temporomandibular joint osteoarthritis, intracranial
air collections, paranasal and mastoid fluid collections) were eval-
uated with a 5-point Likert scale: 5 indicating excellent, 4, good; 3,
moderate; 2, sufficient; 1, insufficient image quality. The overall
rating for each protocol was defined by the worst rating of these 15
structures or findings. For trauma assessment, high image quality
(score =4) was required. Image quality of =3 was considered
sufficient for the preoperative evaluation for sinusitis surgery, and
image quality of =2, to detect or rule out sinusitis was considered
acceptable. We did not perform noise measurements because
noise values do not adequately reflect the diagnostic value in high-
contrast objects.

To investigate the effects of different pitch values on image
quality, we performed 1-to-1 comparisons of datasets after re-
moving all identifying information, and data were displayed side
by side in random order. The same procedure was performed for
the different gantry-rotation times.

Estimation of Radiation Exposure
The estimation of the effective radiation dose (E) of the CT exam-
) and the

dose-length product derived from the patient protocol with use of

ination was based on the volume CT dose index (CTDI,,
the specific conversion coefficient: E = (mGy X cm) X 0.0019
(mSv X mGy ' X cm™').” In contrast to all other scans, the
CTDI,,, in the patient protocol of the Sn100-kV scan is referenced
to a 32-cm phantom. An additional conversion factor of 2.5 was
applied to compensate for the different reference phantoms. All
CTDI,,, values following are referring to the 16-cm phantom.

Statistical Analysis

Values are given as mean * SD. The image quality was measured
by using an ordinal performance scale with 5 levels. Interrater
agreement was assessed by using the Cohen weighted « test. Fleiss
equally arbitrary guidelines characterize a k of >0.75 as excellent,
0.40-0.75 as fair to good, and <0.40 as poor. Significance levels of
.05 were assumed. Statistical analysis was performed by using
the software package SPSS Statistics, Version 19 (IBM, Armonk,
New York).

RESULTS

The image quality differed significantly with dose. The readers did
not detect significant differences in image quality between corre-
sponding datasets acquired with a pitch value of 0.75 versus 1.2 or
with a gantry-rotation time of 0.5 second versus 1 second.

Image quality for Sn100 kV/300 mAs and 250 mAs was rated
perfect (score of 5) by both readers, and the corresponding
CTDI,,, was 2.45 and 2.05 mGy. Image quality and the corre-
sponding CTDI,, of the other tube current and tube voltage com-
binations are given in Tables 1 and 2.

Interrater agreement was good (k = 0.71). The most dose-
effective combinations for trauma imaging (requiring a rating
of =4) were Sn100 kV/250 mAs (CTDI,,, = 2.05 mGy), Sn150
kv/50 mAs (CIDIL,, = 2.61 mGy), and 90 kV/50 mAs
(CTDI,,; = 3.23 mGy).



Table 1: Scan protocols and image quality®

200 mAs 150 mAs 100 mAs 50 mAs 25 mAs
70 kv 4 3 3 2 2
80 kv 5 4 3 2 2
90 kv 5 5 5 4 3
100 kv 5 5 5 4 3
100 kV + Sn 3 3 2 2 2
120 kV 5 5 5 4 3
150 kV + Sn 5 5 5 4 3

@5 indicates excellent image quality; 4, good image quality; 3, moderate quality; 2,
sufficient for special indications; 1, insufficient.

Table 2: Scan protocols and CTDI, *

200 mAs 150 mAs 100 mAs 50 mAs 25 mAs

70 kv 571 427 2.84 141 0.71
80 kv 8.97 6.72 4.47 2.22 1m

90 kV 13.05 9.78 6.50 3.23 1.62
100 kv 17.69 13.25 8.81 438 2.25
100 kV + Sn 1.62 122 0.82 04 0.2

120 kV 28.41 21.28 14.16 7.03 3.61
150 kV + Sn 10.56 7.91 5.26 2.61 134

2 All CTDI, values are converted to a 16-cm phantom.

FIG 1. Dose-effective scan protocols achieving good image quality and high-dose reference
protocol. The following image quality is considered sufficient for trauma imaging at the lowest
dose. A, Sn100 kV/250 mAs. B, Sn150 kV/50 mAs. C, 90 kV/50 mAs. The following is a high-dose
protocol. D, 120 kV/200 mAs is given as a reference. Coronal multiplanar reformation; section

thickness, 1.5 mm; window width—level, 3300/300 HU.

The most dose-effective combinations for preoperative sinus
surgery planning (requiring a rating of =3) were Sn100 kV/150
mAs (CTDI,; = 1.22 mGy), Sn150 kV/25 mAs (CTDI,, = 1.34
mGy), 90kV /25 mAs (CTDI,, = 1.62 mGy), and 100 kV/ 25 mAs
(CTDI,,; = 2.25 mGy).

Both Sn100-kV and Sn150-kV protocols were associated with
very low radiation exposure. The Sn100-kV protocols were associ-
ated with the lowest dose values, and high image quality sufficient
for all indications was provided with tube currents of 300 mAs
(CTDI,,, = 2.45 mGy) and 250 mAs (CTDI,; = 2.05 mGy). These
scan protocols provide better image quality at a comparable dose
level than a 100-kV protocol without tin filtration and 25 mAs (Fig
1). Image quality of Sn100 kV and 150 mAs was sufficient for sinus
surgery evaluation; the respective CTDI, , was 1.22 mGy, a dose level
that could not be matched with other kilovolt settings (Fig 2).

CBCT image ratings were 4 (good) for an FOV of 130 mm and
3 (moderate) for an FOV of 230 mm. The dose-area product was
2859 mGy X cm? and 2115 mGy X cm?, respectively (Fig 3).

DISCUSSION

CT scanning of the sinuses is frequently performed; it has been
estimated that approximately 4 million scans are obtained annu-
ally in the United States.'® Many of the
patients are young, and examinations
are often repeated. It is, therefore, man-
datory to strictly follow the as low as rea-
sonably achievable concept because the
highly radiosensitive ocular lenses'" are
within the scan range. Whether and to
what extent there is a carcinogenic ef-
fect of very low radiation exposure is
of current debate.'> Abundant data
suggest that high image quality at low
radiation exposure can be achieved with
modern CT technology. Scanning at
low-kilovolt settings results in a higher
signal of iodine; thus, higher noise can
be tolerated while maintaining the sig-
nal-to-noise ratio, contrast-to-noise ra-
tio, and overall image quality.'”'* The
dose-reduction potential is highest in
CT angiography because of the high vas-
cular attenuation.'>'® In nonenhanced
CT, there is less potential of dose reduc-
tion by using low-kilovolt protocols,
though the CT numbers of bone in-
crease with decreasing kilovolt settings
and the higher image noise in low kilo-
volts is a limiting factor. We demon-
strated that the Sn100-kV protocol pro-
vided superior image quality compared
with 70- to 90-kV protocols at equiva-
lent dose levels. This has also been re-
ported in a phantom study of chest CT,
where Sn100 kV was rated superior to 70
kV for nodule detection.'® Tin filtration
restricts the bandwidth of the x-ray en-
ergy spectrum that reaches the patient.
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FIG 2. Dose-effective scan protocols achieving moderate image quality. The following image
quality is considered sufficient for preoperative evaluation in noncomplicated sinusitis at the
lowest dose. A, Sn100 kV/150 mAs. B, Sn150 kV/25 mAs. C, 90 kV/25 mAs. The following is a
low-kilovolt protocol. D, 70 kV/100 mAs has higher attenuation values of bone but is associated
with a higher dose. Coronal multiplanar reformation; section thickness, 1.5 mm; window width—
level, 3300/300 HU.

FIG 3. Conebeam CT with an FOV of 230 mm (A, moderate image quality) and FOV of 130 mm (B,
good image quality). Note improvement of the delineation of bony structures with a smaller FOV
and longer exposition time (B).

Schulz et al” proposed using an HPM
(P = 3.0) to minimize radiation expo-
sure. They reported an average dose at
the eye lens of 0.64 mGy and at the thy-
roid gland of 0.085 mGy. The same
group published data of a patient cohort
comparing conventional mode and
HPM and stated that the effective dose
may be reduced by half by using HPM,
with a mean effective dose of 0.11 mSv.>"

Aksoy et al*

compared conventional
mode and HPM on a second-generation
dual-source CT scanner and considered
HPM with a tube current of 18 mAs at 80
kV sufficient to rule out sinus disease.
The estimated effective dose was re-
ported to be 0.02 mSv. Yang and Chen*’
and Bulla et al** criticized the reported
dose values because the CTDI,,, and
dose-length product of HPM—a scan
mode originally designed for cardiac
and chest imaging—in the patient pro-
tocols of Siemens scanners are refer-
enced to a 32-cm phantom and not to a
16-cm phantom, which is, by conven-
tion, used for head scans. To compen-
sate for the difference, an additional
conversion factor (>2, dependent on
scanner and prefiltration) is necessary.
In addition, dose distribution along the
z-axis is less homogeneous by using
HPM, and over-ranging is higher com-
pared with conventional pitch modes."®
This difference makes HPM less attrac-
tive for sinus imaging.

Aksoy et al*? stated that scans with 18
mAs at 80 kV are sufficient to rule out
sinusitis, but they did not recommend
that protocol in the preoperative setting.
This finding is in line with our findings
in which 80 kV and 25 mAs were rated
sufficient for special indications only
(rule out sinusitis). We identified the
most dose-effective protocol with suffi-
cient image quality for preoperative
planning to be Sn100 kV and 150 mAs,
resulting in an effective dose of 0.03 mSv
for a typical 10-cm scan range.

While CBCT is increasingly popular,
MDCT systems provide much higher
flexibility in data acquisition and image
reconstruction. The scan range can be
individually adapted, while only fixed
FOVs are given in CBCT, leading to ex-

The effective dose (0.034 mSv for a typical scan range of 10 cm)is  posure of tissue not relevant for diagnosis. Image quality and also

in the range of conventional projection x-ray techniques (digital ~ radiation exposure differ significantly among CBCT systems.*”

panoramic radiograph, 0.022 mSv) and below that of conebeam  While noise is relatively homogeneously distributed over the scan
CT (0.07-0.13 mSv).>° range in MDCT and can be balanced with tube current modula-
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tion and automatic exposure control algorithms, in CBCT, noise
and reconstruction artifacts are unevenly distributed and increase
from the central position toward the edges of the FOV. Iterative
reconstruction algorithms can decrease overall image noise, but
the appearance of the CT image may be altered by these algo-
rithms. We used only a moderate setting of the iterative recon-
struction algorithm in MDCT to avoid artifacts at delicate bone
structures like the cribriform plate or the lamina papyracea.

In a recent study, MDCT and CBCT were performed on the
same day for intraindividual comparison.?® Instead of using dose-
equivalent scan protocols, however, only “manufacturer recom-
mended” protocols were applied; this application makes the com-
parison unbalanced in terms of dose and image quality. In
another recent study, a comparison of MDCT and “simulated”
CBCT was performed to evaluate the percentage of missed soft-
tissue lesions, which was as low as 3.3%.%” The authors used high-
dose MDCT examinations (CTDI,; = 39.8—85.1 mGy) as the
reference and concluded that if one assumes appropriate selection
of patients, CBCT can offer substantial radiation-dose reduction.
These 2 reports are only the most recent ones of many suggesting
that CBCT is more dose-efficient than MDCT. Two important
conclusions can be drawn from these studies: First, in many im-
aging centers, low-dose MDCT protocols are still neglected, and
second, appropriate patient selection is mandatory. We, there-
fore, propose different dose-optimized imaging protocols for spe-
cific indications in adults. Imaging of intracranial complications
or tumor requires injection of contrast material, low noise levels,
and therefore the use of standard dose protocols or MR imaging.
For imaging the sinuses or midface trauma, the 3 most important
tissue classes are bone, soft tissue, and air, which can be readily
differentiated with low-dose protocols and do not necessitate
contrast material injection. Still, image noise may not exceed a
certain degree because otherwise, fissures, fracture lines, or a
small dehiscence may not be detected. We found that Sn100 kV/
250 mAs (CTDI,,, = 2.02 mGy) was the most dose-effective com-
bination for trauma imaging. A little more noise could be tolerated in
the presurgical evaluation of noncomplicated sinonasal inflamma-
tory disease, but clear delineation of the cribriform plate, the lamina
papyracea, the orbital walls, and neurovascular canals must be main-
tained. We identified Sn100 kV/150 mAs (CTDI, ., = 1.22 mGy) as
the protocol providing sufficient information at the lowest dose. To
rule out mucosal swelling or fluid retention, protocols with even
lower exposure (CTDI,, = 0.2 mGy) could be used, still providing
non-superimposed 3D data.

Some limitations of our study need to be addressed. The evalua-
tion of only 1 cadaveric head may be considered a limitation. How-
ever, for comparison of image quality, we consider the phantom hav-
ing normal-sized sinus walls and extensive fluid collections within
the sinuses more important than testing multiple phantoms. Addi-
tionally, we did not specify the organ dose of the thyroid and the eye
lenses, yet with an effective dose of 0.03 mSv for the parasinus region,
eye lenses and thyroid exposure is an order of magnitude smaller
than that with standard sinus protocols.

CONCLUSIONS
Our study demonstrates that imaging the paranasal sinuses for
preoperative planning with a third-generation dual-source CT is

feasible at very low radiation exposure (0.03 mSv) when using
Sn100 kV and iterative reconstruction. We optimized scan proto-
cols for specific indications at the lowest possible dose and found
that the radiation exposure is comparable with that of conven-
tional radiography. Future studies in a large patient population
are needed to confirm the clinical value of such protocols.
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ment for Lectures (including service on Speakers Bureaus): Bayer, Bracco, Siemens.
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ORIGINAL RESEARCH
ADULT BRAIN

Arterial Spin-Labeling Parameters Influence Signal Variability
and Estimated Regional Relative Cerebral Blood Flow in
Normal Aging and Mild Cognitive Impairment: FAIR versus
PICORE Techniques

K.-O. Lévblad, M.-L. Montandon, M. Viallon, C. Rodriguez, S. Toma, X. Golay, P. Giannakopoulos, and S. Haller

rd O~ Ei

ABSTRACT

BACKGROUND AND PURPOSE: Arterial spin-labeling is a noninvasive method to map cerebral blood flow, which might be useful for early
diagnosis of neurodegenerative diseases. We directly compared 2 arterial spin-labeling techniques in healthy elderly controls and individ-
uals with mild cognitive impairment.

MATERIALS AND METHODS: This prospective study was approved by the local ethics committee and included 198 consecutive healthy
controls (mean age, 73.65 = 4.02 years) and 43 subjects with mild cognitive impairment (mean age, 73.38 = 5.85 years). Two pulsed arterial
spin-labeling sequences were performed at 3T: proximal inversion with a control for off-resonance effects (PICORE) and flow-sensitive
alternating inversion recovery technique (FAIR). Relative cerebral blood flow maps were calculated by using commercial software and
standard parameters. Data analysis included spatial normalization of gray matter—corrected relative CBF maps, whole-brain average, and
voxelwise comparison of both arterial spin-labeling sequences.

RESULTS: Overall, FAIR yielded higher relative CBF values compared with PICORE (controls, 32.7 = 7.1 versus 30.0 = 13.1mL/min/100 g, P =
.05; mild cognitive impairment, 29.8 % 5.4 versus 26.2 = 8.6 mL/min/100 g, P < .05; all, 32.2 = 6.8 versus 29.3 * 12.3 mL/min/100 g, P < .05).
FAIR had lower variability (controls, 36.2% versus 68.8%, P << .00001; mild cognitive impairment, 18.9% versus 22.9%, P < .0007; all, 34.4%
versus 64.9% P < .00001). The detailed voxelwise analysis revealed a higher signal for FAIR, notably in both convexities, while PICORE had
higher signal predominantly in deep cerebral regions.

CONCLUSIONS: Overall, FAIR had higher estimated relative CBF and lower interindividual variability than PICORE. In more detail, there
were regional differences between both arterial spin-labeling sequences. In summary, these results highlight the need to calibrate arterial
spin-labeling sequences.

ABBREVIATIONS: ASL = arterial spin-labeling; FAIR = flow-sensitive alternating inversion recovery technique; MCl = mild cognitive impairment; PICORE =
proximal inversion with a control for off-resonance effects; rCBF = relative cerebral blood flow

Arterial spin-labeling (ASL) is a noninvasive perfusion tech-
nique that uses the labeled spins in arterial water as an en-
dogenous tracer. In principle, 2 images are acquired, 1 control
image with no blood labeling and 1 tag image in which arterial
blood is labeled. The technique was developed 2 decades ago" and
is feasible on 1.5T scanners but became increasingly used with the
introduction of clinical 3T scanners. Recent investigations high-
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light the utility of ASL in the domain of neurodegeneration, no-
tably mild cognitive impairment (MCI) and Alzheimer disease,””
for review.® More recently, ASL was even able to predict very early
cognitive decline in healthy elderly controls (ie, the earliest stage
of neurodegeneration).” These investigations demonstrated con-
sistent reduction in relative cerebral blood flow (rCBF), notably in
the posterior cingulate cortex, which overlaps the patterns of hy-
pometabolism on ["*F]JFDG-PET in clinically overt and incipient
cases of Alzheimer disease.® "' The correspondence between ASL
and PET findings is consistent with the known perfusion-metab-

olism coupling in the brain.'*"?
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Summary of the essential imaging parameters for PICORE and FAIR ASL sequences

MR Imaging

PICORE Q2TIPS FAIR-QUIPSS II Imaging data were acquired on a clinical
Matrix 64 X 64 64 X 64 routine whole-body 3T MR imaging
No. of sectionzs 20 24 scanner (Magnetom Trio; Siemens, Er-
Pixel size (mm°) 344 X 344 344 X 344 langen, Germany). Two pulsed arterial
Section thickness (mm) 6 4 . .
@ il 1 0 spin-labeling approaches were per-
FOV 220 220 formed for comparison: PICOREI5
Parallel imaging (GRAPPA) 2 2 quantitative imaging of perfusion with a
Phase, partial Fourier 7/8 6/8 single subtraction with thin-section TT;
Section order Ascending Ascending periodic saturation (Q2TIPS) labeling
Section orientation ACPC aligned ACPC aligned 18 14 . .
F : scheme'® and FAIR'™ combined with
at saturation Yes Yes R . . .
Coil-combination algo Sum of squares Sum of squares quantitative imaging of perfusion using
Bandwidth 2604 Hz/Px 2368 Hz/Px a single subtraction IT (QUIPSS 11)."?
Echo-spacing 0.47 0.49 The essential parameters for both

Saturation slab

Parallel feet, gap = 25.6 mm,
thickness = 110 mm

Parallel feet/head gap = 10 mm,
thickness = 100 mm

ASL sequences are illustrated in the
Table.

TE (ms) 21 12

TR (ms) 5000 4000 A structural 3D T1 sequence was ob-
TI1(ms) 700 600 tained for spatial normalization (256 X
T2 (ms) 1800 1600 256 matrix; 176 sections, 1 X 1 X 1 mm?>;
Sl eI SifeT) i3 (i) 1600 TE, 2.3 ms; TR, 2300 ms). Additional se-
Eg\./vol;rinnlqta(gcg;/s) 75] ]1(())2 quences (T2-weighted, diffusion tensor
Total acquisition time 6 Minutes 12 seconds 7 Minutes 6 seconds imaging, fluid-attenuated inversion re-

Mo reference image

No

Yes

covery) were acquired and analyzed to

Note:—ACPC indicates anterior/posterior commissure; algo, algorithm; Q2TIPS, quantitative imaging of perfusion with
a single subtraction with thin-section Tl, periodic saturation; QUIPSS II, quantitative imaging of perfusion using a single
subtraction II; Mo, steady-state magnetization; GRAPPA, generalized autocalibrating partially parallel acquisitions.

In the context of neurocognitive decline, disease-related alter-
ations in brain perfusion are a priori small, in particular in early
stages of the disease. This feature implies that the optimal ASL
sequence for the early detection of neurodegenerative processes
should have a strong signal and, in particular, a low variability.
Unfortunately, ASL has low intrinsic signal and contrast. Conse-
quently, several techniques have been proposed to improve spin-
labeling, thereby resulting in a higher signal, including the flow-
sensitive alternating inversion recovery technique (FAIR)'* and
the proximal inversion with a control for off-resonance effects
(PICORE)."?

In this prospective investigation, we directly compared 2
pulsed ASL sequences (PICORE versus FAIR) in 241 consecutive
elderly controls and MCI participants. Both ASL sequences are in
agreement with the recent recommendations on ASL imaging.'¢
We assessed whole-brain average and local signal strength and
interindividual variability.

MATERIALS AND METHODS

Participants

The local ethics committee approved this prospective study, and
all participants gave informed written consent before inclusion. A
total of 241 consecutive subjects who had both PICORE and FAIR
ASL sequences were included in this study from an ongoing co-
hort study with extensive neuropsychological evaluation and
multiparametric MR imaging as described in detail before.” The
final sample consisted of 198 healthy controls (mean age, 73.65 *+
4.02 years; 116 women; Mini-Mental State Examination score,'”
28.36 *+ 1.41) and 43 subjects with MCI (mean age, 73.38 * 5.85
years; 15 women; Mini-Mental State Examination score, 26.93 =
2.36).
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rule out concomitant diseases such as isch-
emic stroke and subdural hematomas and
susceptibility artifacts from prior hemor-
rhage or space-occupying lesions. White
matter lesions were analyzed according to the Fazekas score.?® Mild-
to-moderate white matter lesions (Fazekas 1-2) are very common in
this age group and were not exclusion criteria. In contrast, partici-
pants with severe white matter lesion load (Fazekas 3) were excluded.

Statistical Analysis

The relative CBF values were calculated inline on the MR imaging
scanner according to Luh et al'® and Wang et al'® and under the
assumption of constant standard values for hematocrit, T1, A, and
inversion efficiency.

These rCBF maps were further processed with the fMRI of the
Brain Software Library (FSL, Version 5.0.2.1; http://www.fmrib.
ox.ac.uk/fsl) by using the following data-processing steps:
masking of nonbrain voxels by using the Brain Extraction Tool
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET, part of FSL), linear reg-
istration of the ASL raw data to the same subject’s 3D T1 data by
using the FMRIB Linear Image Registration Tool (FLIRT; http://
www.fmrib.ox.ac.uk/), nonlinear spatial registration of the high-
resolution 3D T1 image to Montreal Neurological Institute stan-
dard space (the FMRIB Nonlinear Registration Tool, [FNIRT,
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT]), and application of
this nonlinear transformation matrix to the ASL rCBF maps to
spatially normalize the rCBF maps into Montreal Neurological
Institute standard space. ASL rCBF is higher in gray matter than in
white matter. To compensate for partial volume effects of the
rCBF maps, we calculated gray matter—corrected rCBF maps as
reported previously.** In principle, the individual 3D T1 images
were preprocessed by using FSL voxel-based morphometry to cre-
ate individual gray matter maps, which were then used to mask
the individual ASL rCBF maps to obtain individual gray matter—
corrected rCBF maps.


http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl

FIG 1. A, The whole-brain average rCBF (relCBF) values in milliliters/minute/100 g for the 2 ASL sequences, PICORE and FAIR, only for elderly
control participants (CONTROL), only for MCl, and for ALL participants. FAIR provided significantly higher signal than PICORE (P < .05). The error
bars indicate SD. B, The correlation of the whole-brain average rCBF between PICORE and FAIR was significant at P <.0001. The lines represent

the linear fit for CONTROL and MCI with an intercept of zero.

First, we compared the whole-brain average rCBF values be-
tween the 2 ASL techniques by using paired ¢ tests. Additionally,
we calculated the Pearson correlation coefficient for the rCBF of
both sequences.

Second, we calculated the whole-brain average relative SD as
(Individual rCBF — Group Average rCBF)/Group Average rCBF.
These relative SD values were compared between the 2 ASL tech-
niques by using paired t tests.

Third, we applied a voxelwise permutation-based testing
(Randomize, part of FSL; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
randomise), with threshold-free cluster-enhancement correction
for multiple comparisons,”' considering fully corrected P < .05 as
significant.

All analyses were performed 3 times: only for the 198 control
participants, only for the 43 subjects with MCI, and for all 241
participants.

RESULTS

Whole-Brain Average rCBF

On average across the entire brain (ie, including gray and white
matter), FAIR provided higher rCBF values compared with
PICORE: controls, 32.7 £ 7.1 versus 30.0 = 13.1 mL/min/100 g,
P =.05;MCI, 29.8 = 5.4 versus 26.2 = 8.6 mL/min/100 g, P < .05;
all, 32.2 = 6.8 versus 29.3 = 12.3 mL/min/100 g, P < .05 (Fig 1).
The Pearson correlation for FAIR and PICORE was significant at
P <0001 for controls, MCI, and all. The slope of the correlation for
all cases was 0.93 % 0.03 (95% confidence interval, 0.86—0.99).

Interindividual Variability in rCBF

The interindividual variability in rCBF was estimated as relative to
the deviation of the individual whole-brain average rCBF with re-
spect to the corresponding group mean. FAIR had lower variability
than PICORE: controls, 36.2% versus 68.8%, P < .00001; MCI,
18.9% versus 22.9%, P < .0001; all, 34.4% versus 64.9% P < .00001

(Fig 2).

Voxelwise Comparison between FAIR and PICORE
The average voxelwise rCBF values for FAIR, PICORE, and the

difference between both sequences are illustrated in Fig 3.

FIG 2. Significantly lower variability of the whole-brain average esti-
mated rCBF for FAIR versus PICORE.

The direct voxelwise comparison between FAIR and PICORE
revealed higher rCBF for FAIR in most brain areas, mainly the
convexities, which partly corresponded to the anterior circula-
tion. In contrast, PICORE provided higher signal compared with
FAIR in the bilateral thalamus and occipital and infratentorial
regions, largely but not completely respecting the posterior circu-
lation. Exceptions for these vascular territories are the higher sig-
nal for PICORE in the bilateral head of caudate nucleus (lenticu-
lostriate arteries, anterior circulation) and the posterior insula
(middle cerebral artery, anterior circulation), while FAIR pro-
vided higher signal in the occipital pole (posterior cerebral artery
territory) and posterior division of the cingulate gyrus (posterior
cerebral artery, posterior circulation) (Fig 4).

DISCUSSION

Arterial spin-labeling is a promising neuroimaging technique for
examining cognitive decline due to the close link between brain per-
fusion and brain metabolism.'*'? Accordingly, the patterns of hypo-
perfusion in ASL* closely resemble hypometabolism in FDG-
PET*'" in MCI and Alzheimer disease.® Because disease-related

alterations in brain perfusion in neurodegenerative diseases are a pri-
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FIG 3. The average rCBF for FAIR, PICORE, and the difference between both ASL sequences.

ori small, notably at early stages of the disease, the implemented ASL
sequence should have high signal and high reproducibility.

The direct comparison of 2 ASL sequences, which were both
implemented with parameters in the range of recent guidelines,'®
demonstrates that on average across the entire brain, FAIR had
significantly lower variability compared with PICORE pulsed
ASL, most probably due to the larger number of repetitions. In-
dependent from any ASL pulse sequence, a focus on the large
number of repetitions, if feasible, seems to lead to less variable
results, even with a lower nominal volume.

Two additional observations merit discussion. First, the rCBF
estimated by FAIR was significantly higher compared with
PICORE. The rCBF calculation was performed with standard pa-
rameters by using commercially available software directly inline on
the MR imaging scanner. Note that despite the highly significant
correlation between the values obtained with these ASL sequences,
there s still a systematic offset difference between them. Correspond-
ingly, previous investigations comparing ASL and H,['°0]-PET (wa-
ter PET) as a reference standard®>** as well as combined ASL and
PET imaging>*** also showed good correlations between ASL and
water PET. The correlation coefficients are, however, unequal to 1.
Likewise, another study compared 2D-versus-3D pseudocontinuous
ASLand H,["°0]-PET in 6 healthy controls, 6 subjects with MCI, and
1 patient with Alzheimer disease and again found a systematic offset
between 2D-versus-3D ASL and between ASL-versus-water PET.*
Moreover, the placement of the imaging slab significantly changed
the rCBF estimation in ASL and the correlation with water PET,*”
indicating the need for rigorous standardization of this parameter. In
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our study, the imaging slab was positioned
by using the same orientation, and the la-
beling slab was always parallel to the imag-
ing slab.

Respecting strict standardized proce-
dures, we found that the reproducibility of
the same ASL sequence both within and
between sessions was fairly good.*® Note
that both ASL sequences in the current in-
vestigation are in agreement with recent
recommendations’® and were performed
within the same session. In the clinical ap-
plications of ASL, the sequence-related
offset is likely even higher, considering ad-
ditionally confounding factors such as dif-
ferent MR imaging vendors, machines,
and head coils. In summary, these obser-
vations highlight the need to calibrate
individual ASL sequences, for exam-
ple, by using flow phantoms to detect
subtle perfusion alterations related to
neurodegeneration.

Second, when we assessed the regional
differences between both ASL sequences
in detail, FAIR had higher rCBF in both
cerebral convexities, notably in the ante-
rior circulation. In contrast, PICORE had
higher values in deep, occipital, and in-
fratentorial regions, largely respecting the
posterior circulation. There were, however, certain exceptions to this
rule. PICORE provided higher signal in the bilateral head of caudate
nucleus and posterior insula, both part of the anterior circulation,
while FAIR provided higher signal in the occipital pole and the pos-
terior division of the cingulate gyrus, both part of the posterior cir-
culation. Along the same lines, a previous investigation assessed the
effect of imaging slab positioning and arterial transit time of ASL
compared with H,['°0]-PET.* The spatial distribution of the direct
comparison between ASL and water PET partly overlaps the patterns
of the current investigation, indicating that systematic ASL sequence-
related differences in arterial transit time might contribute to the
observed spatial differences between FAIR and PICORE. The exact
origin of these regional differences between both ASL sequences, ir-
respective of the vascular territory, remains unclear. However, one of
the differences between both ASL sequences was the use of a reference
image for FAIR yet not for PICORE, which might lead to subtle dif-
ferences between both sequences based on the level of T1-weighting
between them.

Regarding the selective difference of perfusion in the posterior
circulation, superselective or territorial ASL allows labeling of
only selected vessels of the neck and demonstrated that, for exam-
ple, the vascular supply of deep cerebral structures largely varies
depending on the presence of the anatomic variant of a fetal con-
figuration of the posterior cerebral artery.>*>° However, if ana-
tomic variants are present within an individual, these equally af-
fect both ASL sequences in our investigation. Consequently, such
anatomic variants may explain regional ASL variations between
individuals yet not between ASL sequences within the same indi-



to the recommended standards and op-
tions available on our MR imaging scan-
ner. Note that both ASL sequences used
parameters that were, at the date of the
study start, in agreement with the most re-
cent guidelines.'® As mentioned above, in
clinical settings, these variations are likely
much more important when using differ-
ent MR imaging scanners, head coils, and
so forth, highlighting the need to calibrate
each ASL sequence.

CONCLUSIONS

Overall, a large number of repetitions in
our FAIR sequence had lower interindi-
vidual variability than the smaller number
of repetitions in our PICORE sequence.
The current implementation of FAIR is
therefore recommended over the current
implementation of PICORE for imaging
in neurodegeneration. In more detail,
the regional differences and global offset
between both ASL sequences highlight the
need to calibrate ASL sequences. More-
over, these results indicate that dedicated
ASL sequences might be developed to as-
sess specific target regions of the brain.

ACKNOWLEDGMENTS

We thank all volunteers and patients for
participating in our study. We also
thank Andreas J. Bartsch and Joseph
Pfeuffer for their constructive help dur-
ing the manuscript preparation.

FIG 4. The spatial distribution of the differences between FAIR and PICORE ASL. Higher signal for

FAIR (red-yellow) was present notably in both convexities, which largely but not completely
respected the anterior circulation, for example posterior division of the cingulate gyrus (posterior
cerebral artery, posterior circulation). In contrast, PICORE had higher signal in the bilateral thalami
and occipital and infratentorial regions, largely but not completely respecting the posterior
circulation and additionally in the bilateral head of caudate nucleus (lenticulostriate arteries,
anterior circulation) and posterior insula (middle cerebral artery, anterior circulation).

vidual. A potential subtle difference in ASL imaging could also be
related to the direction of the applied QUIPSS II/Q2TIPS satura-
tion pulses. In the current investigation, these pulses were always
parallel to the acquisition (and labeling) slabs, excluding a poten-
tial bias between both ASL sequences.

Most interesting, although PICORE had globally lower signal
than FAIR, this was not the case in the bilateral mesial temporal
regions. Mesial temporal atrophy is a well-known hallmark of
Alzheimer disease,” yet previous ASL studies did not reliably
identify local hypoperfusion in this area.>> The observation that
PICORE provides higher signal in this region indicates that this
ASL sequence might be tuned to be particularly sensitive in re-
gions prone to neurodegeneration.

Limitations

Both ASL sequences had different parameters, including spatial res-
olution (similar pixel size but different section thickness and partial
Fourier factor) because they were individually optimized according
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Use of Standardized Uptake Value Ratios Decreases
Interreader Variability of ['°F] Florbetapir PET

Brain Scan Interpretation
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ABSTRACT

for the Alzheimer’s Disease Neuroimaging Initiative
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BACKGROUND AND PURPOSE: Fluorine-18 florbetapir is a recently developed B-amyloid plaque positron-emission tomography imaging
agent with high sensitivity, specificity, and accuracy in the detection of moderate-to-frequent cerebral cortical B-amyloid plaque.
However, the FDA has expressed concerns about the consistency of interpretation of [°F] florbetapir PET brain scans. We hypothesized
that incorporating automated cerebral-to-whole-cerebellar standardized uptake value ratios into ['°F] florbetapir PET brain scan interpre-
tation would reduce this interreader variability.

MATERIALS AND METHODS: This randomized, blinded-reader study used previously acquired ['®F] florbetapir scans from 30 anonymized
patients who were enrolled in the Alzheimer’s Disease Neuroimaging Initiative 2. In 4 separate, blinded-reading sessions, 5 readers classified
30 cases as positive or negative for significant B-amyloid deposition either qualitatively alone or qualitatively with additional adjunct
software that determined standardized uptake value ratios. A k coefficient was used to calculate interreader agreement with and without
the use of standardized uptake value ratios.

RESULTS: There was complete interreader agreement on 20/30 cases of ['°F] florbetapir PET brain scans by using qualitative interpretation
and on 27/30 scans interpreted with the adjunct use of standardized uptake value ratios. The k coefficient for the studies read with
standardized uptake value ratios (0.92) was significantly higher compared with the qualitatively read studies (0.69, P = .006).

CONCLUSIONS: Use of standardized uptake value ratios improves interreader agreement in the interpretation of ['®F] florbetapir
images.

ABBREVIATIONS: AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; EAD = early AD; EMCI = early mild cognitive impairment; LMC| =

late mild cognitive impairment; SUVr = standardized uptake value ratios

stimated to affect approximately 5.4 million Americans and 30
million people worldwide, Alzheimer disease (AD) is the most
common type of dementia."> Cortical 8-amyloid deposition is 1
pathologic hallmark® and is hypothesized to be pathogenic for
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AD.>? The ability to noninvasively detect cortical B-amyloid de-
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ters the brain and specifically binds to cortical fibrillar B-amy-
loid.>® Pathologic findings demonstrate the high sensitivity
(87%), specificity (95%), and accuracy (90%) of ['®F] florbetapir
in the detection of moderate-to-frequent cortical B-amyloid
plaque by using the Consortium to Establish a Registry for Alz-
heimer’s Disease criteria.”

Sufficient concern about the consistency of [*F] florbetapir
PET brain scan interpretation led the FDA to withhold approval
until an interpretation training program was implemented to re-
duce interreader variability.®'° Imaging and pathologic studies
have previously demonstrated that cerebral cortical regions, in-
cluding the frontal lobe, parietal lobe, temporal lobe, precuneus,
and anterior and posterior cingulate gyrus, are regions in which
B-amyloid deposition is commonly found in patients with
AD.>'"" These findings motivated quantitative analysis of ['*F]
florbetapir PET brain images, comparing differential binding be-
tween these cortical regions to the whole cerebellum, a site not
prone to amyloid deposition, expressed as cerebral-to-whole-cer-
ebellar standardized uptake value ratios (SUVr).>'* Subsequent
pathologic analysis demonstrated high sensitivity (97%), specific-
ity (100%), and accuracy (98%) between ['*F] florbetapir PET
SUVr and postmortem immunohistochemical measurements of
B-amyloid.>”'? These studies showed that a mean ['*F] florbeta-
pir SUVr value of >1.17 was strongly associated with an interme-
diate-to-high likelihood of a neuropathologic diagnosis of AD.>'?
However, SUVr are onerous to calculate manually, and manual
placement of ROIs is prone to variability. Computer assistance
could provide an easier method to incorporate SUVr into the

1314 and semiautomated software has been

interpretation process,
developed to facilitate SUVT calculations. The current standard-
ized methodology for amyloid PET brain interpretation does not
use SUVT,"* which might be useful to improve reader agreement.
We hypothesized that adding SUVT to qualitative image interpre-
tation of ['®F] florbetapir PET brain scans would reduce inter-

reader variability.

MATERIALS AND METHODS

Participants

This randomized, blinded-reader study used previous ['®F] flor-
betapir scans from 60 anonymized patients (37 men and 23
women) who were enrolled in the Alzheimer’s Disease Neuroim-
aging Initiative (ADNI) 2 and had already provided written in-
formed consent. Fluorine-18 florbetapir PET brain scans were
obtained at multiple sites; however, all sites followed the same
ADNI 2 protocol."” Studies were randomly selected from the
ADNI 2 population data base and anonymized. Patient age ranged
from 55 to 94 years; each patient had an established clinical diag-
nosis of normal, early mild cognitive impairment (EMCI), late
mild cognitive impairment (LMCI), or early AD (EAD). We chose
these groups (normal, EMCI, LMCI, and EAD) because their
['8F] florbetapir PET studies were expected to be the most chal-
lenging to interpret and, therefore, could better test the potential
benefit of using SUVT. In consultation with a biostatistician be-
fore the study, we determined that with 5 readers, approximately
30 cases would provide enough statistical power to test whether
the addition of SUVr would provide a substantial improvement in
reader consistency for our study. Due to the large ADNI data base
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and the need to only include these groups, an uninvolved third
party was used to select cases accordingly. The investigators
played no role in choosing the cases, to maintain the blinded
nature of the study. This study was approved by the local institu-
tional review board.

Image Analysis and Reader Study

Five nuclear medicine board-certified or eligible physicians with
no prior clinical experience in interpreting ['*F] florbetapir PET
brain scans (though some had experience with the studies in a
research setting) and with varying years of clinical experience in
nuclear medicine (3 readers had =3 years of experience, 1 reader
had 8 years of experience, and 1 reader had 18 years of experience)
underwent on-line ['®F] florbetapir PET clinical training (http://
www.amyvidtraining.com; Avid Radiopharmaceuticals, Philadel-
phia, Pennsylvania) before initiation of the study. The training
included information about ['®F] florbetapir, B-amyloid, and
Alzheimer disease followed by demonstrations and self-assess-
ment cases on study interpretation.

Fluorine-18 florbetapir PET brain scans of 60 participants
were given 2 unique and random identifiers; each case was evalu-
ated twice, once qualitatively and once with the inclusion of SUVr
information. Each case was classified as either positive or negative
for cortical B-amyloid deposition. All 60 cases were assigned to 4
reading sessions separated by at least 72 hours to avoid reader
memory. All assignments were random except that no case was
repeated during an individual session. For each case, the order of
qualitative and SUVr-aided reads was also random.

We divided the 60 cases into 2 groups with the initial 30 cases to be
used as a lead-in to give all readers a more similar experience in
evaluating amyloid PET studies and using the SUVr software. The
remaining 30 test cases were used for the test set. Readers never re-
ceived feedback about their interpretations. Readers qualitatively in-
terpreted the scans by using MIMfusion (MIM Software Inc, Cleve-
land Ohio) by determining the presence or absence of cortical
B-amyloid deposition according to the clinical interpretation meth-
odology. Axial, sagittal, and coronal images were presented, and the
reader could manipulate image contrast to accentuate the gray-white
interface as recommended by the training program.

SUVr cases were reviewed qualitatively on MIMfusion, and
additionally SUVr were calculated automatically by using Sce-
nium (Siemens, Erlangen, Germany). The SUVr software auto-
matically registers ['°F] florbetapir scans to the Montreal Neuro-
logical Institute atlas space and calculates the SUVr values without
requiring any input from the user.'® However, the reader could
review and manipulate the ROIs to fit the cerebral cortical gray
matter and whole cerebellum, to assure proper anatomic registra-
tion. Readers recorded average cortical SUVT of these regions for
each case along with the positive/negative interpretation. Because
the SUVTr values for all 5 readers were very similar, the manipula-
tion of ROIs was at most minimal in all cases. Cortex-to-whole-
cerebellum SUVTr values were automatically calculated and pre-
sented by the software for 6 anatomically relevant cortical ROIs:
frontal lobe, lateral parietal lobe, lateral temporal lobe, precuneus,
and anterior and posterior cingulate gyrus, as well as the mean
SUVr of these regions.'? Prior studies demonstrated that with the
aid of the average SUVT from these anatomic regions, sensitivity



FIG1. Example of an ["®F] florbetapir PET brain scan with negative findings without (A) and with ()
ROIs centered over the bilateral temporal lobe cortex. There was perfect interreader agreement
both with and without the aid of semiquantitative indices (average interreader SUVr = 0.97 *
0.02).

FIG 2. Example of an [®F] florbetapir PET brain scan with positive findings without (A) and with (B)
ROIs centered over the bilateral temporal lobe cortex. There was perfect interreader agreement
both with and without the aid of semiquantitative indices (average interreader SUVr = 178 =
0.02).

FIG 3. Example of a ['®F] florbetapir PET brain scan without complete interreader agreement,
displayed without (A) and with (B) an ROI over the temporal lobes. In this case, there was rater
discordance both for qualitative interpretation and with the aid of semiquantitative indices
(average interreader SUVr = 1.27 = 0.05).

and specificity of reads increased by using both clinical diagno-
sis'” and pathology” as comparisons. Although we chose to use
the Scenium software to calculate SUVr, commercial programs

from other vendors are available for calculating SUVr.>'?
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A recent study'® showed a high cor-
relation between SUVr calculated by
Scenium and other methods.>”*'® Prior
research suggested that a threshold for
amyloid positivity was at SUVr =
1.17.>"2 All readers were informed of
this threshold. However, the SUVTr value
was available to the reader as an adjunct
to assist in the primary qualitative inter-
pretation. Therefore, the final interpre-
tation relied on the reader’s overall judg-
ment, incorporating both the qualitative
image data and SUVr. Sample cases are
shown in Figs 1-3.

Statistical Analyses
The data were analyzed by using the R
Statistical
(http://www.r-project.org/

Computing Environment
).2° To assess
interrater reliability, we calculated the
Fleiss multirater «k statistics for the 2
conditions separately (qualitative versus
qualitative + SUVr) by using the “irr”
package.”' Confidence intervals for each
k were calculated separately via boot-
strap by using 1000 replicates. Statistical
comparison was accomplished by the
method for comparing correlated k statis-
tics described by Vanbelle and Albert.**
Briefly, for 2 correlated « values, a differ-

ence score can be calculated such that

1) Kp = Ksyyr — Kquulitative'

The distribution of this statistic can be
estimated via bootstrap by calculating
the difference score for q subsamples
with replacement. A new estimator is
then calculated that under the null hy-
pothesis (unalimme = k,,,) follows a t
distribution with g-1 df:

%
2) tey = o

For the current study, a bootstrap anal-
ysis by using 1000 replicates was used for
hypothesis testing. An « of .05 was set as
the threshold for statistical significance.

For the interpretation of k values, we
used the magnitude guidelines pub-
lished by Landis and Koch®*: Values of
k < 0 indicate no agreement; k =
0-0.20, slight; k = 0.21-0.40, fair; k =
0.41-0.60, moderate; k = 0.61-0.80,

excellent; and k = 0.81-1, near-perfect agreement. Average in-
terreader measurements of SUVr for the 4 different clinical
diagnostic groups (normal, EMCI, LMCI, and EAD) were
compared by using 1-way ANOVA with post hoc Tukey-
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Kramer tests. We did not measure intrareader data per recom-
mendations of the annual Clinical Trials Methodology Work-
shop of the Radiological Society of North America (https://
www.rsna.org/Clinical_Trials_Methodology Workshop.aspx).

RESULTS
One of the input images could not be successfully registered to the
template for quantification due to nonstandard patient position-
ing. Most important, no disease process (eg, normal pressure hy-
drocephalus) or anatomic variant precluded this case being
aligned to the template, and no similar issue arose with the other
59 cases. In this case, the readers could do only qualitative inter-
pretation for both the qualitative and qualitative + SUVTr reads.
There was complete interreader agreement on 20 of 30 cases of
['®F] PET brain scans by using qualitative-only interpretation and
27 of 30 scans interpreted with the adjunct use of the SUVr (On-
line Table). Quantitative measures of interrater reliability con-
firmed excellent agreement between raters when using qualitative
analysis alone (k = 0.69; 95% CI, 0.50—0.82). The addition of
SUVr data resulted in near-perfect agreement (k = 0.92; 95% CI,
0.79-0.97). Interrater agreement was significantly increased with
the addition of SUVr data (t = 2.51, P = .006) after adjusting for
the correlated nature of the data.

Group differences in global SUVr were statistically significant
(P < .005) with group means and SDs as follows: normal (1.05 =
0.21), EMCI (1.27 £ 0.25), LMCI (1.32 = 0.25),and EAD (1.65 =
0.20). Post hoc Tukey-Kramer tests demonstrated significant
mean differences between all pair-wise group combinations (P <
.0002), with the exception of EMCI versus LMCI (not significant).

In the original 30 practice cases used as a lead-in, there was
complete interreader agreement on 17 of 30 cases of ['*F] flor-
betapir PET scans by using qualitative-only interpretation (k =
0.56; 95% CI, 0.29-0.7) and 16 of 30 scans interpreted with the
adjunct use of the SUVr (k = 0.55; 95% CI, 0.36—0.73). These
values were significantly different (P < .05) than the k values
achieved in our dataset of 30 cases. If all the data from the 60 cases
were included for all 5 readers, then there was complete inter-
reader agreement on 37/60 cases (k = 0.62) only qualitatively
evaluated and complete interreader agreement on 43/60 cases
(k = 0.74) when evaluated with the aid of SUVr. The k values of
all 60 cases evaluated with the aid of SUVr were higher than those
of the same cases when only qualitatively evaluated; this ap-
proached but did not achieve statistical significance (t = 1.34,P =
.09).

DISCUSSION

AD is the most common dementia to affect the elderly and tradi-
tionally has been diagnosed clinically."> However, 10%-20% of
patients clinically diagnosed with AD lack pathologic findings at
postmortem examination.”* Improved diagnosis could aid in
medical and personal decision-making. Furthermore, on the basis
of the suspected role of B-amyloid in the pathophysiology of AD,
it has emerged as a potential drug target. In evaluating and poten-
tially using such therapies, reliably establishing the presence of
B-amyloid deposition would be of paramount importance. Re-
cently, the Society of Nuclear Medicine and Molecular Imaging
and the Alzheimer’s Association proposed PET amyloid imaging

1240 Nayate Jul 2015 www.ajnr.org

appropriate-use guidelines for patients who meet specific crite-
ria.”® For the test to be of greatest clinical utility, interreader vari-
ability needs to be minimized. We hypothesized that incorporat-
ing a method of quantification to standard image interpretation
of ['®F] florbetapir PET brain scans by the addition of SUVr
would reduce interreader variability.

Our results show a significantly higher (P = .006) interreader
agreement when ['®F] florbetapir PET scans were evaluated with
adjunctive SUVTr data (k = 0.92) compared with qualitative-only
assessment of the same studies (k = 0.69). This k value of 0.69 is
similar to the k value in another study with 5 readers visually
assessing 59 cases (k = 0.76) and in a study with 2 readers visually
assessing 46 cases (k = 0.71)."” The values of our study are also
similar to those seen with other B-amyloid imaging agents such as
"C Pittsburgh compound-B.?° The impact of the data of SUVr on
Kk values reported here is also higher than those seen in interob-
server variability studies in lesion detection in other organ sys-
tems, for example, in the detection of pulmonary nodules with
(k = 0.67)*” and without the use of computer-assisted detection
software (k = 0.64)® and the detection of breast lesions by using
automatic breast scanners (k = 0.8).%°

When ['®F] florbetapir PET brain studies were read qualita-
tively, there was interreader disagreement in 9/30 (30%) cases;
however, there was complete agreement between readers for 8 of
these cases when independently evaluated with semiquantitative
indices. With the adjunct use of the SUVT, there was interreader
disagreement on 3/30 (10%) cases. One case was discrepant (in-
terreader disagreement) on both qualitative and SUVr reads (the
case in which the software failed to register the study to the atlas).
In one of the remaining 2 discrepant cases, there was interreader
disagreement on both the qualitative assessment and the assess-
ment with the aid of SUVr; and on the other case, 1 reader inter-
preted the study differently than the others only on assessment
with the aid of SUVr. The interreader average SUVr on these cases
were 1.27 (range, 1.24—1.35) and 1.15 (range, 1.13-1.21) and were
the closest to the threshold value of 1.177°'? of the test cases (Fig
4). Therefore, we hypothesized that interreader disagreement on
these 2 cases was probably a result of visually borderline scans
because both of these subjects had diagnoses of early mild cogni-
tive impairment, which often has intermediate values of
SUVr.>712

Although we did not directly assess the extent of ROI manip-
ulation by the readers, the manipulation by all readers was, at
most, minimal as shown by the small SD between interreader
average SUVr (=5%, On-line Table). These findings are concor-
dant with a prior study that demonstrated minimal variance in the
interrater reliability of manual and automated ROI delineation
for Pittsburgh compound-B PET.?® There was no certain rela-
tionship between the years of post—board certification and dis-
crepancies, compared with most interpretations of individual
cases (Table).

Our results also show a significant difference (P < .0002) in
the values of SUVr between normal controls and patients with
early mild and late mild cognitive impairment or EAD, with pro-
gressively higher SUVr values seen in patients with early mild and
late mild cognitive impairment or EAD compared with normal
patients, concordant with findings of prior studies.*'*'® Com-



FIG 4. SUVr values for 29/30 test cases. No SUVr could be determined for one of the cases because input images could not be successfully
registered to the template for quantification due to nonstandard patient positioning.

Comparison of years of experience in diagnostic imaging and
discrepant reads (versus majority consensus) in 30 test cases

Years of Experience

(after Radiology or Discrepant Reads Discrepant Reads
Nuclear Medicine on Qualitative with Aid of
Residency) Assessment SUVr

2 3 0

3 6° 2

3 1 1

8 3 0

18 1 0

?In 1 case, only qualitative interpretation for both the qualitative and qualitative +
SUVr reads could be provided because input images could not be successfully reg-
istered to the template for quantification due to nonstandard patient positioning.

parison of SUVr between the EMCI and LMCI groups did not
demonstrate a significant difference.

Our findings demonstrate that cases that had complete inter-
reader agreement as positive for significant B-amyloid deposition
with the aid of semiquantitative analysis but not complete agree-
ment when qualitatively assessed had an interreader mean SUVr
value of 1.32 = 0.0 (n = 3). Cases that had complete agreement
for positive scan findings by both methods had an interreader
mean SUVr of 1.58 * 0.15 (n = 12). These findings suggest that
cases with values of SUVT closer to the cutoff value of 1.17 are
often visually challenging and can therefore contribute to discrep-
ant reads with qualitative assessment. However, a similar diver-
gence in the mean SUVr was not seen in cases with discrepant
interpretations by qualitative evaluation that were uniformly in-
terpreted as negative with the aid of SUVr (interreader mean
SUVr = 0.97 = 0. I; n = 5) compared with cases that had com-
plete interreader agreement for negative scan findings by both
methods (interreader mean SUVr = 1.01 * 0.09; n = 7). This

finding is congruent with findings from prior studies™'?

and may
be explained by the decreased ['®F] florbetapir uptake seen in
patients without significant 3-amyloid cerebral cortical deposi-
tion and therefore creating a narrower range for SUVr values
(Fig 4).

We designed our experiment to include 30 practice cases be-
cause all 5 readers had no prior clinical experience in interpreting

['®F] florbetapir PET brain scans (which had just been approved

at the time of this study) and had varying amounts of research
experience and varying years of experience in nuclear medicine.
Therefore, we thought that the practice cases would help readers
gain similar familiarity with the software and method. In the orig-
inal 30 practice cases used as a lead-in, there was moderate inter-
reader agreement between qualitative-only interpretation (k =
0.56) and with the adjunct use of the SUVr (k = 0.55). These
values were significantly different (P < .05) than the k values
achieved in our dataset of 30 cases. This discrepancy is likely the
result of inexperience and varying early proficiency in using the
software. Improved agreement between readers was seen in our
test set of the 30 cases for qualitative-only interpretation, empha-
sizing the importance of practice on physician performance. Im-
proved agreement between readers on the test set compared with
the training set when using SUVr signifies the need for familiar-
ization with image analysis software and is congruent with find-
ings seen in using other computer-aided diagnostic software such
as in the detection of lesions on mammograms.’" Finally, the k
values of all 60 cases evaluated with the aid of SUVr were higher
than those of the same cases when only qualitatively evaluated,
showing a trend toward statistical significance (P = .09).

We could not determine the accuracy of interpretations in this
study because no criterion standard pathologic data were avail-
able for the cohort. Clinical diagnosis is not the criterion standard
for diagnosing Alzheimer disease®* and can be an unreliable diag-
nostic tool with 10%-20% of patients diagnosed with Alzheimer
disease lacking pathology on postmortem histopathologic analy-
sis>*; clinical diagnosis has intermediate sensitivity (84%) and low
specificity (52.5%) in diagnosing Alzheimer disease.>® Our find-
ings show that 52% of mild cognitive impairment (EMCI +
LMCI) cases were interpreted with complete interreader agree-
ment as B-amyloid-positive with the aid of SUVr, while 37% of
these mild cognitive impairment cases were interpreted with
complete interreader agreement as 3-amyloid-positive with qual-
itative-only assessment. Fourteen percent of cognitively normal
cases were interpreted with complete interreader agreement as
B-amyloid-positive, both with only qualitative assessment and
with the aid of SUVr (On-line Table). These findings are congru-
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ent with prior imaging studies'’ and are within range of cortical
B-amyloid deposition seen in postmortem case studies in cogni-
tively normal, mildly cognitively impaired, and patients with Alz-
heimer disease.”>** Our findings also demonstrate that the rela-
tionship between cognitive decline and the amount of cortical
B-amyloid deposition is variable because we see studies with pos-
itive findings in all of our experimental groups (normal, EMCI,
LMCI, and AD) and they are compatible with prior pathologic
studies.”® The degree of cortical B-amyloid deposition could have
prognostic importance because recent studies have demonstrated
that cognitively normal, mild cognitively impaired, and subjects
with Alzheimer disease who have PET scans positive for amyloid
demonstrate greater cognitive and global deterioration during an
18-month>” and 3-year’® follow-up than subjects with scans with
negative findings.

We did not use the cutoff value of SUVr of 1.17 solely as a
method to quantitatively interpret the scans. The study that de-
termined this value had a small sample size of 19 patients, and
studies in larger community-based samples with a broader distri-
bution of SUVr would be needed to more definitively establish
standard thresholds. Furthermore, the applicability of this value
obtained from whole-brain cortical uptake to use in regional val-
ues is unknown.'? In our study, the readers were aware of this
empiric threshold and could choose to use it when evaluating the
calculated regional and averaged regional SUVr value from ['®F]
florbetapir PET images.

We did not measure the intraobserver variability because we
wanted to emulate the reading sessions as a standard clinical prac-
tice in which studies are assigned a single interpretation by an
individual physician reader. In this regard, our methodology was
similar to that in other studies examining interreader performance in
diagnostic imaging with and without an intervention such as com-
puter-aided diagnostic software. Parallel methodology has been used

29,44-46

in lung disease,”®*’ breast imaging, and Alzheimer dis-

647 without determining intraobserver variability.

ease,

The most important limitation of our study is the absence of
the criterion standard of pathologic analysis to establish the pres-
ence or absence of cerebral cortical B-amyloid deposition in our
cohort of subjects to determine the accuracy of physician inter-
pretations of the ['®F] florbetapir PET studies. As such, we could
not determine whether the use of SUVr improved diagnostic ac-
curacy; our primary aim was to assess interreader variability. Prior
studies have demonstrated a high correlation between PET SUVr
and immunohistochemical measurements of B-amyloid,>”'?
suggesting that improving agreement will likely improve diagnos-
tic accuracy. However, while high interreader agreement is desir-
able in diagnostic testing, it will be important to directly evaluate
the effect on diagnostic accuracy in future studies, especially in
patients with mild cognitive impairment because prior studies
have primarily focused on determining the accuracy of amyloid
PET in cognitively normal individuals or patients with probable
Alzheimer disease.>” Second, although it was meant as an adjunct
tool, we did not determine or prescribe the degree to which read-
ers used the SUVr values in determining their interpretations of
scans. Third, due to differences in reader ROI manipulation, there
was minimal variance in average SUVr values on the test cases;
therefore, this minimal variance is a potential weakness of a semi-
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automated method. Fourth, 1 case from our 30 test cases did not
successfully register to the template for quantification due to non-
standard patient positioning. Therefore, registration errors and
other technical failures of the software are an additional potential
weakness of such a semiautomated method.

CONCLUSIONS

Our results support the use of SUVr to improve interreader agree-
ment in the interpretation of ['®F] florbetapir images. Further-
more, using computer software to obtain values of SUVr can be an
appealing and efficient option for nuclear medicine physicians
and radiologists in interpreting ['*F] florbetapir PET brain scans
and other brain imaging agents. The promising results from this
initial study support future larger and prospective studies, includ-
ing determining the performance of semiquantification strategies
for ['®F] florbetapir and other B-amyloid radiopharmaceuticals
to establish ranges for negative and positive, compared against
clinical and histopathologic reference standards.
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COMMENTARY

Establishing Amyloid PET Imaging Biomarkers: Ongoing Efforts

he concept of imaging biomarkers was conceived in the late

1990s. The process of deduction from “complex” imaging
data to a few simpler indices is often required for biomarkers to
be quantitative and reproducible. Widespread examples in the
field of PET imaging include the standard uptake value (SUV)
to represent tumor FDG uptake' and quantitative statistical
mapping methods by using the z scores applied to brain FDG
PET scans.? Such methods have been used for the diagnosis
and therapeutic evaluation of various medical conditions.
Now, clinically available amyloid PET tracers permit the devel-
opment of such approaches for amyloid PET interpretation.

The study by Nayate et al’ used 60 cases of amyloid PET scans
(30 scans as test cases) obtained from the Alzheimer Disease Neu-
roimaging Initiative (http://www.adni-info.org). They calculated
the standard uptake value ratio (SUVTr) (cortical regions to whole
cerebellar uptake) by using software available on a workstation
and presented SUVTr values to readers who were interpreting am-
yloid PET scans. They found that interreader agreement increased
significantly when the scans were presented with SUVr informa-
tion. This study illustrates nicely that quantitative biomarker in-
formation might improve scan interpretation across different
readers with different degrees of experience in amyloid PET
interpretation.

The group from Pittsburgh conducted the seminal work on
the quantitative assessment of imaging biomarkers for amyloid
PET. Lopresti et al* compared more rigorous quantitative
makers, such as distribution volume, that were obtained by
using dynamic PET imaging and Logan graphical analysis.
They found that simpler indices, such as SUVTr, produced ac-
curacy comparable with more elaborate methods in distin-
guishing scans of Alzheimer disease versus control condi-
tions.* One major advantage of SUVTr is that it can be estimated
on a single static PET scan without requiring dynamic imaging
or complex tracer analysis. This simplicity is well-suited in
clinical applications. Although the term “SUVr” has been used
frequently in the field of amyloid PET, SUVr merely represents
a ratio of radiotracer uptake of a target region (ie, cortical
regions) divided by a reference region (ie, the cerebellum).
Pixel counts on the reconstructed amyloid PET images do not

need to be converted to SUV values before the calculation
of SUVr. It is equivalent to a “target-to-background” ratio—
the index that has been used in nuclear medicine for many
years.

While imaging biomarkers such as SUVr for amyloid PET can
provide information complementary to qualitative scan interpre-
tation, it is important to know that SUVr values can be affected by
various factors. For example, different amyloid tracers (3 tracers
are currently approved by the US FDA) can produce different
SUVr values.® Scan timing, size of ROIs, and image reconstruc-
tion methods can produce different SUVr values from the same
patient, similar to SUV values used for FDG PET in cancer
work-up. Different reference regions can produce substan-
tially different SUV values (such as whole cerebellum versus
cerebellar gray matter versus cerebral white matter). Various
investigators have explored the best reference region for amy-
loid PET analysis. Because of the method- and tracer-depen-
dent nature of the SUVTr, the same SUVr threshold for distin-
guishing scans with positive-versus-negative findings cannot
be applied to scans obtained with different tracers, different
imaging methods, and different ROIs. There has been an on-
going effort to standardize quantitative biomarkers for amy-
loid PET through the Quantitative Imaging Biomarkers Alli-
ance of the Radiological Society of North America (http://
www.rsna.org/QIBA). A method to unify amyloid PET analysis
for different radiotracers has also been proposed.®

One critical question that was not addressed in the current
study by Nayate et al’ is the accuracy of scan interpretation by
using SUVr information. Presentation of the SUVr values at
the time of scan interpretation improved interreader agree-
ment. Was the diagnostic accuracy also improved with the
SUVTr, or did readers consistently make wrong diagnoses on
certain cases because of the SUVTr values? Without a gold stan-
dard (which typically requires postmortem data), the current
study by Nayate et al cannot assess such critical questions re-
lated to the accuracy of scan interpretation. When reading am-
yloid PET scans in the clinic, we occasionally encounter cases
that have discrepant impressions from qualitative visual inter-
pretation and quantitative SUVr assessment. In such cases,
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which one should be trusted? This problem requires more ro-
bust prospective validation and standardization of amyloid
PET biomarkers. Such effort is currently underway in molec-
ular brain imaging communities.
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ORIGINAL RESEARCH
ADULT BRAIN

Prognostic Value of Dynamic Susceptibility Contrast-Enhanced
and Diffusion-Weighted MR Imaging in Patients with
Glioblastomas

G. Coban, S. Mohan, F. Kural, S. Wang, D.M. O'Rourke, and H. Poptani

ABSTRACT

BACKGROUND AND PURPOSE: Prediction of survival in patients with glioblastomas is important for individualized treatment planning.
This study aimed to assess the prognostic utility of presurgical dynamic susceptibility contrast and diffusion-weighted imaging for overall
survival in patients with glioblastoma.

MATERIALS AND METHODS: MR imaging data from pathologically proved glioblastomas between June 2006 to December 2013 in 58
patients (mean age, 62.7 years; age range, 22— 89 years) were included in this retrospective study. Patients were divided into long survival
(=15 months) and short survival (<15 months) groups, depending on overall survival time. Patients underwent dynamic susceptibility
contrast perfusion and DWI before surgery and were treated with chemotherapy and radiation therapy. The maximum relative cerebral
blood volume and minimum mean diffusivity values were measured from the enhancing part of the tumor.

RESULTS: Maximum relative cerebral blood volume values in patients with short survival were significantly higher compared with those
who demonstrated long survival (P <.05). No significant difference was observed in the minimum mean diffusivity between short and long
survivors. Receiver operator curve analysis demonstrated that a maximum relative cerebral blood volume cutoff value of 5.79 differen-
tiated patients with low and high survival with an area under the curve of 0.93, sensitivity of 0.89, and specificity of 0.90 (P < .001), while
aminimum mean diffusivity cutoff value of 8.35 X 10~ *mm?/s had an area under the curve of 0.55, sensitivity of 0.71, and specificity of 0.47
(P > .05) in separating the 2 groups.

CONCLUSIONS: Maximum relative cerebral blood volume may be used as a prognostic marker of overall survival in patients with
glioblastomas.

ABBREVIATIONS: EGFR = epidermal growth factor receptor; GBM = glioblastoma; MD = mean diffusivity; MD,,,;, = minimum mean diffusivity; rCBV = relative
cerebral blood volume; rCBV ,,,, = maximum relative cerebral blood volume

max

lioblastomas (GBMs) are the most common malignant tu-

mors of the central nervous system in adults, representing
50% of all gliomas and 20% of all intracranial solid lesions." The
prognosis of GBM is poor, and median overall survival is <1
year.” Even in optimal conditions (young patients treated by rad-
ical surgery, radiation therapy, and chemotherapy), death usually
occurs within 2 years.3’4 Several factors, both clinical (age, perfor-
mance status) and therapeutic (extent of surgery, radiation ther-
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apy, chemotherapy), as well as specific tumor characteristics such
as location and nature (de novo or secondary from a low-grade
glioma)™® have been studied as potential prognostic markers of
overall survival with variable degrees of sensitivity and specificity.
Recently, tumor genetics is also being investigated as a prognostic
index.”®

Conventional MR imaging is widely used as the technique of
choice for GBM diagnosis and also has an important role in mon-
itoring disease progression and response to therapy for patients
with GBM. Additional advanced imaging techniques, such as rel-
ative cerebral blood volume (rCBV) obtained from dynamic sus-
ceptibility contrast perfusion imaging, have been used to predict

911 and assess treatment response.'> A recent re-

glioma grade
port'® indicated that maximum relative cerebral blood volume
(rCBV,

survival in patients with gliomas, regardless of the tumor grade.

) can be used as a predictive marker of progression-free

max

Similar to perfusion imaging, diffusion-weighted imaging has
also been used for diagnosis of tumors. Tumors with high cellu-
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larity demonstrate restricted diffusion and thus low mean diffu-
sivity (MD) or apparent diffusion coefficient, which inversely cor-
relates with tumor cellularity.>'* Areas with minimum mean
diffusivity (MD
mors with a low MD tend to have a poor prognosis.

) reflect the sites of highest cellularity, and tu-
15-18

min

Radiation therapy and chemotherapy with temozolomide
have become the standard of care in the treatment of GBM and
have demonstrated increased survival benefits in patients with
newly diagnosed GBM."'® However, several clinical trials, includ-
ing blocking the tyrosine kinase activity of epidermal growth fac-
tor receptor (EGFR),*>*' using competitive and noncompetitive
kinase inhibitors in combination with radiation and temozolo-

2021 9nd using monoclonal antibodies,° are also investigat-

mide,
ing the treatment of GBMs. The exact value of each of these ther-
apeutic strategies remains investigative though. The overall
survival of patients with glioblastomas varies significantly,'”'®
and it is imperative to know which patients will do better or worse,
preferably before initiation of treatment, by using a noninvasive
imaging method, so as to tailor fit the therapy for the best man-
agement and hopefully increased survival. We have evaluated the
role of DSC-MR imaging and DWI as potential prognostic imag-
ing markers in patients with GBM with an eventual goal of using
these parameters in the selection of the optimal treatment option

for these patients.

MATERIALS AND METHODS

MR Imaging

This retrospective study was approved by the institutional review
board and was compliant with the Health Insurance Portability
and Accountability Act. A total of 564 treatment-naive patients
diagnosed with GBM at the University of Pennsylvania from June
2006 to December 2013 were retrospectively reviewed. Because
we were interested in evaluating the role of perfusion-weighted
imaging and diffusion-weighted imaging, we excluded the cases in
which the PWT or DWI scans were not available. In addition, we
analyzed the pretreatment MR imaging scans of only those pa-
tients who had gross total resection of their tumors so that the
extent of surgery was not a confounder in the analysis. Further-
more, we also excluded all GBMs with oligodendroglial features.
Of the 564 cases reviewed, 58 patients (32 men and 26 women;
mean age, 62.71 = 13.2 years; age range, 22—89 years) with a
pathologically proved GBM met our inclusion criteria and were
included in the study. After surgery, all the patients were treated
with chemotherapy and radiation therapy.

We used a 15-month overall survival as the cutoff to evaluate
rCBV ., and MD
ous studies have reported a median overall survival time of 12-15
months for patients with GBM.>'®'® Thus, the 58 patients in our
study were divided into 2 groups: patients having long survival

max min as predictive markers because several previ-

(n = 30, patients who had an overall survival of =15 months) and
short survival (n = 28, patients who had an overall survival of <15
months). The survival time was calculated as the time (in months)
from the initial date of diagnosis until the date of death. The
clinical symptoms, survival duration, Karnofsky score, and lesion
diameter of the patients demonstrating short and long survival are
reported in On-line Tables 1 and 2. The MR images acquired
before surgery (<1 week) were evaluated in this study.
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All MR images were obtained on a 3T clinical MR imaging
system (Tim Trio; Siemens, Erlangen, Germany), equipped with a
12-channel phased array head coil. The imaging protocol in-
cluded a 3-plane scout localizer, axial 3D T1-weighted magneti-
zation-prepared rapid acquisition of gradient-echo images by us-
ing the following parameters: TR, 1760 ms; TE, 3.1 ms; T1, 950 ms;
matrix size, 192 X 256; FOV, 25 X 25 cm?* and 1-mm section
thickness; and FLAIR images with TR, 9420 ms; TE, 141 ms; T,
2500 ms; matrix size, 192 X 256; and 3-mm thick contiguous
sections with no gap. DWI data were acquired by using a single-
shot spin-echo echo-planar imaging sequence with parallel imag-
ing by using a generalized autocalibrating partially parallel acqui-
sition and an acceleration factor of 2. Other sequence parameters
were as follows: FOV = 22 X 22 cm?; b=0, 1000 s/mm?; section
thickness, 3 mm; number of sections, 40; acquisition time, 8
minutes.

For dynamic susceptibility contrast imaging, a bolus of gado-
benate dimeglumine (MultiHance; Bracco Diagnostics, Prince-
ton, New Jersey) was injected as the preloading dose of 0.07
mmol/kg. The preloading dose was administered to reduce the
effect of contrast agent leakage on CBV measurements. A DSC
T2*-weighted gradient-echo, echo-planar sequence was obtained
during the second 0.07-mmol/kg bolus of intravenous contrast
agent. The injection rate was 5 mL/s for all patients and was im-
mediately followed by a bolus injection of saline (total of 20 mL at
the same rate). DSC sequence parameters included the following:
TR/TE, 2000/45 ms; FOV, 22 X 22 cm? in-plane resolution,
1.72 X 1.72 X 3 mm’; slab of 20 sections covering the tumor
region; and acquisition time of 1 minute 38 seconds. A long TR
and a low flip angle were used to reduce the effect of changes in T1
relaxation from contrast agent leakage.?* Post-contrast-enhanced
T1-weighted MPRAGE images were acquired after completion of
the DSC sequence.

Image Processing

The rCBV was calculated from PWI data by using the intravascu-
lar indicator dilution algorithms described previously.**** Data
processing was performed by using PWI Task Card (Massachu-
setts General Hospital, Boston, Massachusetts) on a Leonardo
workstation (Siemens). MD maps were automatically generated
by using the software tools available on the scanner by using a
monoexponential fit to the multiple b-value images. Measure-
ments were obtained by 2 radiologists (G.C. and F.K., with >4
years of experience reading brain MR imaging). We meticulously
chose multiple ROIs from the enhancing part of the tumor, avoid-
ingareas of cerebral blood vessels, calcifications, hemorrhage, and
CSEF-filled sulci to measure a reliable CBV value as proposed ear-
lier.>*2” The ROIs were drawn and chosen in agreement by the 2
readers, thereby reducing any interobserver variability. The com-
monly used rCBV, .. parameter’® was computed by calculating
the mean CBV values from 3 circular ROIs measuring 30—50 mm”
from areas of visually high CBV as reported previously.>**” For
normalization, 3 circular ROIs of the same size were drawn in the
contralateral normal-appearing white matter. A similar analysis
method was used to investigate the minimum mean diffusivity.
Three circular ROIs measuring 30—50 mm? from the visually low-



est MD values were used to compute MD, ; , representing high

cellularity as reported previously.'>'”

Statistical Analysis

The long and short survival patient groups were compared by
using a Student ¢ test. A P value < .05 was considered significant.
A receiver operating characteristic analysis was performed to eval-
and MD
vival. Areas under the curve were computed. A cutoff value for

uate the predictive power of rCBV, for overall sur-

max min

each parameter was determined by maximizing the sum of sensi-
tivity and specificity. Kaplan-Meier survival curves were used to
characterize and compare the groups with high-versus-low rCBV_ .

and high-versus-low MD_; in terms of overall survival. All sta-

min

tistical analyses were conducted by using PASW Statistics, Ver-
sion 18 (IBM, Armonk, New York).

RESULTS

Representative images of patients with GBM with long and
short survival are shown in Fig 1. The contrast-enhanced T1-
weighted images and FLAIR images from these patients look
similar, showing heterogeneous peripheral enhancement and
extensive surrounding FLAIR signal abnormality. All tumors
showed prominent enhancement after IV contrast administra-

FIG 1. Representative MR images and parametric maps from patients with GBM. The top row
(A-D) shows images from a 66-year-old woman with GBM who survived for >58 months after
gross total resection of her GBM in the left temporo-occipital lobe. Representative MR images
from a 75-year-old man with a GBM in the left parietal lobe with only a 5-month survival are
shown (E-H). Images of both patients demonstrate heterogeneous peripheral enhancement (A
and E) and extensive surrounding FLAIR signal abnormality (B and F) on axial contrast-enhanced
Tl-weighted and FLAIR images, respectively. The patient with short survival has a higher CBV (G)
=12.22) in comparison with the patient with long survival (C) (rCBV,,,, = 3.57). The MD
maps from these patients (D and H) do not show any difference (6.50 X 10~ mm?/s versus 6.80 X

(rCBV

max

10~ * mm?¥/s).

Average * SD, sensitivity, specificity, PPV, and NPV of pretreatment rCBV,

(=15 mo) survival and short (<15 mo) survival

tion. The patient with short survival demonstrated higher
rCBV
survival.

The rCBV,
4.01) were significantly higher compared with those of long sur-
vival (4.78 £ 1.30, P < .05). There was no significant difference in
the MD, ;,, values between the 2 groups: 0.80 = 0.17 versus 0.75 *
0.15 X 10" >mm?/s (Table).

Receiver operating characteristic analysis indicated that a
rCBV,
ing overall survival with an area under the curve 0of 0.93, sensitivity

compared with the patient who exhibited long

max

values of patients with short survival (9.90 *

max

max Cutoff value of 5.79 was the best parameter for predict-
of 0.89, specificity of 0.90, positive predictive value of 0.89, and
negative predictive value of 0.90 (Fig 2 and Table). The MD_
cutoff value of 8.35 X 10~ *mm?/s, on the other hand, showed
only a modest area under the curve of 0.55, sensitivity of 0.71,
specificity of 0.47, positive predictive value of 0.56, and negative
predictive value of 0.64 (Fig 2 and Table). A combination of rCB-
Vnax and MD, . did not improve the prediction capability and
had an area under the curve (0.93) similar to that of rCBV
Kaplan-Meier survival curves demonstrated that GBMs with low
rCBV, .. (<5.79) had a median survival time of 23 * 3.4 months,
whereas GBMs with high rCBV ., (=5.79) had a median survival
time of 5 * 1.9 months (Fig 3). There was a significant difference
in patients with high rCBV .. and low
rCBV ., (P <.001). For the DWI mea-
surements, GBMs with low MD,_,;.
(<8.35 X 10 *mm?/s) had a median
survival time of 14 = 2.0 months,
whereas GBMs with high MD, ;.
(>8.35 X 10~ *mm?/s) had a median sur-
vival time of 18 = 1.4 months, and there

min

max*

max

was no significant difference between
the 2 groups (P > .05) (Fig 4).

DISCUSSION

Our study suggests that pretreatment
rCBV,
marker for overall survival in patients

max Can be used as a prognostic
with GBM. In particular, patients with

high pretreatment rCBV demon-

max
strated lower survival in comparison
with patients with low pretreatment
rCBV ., who exhibited longer survival
of >15 months. These results could have
a potential clinical benefit and in the
future may aid in individualized treat-
ment planning because patients with
high pretreatment rCBV_ . can be of-
fered upfront alternative treatment

and MD,,, in patients with GBM demonstrating long

max

Long Survival (n = 30)

Short Survival (n = 28)

Mean = SD Mean = SD Cutoff ~AUC  Sensitivity  Specificity PPV~ NPV
rCBV, . 478 +130 9.90 + 4.01 579 093 0.89 0.90 089 090
MD,.,, (10 3mm?/s) 0.80 = 0.17 075 + 015 083 055 071 047 056  0.64

Note:—NPV indicates negative predictive value; PPV, positive predictive value; AUC, area under the curve.

ap < .0
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FIG 2. Receiver operative characteristic curves of rCBV _,, (solid line)
by using a rCBV,,, cutoff value of 5.79. The area under the curve was
0.93. The receiver operating curve of MD,,,, (dotted line) by using a
cutoff value of 8.35 X 10~ “mm?/s demonstrated only a modest area
under the curve of 0.55.
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FIG 3. Kaplan-Meier curves for patients with low (<5.79, solid line)
and high (=579, dotted line) rCBV,,,,. GBMs with low rCBV, . had a
median survival time of 23 * 3.4 months, whereas GBMs with high
rCBV,,.., had a median survival time of 5 = 1.9 months (P < .001). Cum
indicates cumulative.

strategies, including bevacizumab, immunotherapy, or other
therapies targeted toward increased survival.

Conventional imaging characteristics of GBM, including loca-
tion, size, and degree of enhancement; necrosis; and extent of
edema, have been studied for prediction of survival.”'"2°¢ Al-
though contrast enhancement is generally used to estimate the
extent of the tumor, it is clear from the literature that conven-
tional radiologic findings, such as the absence of contrast en-

hancement, are not only poor predictors of tumor grade but may
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FIG 4. Kaplan-Meier curves for patients with GBM with low
(<0.835 X 10 >mm?/s, solid line) and high (=0.835 X 10 >mm?/s,
dotted line) MD,,;,. GBMs with a low MD_,;, have a median survival
time of 14 = 2.0 months, whereas GBMs with a high MD,,,,, have a
median survival time of 18 = 1.4 months. There is no significant differ-
ence between the 2 groups (P > .05). Cum indicates cumulative.

or may not be prognostic factors for either survival or progres-
sion-free survival.'*?” PWT is increasingly being used to assess
microvascular changes associated with the tumor grade, and it is
widely used to assess tumor angiogenesis and microvascula-
ture.”*?>?® Law et al®® suggested that rCBV measurements in
low-grade gliomas correlated more accurately with time to pro-
gression than the initial histopathologic grading of the tumor.
Although Oh et al'® suggested that rCBV had no predictive value
with respect to the prognosis in GBM, they evaluated GBM tu-
mors after surgical resection; thus, it is unclear whether the extent
of surgery played a role in determining the prognostic value in
their study.'® Bisdas et al'! reported that there was no correlation
among CBV, World Health Organization grade, and progression-
free survival in a mixed population of gliomas. Similar to ours,
findings of Mangla et al’* were that rCBV was useful for predict-
ing progression-free survival in anaplastic astrocytomas, but not
for grade IIT tumors with oligodendroglial components.

We observed that an rCBV . threshold value of 5.79 was the
best predictor for overall survival with a very high sensitivity and
specificity. In other words, this threshold was evaluated as a prog-
nostic index of survival in GBM and not for predicting tumor
grade, for which a much lower rCBV threshold was reported by
Bisdasetal'! (4.2), Levetal®® (1.5), Law et al®! (1.75), and Mangla
et al®? (2.55).

High-grade brain tumors are usually associated with high cel-
lularity and therefore exhibit low MD values.'>™'” Previous stud-
ies'>'®?? reported that MD
nosis and survival. The cutoff MD values used in these studies
were 0.74 X 107> mm?/s, 0.90 X 10> mm?/s, 0.93 X 10>
mm?/s, and 1.00 X 10~> mm?/s, respectively.">'® Higano et al'®
studied 37 malignant astrocytic tumors, including 22 GBMs, and

was a sensitive marker for prog-

min

reported a significant negative correlation between MD, ;. and



Ki-67, which may explain the poor prognosis of patients with
lower MD, ;... The authors of that study also reported that the
MD,;,, (0.834 X 10~ ’mm?/s) of GBM was significantly lower
than the MD
In another study, Murakami et a

1.06 X 10~ °mm?/s) of anaplastic astrocytomas.
115

min (

studied 79 malignant supra-
tentorial astrocytic tumors, including 50 patients with GBMs, and
observed that patients with an MD, ;. of >1.00 X 10~ >mm?/s
had better outcomes than patients with an MD,, of =1.00 X
10~ ?mm?/s. Yamasaki et al*® reported that MD
overall survival in patients with GBMs who did not have a com-

min also predicted
plete- or near-total resection of their tumors. We did not observe
an MD, ;. cutoff value that could differentiate patients having
short or long survival (Fig 4). However, in comparison with these
previous studies, we studied a homogeneous population of pa-
tients with GBMs who had undergone gross total resection of
their tumors, which may partially explain the difference in our
results.

Because GBM is composed of prominent necrosis, nuclear
atypia, cellular proliferation, and microvascular hyperplasia, the
extent of necrosis and the amount of edema have been shown to
negatively correlate with survival.>*® Immunohistochemical
staining for p53, Ki-67, and EGFR is generally used for differential
diagnosis and grading of these tumors.*' Previous studies have
shown that abnormal microvasculature may be associated with
increased endothelial cellularity, proliferation, and tumor
grade.*>*’> Tumors with increased EGFR, Ki-67, and p53 staining
are more invasive and exhibit a more malignant phenotype. A
tumor-specific mutant of the EGFR, EGFRVIII, causes constitu-
tive upregulation of the tyrosine kinase activity of the receptor
and is frequently expressed in primary GBMs. EGFR signaling
has, therefore, been the target for GBM therapy. It is also possible
that rCBV measurements are revealing changes in microvascular
attenuation that precede malignant transformation** and may be
indicative of poor prognosis as demonstrated in our study.

Previous survival analysis studies for patients with brain tu-
mors have evaluated several factors: tumor grade, extent of resec-
tion, radiation dose, age, and Karnofsky score.”® Based on the
results of some prospective clinical trials that evaluated patients
with gliomas, the important prognostic factors for predicting out-
come in gliomas are the extent of surgical resection, histologic
results, and size of the lesion.'>*>*® Tumors not involving elo-
quent regions of the brain undergo gross total resection because it
has been shown that maximal resection improves survival in pa-
tients with gliomas.'»*>*® Preoperative knowledge of the
rCBV ., of a tumor may help to determine whether to biopsy or
to resect, the aggressiveness of resection, the use of pre-/postop-
erative adjuvant radiation therapy and chemotherapy, and the
frequency of follow-up examinations.

Although our study indicates the role of pretreatment
rCBV,..
in GBM, the results should be interpreted in light of the limita-
tions of the study. One was the use of hand-drawn ROIs for data

as a potential imaging biomarker for predicting survival

analysis, which, though being simple and straightforward, tend to
be subjective. Future studies involving semiautomated segmenta-

tion routines*”*®

may be needed to analyze the data more objec-
tively without any user bias. In addition, we did not evaluate other

perfusion variables from the DSC data, such as cerebral blood

flow and mean transit time values. Increasing the TR is only one of
the methods to reduce the effects of T1, but it comes with a penalty
of increased acquisition time. In addition to the simplistic mea-
surements of MD__; ., other parameters from diffusion imaging
can be computed, such as fractional anisotropy and radial and
axial diffusivity. It would be desirable to perform a multivariate
analysis by using these varied imaging parameters to evaluate
whether these additional parameters further increase the sensitiv-
ity and specificity in the overall prognosis of patients with GBM.
The study was performed retrospectively, and the sample size for
the Kaplan-Meier analysis was relatively small. The survival of
patients with GBM can also be affected by other factors such as the
location, tumor size, and Karnofsky score. A larger sample size
would be necessary to perform a Kaplan-Meier analysis of the
rCBV, .. accounting for these confounding factors. We have lim-
ited the number of confounders, including selection of pure GBM
(excluding patients with oligodendroglial features) and selection
of patients with near-total resection of the mass, and restricted the
analysis to tumors with a similar initial size in the 2 groups. A
prospective study on a larger cohort of patients with GBM needs
to be performed to further establish rCBV as a marker for overall
survival in GBM.

CONCLUSIONS

Our results indicate that pretreatment rCBV,, may be a used as
a sensitive prognostic marker for overall survival in patients with
glioblastomas.
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Chordoid Meningioma: Differentiating a Rare World Health
Organization Grade Il Tumor from Other Meningioma

Histologic Subtypes Using MRI

J.B. Pond, T.G. Morgan, KJ. Hatanpaa, Z.F. Yetkin, B.E. Mickey, and D.B. Mendelsohn

ABSTRACT

BACKGROUND AND PURPOSE: Meningiomas are very commonly diagnosed intracranial primary neoplasms, of which the chordoid
subtype is seldom encountered. Our aim was to retrospectively review preoperative MR imaging of intracranial chordoid meningiomas, a
rare WHO grade |l variant, in an effort to determine if there exist distinguishing MR imaging characteristics that can aid in differentiating
this atypical variety from other meningioma subtypes.

MATERIALS AND METHODS: Ten cases of WHO grade Il chordoid meningioma were diagnosed at our institution over an 11-year span, 8
of which had preoperative MR imaging available for review and were included in our analysis. Chordoid meningioma MR imaging charac-
teristics, including ADC values and normalized ADC ratios, were compared with those of 80 consecutive cases of WHO grade | meningi-
oma, 21 consecutive cases of nonchordoid WHO grade Il meningioma, and 1 case of WHO grade Il meningioma.

RESULTS: Preoperative MR imaging revealed no significant differences in size, location, signal characteristics, or contrast enhancement
between chordoid meningiomas and other meningiomas. There were, however, clear differences in the ADC values and normalized ADC
ratios, with a mean absolute ADC value of 1.62 * 0.33 X 10> mm?/s and a mean normalized ADC ratio of 2.22 = 0.47 X 10> mm?/s in
chordoid meningiomas compared with mean ADC and normalized ADC values, respectively, of 0.88 = 0.13 X 10> mm?/s and 1.17 = 0.16 X
107> mm?%/s in benign WHO grade | meningiomas, 0.84 = 0.11 X 10> mm?/s and 1.1 = 0.15 X 10~ mm?/s in nonchordoid WHO grade I
meningiomas, and 0.57 X 10~ mm?/s and 0.75 X 10~ mm?%/s in the 1 WHO grade Ill meningioma.

CONCLUSIONS: Chordoid meningiomas have statistically significant elevations of ADC and normalized ADC values when compared
with all other WHO grade 1, II, and Ill subtypes, which enables reliable preoperative prediction of this atypical histopathologic

diagnosis.

ABBREVIATIONS: NADC = normalized ADC; WHO = World Health Organization

M eningiomas are the second most common primary intra-
cranial neoplasm, constituting approximately 13%—25% of
such tumors.' There are 15 variants of meningioma according the
2007 World Health Organization (WHO) classification of tumors
of the central nervous system.” Although 80%—90% of meningi-
omas are classified as benign WHO grade I tumors, WHO grade I
and I1I varieties demonstrate a more aggressive clinical course and

Received October 18, 2014; accepted after revision November 22.

From the Departments of Neuroradiology (/.B.P., T.G.M., Z.F.Y., D.B.M.), Neuropa-
thology (KJ.H.), and Neurosurgery (B.E.M.), University of Texas Southwestern Medi-
cal Center, Dallas, Texas.

Please address correspondence to Jason Pond, MD, Department of Radiology,
University of Texas Southwestern Medical Center, 5323 Harry Hines Blvd, Dallas,
TX 75390-8896; e-mail: jasonbpond@gmail.com

E Indicates article with supplemental on-line tables.
http://dx.doi.org/10.3174/ajnr.A4309

have a greater propensity for recurrence, and the grade and extent
of original resection accounts for these differences.’ Ideally, pre-
operative imaging to identify the potentially more aggressive
grade IT and I1I varieties would be helpful for presurgical planning
and subsequent imaging follow-up. One such rare variant is the
WHO grade II chordoid meningioma. A little more than 100 cases
of chordoid meningioma have been described in the English-lan-
guage literature, the majority of which are in the pathology and
neurosurgery literature.*™

Attempts to distinguish benign from atypical and malignant
meningiomas have been undertaken with variable results, and
DWI and ADC values have provided the most reliable means of

differentiation,'®!!

though no data analysis specifically examin-
ing the chordoid morphologic variant has been performed. To the
best of our knowledge, only 3 case reports in which the MR im-
aging characteristics of chordoid meningiomas were described

have been published in the radiology literature.'*"'*
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We compared 8 cases of intracranial chordoid meningioma to
80 consecutive cases of WHO grade I meningioma, 21 consecutive
cases of nonchordoid WHO grade IT meningioma, and 1 WHO
grade III meningioma in an effort to determine if there exist dis-
tinguishing MR imaging characteristics that can aid in differenti-
ating this particular subtype.

MATERIALS AND METHODS
This was a retrospective institutional review board—approved study.

Case Selection

Ten cases of histologically proven WHO grade IT chordoid me-
ningioma were diagnosed at our institution from August 2002
through December 2012. We performed a retrospective review of
the preoperative MR imaging of 8 patients. Two patients were
excluded from our analysis, 1 because of intraspinal tumor loca-
tion and 1 because of a lack of available preoperative imaging. All
the patients maintained routine neurosurgical clinic and imaging
follow-ups at our institution.

Using an institutional neuropathologic database, we com-
pared these chordoid meningiomas to 80 consecutive cases of
WHO grade I meningioma, 21 consecutive cases of WHO grade II
(nonchordoid) meningioma, and a single case of WHO grade III
meningioma for which preoperative MR imaging was performed
at our institution with the appropriate imaging sequences avail-
able for comparison. Subtypes of WHO grade I meningioma
included 38 meningothelial, 15 transitional, 12 fibroblastic, 5 mi-
crocystic, 4 angiomatous, 3 secretory, 2 metaplastic, and 1 lym-
phoplasmacyte-rich meningioma. Nonchordoid WHO grade II
meningioma subtypes included 20 atypical and 1 clear-cell me-
ningioma. The single case of WHO grade III meningioma was of
the anaplastic subtype.

MR Imaging Protocol

Five MR examinations were performed at our institution, and 3
patients received preoperative imaging at outside institutions.
MR imaging at our institution was performed by using our insti-
tutional standard tumor protocol with conventional acquisition
of fast spin-echo T1-weighted imaging, fast spin-echo T2-
weighted imaging, T2-weighted FLAIR imaging, contrast-en-
hanced T1-weighted imaging after administration of an intrave-
nous Gd-DTPA contrast agent (0.1 mmol/kg), and DWI. DWI
scans at our institution were acquired before contrast by using
single-shot multisection spin-echo echo-planar imaging with fat
saturation, b values of 0 and 1000 s/mm?, 4- to 5-mm-thick sec-
tions with 0.5- to 1.0-mm gaps, a field of view of 220-230 mm, a
minimum matrix size of 128 X 128, and minimal TE. Processing
of the ADC maps was performed automatically on the MR scan-
ners by using the diffusion-weighted (b=0 and b=1000) images.
Outside studies were uploaded to our PACS for review and con-
sisted of at least fast spin-echo T1-weighted, T2-weighted, T2-
weighted FLAIR, and post—contrast-enhanced T1-weighted im-
ages. DWI was obtained from 1 of the 3 outside studies.

Data Analysis

The patient age at diagnosis, sex, and clinical follow-up data were
obtained via the institution’s electronic medical record. Three
investigators (J.B.P., T.G.M., and D.B.M.) evaluated the MR im-
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aging by consensus reading. Images were analyzed for tumor lo-
cation, size (maximal axial dimension), T1 and T2/FLAIR signal
characteristics, peritumoral edema, enhancement characteristics,
cystic necrosis, bone changes, restricted diffusion, ADC values,
and normalized ADC (NADC) ratios. Signal characteristics were
classified as hypointense, isointense, or hyperintense compared
with normal gray matter. Enhancement characteristics were clas-
sified as homogeneous or inhomogeneous. Tumoral ADC values
were measured by 2 investigators (J.B.P. and T.G.M.) directly
from the PACS workstation in units of X 10> mm?®/s by using
manual freehand regions of interest to include the entirety of the
tumor in the axial section demonstrating the greatest tumor di-
ameter, with exclusion of any calcification or cystic necrosis.
NADOC ratios were calculated by using the formula NADC = tu-
mor ADC/control ADC. Control ADC values were obtained from
contralateral normal white matter. ADC maps were available for 4
of the 8 chordoid meningiomas and for all of the included WHO
L, 11, and III tumors. Intraclass correlation coefficients were cal-
culated to determine interrater reliability of the measured ADC
values of the chordoid meningiomas. Generalized linear model
and Tukey-Kramer method analyses were used to compare ADC
values and NADC ratios across all the histologic subtypes. Fol-
low-up MR imaging was performed on all 8 patients at various
intervals as deemed appropriate by the neurosurgical providers
and retrospectively reviewed for evidence of tumor recurrence by
the 3 principal investigators.

RESULTS
The 8 patients with chordoid meningioma consisted of 6 women
and 2 men. Age at diagnosis ranged from 34 to 66 years (mean age,
47 years). The presenting symptoms were variable and included
headache, visual disturbance, seizure, altered mental status, and
gait instability. A frontal/parietal convexity location was most
prevalent, occurring in 4 patients. The remaining tumors were
located along the sphenoid wing, tentorium cerebelli, parasagittal
region, and at the foramen magnum. In 3 cases, preoperative MR
imaging revealed the presence of multiple meningiomas. Of these
cases, none proved on subsequent histopathologic analysis to be
multifocal chordoid meningioma but rather a single chordoid
meningioma in the presence of other WHO grade I meningiomas.

The preoperative MR imaging characteristics of chordoid me-
ningiomas, WHO grade I meningiomas, nonchordoid WHO
grade II meningiomas, and WHO grade III meningiomas are
summarized in On-line Tables 1, 2, 3, and 4, respectively.

Evaluation of the signal characteristics of chordoid meningi-
oma revealed mild hyperintensity to gray matter on T2 FLAIR
imaging in all cases, 7 of the 8 tumors demonstrated T1 isointen-
sity to gray matter, and 6 of the 8 tumors demonstrated avid
homogeneous contrast enhancement (Fig 1). The 2 tumors that
showed avid inhomogeneous enhancement did so as a result of
cystic necrosis. Two patients had marked peritumoral edema on
T2 FLAIR imaging, 1 patient had trace peritumoral edema, and
the remaining patients had no appreciable edema. Involvement of
the adjacent calvaria with extension into the orbit was seen in 1
patient.

Evaluations of DWI revealed variable signal intensities. No
restricted diffusion was identified in any chordoid meningioma;



FIG1. Three different cases of chordoid meningioma show the characteristic T1, T2 FLAIR, and postcontrast Tl appearances, which are similar to
those of other meningioma subtypes. A, T2-weighted FLAIR image shows slight hyperintensity to gray matter with mild surrounding edema. B,
Tl-weighted image shows isointensity of the chordoid meningioma (arrow) to gray matter. C, Contrast-enhanced Tl-weighted image shows avid

homogeneous enhancement of the meningioma.

FIG 2. Chordoid meningioma shows facilitated diffusion. A, Postcontrast T1-weighted image showing avid homogeneous enhancement of
aleft temporal chordoid meningioma. B, DWI shows hypointensity of this chordoid meningioma. C, ADC map corresponding to the tumor
shown in B depicting hyperintensity of the meningioma with an ADC value of 2.11 and an NADC ratio of 2.93, which represent increased
diffusion. D, Postcontrast T1-weighted image of a different patient shows avid homogeneous enhancement of a left frontal convexity
chordoid meningioma. E, DWI of this tumor shows isointensity to slight hypointensity of the tumor. F, ADC map corresponding to tumor
shown in E shows increased signal of the meningioma with an ADC value of 1.47 and an NADC ratio of 1.99, which are consistent with

facilitated diffusion.

rather, increased signal was present on the ADC map in each case,
which is consistent with facilitated diffusion (Fig 2). The outside
study from which absolute ADC values could not be obtained
revealed relative hyperintensity within the tumor compared with
the contralateral unaffected white matter, in keeping with facili-
tated diffusion.

Each patient underwent surgery in which total meningioma
resection was achieved. Follow-up scans were performed in
each case. One patient experienced recurrent disease at the site
of surgical resection 3 years after resection; however, subse-
quent surgery and histopathologic evaluation of this lesion
revealed a WHO grade I meningothelial meningioma. To date,
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FIG 3. Boxplot of the ADC values of all WHO grade |, II, and Ill meningiomas shows that chordoid meningiomas have significantly higher ADC
values than all other subtypes, and there is a clear gap between the lowest chordoid meningioma ADC and the highest ADC from all other

subtypes.

no recurrent chordoid meningiomas have occurred in our pa-
tient cohort.

The MR imaging characteristics of chordoid meningioma
compared with those of WHO grade I, II, and III meningiomas
revealed no significant differences in size, location, signal charac-
teristics, or contrast enhancement. In addition, the presence and
degree of peritumoral edema and the involvement of the adjacent
calvaria were variable, which did not allow for reliable differenti-
ation between histologic subtypes. There were, however, clear dif-
ferences in the ADC values (Fig 3) and NADC ratios (Fig 4), with
a mean absolute ADC value of 1.62 + 0.33 X 10~ > mm?®/s and a
mean NADC ratio of 2.22 = 0.47 X 10~ mm?/s in chordoid
meningiomas compared with mean ADC and NADC values, re-
spectively, of 0.88 = 0.13 X 10> mm?*/sand 1.17 = 0.16 X 10>
mm?/sin benign WHO grade I meningiomas, 0.84 + 0.11 X 1073
mm?/s and 1.11 = 0.15 X 10~> mm?/s in nonchordoid WHO
grade IT meningiomas, and 0.57 X 102 and 0.75 X 10> mm?/s
in the 1 case of WHO grade III meningioma. The intraclass cor-
relation coefficient of measured ADC values between the raters
was 0.996 (95% confidence interval, 0.938—0.999). Statistical
analyses of the absolute ADC values and NADC ratios by using the
generalized linear model and the Tukey-Kramer method revealed
a statistically significant difference between chordoid meningio-
mas and all other WHO grade I, I1, and IIT subtypes (all pair-wise
P values, <.01). ADC and NADC cutoff values of 1.39 and 1.93,
respectively, enable the distinction of the chordoid variant.

DISCUSSION
Our analysis demonstrates an MR imaging characteristic of the
chordoid meningioma subtype that clearly differentiates it from
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all other subtypes, with statistically significant increases in the
ADC value and NADC ratio of the chordoid meningioma.
Greater diffusivity, as demonstrated by elevated ADC values, was
seen consistently in all the chordoid meningiomas in our review,
and there was a clear gap between the lowest chordoid meningi-
oma value and the highest values of all other subtypes. No other
MR imaging characteristic reliably enabled distinction among the
subtypes.

The hypothesized basis for these results is the unique tumoral
architecture and cytologic features of the chordoid subtype. Dif-
ferences in extracellular matrix, cell density, and the nucleus-to-
cytoplasm ratio have been shown to contribute to the diffusivity
of water as detected on diffusion-weighted imaging.'>'” Micro-
scopic evaluation of the chordoid meningioma subtype reveals
epithelioid cells with some degree of cytoplasmic vacuolization,
which form cords in a pale basophilic mucoid matrix rich in hy-
aluronic acid and chondroitin sulfate.® This mucoid extracellular
matrix is unique to the chordoid subtype among the histopatho-
logic meningioma variants. The presence of the mucoid stroma
results in relatively free extracellular water motion, which is in
keeping with multiple studies in which elevated ADC values were
found in other tumors that are composed of myxoid stroma, such
as chordomas, chondrosarcomas, and myxoid soft-tissue tu-
mors.'®'? In addition, a component of cell vacuolization result-
ing in a decreased nucleus-to-cytoplasm ratio likely contributes
further to an increase in the diffusivity of water in these tumors.

Our findings differ from previously published data which re-
veal that atypical WHO grade II/III meningiomas show decreased
ADC values consistent with a greater degree of restricted diffusion



FIG 4. Boxplot of the NADC ratios of all WHO grade |, II, and Ill meningiomas shows that chordoid meningioma tumors have significantly higher
NADC ratios than all other subtypes, and there is a clear gap between the lowest chordoid meningioma NADC ratio and the highest NADC ratio

from all other types.

compared with that of typical WHO grade I meningioma sub-
types.'®'"?% Tt should be noted that these previous studies in-
cluded fewer cases and that none included the chordoid variant.
To our knowledge, ours is the largest case study to date and in-
cluded 12 of the 15 meningioma variants, with the only subtype in
our analysis demonstrating statistically significant differences in
ADC values being the chordoid meningioma; these ADC values
were elevated, not decreased, compared with those of typical
WHO grade I meningiomas and all other subtypes. Potential ex-
planations for these apparently contradictory results include the
exclusion of the chordoid variant among these other studies and
the lack of significant numbers of WHO grade III subtypes in our
study. Our single WHO grade IIT anaplastic tumor demonstrated
restriction with a markedly reduced ADC value, and it might be
hypothesized that if a greater number of WHO grade III tumors
had been included, statistically significantly decreased ADC val-
ues among these tumors could have been identified.

The primary limitation of this study is the small sample size of
chordoid meningiomas. Given its rarity, only 10 cases of chordoid
meningioma were diagnosed at our institution over an 11-year
span, and only 4 had ADC maps available for review. However, to
our knowledge, our case series includes the largest cohort of pa-
tients with chordoid meningioma in the radiology literature and
demonstrates a statistically significant difference between ADC
values and NADC ratios of the chordoid meningiomas and those
of all other variants. An additional potential limitation is the in-
herent difficulty of measuring ADC values with small tumors and
those near air-bone interfaces; however, this does not seem to be a
limiting factor in our analysis, because we demonstrated very high
interobserver reliability.

The clinical implications of our findings are significant in that
surgical planning may be altered if the chordoid meningioma sub-
type can be reliably identified on preoperative MR imaging. The
extent of resection is largely predictive of recurrence rates, espe-
cially with atypical meningiomas. This seems to hold especially
true in the case of the chordoid variant. In the Couce et al® study
of 42 chordoid meningiomas, all 13 meningiomas that underwent
subtotal resection recurred, whereas only 1 of the 29 meningio-
mas that underwent total resection recurred. In our review, all
8 chordoid meningiomas were totally resected with no evi-
dence of recurrence, further demonstrating the importance of
total resection of this variant. If the extent of disease precludes
total resection, knowledge of this subtype’s propensity to recur
should initiate a more rigorous imaging and clinical follow-up

regimen.

CONCLUSIONS

Preoperative identification of atypical meningioma variants, such
as chordoid meningioma, would be beneficial for treatment plan-
ning and follow-up surveillance. Our review revealed statistically
significant elevations in ADC and NADC values of chordoid me-
ningiomas when compared with those of all other WHO grade I,
11, and III subtypes, with threshold values of 1.39 and 1.93, respec-
tively, which enables reliable presurgical prediction of this atypi-
cal histopathologic diagnosis.
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ORIGINAL RESEARCH
ADULT BRAIN

Diffusion Tensor Imaging Mapping of Brain White Matter
Pathology in Mitochondrial Optic Neuropathies

D.N. Manners, G. Rizzo, C. La Morgia, C. Tonon, C. Testa, P. Barboni, E. Malucelli, M.L. Valentino, L. Caporali, D. Strobbe,
V. Carelli, and R. Lodi

=1

ABSTRACT

BACKGROUND AND PURPOSE: Brain white matter is frequently affected in mitochondrial diseases; optic atrophy gene T-autosomal
dominant optic atrophy and Leber hereditary optic neuropathy are the most frequent mitochondrial monosymptomatic optic neurop-
athies. In this observational study, brain white matter microstructure was characterized by DTI in patients with optic atrophy gene
J-autosomal dominant optic atrophy and Leber hereditary optic neuropathy, in relation to clinical and genetic features.

MATERIALS AND METHODS: Nineteen patients with optic atrophy gene I-autosomal dominant optic atrophy and 17 with Leber hered-
itary optic neuropathy older than 18 years of age, all genetically diagnosed, and 19 healthy volunteers underwent DTI by using a 1.5T MR
imaging scanner and neurologic and ophthalmologic assessments. Brain white matter DTI metrics were calculated for all participants, and,
in patients, their correlations with genetics and clinical findings were calculated.

RESULTS: Compared with controls, patients with optic atrophy gene T-autosomal dominant optic atrophy had an increased mean
diffusivity in 29.2% of voxels analyzed within major white matter tracts distributed throughout the brain, while fractional anisotropy was
reduced in 30.3% of voxels. For patients with Leber hereditary optic neuropathy, the proportion of altered voxels was only 0.5% and 5.5%,
respectively, of which half was found within the optic radiation and 3.5%, in the smaller acoustic radiation. In almost all regions, fractional
anisotropy diminished with age in patients with optic atrophy gene T-autosomal dominant optic atrophy and correlated with average
retinal nerve fiber layer thickness in several areas. Mean diffusivity increased in those with a missense mutation. Patients with Leber
hereditary optic neuropathy taking idebenone had slightly milder changes.

CONCLUSIONS: Patients with Leber hereditary optic neuropathy had preferential involvement of the optic and acoustic radiations,
consistent with trans-synaptic degeneration, whereas patients with optic atrophy gene I-autosomal dominant optic atrophy presented
with widespread involvement suggestive of a multisystemic, possibly a congenital/developmental, disorder. White matter changes in
Leber hereditary optic neuropathy and optic atrophy gene 1-autosomal dominant optic atrophy may be exploitable as biomarkers.

ABBREVIATIONS: DOA = autosomal dominant optic atrophy; FA = fractional anisotropy; LHON = Leber hereditary optic neuropathy; MD = mean diffusivity;
OPAI = optic atrophy gene T, OR = optic radiation; RNFL = retinal nerve fiber layer; TBSS = tract-based spatial statistics

M utations in optic atrophy gene I are the main cause of auto-
somal dominant optic atrophy (DOA) (Online Mendelian
Inheritance in Man 605290)."> DOA is characterized clinically by
insidiously progressive visual loss in childhood, centrocecal sco-
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toma, dyschromatopsia, and temporal or diffuse pallor of the op-
tic discs, due to selective loss of retinal ganglion cells leading to
atrophy of the optic nerve."? Similarly, Leber hereditary optic
neuropathy (LHON) (Online Mendelian Inheritance in Man
535000) is characterized by subacute loss of central vision, dys-
chromatopsia, and optic atrophy due to maternally inherited
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point mutations in mitochondrial DNA that affect respiratory
complex I."?

DOA and LHON represent the so-called nonsyndromic mito-
chondrial optic neuropathies, characterized by optic nerve atro-
phy as the only or at least prevalent pathologic feature with an
early and preferential involvement of the small fibers in the pap-
illomacular bundle.”* Recent MR imaging studies by using voxel-
based morphometry,5 DWI,® and DTT” have also indicated abnor-
malities of the optic radiation in patients with LHON, confirmed
by postmortem investigation,® suggesting a trans-synaptic degen-
eration. A similar secondary involvement of the retrogeniculate
visual pathway could also be hypothesized in patients with DOA.
Furthermore, given that the optic atrophy gene 1 (OPA1) is highly
expressed in the retina but also in the brain"*® and that a sub-
group of patients with specific OPAI mutations have a multisys-
tem neurologic disorder,” it is reasonable to also hypothesize a
subclinical extravisual brain involvement in patients with
OPAI-DOA.

The aim of the present study was to investigate the brain white
matter of patients with OPAI-DOA compared with those with
LHON and healthy controls, by using a voxelwise analysis of DTI,
which can disclose abnormal water diffusivity in brain areas

10

where atrophy and/or gliosis occur, ' to look for subtle structural

alterations.

MATERIALS AND METHODS

Subjects

Between October 2008 and May 2012, 19 adult patients with a
definite diagnosis of OPAI-DOA and 17 adult patients with
LHON were recruited for DTT evaluation. Inclusion criteria were
18 years of age and older, absence of white matter abnormalities as
reported by previous conventional MR imaging, and availability
of a genetic diagnosis. In addition, 19 control subjects with similar
demographic characteristics were recruited within the same pe-
riod. The characteristics of these cohorts are reported in and On-
line Tables 1 and 2. All subjects gave written informed consent,
and the local institutional review board approved the study.

MR Imaging Acquisition

Each subject underwent MR imaging examination by usinga 1.5T
Signa HDx scanner (GE Healthcare, Milwaukee, Wisconsin), with
a protocol that included the following sequences: T2-weighted
FLAIR (TR/TE/TI, 8000/85/2000 ms; axial FOV, 24 cm; 256 X 256
in-plane resolution; 3-mm sections); T2-weighted FSE (TR, 5.6—
6.5 seconds; TE, 107 ms; coronal FOV, 24 cm; 256 X 256 in-plane
resolution; 4-mm sections); T1-weighted volumetric imaging
(fast-spoiled gradient recalled imaging; TR/TE, 12.3/5.2 ms;
1-mm isotropic resolution); DTI (TR/TE, 10,000/82 ms; 7 + 64
acquisitions with noncollinear field gradients; b-value = 0 or
900 s mm % axial oblique FOV, 32 cm; 128 X 128 in-plane res-
olution; 3-mm sections). Conventional images were evaluated to
confirm the absence of white matter lesions. None of the subjects
studied showed evidence of such abnormalities.

DTI Data Processing
Following affine registration of all volumes to the first (by using
eddy_correct; fMRI of the Brain Software Library[FSL]; http://
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www.fmrib.ox.ac.uk/fsl) to account for eddy current effects and
subject motion, DTT data were processed to provide voxelwise
estimates of tensor parameters, including mean diffusivity (MD)
and fractional anisotropy (FA). FA and MD volumes from each
subject were rigidly aligned to a standard template by using the
fMRI of the Brain Linear Image Registration Tool (FLIRT; http://
www.fmrib.ox.ac.uk) with 6 df. FA and MD volumes were jointly
registered by nonlinear deformation (Diffeomorphic Anatomical
Registration Through Exponentiated Lie Algebra Toolbox, SPM8;
http://www.fil.ion.ucl.ac.uk/spm/software/spm8) to a study-spe-
cific template generated by using data from all study participants.
Major white matter tracts were identified by using the tract-based
spatial statistics (TBSS) procedure (in FSL), by using high-diffu-
sion anisotropy as a marker of uniform fiber orientation, with an
FA threshold of 0.2.

DTI Statistical Analysis
The focus of the statistical analysis was to identify areas show-
ing altered white matter compared with the control group and
relate such alterations to relevant clinical and genetic factors.
Nonparametric statistical inference was performed on the basis of
a generalized linear model framework (by using Randomize;
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/randomize, with cluster-free
enhancement),'" yielding voxelwise probability estimates, ad-
justed by controlling the family-wise error rate. After intermedi-
ate processing, described above, DTI data were analyzed in 2
stages. In the first stage, group differences between each patient
group and controls were assessed (for voxels within the TBSS
mask) by using a single-sided ¢ test. We assumed that MD should
increase and FA, decrease in patients compared with controls on
the basis of previous observations of degenerative brain disease."”
Voxels showing a difference at P < .05 after family-wise error
correction were deemed significantly altered. To reduce the pos-
sible confounding effect of demographic factors, we embedded
the t test in an ANCOVA-type analysis, first with age and sex as
covariates, and repeated it with a history of idebenone therapy as
a potential additional confounder. Because 3 patients with OPA1-
DOA (patients 4, 6, and 7; On-line Table 1) presented with an
arguably distinct pathology, we reran the analysis, placing these
participants in a separate group, to exclude the possibility that
they alone were driving any possible group differences between
OPA1-DOA and healthy control groups.

To summarize findings, we classified voxels within the TBSS
white matter skeleton as belonging to the optic radiation (OR) or
to other white matter bundles, by using standard FSL brain

atlases,'>1°

and checked them by back-projecting the resulting
labels onto the original individual FA images, to guard against possi-
ble tract misidentification.'® The number of significantly abnormal
OR voxels is also reported as a fraction of all abnormal voxels.

We assumed that given the relatively low sensitivity of (appro-
priately corrected) voxel-based statistical analysis, correlations
between altered tissue microstructure and underlying causative
variables might be apparent in the patient groups, even in regions
not showing significant differences from healthy controls. Hence,
in parallel, exploratory regression analysis was performed for FA
and MD for all voxels within the previously identified major white
matter tracts, against clinical and genetic factors with a known or


http://www.fmrib.ox.ac.uk
http://www.fmrib.ox.ac.uk
http://www.fil.ion.ucl.ac.uk/spm/software/spm8

putative importance in determining the phenotype of the pathol-
ogy under consideration. Results were not corrected for multiple
comparisons beyond voxelwise family-wise error correction.

For both patient groups, subject age, estimated age at onset of
symptoms, and disease duration were considered. In addition, a
regression on control subject age was performed as a baseline
check. Indicators of visual system involvement in disease progres-
sion, visual acuity, and retinal nerve fiber layer (RNFL) thickness
assessed by optical coherence tomography'’—specifically the av-
erage and temporal quadrant RNFL thickness—were used to per-
form a linear regression.

Categoric factors potentially modifying disease natural history
were identified and analyzed by using a ¢ test. These were the
mitochondrial DNA haplogroup and a history of idebenone
therapy.

OPA 1 mutations were grouped as either missense or haploin-
sufficiency on the basis of their pathogenic mechanism and under
the hypothesis that the haploinsufficiency mutations would result
in a less severe disease phenotype.® For patients with LHON only,
the history of visual recovery was considered as an additional
factor for a subgroup ¢ test.

RESULTS

Most patients with LHON had the 11778 ND4 mutation (13 of
17), whereas 17 different OPAI mutations were found among the
patients with OPAI-DOA (On-line Table 1). Data regarding the
mitochondrial DNA haplogroup, a potential modifying factor in
either disorder, were also available for patients and showed the
expected variation in a population of European descent, with pre-
ponderant occurrence of the most common haplogroup H (On-
line Table 1). Three patients with OPAI-DOA had extravisual
symptoms (patients 4, 6, and 7; On-line Table 1) and were classi-
fied as “plus.” Eleven patients with LHON and 9 patients with
OPAI-DOA were administered idebenone (270—675 mg/day)
(On-line Table 1). Data on visual acuity and RNFL thickness were
available for almost all patients, though with variable timing with
respect to the scan, and are presented in On-line Table 2.

In total, the white matter skeleton generated by TBSS covered
132,617 voxels, of which 12% were estimated as belonging to the
OR; 1.9%, to the acoustic radiation; and the remainder, to other
white matter bundles.

Group Comparisons

Patients with OPAI-DOA and LHON showed significant in-
creases in white matter MD and decreases in FA compared with
controls (Table 1). For both patient groups, FA was the more
severely affected in almost all areas. The number of voxels with a
significant difference in terms of diffusivity parameters was con-
siderably higher in patients with OPAI-DOA than in those with
LHON. Furthermore, in the patients with LHON, half of these
voxels were within the OR and the other half were within other
white matter areas, in which the acoustic radiation was the most
consistent, affected bilaterally (3.5% of all affected voxels, for FA),
while the remainder included the superior corona radiata, superior
longitudinal fasciculus, and medial corpus callosum only in the right
side (Figs 1 and 24, -C). The results were different in patients with
OPAI-DOA, given that only one-fifth of the voxels affected belonged

Table 1: Significant results of a t test for comparison of DTI
parameters between patients and controls

Whole White Matter
Skeleton®
Quantity Contrast Voxels % Threshold t
FA Controls > LHON 7310 5.5 154

Controls > OPAI-DOA® 40,197 30.3 1.02
Controls > pure OPAI-DOA® 19,006 14.3 118
MD LHON > controls 652 0.5 0.95
OPAI-DOA > controls® 38789 292 233
Pure OPAI-DOA > controls® 19,1770 14.5 113

Results are expressed as the number of voxels within the TBSS skeleton showing
significant differences, along with the percentage so affected.

® All patients included.

“Three cases with OPAT plus are excluded.

FIG 1. The number of significantly abnormal OR voxels as a propor-
tion of all abnormal voxels in patients with LHON and OPAT-dominant
optic atrophy.

to the OR, while most were distributed evenly throughout the whole
white matter, including several areas not involved in patients with
LHON and involving almost all bundles within the supratentorial
and infratentorial compartments (Figs 1 and 2B, -D). On-line Figs
1-6 show the complete set of results for both groups.

For the comparison of patients with LHON and controls, the
inclusion of treatment with idebenone as a covariate increased the
number of affected voxels (by 45% for FA and 175% for MD,
dispersed both within and beyond the OR), while for those with
OPAI-DOA compared with controls, there was essentially no
change (—1.7% and 0.9%, respectively).

If we excluded the patients with OPAI “plus” (with nonvisual
symptoms) from the analysis, the decrease in FA and increase in
MD remained in about half the voxels that were altered for the whole
group of patients with OPAI-DOA compared with controls (Table
1). The proportion of altered voxels outside the OR remained similar
(Fig 1). FA values were lower for “plus” compared with nonsyn-
dromic patients at the level of the right internal and external capsules,
left OR, and splenium of corpus callosum bilaterally.

Regression Analysis

Exploratory regression analyses are summarized in Table 2 and
revealed a highly significant reduction in FA with age in patients
with OPAI-DOA in almost all of the areas considered. The regres-
sion of FA on subject age for the control group was negative,
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FIG 2. Representative axial sections are shown on the white matter tract skeleton (in green)
projected onto the mean FA and MD maps. Voxels showing significant differences between
patients and controls (corrected P < .05) are shown in a red-yellow scale. A, LHON FA < control
FA: bilateral optic and acoustic radiation and right superior corona radiata, superior longitudinal
fasciculus, and middle corpus callosum were significant. B, OPAI-DOA FA < control FA: wide-
spread reduction of FA involving almost all white matter bundles was present. C and D, Patient
MD > control MD: increased MD was found in the same areas where FA was reduced, though to
alesser extent, in both groups of patients. Complete results in both groups of patients are shown
in On-line Figs 1-6.

ton value, 0.815 * 0.229 versus 0.741 *=
0.170 X 10 ’mm? s~ '), and again this
finding was true of the OR and almost all
other WM areas. In addition, FA values
directly correlated with average RNFL
thickness in several areas, mostly within
the OR, optic tract, internal and external
capsules, and corona radiata bilaterally.
A trend toward higher MD values (P =
.05, corrected) was evident in patients
with OPAI-DOA with worse visual acu-
ity, at the level of the anterior cingulum,
genu of corpus callosum, and prefrontal
WM of the left side. Other trends (.05 <
P <.07, corrected) were disclosed in pa-
tients with OPAI-DOA. Specifically,
disease duration was diffusely and in-
versely correlated with FA values (prev-
alent in the right hemisphere); finally,
FA values in the genu of corpus callo-
sum were higher in patients taking ide-
benone compared with untreated pa-
tients (mean corpus callosum WM
skeleton value, 0.745 = 0.087 versus
0.618 = 0.136).

Considering patients with LHON,
the only significant regression analysis
was for idebenone therapy, showing that
patients taking idebenone had lower
MD values within the anterior cingulum
(0.750 %= 0.035 versus 0.773 = 0.039),
genu of corpus callosum (0.784 = 0.071
versus 0.814 = 0.058), olfactory tracts
bilaterally (0.750 = 0.120 versus 0.769 *
0.095), and in the left prefrontal WM
(0.728 = 0.053 versus 0.740 = 0.045)
compared with untreated patients. No
other regression analysis yielded positive
results.

DISCUSSION

In this study, we evaluated the integrity
of brain WM in patients with mitochon-
drial optic neuropathies, by using a vox-
elwise analysis of DTI, demonstrating
that in both LHON and OPAI-DOA,
there are pathologic changes, but with a
different distribution. Patients with
LHON showed abnormal diffusion
mainly in the bilateral OR, with some
involvement of the acoustic radiation
and a few other areas. In contrast, pa-
tients with OPAI-DOA showed changes
not only in the OR but also throughout

strengthening the likelihood that the positive finding for pa-  much of the white matter, indicating a widespread pathology af-

tients with OPAI-DOA was group-specific. MD was higher in  fecting the central nervous system.

patients with OPAI-DOA with a missense mutation compared The involvement of the OR in patients with LHON confirms

with those with haploinsufficiency mutations (mean WM skele-  and extends the results of recent imaging studies,”” suggesting
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Table 2: Significant results of analyses of DTI parameters for patient groups

Quantity Explanatory Variable Test Threshold P Value % Suprathreshold Voxels®  Threshold r°
OPAI-DOA FA Age Regression .05 14.5% —0.299
Mean RNFL Regression .05 8.0% +0.318
Disease duration Regression .07¢ 7% +0.224
Idebenone t test .07¢ 0.6% NA
MD Mutation t test .05 60.8% NA
Visual acuity Regression .07¢ 31.0% +0.224
LHON MD Idebenone t test .05 42% NA

@ Results are expressed as the percentage of voxels within the TBSS skeleton showing P value indicated.

® R indicates the Pearson product moment correlation coefficient.
€ Trend finding.

the probable trans-synaptic nature of this impairment. This inter-
pretation was supported by a postmortem investigation in 1 case
of LHON, detecting atrophy (40%—45% decrease of neuron soma
size) and, to a lesser extent, degeneration (approximately a 28%
decrease of neuron attenuation) in the lateral geniculate nucleus,
in contrast to the extremely severe axonal loss (99%) in the optic
nerve.® In one of these imaging studies, the reduced attenuation of
the OR detected by voxel-based morphometry analysis correlated
with the average and temporal RNFL thickness.” This correlation
was not apparent in the previous DTT study on the same patients’
or in our study, though missing ophthalmologic data for a few
patients and the variable timing with respect to the scan could
have affected our regression analysis.

Our results also demonstrate the bilateral involvement of the
acoustic radiation in patients with LHON, a finding not apparent
in previous studies in which whole-brain analysis was performed.
The presence of auditory dysfunction in LHON had been studied
in the past, with conflicting results. An early study found auditory
brain stem—evoked potential abnormalities in 7 of 11 patients,'®
and subsequently 2 cases of LHON with auditory neuropathy
were reported.'® A further study on a sample of 10 patients found
no evidence of auditory neural abnormalities,® while a more re-
cent study on 48 subjects carrying a LHON mutation disclosed
that >25% of both symptomatic and asymptomatic participants
showed electrophysiologic evidence of auditory neuropathy with
either absent or severely delayed auditory brain stem potentials.*'
Our current results of white matter changes in the auditory radi-
ation may represent the auditory counterpart of the trans-synap-
tic degeneration attributable to the OR.

Furthermore, we have found some other brain diffusion
changes in LHON at the level of the right superior corona radiata,
superior longitudinal fasciculus, and medial corpus callosum.
These results are more difficult to interpret but may indicate a
microscopic and diffuse, though variable, white matter pathology
associated with the primary mitochondrial impairment. This was
previously suggested by older studies using phosphorus MR spec-
troscopy to show bioenergetic dysfunction in the occipital lobes*
and mild abnormalities of the whole normal-appearing white
matter using histogram analysis of magnetization transfer imag-
ing and DWL.?? These findings may also relate to the occasional
co-occurrence of a multiple sclerosis—like illness in patients with
LHON,** in which an autoimmune process could be triggered by
the release of immunogenic material due to myelin damage
caused by mitochondrial dysfunction in the presence of a specific
predisposition.*®

Most interesting, in patients with LHON treated with ide-

benone, the MD values within the anterior cingulum, genu of
corpus callosum, olfactory tracts bilaterally, and left prefrontal
WM were lower compared with untreated patients. Conversely,
patient-control differences were more readily apparent when ide-
benone treatment was included as a confounding factor. Al-
though this result should be considered with caution, it is com-
patible with previous clinical evidence of the partial efficacy of
idebenone treatment in LHON.>%?7

However, the most interesting findings of the current study
concern our results in OPA1-DOA, to our knowledge the first for
this patient group based on DTI. We found widespread WM dif-
fusivity changes without a clear prevalence in a specific pathway.
This finding implies that besides trans-synaptic degeneration,
there is also a primary WM pathology involving multiple brain
systems, a finding in close agreement with the mounting clinical
evidence that subjects carrying OPA1 mutations may have a mul-
tisystem neurologic disease (DOA “plus”), including sensorineu-
ral deafness, ataxia, sensory-motor polyneuropathy, chronic
progressive external ophthalmoplegia, and mitochondrial my-
opathy,”*®2? in addition to optic atrophy. Other reported clinical
presentations may include spastic paraparesis mimicking heredi-
30 cervical

tary spastic paraplegia,” multiple sclerosis-like illness,
dystonia,”" and even a multisystemic disorder in the absence of
optic atrophy.> Furthermore, patients with “pure” optic atrophy
may have evidence of subclinical corticospinal tract involvement
as shown by electrophysiologic evaluation.>® All these observa-
tions fit well with our finding of subclinical impairment of several
white matter pathways, which correlates with optic atrophy, as
quantified by the average RNFL thickness. These observations are
consistent with white matter sensitivity to mitochondrial dys-
function."* In particular, complex I deficiency, as obviously oc-
curring in LHON and also demonstrated in OPAI-DOA with
haploinsufficiency,> is frequently associated with leukoencepha-
lopathy or other white matter pathology.*> Most interesting, re-
cent studies propose that myelin itself has an autonomous respi-
ratory activity, thus linking white matter integrity to defective
oxidative phosphorylation.*®

An interesting and strong correlation was found between dif-
fusivity parameters and age for patients with OPA1-DOA, but not
for those with LHON or healthy controls, suggesting a disease-
specific association. The absence of a correlation with “apparent”
disease duration (.05 < P < .07 in the same areas) and the diffi-
culty of accurately defining the onset of this insidious disease in
clinical practice suggest that OPA1-DOA may be a congenital dis-
ease. Indeed, it has been shown that patients have a significantly
smaller optic nerve head compared with controls, leading to the
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hypothesis of a developmental disorder.?” In addition, the role of
the OPAI protein in controlling apoptosis is well-docu-
mented,*®?® and it may be postulated that OPAI mutations alter
the pattern of developmental apoptosis during embryonic stages
leading to a congenital “weakness” of the optic nerve and other
brain structures.

Almost all WM areas in patients with OPAI-DOA had higher
MD values in the presence of a missense mutation compared with
those predicted to lead to haploinsufficiency. This finding is not
surprising because the occurrence of clinical multisystem neuro-
logic disease, though associated with all mutational subtypes, has
been reported to be increased 3-fold with missense mutations.”
The 3 patients with DOA “plus” tended to have greater pathologic
changes compared with nonsyndromic patients, both within and
beyond the OR. The findings regarding the effect of idebenone
treatment are inconclusive but give limited support to previous
preliminary clinical results showing a slight improvement of vi-
sual function in patients with DOA after idebenone therapy.*’

CONCLUSIONS

Voxelwise analysis of DTI was used to evaluate brain WM integ-
rity in patients with LHON and, for the first time, in patients with
OPAI1-DOA, with clear-cut differences between the 2 disorders.
Patients with LHON presented with a preferential involvement of
the optic and acoustic radiations, possibly due to trans-synaptic
degeneration. Patients with OPAI-DOA presented with a wide-
spread WM involvement, supporting the view of OPAI-associ-
ated disorders as a multisystemic disease, not merely limited to
the optic nerve. The strong and specific correlation between dif-
fusivity abnormalities and the age of these patients also supports
the hypothesis of a congenital and developmental disorder, an
issue that will require further investigation. Finally, our study
shows that DTT can evaluate white matter integrity in mitochon-
drial optic neuropathies and may yield useful surrogate biomark-
ers of disease severity and progression, to evaluate therapeutic
efficacy in these mitochondrial optic neuropathies.
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ORIGINAL RESEARCH
ADULT BRAIN

Negative Susceptibility Vessel Sign and Underlying Intracranial
Atherosclerotic Stenosis in Acute Middle Cerebral Artery

ABSTRACT

Occlusion

S.K. Kim, W. Yoon, T.W. Heo, M.S. Park, and H.K. Kang

BACKGROUND AND PURPOSE: The role of MR imaging in predicting underlying intracranial atherosclerotic stenosis before endovascular
stroke therapy has not been studied. Our aim was to determine the diagnostic value of the negative susceptibility vessel sign on
T2*-weighted gradient-echo MR imaging for predicting underlying intracranial atherosclerotic stenosis in patients with acute MCA
occlusion.

MATERIALS AND METHODS: Ninety-one consecutive patients with acute stroke because of MCA occlusion underwent gradient-echo
MR imaging and MRA before endovascular therapy. The negative susceptibility vessel sign was defined as an absence of a hypointense
signal change within the occluded MCA on gradient-echo imaging. Underlying intracranial atherosclerotic stenosis was determined by
conventional angiography. The sensitivity, specificity, predictive values, and accuracy of the negative susceptibility vessel sign for predict-
ing the presence of underlying intracranial atherosclerotic stenosis were assessed.

RESULTS: The negative susceptibility vessel sign was identified in 42 (46.1%) of 91 patients, and 18 (19.8%) patients had an underlying
intracranial atherosclerotic stenosis responsible for acute ischemic symptoms. The negative susceptibility vessel sign was more frequently
observed in patients with intracranial atherosclerotic stenosis than in those without it (100% versus 32.9%, P < .001). In the prediction of an
underlying intracranial atherosclerotic stenosis, the negative susceptibility vessel sign had 100% sensitivity, 67.1% specificity, 42.9% positive
predictive value, 100% negative predictive value, and an accuracy of 73.6%.

CONCLUSIONS: The negative susceptibility vessel sign on gradient-echo MR imaging is a sensitive marker with a high negative predictive
value for the presence of an underlying intracranial atherosclerotic stenosis in patients with acute ischemic stroke because of MCA
occlusions. The susceptibility vessel sign can be used in decision-making when performing subsequent endovascular revascularization
therapy in patients with acute MCA occlusions.

ABBREVIATIONS: GRE = gradient-echo; ICAS = intracranial atherosclerotic stenosis; SBT = stent-based thrombectomy; SVS = susceptibility vessel sign

Intracranial atherosclerotic stenosis (ICAS) is one of the most
common causes of ischemic stroke worldwide and is particu-
larly prevalent in Asian, black, Hispanic, and Indian popula-
tions."> Underlying ICAS can be a hidden cause of refractory
occlusions following modern mechanical thrombectomy proce-
dures, such as stent-based thrombectomy (SBT) or manual aspi-
ration thrombectomy in patients with acute ischemic stroke.’
Thus, preprocedural identification of underlying ICAS in patients
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with intracranial large-vessel occlusions is of particular impor-
tance when performing endovascular stroke therapy.

On MR imaging, hypointense signal changes in the occluded
MCA on gradient-echo (GRE) sequences have been described as a
susceptibility vessel sign (SVS).*® The pathophysiologic basis for
this sign in patients with an acute MCA occlusion is a T2-short-
ening effect of the intracellular deoxyhemoglobin component in
erythrocytes within the clot.* Several researchers showed that the
SVS was more commonly seen in red blood cell-dominant and
mixed clots than in fibrin-dominant clots and could therefore
reflect the composition of the clots.® In addition, GRE SVS was
observed more frequently in patients with cardiogenic embolic
stroke than in those with other stroke subtypes.® In contrast, the
absence of the GRE SVS might be associated with a smaller clot
burden or a fibrin-dominant clot that forms as a result of rupture
of the underlying atherosclerotic plaque. Thus, we hypothesized



that the absence of the GRE SVS despite the presence of intracra-
nial large-vessel occlusions could indicate an underlying ICAS in
patients with acute ischemic stroke within 6 hours of stroke onset,
and we termed this finding the “negative SVS.” Despite the wide-
spread use of MR imaging for the diagnosis of acute ischemic
stroke, the role of MR imaging in predicting underlying ICAS
before endovascular therapy has not been studied, to our knowl-
edge. In this study, we evaluated the diagnostic value of the neg-
ative SVS on GRE imaging for the prediction of underlying ICAS
in patients with acute MCA occlusion.

MATERIALS AND METHODS

Patients

From January 2011 to February 2013, 101 consecutive patients
presenting with acute ischemic stroke from MCA occlusion
within 6 hours of symptom onset were treated with multimodal
endovascular revascularization therapy at a tertiary university
hospital. Of these patients, those who did not undergo the GRE
sequence (n = 8) or had GRE images of insufficient quality for
reliable evaluation because of motion artifacts (n = 2) were ex-
cluded, leaving 91 patients in this study. This retrospective study
analyzed the radiologic and clinical data collected prospectively
from these 91 patients. The institutional ethics committee ap-
proved this retrospective analysis and waived the requirements
for informed consent on the basis of the study design.

MR Imaging Analysis

MR imaging examinations were performed by using a 1.5T unit
(Signa HDxt; GE Healthcare, Milwaukee, Wisconsin). Before the
endovascular procedure, patients underwent MR imaging, in-
cluding DWI, GRE, FLAIR, 3D TOF MRA, and perfusion imag-
ing. GRE sequence parameters included a TR of 750—800 ms, TE
of 14 ms, flip angle of 20°, section thickness of 4 mm, intersection
gap of 0 mm, and FOV of 230 X 230 mm. 3D TOF MRA param-
eters included a TR of 24 ms, TE of 6.9 ms, flip angle of 20°, and
FOV of 240 X 240 mm.

All MR images were retrospectively reviewed by 2 neuroradi-
ologists (with 1 and 3 years of experience, respectively) who were
blinded to the findings from conventional angiography. Conclu-
sions were reached by consensus regarding the presence or ab-
sence of the negative SVS on GRE imaging. A negative SVS was
defined as the absence of the GRE SVS in the occluded MCA. GRE
SVS was defined as a hypointense signal change on GRE imaging
within the occluded MCA, in which the diameter of the hypoin-
tense signal exceeds that of the contralateral MCA.*>

Catheter Angiography and Endovascular Therapy

On admission, a stroke neurologist performed an assessment
based on the NTHSS. The inclusion criteria for endovascular ther-
apy were as follows: presentation within 6 hours of stroke onset
for an anterior circulation stroke; baseline NIHSS score of =4; no
intracranial hemorrhage detected on the cranial CT or MR imag-
ing; no flow-related enhancement in the M1 or M2 segment of
MCA on the MRA; a target mismatch pattern on multimodal MR
imaging based on visual estimation (time-to-peak map of perfu-
sion imaging showing a lesion volume =30% larger than that

detected with DWI); infarct volume on DWI less than one-third
of the MCA territory; and a premorbid mRS score of =3.

Underlying ICAS was determined by conventional angiogra-
phy when the severe stenosis (=70%) of the MCA, measured by
the Warfarin-Aspirin Symptomatic Intracranial Disease criteria,”
was seen on the initial diagnostic angiography or on the follow-up
angiography after the first-line SBT. For underlying ICAS that was
seen after the first-line SBT, ICAS was determined if the stenotic
lesion remained unchanged on the follow-up angiography per-
formed >5 minutes after intra-arterial injection of a vasodilator
(50 ug of nitroglycerin) through the guide catheter. Angiographic
images were retrospectively reviewed by a neuroradiologist (with
8 years of experience) who was blinded to the findings from MR
imaging.

All conventional angiography and endovascular therapy were
performed by a single interventional neuroradiologist with 12
years of experience in neurovascular intervention. For each pa-
tient, written informed consent for angiography and endovascu-
lar therapy was obtained from a family member. Cerebral angiog-
raphy and endovascular therapy were performed with the patient
under conscious sedation. In cases of agitation, an intravenous
bolus of midazolam was given and repeated if necessary. When
the initial diagnostic angiography showed arterial occlusion, SBT
with a Solitaire stent (Covidien, Irvine, California) was performed
as the first-line endovascular treatment. When SBT was unsuc-
cessful, additional mechanical approaches were performed, in-
cluding manual aspiration thrombectomy with a Penumbra Sys-
tem perfusion catheter (Penumbra, Alameda, California) and
intra-arterial urokinase infusion with or without clot disruption
with a microguidewire. The details of the techniques used for SBT,
manual aspiration thrombectomy, and clot disruption with a mi-
crowire were described previously.®*

All patients with underlying ICAS were treated with intracra-
nial angioplasty with or without stent placement. Intracranial an-
gioplasty was performed with a Gateway PTA balloon catheter
(Stryker, Kalamazoo, Michigan). The diameter of the balloon was
undersized to 80% of the normal vessel diameter just distal to the
stenosis, and the shortest length was used to cover the lesion. The
balloon was inflated slowly 1 or 2 times by using a screw-type
pressure inflation device at 4—6 atm for 30—60 seconds. When-
ever possible, intracranial stent placement with the Wingspan
stent system (manufactured by Stryker, Kalamazoo, Michigan, for
Boston Scientific, Natick, Massachusetts) was performed after in-
tracranial angioplasty. The stent diameter was sized to exceed the
diameter of the normal vessel by 0.5 mm. The stent length was
selected to cover the entire stenotic segment. Patients who under-
went intracranial angioplasty with or without stent placement
received aspirin and clopidogrel bisulfate (Plavix) orally via a na-
sogastric tube immediately after the procedure, and dual anti-
platelet therapy was continued for at least 3 months after the pro-
cedure. Revascularization status was assessed on the final
angiogram and was classified according to the modified TICI
scale,'® and successful revascularization was defined as a modified
TICI grade 2b or 3. Clinical outcome was assessed by a stroke
neurologist by using the mRS during an outpatient visit 3 months
after treatment. If patients were unable to attend the outpatient
clinic, outcomes were obtained via telephone interview. A good
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clinical outcome was defined as an mRS score of =2. Stroke sub-
types were determined by a stroke neurologist according to the
classification of the Trial of Org 10172 in Acute Stroke
Treatment.""

Statistical Analysis

First, we compared differences between the patients with a nega-
tive SVS (negative SVS group) and those with a GRE SVS (positive
SVS group) and then differences between the ICAS group (pa-
tients with underlying ICAS) and the non-ICAS group (patients
without underlying ICAS) separately. Differences in baseline
characteristics and clinical outcomes between the 2 groups were
compared by using bivariate analysis. The Pearson x* or Fisher
exact test was used for categoric variables, and the Mann-Whitney
U test, for continuous variables. Next, diagnostic performance
parameters, including sensitivity, specificity, positive predictive
value, negative predictive value, and the diagnostic accuracy of the
negative SVS for the prediction of underlying ICAS, were calcu-
lated. Finally, independent associations of clinical outcomes with
other clinical and radiologic factors were determined with a mul-
tivariate logistic regression analysis. The variables tested in the
logistic regression models were those with P < .2 in the univariate
analysis. All statistical analyses were performed with SPSS soft-
ware (Version 20.0; IBM, Armonk, New York). P < .05 was a
statistically significant difference.

RESULTS

Ofthe 91 patients (52 men and 39 women; age range, 40—92 years)
with acute MCA occlusions treated with multimodal endovascu-
lar therapy, a negative SVS on GRE imaging was identified in 42
(46.1%) patients. On conventional angiography, 18 (19.8%) of 91
patients had an underlying ICAS in the MCA, which was respon-
sible for their acute ischemic symptoms. Of 18 patients with un-
derlying ICAS, 8 exhibited a severe (=70%) stenosis of the target
artery on the initial diagnostic conventional angiography despite
the 3D TOF MRA demonstrating an absence of flow-related en-
hancement in the M1 and M2 segments of the MCA. The remain-
ing 10 patients had an occlusion visible on the initial conventional
angiography and had a severe stenosis at the previous occlusion
site after SBT. Of these 10 patients, only 3 had visible thrombi that
were captured with a Solitaire stent. The remaining 7 patients had
no captured thrombi despite several passages of the Solitaire stent.
Thus, overall, 15 of 18 patients (83%) with underlying ICAS had
no apparent clot burden in our study. The occlusion sites were in
the M1 segment in all patients with underlying ICAS, while those
in the non-ICAS group were in the M1 (n = 66) and M2 (n = 7)
segments.

Negative SVS versus Positive SVS

The results of comparisons between the patients with a negative
SVS and those with a positive SVS are shown in Table 1. Diabetes
and dyslipidemia were more frequent in patients in the negative
SVS group (P = .046 and P = .011), whereas atrial fibrillation was
more frequent in the positive SVS group (P = .011). The mean
baseline NTHSS score was significantly lower in the negative SVS
group compared with the positive SVS group (9.5 versus 13, P =
.003). For stroke subtypes, the negative SVS was significantly as-
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Table 1: Comparison between the negative SVS group and
positive SVS group

Negative SVS  Positive SVS P
Group (n = 42) Group (n=49) Value

Age (yr) 69.1 £ 11.60 68.4 = 11.40 NS
Male sex 21(50%) 31(633%) NS
Risk factors
Hypertension 26 (61.9%) 27 (55.1%) NS
Diabetes mellitus 10 (23.8%) 4(8.2%) .046
Coronary artery disease 3(71%) 2(4.1%) NS
Dyslipidemia 19 (45.2%) 10 (20.4%) on
Smoking 8(19.0%) 7(347%) NS
Atrial fibrillation 12 (28.6%) 27 (55.1%) .on
Congestive heart failure 1(2.4%) 1(2.0%) NS
History of stroke or TIA 7(16.7%) 5(10.2%) NS
Occlusion sites
M1 segment 38(90.5%)  46(939%) NS
M2 segment 4(9.5%) 3(6.1%) NS
IV thrombolysis 20 (47.6%) 34(69.4%) NS
Time to procedure (min) 240 = 115.9 250 =743 NS
Procedure time (min) 315+93 30 =18.0 NS
Time to revascularization (min) 280 = 117.8 276 £783 NS
Baseline NIHSS score 9.5+37 B*37 .003
Stroke subtypes
Cardioembolic 11(26.2%) 29 (59.2%) .002
Large artery atherosclerosis 24 (57.1%) 9(184%)  <.001

Others 0% 0% NS

Undetermined 7(16.7%) 11(22.4%) NS
m-TICI 2b or 3 38(90.5%) 39(79.6%)  Ns
mRS 0-2 28 (66.7%) 21(429%) 023
Mortality 5(11.9%) 4(8.2%) NS

Note:—m-TICl indicates modified TICI; NS, non-significant.

sociated with large-artery atherosclerosis. Of the 33 patients with
large-artery atherosclerosis, 24 (72.7%) had a negative SVS (Fig
1), whereas 9 (27.3%) had a positive SVS (P < .001). In contrast,
a positive SVS was significantly associated with cardioembolic
stroke: Twenty-nine (72.5%) of 40 patients with cardioembolic
stroke had a positive SVS (Fig 2) and 11 (27.5%) had a negative
SVS (P =.002). Good outcomes occurred significantly more fre-
quently in the negative SVS group than in the positive SVS group
(66.7% versus 42.9%, P = .023).

ICAS versus Non-ICAS

The results of comparison between the ICAS group and the non-
ICAS group are shown in Table 2. Patients in the ICAS group were
younger than those in the non-ICAS group (P = .026). Diabetes
and dyslipidemia were more frequent in patients with ICAS (P =
.002 and P < .001, respectively), whereas atrial fibrillation was
more frequent in the non-ICAS group (P < .001). The mean
baseline NTHSS score was significantly lower in the ICAS group
compared with the non-ICAS group (9.8 versus 12.7, P = .003).
There were no significant differences between the 2 groups in
other risk factors, arterial occlusion sites, use of IV thrombolysis,
procedure time, and time to revascularization.

All patients with ICAS had a negative SVS, whereas only 24
patients in the non-ICAS group had a negative SVS (100% versus
32.9%, P < .001). The incidence of negative SVS according to
occlusion site is summarized in Table 3. In the prediction of an
underlying ICAS, a negative SVS had 100% (95% CI, 90%-100%)
sensitivity, 67.1% (95% CI, 55%—77%) specificity, 42.9% (95%
CI, 28%-59%) positive predictive value, 100% (95% CI, 90%—
100%) negative predictive value, and 73.6% accuracy.

All 18 patients with underlying ICAS received intracranial an-



FIG 1. Brain images from a 74-year-old man with acute ischemic stroke and atherosclerotic stenosis in the MCA. A, 3D TOF MR angiography
shows the occlusion in the proximal M1 segment of the left MCA. B, Axial gradient-echo image reveals a negative susceptibility vessel sign
(arrows) in the M1 segment of the left MCA. C, Angiography after 1 passage of the Solitaire stent identifies a severe stenosis (arrow) in the
proximal M1 segment of the left MCA. No thrombi were retrieved with the Solitaire stent. D, Angiography after intracranial angioplasty with
stent placement shows complete revascularization in the left MCA territory.

FIG 2. Brain images from a 74-year-old man with acute ischemic stroke and atrial fibrillation. A, 3D TOF MR angiography shows the occlusion in
the M1 segment of the left MCA. B, Axial gradient-echo image reveals a positive susceptibility vessel sign (arrows) in the distal M1 segment of the
left MCA. C, Conventional angiography shows the occlusion in the M1 segment of the left MCA. D, Angiography after 1 passage of the Solitaire
stent shows complete revascularization in the left MCA territory. E, Photograph demonstrates red clots retrieved with a Solitaire stent.

gioplasty with or without stent placement. Overall, successful re-
vascularization (modified TICI =2b) was achieved in 84.6% (77/
91) of patients. Successful revascularization was achieved more
frequently in the ICAS group than in the non-ICAS group (100%
versus 80.8%, P = .043). Good outcomes occurred significantly
more frequently in the ICAS group than in the non-ICAS group
(77.8% versus 47.9%, P = .034). There was no newly developed
arterial occlusion distal to the angioplasty site on postangioplasty
angiograms in all patients who underwent intracranial angio-
plasty with or without stent placement.

Predictors of Clinical Outcome
Multivariate analysis showed that age (OR, 1.067; 95% CI, 1.013—
1.124; P = .014) and revascularization (OR, 9.180; 95% CI, 1.545—

54.526; P = .015) were independent predictors of good clinical
outcome when adjusting for age, sex, dyslipidemia, atrial fibrilla-
tion, coronary artery disease, IV thrombolysis, baseline NTHSS
score, revascularization (modified TICI =2b), posttreatment in-
tracranial hemorrhage, ICAS, and SVS.

DISCUSSION

In the present study, a negative SVS on GRE imaging was a highly
sensitive marker with a high negative predictive value for the pres-
ence of an underlying ICAS in the setting of acute stroke because
of an acute MCA occlusion. A negative SVS on GRE imaging was
significantly associated with an underlying ICAS in the occluded
MCA (100% in the ICAS group versus 32.9% in the non-ICAS
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Table 2: Comparison between the ICAS group and non-ICAS
group

ICAS Non-ICAS
Group Group
(n=18) (n=73) P Value
Age (yr) 638104 699 =*T14  .026
Male sex N(611%)  41(562%) NS
Risk factors
Hypertension 12(667%)  41(56.2%) NS
Diabetes mellitus 7(389%)  7(9.6%) .002
Coronary artery disease 0(0%) 5(6.8%) NS
Dyslipidemia 12(667%) 17(23.2%) <.001
Smoking 3(167%)  22(301%) NS
Atrial fibrillation 1(5.6%) 38(521%)  <.001
Congestive heart failure 0(0%) 2(27%) NS
History of stroke or TIA 15.6%)  N(151%) NS
Occlusion sites
M1 segment 18 (100%) 66 (90.4%) NS
M2 segment 0(0%) 7(9.6%) NS
IV thrombolysis 7(38.9%) 47 (64.4%) NS

Time to procedure (min) 253.8 =159 250.5*742 NS
Procedure time (min) 319293  336*+180 NS
Time to revascularization (min) 285.8 = 117.8 284.3 £782 NS

Baseline NIHSS score 9.8 +36 127 +37 .003
m-TICI 2b or 3 18(100%)  59(80.8%)  .043
mRS 0-2 14(77.8%) 35(47.9%) 034
Mortality 1(5.6%) 8(10.9%) NS

N-SVS 18(100%) 24 (32.9%) <.001

Note:—N-SVS indicates negative susceptibility vessel sign; m-TICI, modified TICI; NS,
non-significant.

Table 3: Summary of GRE MRI findings according to occlusion
sites

ICAS Group Non-ICAS Group
(n=18) (n=73)
SVS SVS SVS SVsS
Location Absent Present Absent Present
M1 18 0 20 46
M2 0 0 4 3
Total (n = 91) 18 0 24 49

group, P < .001) with a high sensitivity (100%) and a high nega-
tive predictive value (100%). For stroke subtypes, 72.7% (24/33)
of patients with large-artery atherosclerosis had a negative SVS
and 72.5% (29/40) of patients with cardioembolic stroke had a
positive SVS in our study. In comparison, Cho et al® reported that
83.7% of those with large-artery atherosclerosis had a negative
SVS and 77.5% of those with cardioembolic stroke had a positive
SVS.

Several studies reported that GRE MR imaging can be used to
depict blood clots within occluded intracranial arteries and to
evaluate the clot composition in the setting of acute ischemic
stroke.®®!? Paramagnetic intracellular deoxyhemoglobin is pres-
ent at high concentrations in acute clots, leading to a nonuniform
magnetic field that causes marked signal loss on the GRE sequence
because of dephasing of spins.'® Recently, several investigators
reported the results of histologic studies analyzing the composi-
tion of the clots retrieved by mechanical thrombectomy in pa-
tients with acute ischemic stroke.®'*'® These studies demon-
strated that the presence of an SVS on GRE imaging was notably
associated with a higher red blood cell content in the clots,
whereas an absence of SVS was associated with fibrin-rich clots.
Fibrin-dominant clots are usually formed because of injury to the

1270 Kim Jul 2015  www.ajnr.org

endothelium overlying the complicated atheromatous plaque.
Clots formed at the site of underlying ICAS mainly consist of a
fibrin network superimposed on the underlying platelet aggre-

gates™'”

and would not appear as a hypointense vessel on GRE
imaging because of the lack of deoxyhemoglobin. The results
from our study support this hypothesis; all patients with under-
lying ICAS in the occluded MCA had a negative SVS on GRE
imaging.

Another plausible explanation for the high incidence of nega-
tive SVSs in patients with underlying ICAS would be that such
patients had a smaller clot burden compared with those having
other stroke subtypes. In our study, 8 of 18 patients with under-
lying ICAS had a severe stenosis on the initial conventional an-
giography. Of the 10 patients who underwent SBT with the Soli-
taire stent because of an occlusion seen on the initial conventional
angiography, only 3 patients had visible thrombi that were cap-
tured with a stent. The remaining 7 patients had no captured
thrombi despite several passages of the stent and had a severe
stenosis at the previous occlusion site without angiographic evi-
dence of distal migration of thrombi on follow-up angiography.
Thus, overall, 15 of 18 patients (83%) with underlying ICAS had
no apparent clot burden in our study.

In our study, the negative SVS showed low specificity and low
positive predictive values for predicting ICAS because of a high
incidence of false-positive findings (24 cases) in the non-ICAS
group. The false-positive cases showing a negative SVS despite the
absence of ICAS in the non-ICAS group might be attributed to the
size or aging of the clots and their components. Red blood cell-
dominant clots that are smaller than the section thickness of the
GRE sequence may not demonstrate GRE SVS. In addition, fresh
clots cannot demonstrate hypointense signal changes on GRE MR
imaging because the main component of hyperacute clots would
be oxyhemoglobin.'®

ICAS also can be detected and evaluated with high-resolution
vessel wall MR imaging. Recent advances in MR imaging have
made it possible to reliably image intracranial vessel wall pathol-
ogies, including ICAS."® Vessel wall MR imaging can reveal the
presence of atherosclerotic plaques or focal thickening and en-
hancement of the intracranial vessel wall in patients with ICAS. In
addition, recent studies showed that vessel wall MR imaging
might be used for the characterization of intracranial atheroscle-
rotic plaques to assess the vulnerability of these plaques.® A high-
resolution vessel wall MR imaging sequence may be included in
the clinical scan protocol for ischemic stroke in the future. How-
ever, it is generally not possible to obtain vessel wall images of
sufficient quality for interpretation from patients with stroke in
the hyperacute period because of long scan times.

Although the optimal treatment for underlying ICAS in pa-
tients presenting with hyperacute stroke remains unknown,*' the
identification of underlying ICAS before endovascular therapy
could help interventionists make appropriate therapeutic deci-

sions.>'®2? Recently, Kang et al**

reported that patients with un-
derlying ICAS who presented with acute stroke had an increased
tendency for instant reocclusion of the treated arteries after the
initial mechanical thrombectomy. They suggested that the infu-
sion of intra-arterial antiplatelet agents in combination with a

thrombolytic agent might reduce the rate of reocclusion in pa-



tients with acute stroke with underlying ICAS. In our study, we
performed intracranial angioplasty, with or without stent place-
ment, in all patients with underlying ICAS, which resulted in high
rates of revascularization (100%) and good outcome (77.8%) and
low mortality rates (5.6%). Although a randomized controlled
trial (Stenting and Aggressive Medical Management for Prevent-
ing Recurrent stroke in Intracranial Stenosis) failed to show a
benefit for intracranial stent placement over intensive medical
management in preventing stroke recurrence in high-risk patients
with symptomatic ICAS,** our study suggests that intracranial
angioplasty, with or without stent placement, remains a promis-
ing method in the setting of hyperacute stroke secondary to un-
derlying ICAS.

This single-center retrospective study has limitations inherent
to this type of case series, including the lack of a prospective study
design. In our study, the section thickness of the GRE sequence
was 4 mm. Red blood cell-dominant clots smaller than 4 mm may
not be seen on GRE images; this possibility might have affected
the results of the study. In addition, it might be difficult to differ-
entiate underlying stenosis from residual emboli after mechanical
thrombectomy on angiograms. However, there was no newly de-
veloped arterial occlusion distal to the angioplasty site when com-
paring pre- and postangioplasty angiograms in all patients, which
could confirm stenotic lesions not being caused by residual em-
boli. Finally, this study was conducted in an Asian country in
which ICAS is more prevalent than in Europe and the United
States. Thus, a high incidence (19.8%) of patients with ICAS re-
ceived endovascular therapy in the setting of hyperacute stroke.
However, the global burden of ICAS is increasing, and it is gener-
ally accepted that ICAS is now a major worldwide stroke problem
that cannot be ignored.*!

CONCLUSIONS

This study suggests that a negative SVS on GRE MR imaging is a
sensitive marker with a high negative predictive value for the pres-
ence of an underlying ICAS in patients with acute ischemic stroke
because of MCA occlusion. A predictor such as this would be
helpful for interventionists when performing subsequent endo-
vascular stroke therapy.
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ORIGINAL RESEARCH
ADULT BRAIN

Degree of Collaterals and Not Time Is the Determining Factor
of Core Infarct Volume within 6 Hours of Stroke Onset

E. Cheng-Ching, J.A. Frontera, S. Man, J. Aoki, Y. Tateishi, F.K. Hui, D. Wisco, P. Ruggieri, M.S. Hussain, and K. Uchino
L=

ABSTRACT

BACKGROUND AND PURPOSE: Growth of the core infarct during the first hours of ischemia onset is not well-understood. We hypoth-
esized that factors other than time from onset of ischemia contribute to core infarct volume as measured by MR imaging.

MATERIALS AND METHODS: Prospectively collected clinical and imaging data of consecutive patients with stroke presenting between
March 2008 and April 2013 with anterior circulation large-vessel occlusion and MR imaging performed within 6 hours from the time of onset
were reviewed. The association of time from onset, clinical, and radiographic features with DWI volume was assessed by using x* and
Mann-Whitney U tests.

RESULTS: Of 91patients, 21(23%) underwent MR imaging within 0—3 hours from onset, and 70 (76%), within 3—6 hours. Median MR imaging
infarct volume was similar in both timeframes, (24.7 versus 29.4 mL, P = .906), and there was no difference in the proportion of patients
with large infarct volumes (=70 mL, 23.8% versus 22.8%, P = .928). Using receiver operating characteristic analysis, we detected no
association between the time from onset and MR imaging infarct volume (area under the curve = 0.509). In multivariate analysis, CTA
collaterals (>50% of the territory) (adjusted OR, 0.192; 95% Cl, 0.04—0.9; P = .046), CTA ASPECTS (adjusted OR, 0.464; 95% Cl, 0.3-0.8; P =
.003), and a history of hyperlipidemia (adjusted OR, 11.0; 95% Cl, 1.4—88.0; P = .023) (but not time from stroke onset to imaging) were
independent predictors of MR imaging infarct volume.

CONCLUSIONS: Collateral status but not time from stroke onset to imaging was a predictor of the size of core infarct in patients with
anterior circulation large-vessel occlusion presenting within 6 hours from onset.

ABBREVIATIONS: IQR = interquartile range; LSW = last seen well

Khatri et al* demonstrated that the probability of good clinical

I ntravenous tPA administered within 4.5 hours from symptom
outcome following angiographic reperfusion is time-dependent,

onset improves clinical outcomes in patients with acute isch-
emic stroke."” The importance of time from stroke onset to  with a reduced probability of good outcome as the time to recan-
thrombolysis has been extensively demonstrated as a predictor of

improved outcomes. The National Institute of Neurologic Disor-

alization increases. Despite the importance of time from clinical
stroke onset to treatment, other parameters play a major role in

ders and Stroke tPA trial and pooled analysis from major random-
ized stroke IV tPA trials showed that late tPA administration is
associated with lower likelihood of good clinical outcomes.” In a
cohort of patients treated with intravenous/intra-arterial therapy,
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influencing clinical outcome, including age and baseline NTHSS
score. Infarct volume at baseline has also been demonstrated to be
astrong predictor of clinical outcome.’® The association between
time from stroke onset to presentation and core infarct volume is
unclear, and factors other than time may have a major influence in
the first hours from ischemia onset. A recently published study
analyzed a group of patients with anterior circulation large-vessel-
occlusion strokes who underwent MR imaging with DWI within
30 hours from stroke onset and found no correlation between the
time of onset and stroke volume. The authors suggested that other
factors more powerful than time (such as collateral circulation)
determine infarct size in these first 30 hours.” It is important to
determine what relationship exists between time and infarct vol-
ume, especially in the early hours from stroke onset because this



FIG1. CTA collateralstatusin the region of the occluded vessel. A, Absent collaterals. B, Minimal (<50%) collaterals. C, Partial (>50%) collaterals.

D, Full presence of collaterals.

may have implications in the decisions for imaging selection and
treatment. The goal of this study was to explore the relationship of
DWI lesion volume to time from stroke onset to imaging within
the first 6 hours and to describe imaging characteristics in anterior
circulation large-vessel-occlusion strokes at 0—6 hours from the
time the patients were last seen well (LSW). We further assessed
potential variables that may influence core infarct volume other
than time and sought to evaluate predictors of small and large
infarct volumes independent of the time factor.

MATERIALS AND METHODS

Study Population

Using a prospectively collected acute stroke data base, we retro-
spectively identified consecutive patients with acute ischemic
stroke admitted to our institution between March 2008 and April
2013. We included only patients with anterior circulation strokes
and large-artery occlusion on CTA (involving the intracranial ICA
and the M1 or M2 segment of the MCA) in whom MR imaging of the
brain was performed within 6 hours from the time LSW and before
any endovascular reperfusion therapy was initiated. A reported wit-
nessed time of LSW was required for inclusion, and this time point
was used as a surrogate for the time of stroke onset. Baseline clinical
characteristics were systematically collected, including demographic
data, stroke risk factors, and admission NIHSS scores.

Acute Imaging

At our institution, in every patient who presents with an acute
ischemic stroke within 8 hours from symptom onset in whom the
NIHSS score is =8, we perform a noncontrast CT and CTA if no
contraindications exist. If a large-vessel occlusion (ICA, the M1
and/or M2 segment of the MCA, basilar occlusion) is detected and
there are no contraindications, a “hyperacute” MR imaging of the
brain is performed immediately to assess infarct volume and to
evaluate the region of ischemic penumbra.

Noncontrast CT is performed with a multisection CT scanner
(Somatom Sensation 64/16; Siemens, Erlangen, Germany) with
1.2-mm collimation, 4.5-mm sections (Sensation 64); and
1.5-mm collimation, 4.8-mm sections (Sensation 16). CTA is per-
formed with a helical scan technique, with acquisitions obtained
after a single intravenous bolus injection of 80 mL of nonionic
contrast (iopromide, Ultravist 370; Bayer Healthcare LLC, Whip-
pany, New Jersey) into an antecubital vein at a rate of 4 mL/s. The
CTA acquisition includes the region of the aortic arch to the cen-
trum semiovale or the vertex with spiral 0.6-mm collimation,

0.6-mm section thickness, 0.6-mm interval (Sensation 64); and
spiral 0.75-mm collimation, 0.75-mm section thickness, and
0.75-mm interval (Sensation 16). MR imaging studies were per-
formed by using a commercially available echo-planar instrument
on a 1.5T Magnetom Aera system with software version, syngo
MR D11 (Siemens). The neuroimaging protocol for acute stroke
in our hospital includes a diffusion-weighted imaging sequence
(TR/TE, 3500/114 ms; b-values, 0 and 1400 s/mm?; FOV, 230
mm; section thickness, 5.0 mm; base resolution, 128; bandwidth,
1260 Hz); a FLAIR sequence (TR/TE, 8360/94 ms; TI, 2200 ms;
flip angle, 180° FOV, 210 mm; section thickness, 4.0 mm; base
resolution, 256; bandwidth, 208 Hz); and a dynamic susceptibility
contrast PWI sequence (TR/TE, 2000/45 ms; flip angle, 90°; FOV,
230 mm; section thickness, 5.0 mm; base resolution, 128; band-
width, 1260 Hz).

Imaging Assessment

An experienced neuroradiologist (F.K.H.) led and oversaw the
imaging analysis. Admission pretreatment noncontrast CT and
CTA were reviewed, and an Alberta Stroke Program Early CT
Score was calculated. Noncontrast CT images were not available
for ASPECTS evaluation in 10 patients (1 from 0 to <3 hours, and
9 from 3 to <6 hours). Pretreatment CTA collateral status was
analyzed and classified into absent, minimal (<50%), partial
(>50%), and full presence of collateral branches opacifying the
major intracranial vascular territory that normally supplies the
region of the acute infarct (Fig 1)."° CTA was not available for
collateral vessel evaluation in 15 patients (2 from 0 to <3 hours,
and 13 from 3 to <6 hours). Under the direct supervision of a
neuroradiologist (F.K.H.), 4 vascular neurologists (J.A., Y.T.,
E.C.-C., and S.M.), blinded to the clinical information, reviewed
and analyzed the MR images by using commercial software (syn-
goMMWP VE36A, syngoVE32D, WinNT 5.2, Service Pack 2; Sie-
mens) on a dedicated workstation. Infarct volumes were obtained
from DWI. The area of the infarct on each section was obtained by
the software after manually outlining the perimeter of the lesion.
The infarct volume was calculated by adding the infarct areas on
each section and multiplying by the section thickness.

Statistical Analysis

The cohort of patients was divided into groups according to time
intervals from LSW to MR imaging (0—3 hours versus 3—6 hours).
We used a cutoff of 70 mL of DWT infarct volume to group pa-
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Imaging characteristics by time from last seen well to MRI

0-6 Hours P Value

0 to <3 Hours 3-6 Hours (Entire Cohort) (Difference,

(n=21) (n=70) (n=91) 0-3 vs 3-6)
Age (yr) (median) (IQR) 58 (54-77) 73 (63.25-83) 70 (59-82) 034
NIHSS (median) (IQR) 13 (11-19) 17 (13-22.75) 17 (12-21.5) 050
CT ASPECTS (median) (IQR) 9(7-10) 8(16-9) 8(6-9) 202
CT ASPECTS =7 (No.) (%) 17/20 (85%) 42/61(69%) 59/81(72%) 159
CTA collaterals >50% (No.) (%) 14/19 (74%) 37/57 (65%) 51/76 (67%) 481
DWI volume (mL) (median) (IQR) 24.7 (13.9-63.8) 29.4 (12.1-68.5) 29.2(12.3-68.5) 906
MRI DWI volume =70 mL of DWI volume (No.) (%) 5(23.8%) 16 (22.8%) 21(22.8%) 928
MRI DWI volume =100 mL of DWI volume (No.) (%) 4(19%) 13 (18.6%) 17 (18.7%) 961
Terminal ICA occlusion (No.) (%) 5(23.8%) 18 (25.7%) 23(25.3%) 961
Proximal M1 occlusion (No.) (%) 5(23.8%) 21(30%) 26(28.6%) 706
Distal M1 occlusion (No.) (%) 11(52.4%) 31(44.3%) 42 (46.1%) 393

FIG 2. Distribution of DWI infarct volume of each patient according to the time from last seen

well to MR imaging and collateral status.

tients into large infarcts (=70 mL) and small infarcts (<70 mL),
and these groups were compared.®

Demographics, medical history, and clinical and radiographic
features were compared between patients who underwent early
MR imaging (0-3 hours from LSW) versus late MR imaging (3—6
hours from LSW) and between patients with large (=70 mL) ver-
sus small (<70 mL) infarcts by using the Pearson x* and Mann-
Whitney U tests. A receiver operating characteristic curve was
constructed to assess the sensitivity and specificity of predicting
DWI volume on the basis of time from LSW to MR imaging (0-3
versus 3—6 hours). Backward stepwise multivariable logistic re-
gression analysis was performed to identify independent predic-
tors of DWI volume (=70 mL).

RESULTS

Ninety-one patients met the inclusion criteria and were in-
cluded in our study analysis. The median age of the overall group
was 70 years (interquartile range [IQR], 59—82 years), the median
NIHSS score was 17 (IQR, 12-21.5), and the median CT AS-
PECTS was 8 (IQR, 6-9). The median time from LSW to MR
imaging was 239 minutes (range, 69-357 minutes; IQR, 189-280
minutes). The mean DWT infarct volume for the entire group of
patients was 57.9 = 77.9 mL, with a median of 29.2 mL (IQR,
12.3-68.5 mL). The Table shows clinical, demographic, and ra-
diographic characteristics of patients according to the time inter-
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val from LSW to MR imaging. When we
compared patients presenting early who
underwent MR imaging within 0-3
hours from LSW and those patients who
presented later who underwent MR im-
aging within 3—6 hours from LSW, the
earlier group tended to be younger (me-
dian age, 58 years; IQR, 54—77 years ver-
sus 73 years; IQR, 63.25-83 years; P =
.034) and had lower NTHSS scores (me-
dian, 13; IQR, 11-19 versus 17; IQR, 13—
22.75; P = .050). However, the median
infarct volume was similar between early
and late imaging groups (24.7 mL; IQR,
13.9-63.8 mL; and 29.4 mL; IQR, 12.1-
68.5mL; P =.906). A large infarct (=70
mL) was seen in 23.8% of patients with
imaging within 3 hours from LSW com-
pared with 22.8% of patients who pre-
sented 3—6 hours from LSW (P = .928). Similarly, there was no
difference in rates of large infarcts by using a cut-point of 100 mL
between those who underwent MR imaging within 0-3 versus
3—6 hours (Table).

Eight patients presented very early, in whom an MR imaging
was obtained <2 hours from LSW. In this very early group, the
median DWI infarct volume was 18 mL (IQR, 5.6—43 mL), and
none was larger than 70 mL. From 2 to <3 hours from LSW, the
median DWI infarct volume was 50.3 mL (IQR, 14.8—-102.5 mL),
and 38.4% had large infarcts (=70 mL). Figure 2 shows the DWI
volume by time intervals from LSW to MR imaging and the de-
gree of collaterals for each patient. A receiver operating character-
istic curve assessing the time from LSW to MR imaging (0-3
versus 3—6 hours) and DWI volume was obtained with an area
under the curve of 0.509, demonstrating no association between
time from LSW to MR imaging and DWT infarct volume (Fig 3).

The On-line Table shows demographic, clinical, and radio-
graphic patient characteristics according to DWT infarct volume.
Those with larger infarcts were more likely to have a history of
hyperlipidemia (81% versus 40%, P = .049), coronary artery dis-
ease (57% versus 11%, P = .027), and lower noncontrast CT
ASPECTS (5.5 versus 9, P < .001) and CTA ASPECTS (5 versus 9,
P < .001). Patients with smaller infarcts (=70 mL) were more
likely to have at least partial (>50% of the territory) or better
collaterals on CTA compared with those with large infarcts (64%



FIG 3. Receiver operating characteristic curve demonstrating no as-
sociation between the time from LSW to MR imaging (0-3 hours
versus 3—6 hours) and DWI infarct volume.

versus 29%, P = .001). The group with large DWI infarct volumes
was more likely to have occlusion of the cervical ICA (29% versus 6%,
P =.018), proximal M1 MCA segment occlusion (52% versus 23%,
P = .001), or either terminal ICA or proximal M1 occlusion (57%
versus 31%, P = .003). The use of IV tPA before MR imaging and
stroke mechanism were not associated with infarct volume.

In multivariate analysis, the time from stroke onset was not a
predictor of infarct volume. CTA collaterals of >50% of the ter-
ritory involved (adjusted OR, 0.192; 95% CI, 0.04—0.9; P = .046)
and the CTA ASPECTS (adjusted OR, 0.464; 95% CI,0.3-0.8; P =
.003) were negative independent predictors of large infarct vol-
ume (=70 mL). History of hyperlipidemia (adjusted OR, 11.0;
95% CI, 1.4—88.0; P = .023) was an independent predictor of
large infarcts. There was neither a significant interaction between
ahistory of hyperlipidemia and CTA collaterals nor an association
of baseline statin use with infarct volume.

DISCUSSION

In a cohort of patients with anterior circulation large-vessel oc-
clusion imaged with DWT within 6 hours from stroke onset, we
demonstrate that time to imaging is not a determinant of core
infarct as measured by DWI. Hakimelahi et al® found no correla-
tion between infarct volume and time after stroke onset within 30
hours from presentation. We confirmed this finding in a group of
patients imaged at an earlier timeframe from stroke onset that is
more clinically relevant for decision-making in regard to endo-
vascular intervention. We found that large infarct volumes can be
seen in patients presenting equally early and late within the time
studied, and we were able to verify that collateral status does in-
deed have a significant impact on infarct volume. The clinical
implications of our study include the possibilities of both safer
patient selection for endovascular reperfusion within conven-
tional time windows and extension of these treatment windows.

The definition of large stroke was based on a DWTI lesion vol-
ume of at least 70 mL. We were also unable to detect a difference
in DWI volume by using a larger threshold of 100 mL between
those who underwent MR imaging between 0-3 versus 3-6
hours. These 2 values have been demonstrated to be significant
thresholds impacting clinical outcome in patients with stroke
with anterior circulation large-vessel occlusions.®' !> A study by
using MR imaging—based selection of patients with anterior cir-
culation large-vessel-occlusion ischemic stroke demonstrated
that the best clinical outcomes and least infarct growth occur in
those with DWTI infarct volume of <70 mL who underwent early
recanalization and that an infarct of 70 mL is the threshold above
which patients do poorly despite treatment.® The Diffusion and
Perfusion Imaging Evaluation for Understanding Stroke Evolu-
tion trial demonstrated that MR imaging selection can identify
patients who may benefit from reperfusion therapy (such as those
with target mismatch and likely smaller DWT infarct volumes),
and at the same time, it showed that patients with a large DWI
lesion (malignant profile with DWI lesion volume >100 mL and/or
PWT of >100 mL with time-to-maximum delay of >8 seconds) had
a high risk of symptomatic intracerebral hemorrhage with recanali-
zation, suggesting that patients with large strokes should not receive
reperfusion therapy.'"' Identification of large DWI infarcts in a
similar proportion of patients presenting at early and late timeframes
suggests the potential importance of imaging selection for reperfu-
sion therapy among patients presenting within 6 hours from stroke
onset. The impact of DWI infarct volume on clinical outcomes with
and without reperfusion therapy has been previously described.> !

Wisco et al'?

demonstrated that MR imaging patient selection may
reduce the number of futile and harmful interventions; this reduc-
tion may translate to better clinical outcomes for patients without
revascularization. In our study, nearly 25% of patients who under-
went MR imaging within 3 hours of stroke onset had large acute
strokes with volumes of >70 mL. These data imply that early reper-
fusion therapy in all patients without imaging selection may yield a
substantial proportion of patients who will not do well, and this im-
plication should be taken into account in clinical practice and in the
design of future clinical trials.

The findings of this study should not undermine the importance
of time to treatment as a major factor influencing clinical outcomes
and the importance of shorter time to treatment, which has been
extensively demonstrated.">*'* We observed that those presenting
ultra-early, within 2 hours from onset, had core infarct volumes of
<70mL. It can be argued that this ultra-early patient population with
small infarct volumes can potentially benefit the most from reperfu-
sion therapies, suggesting that very early reperfusion therapy may
have the greatest impact on outcomes in anterior circulation large-
vessel-occlusion ischemic strokes. In this very early group, we did not
find large infarcts, but the number of patients was small.

When we compared large and small strokes, the proportion of
patients presenting within 0—3 hours from onset was not signifi-
cantly different between the 2 groups, while the degree of collat-
eral circulation and a history of hyperlipidemia were found to be
independent predictors of large infarct volumes. In a retrospec-
tive study, Menon et al'® showed that better CTA collateral status
was associated with higher follow-up CT ASPECTS and lower
3-month modified Rankin Scale scores. In a study with a small
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number of patients presenting with anterior circulation large-ves-
sel-occlusion ischemic strokes who underwent CTA evaluation
and intra-arterial therapy, Angermaier et al'® demonstrated that
reperfusion and the extent of CTA collaterals (but not time to
treatment) were independent predictors of final infarct volume
on follow-up noncontrast CT. In the setting of an arterial occlu-
sion, collateral circulation may provide alternative routes of
blood supply to the parenchyma in the distribution of the oc-
cluded vessel and potentially limit the size of the infarcted core
and penumbra, at least temporarily. During the first minutes to
hours after an acute arterial occlusion, collateral circulation may
be the only source of perfusion; therefore, the presence of poor
collateral status on admission may be associated with large strokes
independent of the time elapsed from the onset of the occlusion.
In a study of patients with anterior circulation large-artery-occlu-
sion ischemic strokes presenting within 9 hours from onset of
symptoms, Souza et al'” showed that a malignant CTA collateral
profile (absent collaterals) strongly correlated and was highly spe-
cific for large DWI lesions on admission MR imaging.

We found the large-infarct group to be associated with a his-
tory of hyperlipidemia. This finding may be a type 1 error from
multiple comparisons because it cannot be explained and has not
been reported previously, to our knowledge. Menon et al'® re-
ported an association between metabolic syndrome and poor lep-
tomeningeal collateral status in a group of patients presenting
with acute ischemic stroke and large anterior circulation vessel
occlusion in South Korea; however, no causative explanation was
studied, and further investigation was recommended. It is possi-
ble that hyperlipidemia may be a maker of vasculopathy and dys-
functional autoregulation with a reduced capacity of collateral
recruitment; however, this possibility cannot be assessed in this
retrospective study and requires further investigation.

This study has several limitations. It has the inherent limita-
tions of a retrospective observational study. The sample size was
small, especially when breaking down the cohort into groups by
time intervals, in which we see a smaller number of patients pre-
senting in the early times. An exact time of symptom onset was
not available in all patients; therefore, the time from LSW was
used as the most accurate surrogate for time of stroke-symptom
onset. Even though using the time of LSW may overestimate the
actual time interval between onset and imaging, an overestima-
tion is preferred rather than an underestimation, given the focus
of our study in detecting large strokes at early time points. Using
the time of LSW to MR imaging from 0 to 6 hours, we are certain
that stroke onset occurred within this timeframe; therefore, our
cohort consists of patients with a well-established time of stroke onset
to MR imaging within the time window criteria for this study. This
patient group correlates with real-world clinical care in which the
exact time of onset is frequently unknown, but the time of LSW is
used more often when deciding treatment for these patients.

CONCLUSIONS

In this cohort, time from stroke onset to imaging was not a deter-
minant of core infarct size in patients with stroke with anterior
circulation large-vessel occlusion within the first 6 hours. Collat-
eral status and the CTA ASPECTS are independent predictors of
infarct volume within this period.
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ORIGINAL RESEARCH
ADULT BRAIN

Whole-Brain Susceptibility-Weighted Thrombus Imaging in
Stroke: Fragmented Thrombi Predict Worse Outcome

P.P. Gratz, G. Schroth, J. Gralla, H.P. Mattle, U. Fischer, S. Jung, P. Mordasini, K. Hsieh, RK. Verma, C. Weisstanner, and M. El-Koussy
O

ABSTRACT

BACKGROUND AND PURPOSE: The prevalence and clinical importance of primarily fragmented thrombi in patients with acute ischemic
stroke remains elusive. Whole-brain SWI was used to detect multiple thrombus fragments, and their clinical significance was analyzed.

MATERIALS AND METHODS: Pretreatment SWI was analyzed for the presence of a single intracranial thrombus or multiple intracranial
thrombi. Associations with baseline clinical characteristics, complications, and clinical outcome were studied.

RESULTS: Single intracranial thrombi were detected in 300 (92.6%), and multiple thrombi, in 24 of 324 patients (7.4%). In 23 patients with
multiple thrombi, all thrombus fragments were located in the vascular territory distal to the primary occluding thrombus; in 1 patient,
thrombi were found both in the anterior and posterior circulation. Only a minority of thrombus fragments were detected on TOF-MRA,
first-pass gadolinium-enhanced MRA, or DSA. Patients with multiple intracranial thrombi presented with more severe symptoms (median
NIHSS scores, 15 versus 11; P = .014) and larger ischemic areas (median DWI ASPECTS, 5 versus 7; P = .006); good collaterals, rated on DSA,
were fewer than those in patients with a single thrombus (21.1% versus 44.2%, P = .051). The presence of multiple thrombi was a predictor
of unfavorable outcome at 3 months (P = .040; OR, 0.251; 95% Cl, 0.067—0.939).

CONCLUSIONS: Patients with multiple intracranial thrombus fragments constitute a small subgroup of patients with stroke with a worse

outcome than patients with single thrombi.

ABBREVIATION: SVs = susceptibility vessel sign

Little is known about the proportion of acute ischemic strokes
caused by multiple intracranial thrombi. Rarely, distal throm-
bus fragments that are separate from the primary occluding
thrombus can be detected on DSA. Incomplete vessel occlusion by
the primary thrombus with distal passage of contrast is required
for this observation. Therefore, the true prevalence of multiple
intracranial thrombi in the stroke population and the implica-
tions for clinical outcome remain unknown.

Advanced gradient-echo-based MR imaging sequences, such
as SWI, are highly sensitive in distinguishing structures that have
different susceptibility values than their surroundings (eg, deox-
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ygenated blood, hemosiderin, ferritin, or calcium).' SWT offers
the possibility to directly visualize thrombotic material, com-
monly referred to as the susceptibility vessel sign (SVS), indepen-
dent of the presence of blood flow or contrast media.>* Recent
studies confirmed that 1.5T and 3T SWI is a fast, robust, and
highly sensitive imaging technique in acute stroke without rele-
vant image interference following gadolinium application.>® We
performed SWI, covering the whole brain in patients with acute
ischemic stroke of the anterior or posterior circulation to deter-
mine the prevalence of multiple intracranial thrombi before
thrombolytic treatment and to study the associations between the
presence of fragmented thrombi and baseline clinical and imaging
characteristics, stroke etiology, and clinical outcome.

MATERIALS AND METHODS

Patients and Clinical Data

Five hundred fifty-seven patients with acute ischemic stroke
treated at our stroke unit from January 2010 to August 2013 un-
derwent MR imaging after admission. Of these, 442 patients had
MR imaging including SWI before initiation of thrombolytic
therapy. Patients with anterior or posterior circulation stroke due
to tandem occlusions (ICA and MCA), carotid-T occlusions, iso-
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FIG1. An 85-year-old man with right-sided hemiparesis and aphasia (NIHSS 13). Pretreatment

using the modified Rankin Scale. The
study was approved by our institutional
review board.

Imaging

Standard stroke MR imaging protocol
was performed, which included diffu-
sion-weighted 1imaging, T2-weighted
imaging, TOF-MRA, SWI, first-pass
gadolinium-enhanced MRA of the cer-
vical and intracranial arteries, and per-
fusion imaging. The scans were acquired
on 1.5T and 3T MR imaging systems
(Magnetom Avanto and Magnetom
Verio; Siemens, Erlangen, Germany).

For the 1.5T scanner, the SWI pa-
rameters were the following: TR, 49 ms;
TE, 40 ms; number of averages, 1; FOV
read, 230 mm; FOV phase, 75.0%; voxel
size, 0.9 X 0.7 X 1.8 mmy; flip angle, 15°%
acquisition time, 2 minutes 59 seconds.
For the 3T scanner, the parameters were
as follows: TR, 28 ms; TE, 20 ms; num-
ber of averages, 1; FOV read, 230 mmy;
FOV phase, 75.0%; voxel size, 0.9 X
0.9 X 2.0 mmy; flip angle, 15° acquisition
time, 2 minutes 59 seconds. The SWI
and minimum-intensity-projection
images were generated automatically
by the scanner software.

DSA was performed via a transfemo-
ral approach by using a biplane, high-
resolution angiographic system (Axiom
Artis zee; Siemens).

SWI shows susceptibility vessel signs in the left M1 and M2 segments (A, white arrows). On
TOF-MRA (MIP), diminished flow signal is seen distal to the thrombus fragment in the M1

segment with complete loss of flow signal at the site of the distal thrombus fragment (B,
white arrowheads). DSA demonstrates incomplete occlusion of the vessel lumen by a
thrombus in the M1 segment (C, anteroposterior projection, black arrowhead). On the lateral
projection, occlusion of the temporo-occipital M2 branch by a more distal thrombus frag-
ment is visible (D, black arrow). Although both TOF-MRA and DSA can show the distal vessel
occlusion, only SWI allows estimation of the length of the distal fragment and exclusion of

additional distal thrombi.

lated occlusions of the MCA (M1, M2, or M3/4 segments), occlu-
sions of the anterior cerebral artery, occlusions of the basilar ar-
tery either isolated or in combination with the vertebral artery,
and occlusions of the posterior cerebral artery were considered for
the final analysis. Three hundred forty-seven patients fulfilled all
inclusion criteria. Following the imaging, all patients underwent
recanalization therapy with IV rtPA, endovascular techniques, or
a combination of both.

Clinical data were continuously recorded in the data base of
our stroke center. The Trial of Org 10172 in Acute Stroke Treat-
ment criteria were used for the categorization of stroke etiology.”
The occurrence of symptomatic and asymptomatic intracranial
hemorrhage, within 72 hours from stroke onset, was recorded
according to the Prolyse in Acute Cerebral Thromboembolism II
criteria.® Clinical outcome was assessed 3 months after stroke by
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Image Analysis

MR images were interpreted in consen-
sus by a neuroradiologist and a radiolo-
gistin training. SWI was analyzed for the
presence of the SVS in the supraclinoid
segment of the ICA, the MCA, the ante-
rior cerebral artery, the intradural seg-
ment of the vertebral artery, the basilar artery, and the posterior
cerebral artery. The SVS was defined as an area of signal drop
within the course of an artery that either exceeded the diameter of
the contralateral nonoccluded vessel or that of the adjacent vessel
segment on both the SWI and minimum-intensity-projection se-
ries.” The length of the main thrombus and distal thrombus frag-
ments, if applicable, was measured on SWI. In case of carotid-T,
tandem, and combined basilar artery and vertebral artery occlu-
sions, total clot length could not be determined because of either
susceptibility artifacts in the proximity of the skull base or
thrombi located partially outside the FOV.

A distal thrombus fragment was defined as an SVS being sep-
arated from the more proximal SVS by >2 mm—that is, the larg-
est dimension of a voxel in SWI (Figs 1 and 2). The distance
between the primary occluding thrombus and distal thrombus



FIG 2. A 69-year-old male patient with a sudden decrease in consciousness. SWI shows suscep-
tibility artifacts from thrombotic material in the basilar artery (A, white arrow) and the right
posterior cerebral artery (B, white arrowhead). Hemorrhagic transformation of a subacute infarc-
tion in the vascular territory of the right posterior cerebral artery is seen. DSA confirms occlusion
of the basilar artery (C, anteroposterior projection, black arrowheadl). Following successful en-
dovascular recanalization of the basilar artery, the occlusion in the perimesencephalic segment of
the right posterior cerebral artery, already known from pretreatment SWI, becomes visible in

DSA as well (D, anteroposterior projection, black arrow).

fragments was measured on a reconstructed plane, including both
the distal part of the primary occluding thrombus and the proxi-
mal part of the thrombus fragment.

In patients with anterior circulation stroke, with the exception
of the 4 patients with isolated anterior cerebral artery occlusion,
the extent of ischemic lesions was assessed on pretreatment DWI
by using the Alberta Stroke Program Early CT Score.”

Leptomeningeal collaterals were assessed on DSA as described
previously.'°

Statistical Analysis

Categoric variables were compared with the x* test and the Fisher
exact test as appropriate, and continuous variables, with the
Mann-Whitney U test. To determine the predictors of clinical
outcome, we performed a forward stepwise logistic regression,
including all variables with a P < .2 in univariate analysis. These

variables were age, sex, baseline NTHSS
score, occlusion site, degree of collater-
als, DWI ASPECTS, atrial fibrillation,
diabetes mellitus, arterial hyperten-
sion, hypercholesterolemia, coronary
artery disease, current smoking, and
the presence of multiple intracranial
thrombi on pretreatment imaging. Clin-
ical outcome was dichotomized into fa-
vorable (mRS 0-2) and poor outcome
(mRS 3-6). Collateral status was dichot-
omized into good and moderate/poor
collaterals. A P value < .05 was consid-
ered significant. Statistics were per-
formed with SPSS, Version 21 (IBM, Ar-
monk, New York).

RESULTS

The SVS was detected in 324 of 347 pa-
tients (93.4%) on pretreatment SWI.
Multiple intracranial thrombi were
found in 24 patients (7.4% of all patients
with visible SVSs). Fragmented thrombi
occurred with a similar frequency in an-
terior and posterior circulation strokes
(3/36 [8.3%] versus 21/288 [7.3%], P =
.739). Nineteen patients had 1 distal
fragment, 3 had 2 fragments, and 2 had 3
fragments. One of 31 fragments was lo-
cated in the M1 segment of the MCA; 15,
in the M2 segment; 11, in the M3 or M4
segment; 2, in the P2 segment of the pos-
terior cerebral artery, and 2, in the P3
segment. Thirty thrombus fragments
were found in the vascular territory dis-
tal to the primary occluding thrombus.
One patient with a carotid-T occlusion
was found to have a thrombus fragment
in the P3 segment of the ipsilateral pos-
terior cerebral artery, most likely by dis-
tal migration through a fetal variant of
the posterior cerebral artery.

The mean distance of thrombus fragments from the primary
occluding thrombus was 19.6 = 15.6 mm. The mean length of
thrombus fragments was 7.1 = 4.0 mm.

TOF-MRA and first-pass gadolinium-enhanced MRA de-
tected distal thrombus fragmentsin 8 and 11 of 24 patients (25.0%
and 33.3%, respectively), with multiple intracranial thrombi on
SWI. Nineteen of the 24 patients with multiple intracranial
thrombi on SWI underwent DSA. In this group, thrombus frag-
ments were confirmed in 8 patients (42.1%) on DSA.

Baseline clinical characteristics of patients with fragmented
and single thrombi are shown in Table 1. Patients with multiple
intracranial thrombi presented with a significantly higher median
NIHSS score on admission (15 versus 11, P = .014). No signifi-
cant difference in vascular risk factors or stroke etiology was
found between the 2 groups. The prestroke use of antiplatelet
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Table 1: Baseline clinical characteristics

Fragmented Thrombus

Single Thrombus

Patients with fragmented thrombi
had significantly lower median DWI

(n=24) (7.4%) (n=300)(92.6%) P ASPECTS, meaning larger ischemic areas
Age (yr) (mean) (SD) 731(n3) 68.6 (14.0) 109 on DWI, than patients with a solitary
HRUmET (e (P 9(37.5) 139(46.3) 403 thrombus (5 versus 7, P = .006). Good
Baseline NIHSS score (median) (range) 15 (6-36) 11(1-36) .014
Vascular risk factors collaterals as assessed on DSA were
Hypertension (No.) (%) 15 (62.5) 192 (64.0) 883 found in fewer patients with fragmented
Diabetes mellitus (No.) (%) 5(20.8) 45/298 (15.1) 395 thrombi than in those without, but the
Atrial fibrillation (No.) (%) 13/23 (56.5) 123/263 (46.8) 392 difference was not significant (4/19
Current smoking (No.) (%) 2/22(9.) 57/286 (19.9) 27 1.106] versus 88/199 [44.2%], P —
Hypercholesterolemia (No.) (%) 14/23 (60.9) 161/296 (54.4) .548 . .
Coronary artery disease (No.) (%) 5(20.8) 58/298(19.5) 794 051). One hundred eight patients
Previous stroke (No.) (%) 2(83) 31/298(104)  1.00 (33.3%) were treated with IV rtPA
Stroke etiology 558 alone, 140 (43.2%) underwent endovas-
Large artery disease (No.) (%) 3(12.5) 31(10.3) cular treatment, and 76 (23.5%) had a
Cardioembolic stroke (No.) (%) 14 (58.3) 135 (45.0) combination of both. Treatment was
Other determined etiology (No.) (%) 2(8.3) 38(12.7) . ..
Unknown etiology (No.) (%) 5(20.8) 96 (32.0) similar in both groups. Clinical outcome
at 3 months was worse in patients with
Table 2: Imaging characteristics and treatment fragmented thrombi (mRS 0-2: 6/23
: i isti
[26.1%] versus 171/286 [59.8%]; P =
Fragmented
Thgrombus Single Thrombus 002; Table 3)'_ .
(n =24) (7.4%) (n =300) (92.6%) I3 The following variables showed P <
Affected vascular territory 739 .2 in univariate analysis and were in-
Anterior circulation (No.) (%) 21(87.5) 267 (89.0) cluded in the binary logistic regression
Posterior circulation (No) (%) 3(125) 33(10) analysis: NIHSS, age, DWI ASPECTS,
Occlusion site 372 multiple intracranial thrombi on pre-
Tandem occlusion (No.) (%) 3(12.5) 29(9.7) treat ¢ . lusi e atrial
Carotid-T (No) (%) 3(125) 14 (47) rea. me.n 1magmg, occ us1?n site, a r%a
MCA M1 (No)) (%) 8(333) 123 (41.0) fibrillation, diabetes mellitus, arterial
MCA M2 (No.) (%) 6(25.0) 74(24.7) hypertension, coronary artery disease,
MCA M3/4 (No.) (%) 1(4.2) 23(77) and current smoking. In our stepwise re-
Anttlerior cere:)ral )a(r;ejry (No) (%) 0 EO'O)) 2 ?'3)) gression model, NTHSS was included as
Basilar artery (No.) (% 3(12.5 16 (5.3 .
Posterior ce{ebral artery (No.) (%) 0(0.0) 17 (5.7) the first variable, followed by age, DWI
Primary thrombus length on SWI (mm) 103(64)(n=18) 103 (5.6) (n = 248) 699  ASPECTS, and finally the presence of
(mean) (SD) multiple thrombi. The absence of multi-
Total clot length (mm) (mean) (SD) 20.1 (]0.7) (I’) = ]8) 10.3 (56) (n = 248) <.001 ple thrombus fragments (P =.040; OR,
Leptomeningeal collaterals n=19 n =199 .051 _
Good (No) (%) 4 88 (44.) DWI ASPECTS (P = .004; OR, 1.328;
Moderate/poor (No.) (%) 15(78.9) M (55.8) 95% CI, 1.093-1.614), younger age (P <
Treatment 625 .001; OR, 0.919; 95% CI, 0.889—0.950),
Intravenous thrombolysis only (No.) (%) 6(25.0) 102 (34.0) and lower NIHSS score (P < .001; OR,
Brldglng thrombolysis (NO) (%) 7 (292) 69 (230) 0832, 95% CL 0.773— 0894) predicted
Endovascular intervention only (No.) (%) 11(45.8) 129 (43.0)
good outcome.
Table 3: Intracranial bleeding complications and clinical outcome
Fragmented DISCUSSION
Thrombus  Single Thrombus Using whole-brain SWI, we found
(n=24) (7.4%) (n=300)(92.6%) P multiple intracranial thrombi in 24 of
Symptomatic intracranial hemorrhage (No.) (%) 3(12.5) 17(57) 176 324 patients with acute stroke with the
Asymptomatic intracranial hemorrhage (No.) (%) 6(25.0) 34 (1.3) .097 SVS (7.4%) before initiation of any
Favorable outcome (mRS 0-2) at 3 months (No.) (%)  6/23(26.1) 171/286 (59.8)  .002 hrombolvtic th Most distal thr-
Death at 3 months (No) (%) 7/23(304)  43/292(147) 069  ‘nrombolytic therapy. Most distal thr

ombus fragments (95.8%) affected the
same vascular territory distal to the

drugs or anticoagulants did not differ between the groups. Imag-
ing characteristics and treatment are compared in Table 2. In
patients with isolated MCA, anterior cerebral artery, basilar ar-
tery, and posterior cerebral artery occlusions, total clot length was
determined. Clot length in patients with fragmented thrombi was
significantly higher than that in patients with a solitary thrombus
(20.1 = 10.7 versus 10.3 = 5.6 mm, P < .001).
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proximal occluding thrombus and were therefore a priori invisi-
ble with normal angiographic techniques. We found significant
associations between the presence of multiple intracranial
thrombi and a higher NTHSS score on admission as well as larger
ischemic areas on pretreatment DWI. The presence of fragmented
thrombi was a predictor of unfavorable clinical outcome at 3
months.



A study that analyzed the histologic structure of clots extracted
by endovascular means by using the Merci retriever (Concentric
Medical, Mountain View, California) reported that in 64% of
cases, thrombi were retrieved in multiple fragments.'" It is likely
that the prevalence of fragmented thrombi had been lower before
mechanical disruption of the clot during deployment and retrac-
tion of the thrombectomy device. This supposition is supported
by our in vivo studies demonstrating thrombus fragmentation
and distal embolization during retrieval of the initially single
thrombus with distal thrombectomy devices.'*

Although our results are based purely on thrombus fragmen-
tation before thrombolytic treatment, it could be speculated that
iatrogenic thrombus fragmentation might have a similarly nega-
tive impact on outcome. This may, among other contributing
factors, explain the disappointing clinical outcome in studies that
used thrombus fragmentation techniques exclusively (Multi Me-
chanical Embolus Removal in Cerebral Ischemia, Penumbra Piv-
otal Stroke Trial, Mechanical Retrieval and REcanalization of
Stroke Clots Using Embolectomy trials)'>** or in part (Interven-
tional Management of Stroke IIT, SYNTHESIS Expansion [A ran-
domized controlled trial between loco-regional intra-arterial and
systemic intravenous thrombolysis with Alteplase in acute isch-
emic stroke]).'®'” The SYNTHESIS Expansion study reported
that thrombus fragmentation with a microguidewire was per-
formed in approximately two-thirds of patients."” In contrast, the
goal of current mechanical thrombectomy in acute stroke is re-
moval of the thrombus en bloc with the lowest possible rate of
thrombus fragmentation, as applied and improved in experienced
stroke centers.'®'®!?

In our series, good collaterals as assessed on DSA were found
in fewer patients with multiple intracranial thrombi, though the
difference was not significant. No additional differences in other
well-known predictors of outcome were found between patients
with and without multiple thrombi. There is evidence from mul-
tiple studies that good leptomeningeal collaterals reduce and slow
penumbral tissue loss, resulting in better clinical outcome.?%?!
When one considers the differences in collateral status between
patients with and without multiple fragments, the probable role

of autolysis should be discussed. Zanette et al*®

reported that
spontaneous lysis occurs in a high percentage of patients with
distal MCA occlusions, similar to the sites where most of the distal
thrombus fragments were found in our cohort. Because good col-
laterals were seen less often in patients with multiple thrombus
fragments than in those with a single thrombus, one could hy-
pothesize that fewer endogenous thrombolytic factors may have
reached the distal thrombus fragments in patients with poor col-
lateralization, resulting in the persistence of these fragments.
Thrombus burden must be taken into account when looking
for factors that could explain the differences in outcome. Total
clotlength, defined as the combined length of the primary occlud-
ing thrombus and the distal thrombus fragments, was signifi-
cantly higher in patients with fragmented thrombi compared with
those with a solitary thrombus. It remains unclear whether longer
thrombi are more likely to fragment or distal fragments lead to
secondary clot formation due to stagnation of blood flow, thus
increasing total clot length. A recent study assessed clot burden in
patients with anterior circulation stroke on T2*-weighted imag-

ing by using a scoring system based on the vessel segments that
were affected by thrombotic material. Patients with fewer and
more distal vessel segments involved had a higher revasculariza-
tion rate and were more likely to have favorable clinical out-
come.”” Because absolute thrombus length was not part of the
scoring system, the comparability with our results is limited. One
has to consider that assessment of thrombus burden by measuring
the total length of thrombus fragments could result in overesti-
mation in patients with multiple thrombi. Migration of distal
thrombus fragments to smaller-sized vessels may result in reori-
entation and elongation of distal thrombi, resulting in a total clot
length disproportionate to total clot volume.

TOF-MRA, first-pass gadolinium-enhanced MRA, and DSA
detected only a minority of distal thrombus fragments seen on
SWI. The lower yield of these imaging techniques in the detection
of distal thrombus fragments most likely results from their depen-
dence on the presence of blood flow or contrast media, both of
which are usually reduced or absent distal to the primary vessel
occlusion. Besides DWT and imaging of the whole angioarchitec-
ture from the aortic arch up to distal branches of the cerebral
arteries, imaging of the thrombus and its fragments with SWI has
become a standard sequence of our stroke protocol due to its high
therapeutic relevance.’

Our study has some limitations. Image analysis was only per-
formed in consensus. In our experience, the SVS and distal
thrombus fragments are easily detectable and we did not deem it
necessary to additionally assess interobserver variability. Further-
more, each MR imaging study was routinely evaluated by a neu-
roradiologist and radiologist in training, and the findings were
documented in our PACS. In 16 of the 24 patients (66.7%) with
multiple thrombi on SWI, a distal vessel occlusion or thrombus
fragment or both separate from the primary occlusion had already
been described in the radiology report. Most interesting, in the 8
patients in whom distal thrombus fragments were not described
initially, the fragments were located in closer proximity to the
primary thrombus than in those in whom the distal occlusion was
mentioned (7.0 = 4.0 versus 24.2 £ 15.9 mm). One could specu-
late that these fragments were either harder to detect or had not
been considered important enough to be described in the radiol-
ogy report. In this single-center study, data from imaging were
partly analyzed retrospectively. The small size of the patient group
with fragmented thrombi limits the generalizability of the results.
Evaluation of ICA and basilar artery thrombi on SWI was greatly
limited by the extensive susceptibility artifacts in the proximity of
the skull base.

CONCLUSIONS

Multiple intracranial thrombi were detected on pretreatment
SWTin 7.4% of patients with acute ischemic stroke of the anterior
or posterior circulation. The presence of fragmented thrombi was
a predictor of worse outcome. Patients with multiple thrombus
fragments presented with more severe symptoms on admission,
had more extensive ischemic areas on pretreatment DWI, and
demonstrated worse collaterals as seen on biplane angiography.
To know that multiple thrombi are present not only helps in plan-
ning the endovascular treatment, especially mechanical throm-
bectomy because distal fragments render the intervention more
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difficult, but may also be of use in prognostication of functional
outcome.

ACKNOWLEDGMENTS
We thank Pietro Ballinari for statistical advice.

Disclosures: Jan Gralla—UNRELATED: Consultancy: Covidien,* Comments: Global
Principal Investigator of the Solitaire FR Thrombectomy for Acute Revascularization
Study and consultant for Covidien. Heinrich P. Mattle—UNRELATED: Consultancy:
Bayer, Biogen, Boehringer Ingelheim, Daiichi-Sankyo, Genzyme, Merck, Neuravi, No-
vartis, Pfizer, Teva; Grants/Grants Pending: Swiss Heart Foundation,* Swiss National
Science Foundation*; Payment for Lectures (including service on Speakers Bureaus):
Bayer, Biogen, Boehringer Ingelheim, Covidien, Daiichi Sankyo, Genzyme, Neuravi,
Novartis, Pfizer; Royalties: for textbooks on neurology | have written. *Money paid
to the institution.

REFERENCES

1. Haacke EM, Mittal S, Wu Z, et al. Susceptibility-weighted imaging:
technical aspects and clinical applications, part 1. AJNR Am ] Neu-
roradiol 2009;30:19-30

2. Flacke S, Urbach H, Keller E, et al. Middle cerebral artery (MCA)
susceptibility sign at susceptibility-based perfusion MR imaging:
clinical importance and comparison with hyperdense MCA sign at
CT. Radiology 2000;215:476 82

3. Rovira A, Orellana P, Alvarez-Sabin J, et al. Hyperacute ischemic
stroke: middle cerebral artery susceptibility sign at echo-planar
gradient-echo MR imaging. Radiology 2004;232:466—73

4. ChoKH, KimJS, Kwon SU, et al. Significance of susceptibility vessel
sign on T2*-weighted gradient echo imaging for identification of
stroke subtypes. Stroke 2005;36:2379—83

5. Weisstanner C, Gratz PP, Schroth G, et al. Thrombus imaging in
acute stroke: correlation of thrombus length on susceptibility-
weighted imaging with endovascular reperfusion success. Eur Ra-
diol 2014;24:1735-41

6. El-Koussy M, Schenk P, Kiefer C, et al. Susceptibility-weighted im-
aging of the brain: does gadolinium administration matter? Eur |
Radiol 2012;81:272-76

7. Adams HP Jr, Bendixen BH, Kappelle L], et al. Classification of sub-
type of acute ischemic stroke: definitions for use in a multicenter
clinical trial: TOAST—TTrial of Org 10172 in Acute Stroke Treat-
ment. Stroke 1993;24:35—41

8. Furlan A, Higashida R, Wechsler L, et al. Intra-arterial prourokinase
for acute ischemic stroke: the PROACT II study—a randomized
controlled trial. Prolyse in Acute Cerebral Thromboembolism.
JAMA 1999;282:2003-11

9. Pexman JH, Barber PA, Hill MD, et al. Use of the Alberta Stroke

1282 Gratz Jul 2015 www.ajnr.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Program Early CT Score (ASPECTS) for assessing CT scans in pa-
tients with acute stroke. AJNR Am ] Neuroradiol 2001;22:1534—42
Gratz PP, Jung S, Schroth G, et al. Outcome of standard and high-
risk patients with acute anterior circulation stroke after stent re-
triever thrombectomy. Stroke 2014;45:152-58

Marder VJ, Chute DJ, Starkman S, et al. Analysis of thrombi re-
trieved from cerebral arteries of patients with acute ischemic
stroke. Stroke 2006;37:2086-93

Brekenfeld C, Schroth G, El-Koussy M, et al. Mechanical thrombo-
embolectomy for acute ischemic stroke: comparison of the Catch
thrombectomy device and the Merci retriever in vivo. Stroke
2008;39:1213-19

Smith WS, Sung G, Saver J, et al. Mechanical thrombectomy for
acute ischemic stroke: final results of the Multi MERCI trial. Stroke
2008;39:1205-12

Penumbra Pivotal Stroke Trial Investigators. The Penumbra pivotal
stroke trial: safety and effectiveness of a new generation of mechan-
ical devices for clot removal in intracranial large vessel occlusive
disease. Stroke 2009;40:2761—68

Kidwell CS, Jahan R, Gornbein J. A trial of imaging selection and
endovascular treatment for ischemic stroke. N Engl ] Med
2013;368:914-23

Broderick JP, Palesch YY, Demchuk AM, et al. Endovascular therapy
after intravenous t-PA versus t-PA alone for stroke. N Engl ] Med
2013;368:893-903

Ciccone A, Valvassori L, Nichelatti M, et al. Endovascular treatment
for acute ischemic stroke. N Engl ] Med 2013;368:904—13

Pereira VM, Gralla J, Davalos A, et al. Prospective, multicenter, sin-
gle-arm study of mechanical thrombectomy using Solitaire Flow
Restoration in acute ischemic stroke. Stroke 2013;44:2802—7
Davalos A, Pereira VM, Chapot R, et al. Retrospective multicenter
study of Solitaire FR for revascularization in the treatment of acute
ischemic stroke. Stroke 2012;43:2699-705

Jung S, Gilgen M, Slotboom J, et al. Factors that determine penum-
bral tissue loss in acute ischaemic stroke. Brain 2013;136:3554—60
Lima FO, Furie KL, Silva GS, et al. The pattern of leptomeningeal
collaterals on CT angiography is a strong predictor of long-term
functional outcome in stroke patients with large vessel intracranial
occlusion. Stroke 2010;41:2316-22

Zanette EM, Roberti C, Mancini G, et al. Spontaneous middle cere-
bral artery reperfusion in ischemic stroke: a follow-up study with
transcranial Doppler. Stroke 1995;26:430-33

Legrand L, Naggara O, Turc G, et al. Clot burden score on admission
T2*-MRI predicts recanalization in acute stroke. Stroke 2013;44:
1878—-84



ORIGINAL RESEARCH
ADULT BRAIN

Early MRI Characteristics after MRI-Guided Laser-Assisted
Cingulotomy for Intractable Pain Control

S.H. Sundararajan, P. Belani, S. Danish, and I. Keller

ABSTRACT

BACKGROUND AND PURPOSE: Cingulotomy is a well-accepted stereotactic procedure in the treatment of debilitating pain syndromes.
At our institution, we used a 980-nm diode laser to perform MR imaging—guided laser-assisted cingulotomy. We report the early MR
imaging changes associated with this technique.

MATERIALS AND METHODS: In this retrospective analysis, MR imaging—guided laser-assisted cingulotomy was performed in 4 patients
with intractable pain secondary to metastatic disease. Patients were imaged at various time points postprocedure, with visual analysis of
MR imaging changes in the cingulate gyri during that timeframe.

RESULTS: Twenty-four hours postablation, 4 distinct zones of concentric rings reminiscent of an “owl eye” shape were noted in the
cingulate gyri. Extrapolating from the imaging characteristics of the rings, we defined each zone as follows: The central zone (zone 1)
represents a laser probe void with fluid, zones 2 and 3 have signal characteristics that represent hemorrhage and leaked protein, and zone
4 has a peripheral ring of acute infarction, enhancement, and surrounding edema. One patient with I-year follow-up showed persistent
concentric rings with resolution of enhancement and edema.

CONCLUSIONS: Post-MRimaging—guided laser-assisted cingulotomy rings appear to represent a continuum of injury created by the laser
probe and thermal injury. The imaging changes are similar to those described for laser ablation of tumor-infiltrated brain with a 1064-nm
laser. This is the first study to characterize early MR imaging changes after MR imaging—guided laser-assisted cingulotomy by using a
980-nm laser. It is important for neuroradiologists and neurosurgeons to understand expected imaging findings as laser ablation cingu-
lotomy re-emerges to treat intractable pain.

ABBREVIATION: MRgLAC = MR imaging—guided laser-assisted cingulotomy

he cingulate gyrus is an important part of the limbic system

and is involved in the emotional response to pain.' Anterior
cingulotomy has been a well-accepted stereotactic procedure in
the treatment of both refractory obsessive-compulsive disorder
and debilitating pain syndromes.>” The objective of cingulotomy
is the severing of the supracallosal fibers of the cingulum bundle,
which pass through the anterior cingulate gyrus.*

For several decades, the cingulate gyrus has been a surgical
target to treat a variety of disorders.” In 1948, open cingulecto-
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mies were first described for the treatment of schizophrenia.® In
1962, pneumoencephalographic guidance for performing closed-
cingulotomy was introduced by Foltz and White” for pain. In
1973, Balasubramaniam et al® described the technique of stereo-
tactic cingulotomy in the management of patients with alcohol
addiction. This frame-based stereotactic approach combined
pneumoencephalographic and angiographic guidance for well-
defined resection of the cingulate gyri.

During the 1990s, early guidance techniques with the pa-
tient under general anesthesia were replaced by MR imaging
guidance with the patient under local anesthesia. Since then,
the procedure has been performed by using a radiofrequency
probe with or without MR imaging stereotaxis.” Hassenbusch
et al'® created a spheric radiofrequency lesion in 4 patients by
applying 75°C for 60 seconds by using this technique, for which
he reported significant improvement of intractable pain. At
our institution, we have recently introduced the use of a
980-nm diode laser to perform MR imaging—guided laser-as-
sisted cingulotomy (MRgLAC).
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FIG 1. Fiducial markers are placed (A) with follow-up registration imaging performed for con-
firmed localization (B). Alignment of the navigation probe within a precision aiming device is
ensured before it is locked into position (C and D). Thermal localization is performed to estimate
approximate temperatures to be reached during MRgLAC to ensure that the temperature does
not exceed 90°C. This is demonstrated by color gradients representing measured temperature
gradients (E). Sequential real-time images obtained during MRgLAC of the right cingulum are then
acquired. Note placement and location of the probes in both gyri and a steadily increasing region

of thermal ablation in the right cingulate (F).

Patient demographics

Patient Age Metastatic Post-MRgLAC
No. (yr) Sex Neoplasm Follow-Up
1 47 Female Liposarcoma 24 hours
2 38 Female Breast 24 hours
3 51 Female Colon 24 hours
4 82 Female Colon 1year

MR imaging findings in patients after laser ablative cingu-
lotomy have been previously described.”'* However, these stud-
ies reported only T1- and T2-weighted imaging features and
lacked discussion of potential etiologies and evolution of reported
signal changes. The multisequential MR imaging characteristics
of laser-guided cingulotomy for patients with intractable pain
have not been previously characterized, to our knowledge. The
purpose of this study was to report the early MR imaging changes
associated with cingulotomy by using a 980-nm diode laser. Our
descriptions are based on the original work by Spangler et al,"'
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who, in 1996, described the postopera-
tive MR imaging characteristics of cin-
gulotomies for the treatment of psychi-
atric disorders.

MATERIALS AND METHODS
Between 2012 and 2013, 4 patients were
selected for laser ablation cingulotomy.
These patients had systemic metastatic
cancer, with a life expectancy of fewer
than 6 months and intractable pain that
was not relieved by conventional pain
management. After review by a multi-
disciplinary tumor board, MRgLAC was
offered as a palliative procedure for in-
tractable pain management. All patients
were enrolled in an institutional review
board—approved protocol.

One-millimeter CT images (Light-
Speed Pro 16; GE Healthcare, Milwau-
kee, Wisconsin) and postgadolinium
axial T1 echo-spoiled gradient-echo
and axial FLAIR MR images (Optima
MR450w 1.5T with a GEM Suite; GE
Healthcare) were obtained for prepro-
cedural planning on a StealthStation
S7 (Medtronic Navigation, Minneapo-
lis, Minnesota). The FLAIR is a 2D se-
quence fused with the echo-spoiled
gradient echo. This sequence is not
necessary, but we have found it useful
in certain cases in which the cingulate
sulcus is not clearly visualized on the
coronal reconstructions of the echo-
spoiled gradient-echo sequence.

The targeting method was derived
from that used by Richter et al."> Two
ablations within each cingulate gyrus
were planned. A target point was placed
approximately 20 mm posterior to the
tip of the frontal horn (y-coordinate), parallel with the roof of
the lateral ventricle within the cingulate gyrus. The planning
trajectory was made perpendicular to the long axis of the cor-
pus callosum on the sagittal image.'*

The patient was first placed under general anesthesia. After
confirmation of the position and trajectory, an incision is made
with a No. 15 scalpel. A twist drill craniotomy was created and
used to pass the plastic bone anchor into the skull along the
proper trajectory. Once in place, the laser-cooling catheter was
passed to the appropriate depth and secured. The process was
repeated on the contralateral side.'*

The patient was transported with lasers in place to diagnostic
MR imaging, where the laser catheters were connected to the
Thermal Therapy System (Visualase, Houston, Texas). A T1
echo-spoiled gradient-echo coronal image was acquired as a ref-
erence image. We used an oblique coronal reference so that both
ablations could be performed with the same reference image.



FIG 2. The above owl eye—appearing lesions are recorded 24 hours post-laser ablation of the cingulate gyri in patient 1. Four discrete
zones are noted, labeled 1-4 from central to peripheral. All patients who underwent MRgLAC demonstrated this zonal distribution of

signal abnormality.

FIG 3. Imaging performed in patient 4 one year following MRgLAC demonstrates the persistent
appearance of bilateral concentric zones of thermal ablation with a preserved owl eyes config-

limit of the second ablation was kept be-
low the subcortical U-fibers of the supe-
rior and middle frontal gyri. The total
ablation volume within each cingulum
was approximately 1.5 mL. Baseline im-
mediate postablation imaging was
performed at the conclusion of the
procedure.

All patients were imaged immedi-
ately after and 24 hours after the pro-
cedure, with patient demographics as
listed in the Table. Patient 4 unexpect-
edly survived, allowing 1-year follow-up
imaging to be obtained in this patient
also. Imaging sequences included T1, T1
postcontrast, T2, FLAIR postcontrast,
gradient recalled-echo, DWI, and ADC
mapping. Signal changes were graded as
isointense, hypointense, or hyperintense
relative to gray matter in the specific im-
aging sequence.

uration. Note the lack of enhancement on postcontrast imaging, resolution of postprocedural

edema, and T2-shinethrough on diffusion-weighted imaging.

High-temperature limits (90°C) were set near the tip of the appli-
cators to avoid production of steam. Low temperature limits
(50°C) were set at the borders of the target areas to avoid unin-
tended thermal damage to nearby critical structures, such as the
corpus callosum. Real-time thermal damage was estimated by an
MR imaging pixel shift of the target tissue in response to thermal
damage (Fig 1).'*1°

Two ablations were performed in each cingulum. The initial
ablation was made within the anterior cingulate gyrus. The infe-
rior ablation boundary was the corpus callosum. Medially, the
ablation was bounded by the pia mater of the gyrus. Laterally, the
ablation was bounded by the limits of the thermal energy distri-
bution. The second ablation was performed to incorporate the
medial prefrontal cortex and medial white matter. The superior

RESULTS

Postprocedural assessment of the 4 dif-
ferent patients after MRgLAC at 24 hours demonstrated a broad
circular region of thermal-induced injury with 4 concentric
rings in the bilateral cingulate gyri. These regions of varying
signal intensity extended from the center to the periphery and
were arbitrarily labeled zones 1-4 (Fig 2). These concentric
rings persisted 1 year following thermal ablation in 1 patient
(Fig 3).

Signal changes in the described zones were graded as hypoin-
tense, isointense, or hyperintense relative to the gray matter in-
tensity of the sequence. Zone 1 demonstrated central T1 hypoin-
tensity with thin peripheral enhancement on postcontrast
imaging. There was corresponding hyperintensity on T2 with cor-

respondingly less intensity on FLAIR imaging. Gradient recalled-
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FIG 4. The following gradient recalled-echo images from patient 4 demonstrate evolution of
postprocedural gradient-echo imaging changes related to MRgLAC. There is an interval in-
crease in the magnetic susceptibility signal in zone 3 between the immediate and post-24
hour images. Note is made of residual peripheral magnetic susceptibility 1year following the

procedure.

FIG 5. Coronal T1 postcontrast and sagittal STIR imaging performed on patient 4 one year fol-
lowing MRgLAC demonstrates 2 pairs of concentric rings in each cingulate. These correspond to

the 2 adjacent areas of thermal ablation produced in each cingulum.

echo imaging showed no magnetic susceptibility in this location,
and diffusion-weighted imaging showed no evidence of restricted
diffusion in this location (Fig 2).

Zones 2 and 3 shared similar imaging characteristics. They
were iso- to hyperintense on T1-weighted imaging and did not
demonstrate enhancement on postcontrast imaging. A clearer
distinction between zones 2 and 3 was noted on T2-weighted
and FLAIR imaging, with a hypointense zone 2 and mixed
hypo-/isointense zone 3 noted. Varying degrees of magnetic
susceptibility were noted along the periphery of zone 3. No
restricted diffusion was noted in either zone 2 or 3 (Figs 2
and 4).

Zone 4 was broader than the previously mentioned zones. The
parenchyma within this zone demonstrated mixed iso-/hypoin-
tensity on T1-weighted imaging and was without enhancement
on contrast-enhanced TIWI. Its characteristic signal proper-
ties included its true restricted diffusion with corresponding
T2 and FLAIR hyperintensity. Variable magnetic susceptibility
was seen, which could persist even up to 1 year. An ill-defined
circumferential region of T2 and FLAIR hyperintensity corre-
sponding to thermal-induced edema surrounded this zone.
The 1-year follow-up MR imaging of patient 4 showed resolu-
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tion of postprocedural edema, lack of
enhancement on postcontrast imaging,
and T2-shinethrough on diffusion-
weighted imaging (Figs 2, 4, and 5).

DISCUSSION

Thermal ablation involves the deposi-
tion and absorption of light energy to
generate controlled regions of volumet-
ric heat distribution within a target tis-
sue. Fiber optics are MR imaging—
compatible and are used to target light
energy deposition during thermal im-
age-guided applications. The degree of
volumetric heating induced within a
given target tissue is determined by the
wavelength of emitted light and the ab-
sorption peak of light of the target tissue at
a given wavelength. The MR imaging con-
centric ring characteristics of thermal ab-
lative therapy of the brain with radiofre-
quency ablation and 1048-nm lasers have
been described previously. Those reports
were based on imaging paradigms limited
to T1 and T2 sequences obtained without
gadolinium.”'?

Several notable factors distinguish
our case series from previously reported
thermal-ablative changes. Our retro-
spective study was performed on 4 pa-
tients who underwent MR imaging—
guided laser ablation cingulotomy by
using a state-of-the-art 980-nm laser.
Radiofrequency ablation intracranial
1048-nm lasers are produced by a neo-
dymium-doped yttrium aluminum gar-
net source. While they are effective in producing controlled zones
of thermal ablation, some factors limiting their widespread utility
include the high current consumption of the source, a power re-
quirement of up to 220 V, and the need for active water cooling. In
contrast, diode-based lasers producing lasers at a wavelength of
980 nm are capable of producing fast, precise, and tighter zones of
ablation. Diode-based sources use semiconductors that lower
both the laser’s power requirement to 110 V and cooling require-
ment to air cooling. Furthermore, the absorption coefficient for
water with a 980-nm laser being 3 times higher than that with a
1048-nm laser (0.482 versus 0.144 cm ™ ') allows a greater rate of
heating per unit of time.'®

Our imaging sequences were also more extensive than the ones
previously applied and included both pre- and postgadolinium
sequences. This change allowed improved characterization of the
lesions. T1, T2, postcontrast TT, FLAIR, gradient recalled-echo,
and DWI pulse sequences were used in this study. The zones of
thermal injury were evaluated within 24 hours of surgery in all our
patients. Long-term follow-up imaging in these patients was not
performed because our patient life expectancy for this pilot study

was fewer than 6 months. However, patient 4 survived beyond the



estimated life expectancy and was able to undergo follow-up
imaging.

Four concentric zones of injury were identified on axial plane
imaging. The 2 regions of thermal ablation produced in each cin-
gulum are best appreciated on sagittal and coronal planes (Fig 3).

Zone 1 (the central zone) demonstrated hypointense signal on
noncontrast TIWI and FLAIR sequences with corresponding rim
enhancement on the postgadolinium FLAIR sequence. These
findings represent a CSF-filled cleft produced by the void of the
probe that is removed after ablation. Zones 2 and 3 demonstrated
heterogeneous T1 signal without significant enhancement. Acute
blood products may contribute to T1 shortening as denoted by
the evolution of magnetic susceptibility in these zones. However,
we believe the increased T1 signal in these zones is more related to
leakage of intracellular proteins, given the relative discordance
with corresponding magnetic susceptibility on gradient-echo im-
aging in some patients (Figs 2 and 4).

Zone 4 demonstrates restricted diffusion with associated hy-
pointensity on ADC and patchy enhancement. Gross specimens
from tissues treated with a 980-nm laser show hyperemic rings
along the outermost margin of an ablated site that histologically
represents thermal necrosis.'® As such, the noted signal changes in
zone 4 are more suggestive of true infarction of the outermost
layer, with patchy enhancement in this location likely related to a
combination of postprocedural enhancement and enhancement
from subacute infarction.

Unexpected imaging of patient 4 performed 1 year after
MRgLAC confirmed this maintained zonal distribution. This fol-
low-up imaging also showed resolution of postprocedural edema
and maturation of zone 4 infarction, as noted by the lack of en-
hancement on postcontrast imaging and the lack of true restricted
diffusion (Fig 3).

CONCLUSIONS

MRGLAC is a newly introduced technique to perform bilateral
anterior cingulotomy for intractable pain control. The perioper-
ative imaging changes seem similar to those described for laser
ablation of tumor-infiltrated tissue with a 1064-nm laser. This
is the first study to characterize early MR imaging changes after
MRGLAC by using a 980-nm laser. We plan to expand this de-
scription by adding time points to the follow-up imaging and
characterization of additional patients with future planned
studies.
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Intravenous Infusion of Nitroglycerine Leads to Increased
Permeability on Dynamic Contrast-Enhanced MR Imaging
in Pig Brains

J. Carl, D.A. Tideman, S. Ravn, K. Lund, S.O. Magnisdottir, and B. Kjeergaard

ABSTRACT

BACKGROUND AND PURPOSE: It has been suggested that off-label use of transdermal nitroglycerine patches to prevent frostbite may
lead to severe acute mountain sickness and ataxia. The aim of this study was to investigate the effect of nitroglycerine on brain vascular
permeability by using dynamic contrast-enhanced MR imaging in a swine model.

MATERIALS AND METHODS: Eight Danish Landrace-Yorkshire-Danish Landrace pigs of approximately 20-25 kg were scanned with a
dynamic contrast-enhanced MR perfusion protocol with and without nitroglycerine intravenous infusion. Compartmental analysis was
performed on the basis of the Tofts model, and voxel-based quantitative values of the volume transfer constants from the vascular to the
extracellular space were determined.

RESULTS: The scan with nitroglycerine infusion resulted in significantly higher volume transfer constant values than values derived from
the first scan without nitroglycerine infusion. Increased volume transfer constant values were observed in 6 of 8 animals.

CONCLUSIONS: Infusion of nitroglycerine increases the vascular permeability of the swine brain on the basis of the transfer constant
estimated from dynamic contrast-enhanced MR imaging.

ABBREVIATIONS: DCE-MR = dynamic contrast-enhanced MR imaging; ISP = IntelliSpace Portal; K™= volume transfer constant from the vascular to the

extracellular space; MANOVA = multivariate analysis of variance; NTG = nitroglycerine

itroglycerine (NTG) or nitrates are old drugs that were in-
N troduced into medical treatment >100 years ago for angina
pectoris. The typical hemodynamic, anti-ischemic effects in hu-
mans were described in the 1950s and 1960s and are mediated
through the release of nitric oxide in the walls of blood vessels,
leading to relaxation of vascular smooth-muscle tone."

Acute mountain sickness may affect mountaineers in high al-
titudes and has been ascribed to intracranial hypertension caused
by extracellular vasogenic edematous brain swelling after me-
chanical disruption of the blood-brain barrier due to hypoxia.>
Oft-label use of transdermal NTG patches to prevent frostbite
may lead to severe acute mountain sickness and ataxia.” Nitrate-
induced cerebral vasodilation and high-altitude cerebral edema
are theoretically possible on a pathophysiologic basis. Others have
suggested that acute mountain sickness may be associated with
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altered redox homeostasis and disordered cerebral autoregulation
independent of barrier disruption.*” The cerebral hemodynamic
effects of vasodilators are of clinical interest because a decrease in
mean arterial pressure might alter global cerebral blood flow and
brain perfusion. Increased permeability of the blood-brain barrier
has been observed in NTG-treated animals (common carp, Cyp-
rinus carpio L) on the basis of Evans blue capillary leakage into the
brain tissue.’

New imaging techniques to study brain perfusion and vascular
permeability have emerged in the past few decades. One such
technique is dynamic contrast-enhanced T1-weighted MR imag-
ing (DCE-MR) by using diffusible agents such as gadopentetate
dimeglumine.” DCE-MR has the potential of characterizing ab-
normal capillary leakage. The use of pharmacokinetic compart-
ment models to analyze DCE-MR data and obtain standardized
quantitative parameters has been refined in recent years.® These
refinements have included the definition of the volume transfer
constant (K"*™*) (minute ') in the Tofts model, which represents
the permeability surface area product per unit volume of tissue
under permeability-limited or high-flow conditions.” DCE-MR
has been used in an MR imaging—integrated real-time swine in-
tracerebral hemorrhage model to study acute hematoma growth
and contrast extravasation.” The purpose of the present study was



FIG 1. Example of the 5 ROls (green circles) for reading mean K" in each of the 3 different Tl
turbo field echo scan planes of a pig brain. Panels from left to right are the axial, coronal, and

sagittal planes.

to investigate the effect on brain permeability of administration of
NTG by using DCE-MR in a swine model. The study was ap-
proved by the Danish Animal Experiments Inspectorate, refer-
ence number 2104-15-0201-00029.

MATERIALS AND METHODS
Eight Danish Landrace-Yorkshire-Danish Landrace pigs of ap-
proximately 20—25 kg were used in the present study. The animals
were anesthetized by using tiletamine-zolazepam (Zoletil), a mix-
ture of 2 dissociative anesthetics (ketamine, 6.25 mg/mL, and ti-
letamine, 6.25 mg/mL), a benzodiazepine (Zolazepam 6.25 mg/
mL), a synthetic opioid (butorphanol, 1.25 mg/mL), and xylazin
(6.5 mg/mL); the mixture contains sedative, hypnotic, analgesic,
and muscle-relaxing properties. This mixture was administered as
an intramuscular injection at 1 mL/10 kg/h for a total of 2-2.5 mL
every hour. After sedation was initiated, the animals were subse-
quently transferred to the scanner room. The animals were placed
in a vacuum cushion on a table in a 3T MR imaging scanner
(Ingenia 3T; Philips Healthcare, Best, the Netherlands) with the
head and brain positioned within the standard head coil (15-
channel dStream HeadSpine coil; Philips). The animals were first
scanned with a 3D T1 axial turbo field echo anatomy protocol
with TR = 8.1 ms, TE = 3.7 ms, and voxel size = 0.9 X 0.9 X 1
mm?. This scanning was used to obtain a high-resolution image of
the anatomy in the pig’s brain. Subsequently, the animals were
scanned with a DCE-MR perfusion protocol. The DCE-MR pro-
tocol consisted of the following 3 scan sequences: a 3D T1 fast-
field echo prescan sequence with flip angle = 6°, TR = 50 ms,
TE = 1.7 ms, and voxel size = 2.5 X 2.5 X 5.0 mm”. This sequence
was followed by an identical prescan sequence, but with a flip
angle of 16°. Finally, a dynamic 3D T1 turbo field echo sequence
with a TR = 4 ms, TE = 1.7 ms; the same voxel size as in the
prescans; and 12° flip angles was used during the contrast infu-
sion. All images had a 5-mm section thickness and 2.5-mm sepa-
ration. Volume images were sampled at 4-second intervals for up
to 7 minutes (434 seconds). For the dynamic acquisition, the MR
imaging gadolinium contrast agent (gadoterate dimeglumine,
Dotarem, 0.5 nm/mL; Guerbet, Aulnay-sous-Bois, France) was
administered intravenously into an ear vein. With an automated
injector, we administered a total of 2.5 mL of Dotarem at 3 mL/s
followed by a 20-mL saline flush.

Compartment analysis was performed by using the MR perfu-
sion tool in IntelliSpace Portal (ISP, Version 5; Philips), which
uses the Tofts model.” The ISP software uses the 2 flip angle pres-

cans to estimate a true T1 relaxation
map of the brain tissue. The ISP software
then recalibrates the intensity in the
DCE-MR dynamic series by using the T1
relaxation map, the Dotarem rl relax-
ation constant of 3.9 seconds ' X
mmol ', and a hematocrit value of 45%.
After calibration, the MR signal is pro-
portional to the concentration of the
gadolinium concentration in the tissue.
ISP then uses the recalibrated MR signal
in a compartmental analysis based on
the Tofts model.” The standard arterial
input function derived from a human
population was used in the ISP software (population-averaged
arterial input function) for the compartmental analysis with the
Tofts model. The ISP analysis provided parametric volume im-
ages of the estimated tracer kinetic parameters in the Tofts model.
This study particularly focused on the parametric images of K"
in the brain.

The animals were scanned on 2 different days, 2 weeks apart.
On the first scanning day, the animals were subjected to 2 consec-
utive DCE-MR images, both without NTG, to evaluate the repro-
ducibility of the method. On the second scanning day, the animals
were subjected first to a DCE-MR image without NTG and, sub-
sequently, a scan after NTG infusion. Before scanning, we loaded
the injector with a 50-ug/mL NTG solution. The solution was
injected at a rate of 0.07 mL/s for 5 minutes. Infusion started
immediately before the first prescan in the DCE-MR protocol.
The total injected dose of NTG was 40 ug/kg during 5 minutes.
After scanning, 15 circular ROIs were drawn on the image planes
in the brain by 1 radiographer independent of the later statistical
analysis. Each ROI had an area of 80 mm? and was placed in a
standardized and evenly distributed way in all 3 image planes, as
shown in Fig 1. For each RO, the mean value of K" was calcu-
lated by using the ISP software. Statistical analysis was performed
by using Statistica software (StatSoft, Tulsa, Oklahoma).

RESULTS

On the first scanning day, only 7 animals were scanned because
scanning in 1 animal had to be abandoned due to respiratory
distress symptoms when lying in the supine position. All 8 ani-
mals were scanned successfully on the second scanning day. Fig-
ure 2 demonstrates the effect of NTG infusion on the permeability
in brain tissue. Increased permeability is observed as areas of con-
fluent purple against the normal black background in the brain
tissue when comparing the K"*" parametric images with and
without NTG infusion. The distribution of K" values deter-
mined from the K™ maps was skewed; therefore, the numbers
had to be logarithmically transformed to obtain a normal distri-
bution of K**™ values. Subsequently, multivariate analysis of
variance (MANOVA) was applied by using K" in the 2 subse-
quent DCE-MR images as dependent variables and animal ear tag,
position, and image plane of ROI as categoric predictors. Valid
MANOVA assumptions were tested by using a P-P plot to dem-
onstrate normal distribution of log(K"*") values qualitatively
and the Levene test for variance homogeneity. Thus, mean K"*"*
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FIG 2. Left panel: axial and sagittal views of pig brain T1 turbo field echo scan. Middle panel: corresponding parametric K*"* maps determined
from a DCE-MR image of the same pig brain. Right panel: corresponding axial and sagittal views and similar parametric K""* maps determined
from a DCE scan of the same pig brain after continuous infusion of nitroglycerine.

FIG 3. Plot of log(K"™) from 7 different pigs (ear tag). The plot rep-
resents the mean values (filled circles) and the 95% confidence inter-
val of the mean (error bars) for each animal. Means and SDs were
determined by using a MANOVA analysis on 15 evenly distributed
ROIs in the K" volume map in the brain of each pig. The plot rep-
resents data from 2 different DCE-MR images obtained subsequently
on the same day in each animal. K" values determined in the 2
subsequent DCE-MR images, the first scan (dark blue solid line) and
the second scan (light blue dotted line).

values in subsequent DCE-MR images in each animal could be
corrected to influence the ROI from the position and image plane.

On the first scanning day, both DCE-MR images were ob-
tained without infusion of NTG. The MANOVA analysis showed
no significant changes in K" values between the first and sec-
ond (subsequent) DCE-MR images. Consequently, K"*"* values
were reproducible for all 7 animals within the same scanning day,
as demonstrated in Fig 3. On the second scanning day, the first
DCE-MR image was obtained as on the first scanning day. Before
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FIG 4. Plot of log(K"®") from 8 different pigs (ear tag). The plot rep-
resents mean values (filled circles) and the 95% confidence interval of
the mean (error bars) of each animal. Means and SDs were deter-
mined by using a MANOVA analysis of 15 evenly distributed ROls in
the K™ volume map in the brain of each pig. The plot represents
data from 2 different DCE-MR images obtained subsequently on the
same day in each animal. K" values are from the first DCE-MR image
(dark blue solid line) and the second DCE-MR image after infusion of
nitroglycerine (red solid line).

the second DCE-MR image on the second scanning day, NTG was
infused. Using the MANOVA analysis, we observed statistically
significant higher estimated K" values in 6 of the 8 animals after
NTG infusion compared with values derived from the scan with
no NTG infusion. The increase in K"*"* following NTG adminis-
tration is shown in Fig 4. The corresponding values from the plot
in Fig 4 are tabulated in Table 1. Analogously, similar results were
obtained by using a paired  test of log-transformed K"*"* values

for each animal, as shown in Table 2.



Table 1: Mean and standard error of the mean versus animal ear
tag from the MANOVA analysis performed on log(K*"*"*) and
plotted in Fig 4°

Animal Mean SE Mean SE
Ear Tag (-NTG) (-NTG) (+NTG) (+NTG)
3857 —1.00 0.26 —0.06 0.25
3864 —110 0.28 —-0.78 0.26
3866 —0.42 0.25 0.45 0.23
3868 —0.65 0.25 0.53 0.24
3873 —-0.12 0.22 0.59 0.21
3881 —0.83 0.32 —0.80 0.30
3884 —0.78 0.24 —0.41 0.23
3893 —0.55 0.25 0.50 0.24

Note:—SE indicates standard error.
2 The error bars in Fig 4 indicate the 95% confidence interval of the mean.

Table 2: The P values in the last column show results the from
paired t test analysis on log(K**"*) in pig brains estimated from
DCE-MR

-NTG +NTG Paired t Test

Animal K™ (95%Cl) K" (95% Cl)

Ear Tag (min™) (min™) log(K™")
3857 0.4(0.2-0.9) 1.0(0.4-2.3) P =.0003"
3864 0.4(0.2-0.9) 0.5(0.2-1.3) p=25
3866 07(0.3-18) 17(0.9-3.) P =.002°
3868 0.6 (0.2-1.5) 1.8 (11-2.8) P=.02°
3873 0.8(0.4-17) 17 (0.9-3.0) P =.003°
3881 07(03-17) 07(0.2-17) P=72
3884 0.5(0.2-11) 0.6 (0.3-14) P=.02°
3893 0.6 (0.3-13) 18 (1.0-3.3) P =.002°

#The t test demonstrated significantly higher values after intravenous infusion of
nitroglycerine in 6 of 8 animals. The columns —NTG and +NTG represent back-
transformed values with and without nitroglycerine, respectively.

® Significant.

DISCUSSION

This study demonstrated increased brain permeability estimated
on DCE-MR after NTG was administered intravenously in a
swine model. To our knowledge, this is the first time DCE-
MR has been used to visualize and measure the effects of NTG in
the brain. The present study demonstrated a significant increase
in brain permeability during the infusion of NTG in 6 of 8 ani-
mals. Only a relatively small number of studies exist on changes
in brain functionality after the use of NTG in humans. The effects
on cerebral hemodynamics from NTG administration as de-
scribed in the literature are not fully understood and are some-
times ambiguous. Studies using MR angiography have demon-
strated that NTG in humans increases the diameters of basal
cerebral arteries.'®!! Intravenous infusion of NTG, 0.1-0.5 ug/
kg, in healthy human volunteers has been studied by using
H,["?O]-PET, and the study has shown that nitroglycerin in-
creased global CBE.'? However, the use of transdermal NTG (5
mg) in patients with acute stroke was not associated with changes
in CBF, cerebral perfusion pressure, or cerebral steal when studied
by using xenon-enhanced CT."> Accordingly, others have dem-
onstrated that the blood oxygen level-dependent MR signal was
inversely related to CBF but did not change during administration
of NTG in humans. This finding could indicate that NTG only
exerts an effect on the large vessels.!* However, other studies have
demonstrated contrary results. For example, the use of near-in-
frared spectrometry measuring cerebral oxygen saturation has dem-
onstrated that NTG supports or may increase brain oxygenation.'>*¢
Analogously, another study demonstrated increased vascular diam-

eter, blood flow, and endothelial permeability by using a different
vasodilator, captopril (nitric oxide donator), in both in vitro and in
vivo models.'” The results obtained in this study also indicate that the
infusion of NTG has a significant effect on the vascular permeability
in the brain of some but not all animals.

Large vessels in the brain may mimic increased permeability.
When we placed the circular measuring areas in the 3 image
planes in the brain, areas with large vessels were avoided. How-
ever, this was not entirely possible and may be why K"*"* values in
some cases were relatively high, considering that an intact BBB is
virtually impermeable to standard gadolinium-based contrast
agents. This risk of including large vessels was the reason for using
the MANOVA analysis with both animal reading plane and circle
position as independent variables. Further studies are needed to
understand this effect in detail. A better understanding of the
mechanisms behind the effect of NTG on brain vasculature and
hemodynamics is important because it might modulate the mech-
anisms of other drugs crossing the blood-brain barrier.'® Thus, it
may implicate a therapeutic advantage in combining NTG with
drugs that need to have a higher general availability in the brain.

CONCLUSIONS

Infusion of nitroglycerine increases the vascular permeability of
the swine brain on the basis of the transfer constant estimated
from dynamic contrast-enhanced MR imaging. Significantly in-
creased permeability was observed in the brains of 6 of 8 Danish
Landrace-Yorkshire-Danish Landrace pigs.
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ORIGINAL RESEARCH
INTERVENTIONAL

Deconstructive and Reconstructive Techniques in Treatment of
Vertebrobasilar Dissecting Aneurysms: A Systematic Review
and Meta-Analysis

O. Sénmez, W. Brinjikji, M.H. Murad, and G. Lanzino

N

ABSTRACT

BACKGROUND AND PURPOSE: Various endovascular techniques have been applied to the treatment of vertebrobasilar dissecting
aneurysms, including parent artery preservation with coiling, stent placement or flow diverter placement, and trapping and proximal
occlusion. We performed a systematic review and meta-analysis to study clinical and angiographic outcomes of patients undergoing
endovascular treatment of vertebrobasilar dissecting aneurysms.

MATERIALS AND METHODS: We performed a comprehensive literature search for studies on the endovascular treatment of vertebro-
basilar dissecting aneurysms. From each study we abstracted the following data: immediate occlusion, long-term occlusion, long-term
good neurologic outcome, perioperative morbidity, perioperative mortality, rebleed (ruptured only), recurrence, and retreatment. We
performed subgroup analyses of patients undergoing deconstructive-versus-reconstructive techniques. Meta-analysis was performed by
using a random effects model.

RESULTS: Seventeen studies with 478 patients were included in this analysis. Sixteen studies had at least 6 months of clinical/angiographic
follow-up. Endovascular treatment was associated with high rates of long-term occlusion (87.0%; 95% Cl, 74.0%—94.0%) and low recurrence
(7.0%; 95% Cl, 5.0%-10.0%) and retreatment rates (3.0%; 95% Cl, 2.0%—6.0%). Long-term good neurologic outcome was 84.0% (95% Cl,
65.0%-94.0%). Deconstructive techniques were associated with higher rates of long-term complete occlusion compared with reconstruc-
tive techniques (88.0%; 95% Cl, 35.0%—99.0% versus 81.0%; 95% Cl, 64.0%—91.0%; P << .0001). Deconstructive and reconstructive techniques
were both associated with high rates of good neurologic outcome (86.0%; 95% Cl, 68.0%—95.0% versus 92.0%; 95% Cl, 86.0%—95.0%;
P = 10).

CONCLUSIONS: Endovascular treatment of vertebrobasilar dissecting aneurysms is associated with high rates of complete occlusion and
good long-term neurologic outcomes. Deconstructive techniques are associated with higher occlusion rates. There was no statistical
difference in neurologic outcomes between groups, possibly due to low power.

ABBREVIATION: VBDA = vertebrobasilar dissecting aneurysms

he best therapeutic choice for treatment of vertebrobasilar
dissecting aneurysms (VBDA) is controversial. Ruptured
VBDA are associated with a poor natural history with high rates of
rebleed, stroke, and death when left untreated." Unruptured
VBDA have a benign clinical course when not associated with
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stroke or mass effect; however, they are prone to rupture and
stroke when symptomatic.>> Surgical and endovascular treat-
ment of these lesions has proved successful. Endovascular thera-
pies have emerged as the treatment of choice due to perceived
lower rates of treatment-related morbidity as well as their efficacy.
However, a number of endovascular approaches to the treatment
of VBDA exist. Parent artery occlusion or trapping of the aneu-
rysm was the initial treatment of choice. With the advent of stents
and flow diverters however, parent artery preservation has
emerged as an effective treatment technique.

Because most series on the treatment of VBDA are small sin-
gle-center case series, the safety and efficacy of the various endo-
vascular treatments for these lesions have not been well estab-
lished. Specifically, little is known regarding whether newer,
parent artery preservation techniques are associated with similar

AJNR Am J Neuroradiol 36:1293-98  Jul 2015  www.ajnr.org 1293


https://twitter.com/WBrinjikji

Table 1: Summary of studies

No. of No. No. Reconstructive Deconstructive Mean
Author, Year Patients Ruptured Unruptured Techniques Techniques Follow-Up

Jin et al, 2009 42 29 13 9 33 30 Mo
Kai et al, 2011"® 8 0 8 0 8 24 Mo
Kashiwazaki et al, 2013" 73 45 28 0 73 56 Mo
Kim et al, 201" 19 73 46 62 57 13 Mo
Luo et al, 2005% 10 0 10 0 10 15 Mo
Park et al, 2009" 27 mn 16 27 0 12 Mo
Purkayastha et al, 2006* 8 8 0 0 8 37 Mo
Rabinov et al, 2003' 26 21 5 0 26 40 Mo
Rho et al, 2013* 5 5 0 5 0 40 Mo
Suh et al, 2009 1 1 0 1 0 15 Mo
Tsuura et al, 1999%° 12 2 0 0 12 6 Mo
Wakhloo et al, 20088 8 2 6 8 0 37 Mo
Wang et al, 20137 n 3 8 2 9 10 Mo
Yamaura et al, 199928 6 6 0 0 6 12 Mo
Yoon et al, 2010" 24 6 18 24 0 16 Mo
Yuki et al, 2005”7 29 29 0 0 29 5.3 Days
Zhao et al, 2013" 57 57 0 57 0 27 Mo

rates of angiographic occlusion and improved clinical outcomes.
Therefore, we performed a systematic review of the literature ex-
amining the overall efficacy of endovascular treatments for VBDA
and comparing outcomes of reconstructive techniques such as
stent placement, flow diversion, and stent-assisted coiling with
deconstructive techniques such as parent artery occlusion and

trapping.

MATERIALS AND METHODS

Literature Search

A comprehensive literature search of the data bases PubMed,
Ovid MEDLINE, and Ovid EMBASE was designed and conducted
by an experienced librarian with input from the authors. The key

» « » « » «

words, “endovascular,” “catheterization,” “percutaneous,” “em-

»

c 1«
intracranial,” “ver-

» «

bolization,” “coil,” “stent,” “flow diverter,
tebrobasilar,” “posterior circulation,” “aneurysm,” “dissecting,”
and “dissection,” were used in both “AND” and “OR” combina-
tions. The search was limited to articles published from 1980 to
June 2014 in the English language only. All studies reporting pa-
tients treated with endovascular therapy for VBDA were selected.
Inclusion criteria were a series of >5 patients, with available data
on clinical and/or angiographic outcomes. Two reviewers selected
the included studies.

For each study, we extracted the following information: pa-
tient presentation (ruptured or unruptured), treatment tech-
nique (stent, stent-assisted coiling, coiling, parent artery occlu-
sion, trapping), long-term good neurologic outcome, immediate
angiographic occlusion, long-term angiographic occlusion, peri-
operative morbidity (resulting from procedural complications),
perioperative mortality (all cause), rebleeding (for ruptured
only), recurrence, and retreatment. Good neurologic outcome
was defined as a modified Rankin Scale score of =2. In cases in
which a modified Rankin Scale score was not available, good neu-
rologic outcome was determined if the study used terms such as
“no morbidity” or “good recovery.”

Outcomes were obtained for the overall population of patients
receiving endovascular treatment of VBDA, in addition to deter-
mining outcomes by aneurysm rupture status. Separate analyses
were also performed comparing outcomes between patients re-
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ceiving reconstructive techniques with preservation of the parent
artery including stent placement and stent-assisted coiling and
those undergoing deconstructive techniques such as trapping or
parent artery occlusion.

Statistical Analysis

All included studies were noncomparative. We estimated from
each cohort the cumulative incidence (event rate) and 95% con-
fidence interval for each outcome. Event rates for each interven-
tion were pooled in a meta-analysis across studies by using the
random effects model.* Anticipating heterogeneity among stud-
ies, we chose this model a priori because it incorporates within-
study variance and between-study variance. Heterogeneity of the
treatment effect across studies was evaluated by using the I” sta-
tistic and the Cochrane Q test for heterogeneity. > We considered
an I” statistic of >50% or a P value for the heterogeneity test of
<.05 to suggest significant heterogeneity. We were unable to test
for publication bias due to the noncomparative nature of the
studies.

RESULTS

Literature Review

The initial literature search yielded 615 articles. On initial abstract
and title review, 552 articles were excluded because they were
deemed not relevant to the current study. Sixty-three studies were
reviewed in additional detail. Twenty-five studies were excluded
because they dealt with outcomes of treatment of vertebrobasilar
dissections, not vertebrobasilar dissecting aneurysms. Twenty-
one studies were excluded because they were either case reports or
had too few patients. In total, 17 studies with 476 patients were
included. Three hundred eighteen patients (66.8%) presented
with ruptured VBDA, and 158 patients (33.2%) presented with
unruptured VBDA. Two hundred five patients (43.1%) were
treated with reconstructive techniques, and 271 patients (56.9%)
were treated with deconstructive techniques. Mean follow-up was
atleast 6 months for 16 of the 17 studies. Mean follow-up was only
5.3 days for 1 study. These data are summarized in Table 1.



Table 2: Meta-analysis outcomes

All Patients

Deconstructive

Reconstructive

Event Rate Event Rate Event Rate P Deconstructive
Outcome (95% Cl) I? (95% Cl) 1 (95% Cl) 1> versus Reconstructive
All patients
Immediate occlusion 75.0(55.0-88.0) 83 88.0(47.0-98.0) 86  53.0(31.0-74.0) 71 <.0001
Long-term occlusion 87.0(74.0-94.0) 82 88.0(35.0-99.0) 91 81.0 (64.0-91.0) 62 <.0001
Perioperative morbidity 12.0 (9.0-16.0) 0 12.0(7.0-18.0) 0 4.0(2.0-10.0) 0 .04
Perioperative mortality 8.0 (6.0-11.0) 0 10.0(6.0-17.0) 0 4.0 (2.0-10.0) 0 n
Recurrence 7.0 (5.0-10.0) 0 5.0 (2.0-10.0) 0 5.0 (2.0-11.0) 0 .89
Retreatment 3.0 (2.0-6.0) 0  5.0(20-10.0) 0  3.0(.0-80) 0 25
Long-term good clinical outcome  84.0 (65.0-94.0) 89 86.0(68.0-950) 68  92.0(86.0-95.0) 0 10
Patients with rupture
Immediate occlusion 78.0(55.0-91.0) 78  94.0(84.0-98.0) 0 43.0(18.0-73.0) 57 <.0001
Long-term occlusion 88.0(83.0-92.0) 0 95.0(86.0-98.0) 0  83.0(74.0-90.0) 0 .02
Perioperative morbidity 160(1.0-220) 10  14.0(8.0-23.0) 0 7.0(3.0-17.0) 0 82
Perioperative mortality 11.0 (8.0-16.0) 0 13.0(8.0-22.0) 0 7.0 (3.0-15.0) 0 .82
Rebleed 9.0 (6.0-13.0) 0 9.0(4.0-200) 2 7.0(3.0-14.0) 0 75
Recurrence 8.0 (5.0-13.0) 0 60(20-13.0) 0 7.0(20-17.0) 1 1.00
Retreatment 5.0 (3.0-8.0) 0 6.0 (2.0-13.0) 0 5.0 (2.0-15.0) 0 .25
Long-term good clinical outcome ~ 79.0 (68.0-87.0) 59  83.0(62.0-94.0) 64  88.0(79.0-94.0) 0 19
Patients without rupture
Immediate occlusion 80.0(48.0-94.0) 74 94.0(68.0-99.0) 28  57.0(25.0-84.0) 65 <.0001
Long-term occlusion 86.0(69.0-94.0) 64  97.0(81.0-100.0) 0 68.0(47.0-83.0) 31 <.0001
Perioperative morbidity 6.0 (3.0-12.0) 0 7.0(20-19.0) 0 7.0(20-19.0) 0 58
Perioperative mortality 4.0(2.0-9.0) 0 4.0(1.0-18.0) 0 5.0 (1.0-15.0) 0 1.00
Recurrence 7.0 (4.0-13.0) 0 4.0(1.0-18.0) 0 7.0 (2.0-20.0) 0 1.00
Retreatment 4.0(2.0-9.0) 0 4.0(1.0-18.0) 0 50(.0-15.0) 0 1.00
Long-term good clinical outcome  95.0 (89.0-98.0) 0 93.0(76.0-98.0) 0 94.0(84.0-98.0) 0 1.00

Overall Outcomes of Endovascular Treatment of VBDA
Considering all patients treated by either reconstructive or decon-
structive techniques, immediate occlusion rates were 75.0% (95%
CI, 55.0%—88.0%) and long-term occlusion rates were 87.0%
(95% CI, 74.0%-94.0%). Angiographic recurrence rates were
7.0% (95% CI, 5.0%-10.0%) with a retreatment rate of 3.0%
(95% CI, 2.0%—6.0%). Perioperative morbidity was 12.0% (95%
CI, 9.0%-16.0%), and all-cause perioperative mortality was 8.0%
(95% CI, 6.0%-11.0%). Patients with ruptured VBDA made up a
majority of patients with VBDA with perioperative mortality
(11.0%; 95% CI, 8.0%—16.0%). All-cause perioperative mortality
for unruptured VBDA was 4.0% (95% CI, 2.0%-9.0%). The over-
all rebleed rate for patients with ruptured VBDA was 9.0% (95%
CI, 6.0%—-13.0%). These data are summarized in Table 2. Forest
plots for the overall outcomes are provided in On-line Figs 1-8.

Deconstructive versus Reconstructive Techniques:

All Patients with VBDA

Patients treated with deconstructive techniques had higher rates
of complete occlusion on immediate posttreatment angiography
than those treated with reconstructive techniques (88.0% versus
53.0%, P < .0001). The same was true for long-term posttreat-
ment angiography (88.0% versus 81.0%, P < .0001). Periopera-
tive morbidity was lower in the reconstructive group compared
with the deconstructive group (4.0% versus 12.0%, P = .04).
There was a trend toward decreased perioperative mortality rates
in the reconstructive group (4.0% versus 10.0%, P = .11) and a
trend toward higher rates of long-term good clinical outcome in
the reconstructive group (92.0% versus 86.0%, P = .10). These
data are summarized in Table 2.

Deconstructive versus Reconstructive Techniques:
Patients with Ruptured VBDA

Patients treated with deconstructive techniques had higher rates
of complete occlusion on immediate posttreatment angiography
than those treated with reconstructive techniques (94.0% versus
43.0%, P < .0001). The same was true for long-term posttreat-
ment angiography (95.0% versus 83.0%, P = .02). Perioperative
morbidity rates were similar in the reconstructive group com-
pared with the deconstructive group (7.0% versus 14.0%, P =
.82). Perioperative mortality was 13.0% (95% CI, 8.0%—22.0%) in
the deconstructive group versus 7.0% (95% CI, 3.0%-15.0%) in
the reconstructive group (P = .82). Long-term good clinical out-
come rates were similar between the reconstructive (88.0%; 95%
CI, 79.0%-94.0%) and deconstructive groups (83.0%; 95% CI,
62.0%-94.0%) (P = .19). Rebleeding rates were similar between
the deconstructive (9.0%; 95% CI, 4.0%—-20.0%) and reconstruc-
tive (7.0%; 95% CI, 3.0%—-14.0%) techniques (P = .75). These
data are summarized in Table 2.

Deconstructive versus Reconstructive Techniques:
Patients with Unruptured VBDA

Patients treated with deconstructive techniques had higher rates
of complete occlusion on immediate posttreatment angiography
than those treated with reconstructive techniques (94.0% versus
57.0%, P < .0001). The same was true for long-term posttreat-
ment angiography (97.0% versus 68.0%, P = .02). Perioperative
morbidity rates were similar in the reconstructive group com-
pared with the deconstructive group (7.0% versus 7.0%, P = .57).
Perioperative mortality was 4.0% (95% CI, 1.0%—18.0%) in the
deconstructive group versus 5.0% (95% CI, 1.0%-15.0%) in the
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reconstructive group (P = 1.00). Long-term good clinical out-
come rates were similar between the reconstructive (94.0%;
95% CI, 84.0%-98.0%) and deconstructive groups (93.0%;
95% CI, 76.0%-98.0%%) (P = 1.00). These data are summa-
rized in Table 2.

Study Heterogeneity

Significant heterogeneity (I value of >50% and P value for the
Cochrane Q test of <.05) was noted in the analyses of 3 outcomes
(immediate occlusion, long-term good clinical outcome, and
long-term occlusion). Therefore, confidence in a pooled sum-
mary estimate for these 3 outcomes is limited. On the other hand,
the results were very consistent across studies for all of the remain-
ing outcomes.

DISCUSSION

This systematic review and meta-analysis demonstrated that both
deconstructive (parent artery occlusion, aneurysm trapping) and
reconstructive (stent placement/stent-assisted coiling) tech-
niques are effective in the treatment of ruptured and unruptured
VBDA. Deconstructive techniques achieved higher rates of com-
plete angiographic occlusion compared with reconstructive tech-
niques; however, periprocedural morbidity rates were lower for
reconstructive techniques. Both techniques resulted in high rates
of good long-term neurologic outcome and similar low rates of
recurrence and retreatment. Overall, these findings suggest that
reconstructive techniques may be as effective as and possibly safer
than deconstructive techniques; especially in cases in which pa-
tients lack sufficient collateral circulation.

Comparisons of clinical and angiographic outcomes between
reconstructive and deconstructive techniques in the literature are
limited, largely due to the small sizes of most case series. The
largest study to date comparing deconstructive and reconstruc-
tive techniques was that of Kim et al,” which compared 62 VBDA
treated with reconstructive techniques and 57 treated with decon-
structive techniques This study demonstrated no difference in
recurrence and rebleeding rates between reconstructive and de-
constructive techniques. Recurrence rates were 10.2% for patients
treated with reconstructive techniques versus 17.1% for those
treated with deconstructive techniques. Although our study
found that deconstructive techniques result in higher angio-
graphic occlusion rates, we found no difference in recurrence,
retreatment, and rebleeding rates when comparing reconstructive
and deconstructive techniques. These findings are important be-
cause they run contrary to the expectation that reconstructive
techniques result in higher recanalization and rebleeding rates.
With the advent of flow diverters and increased use of multiple
overlapping stents in the treatment of dissecting VBDA, it is likely
that angiographic outcomes of patients treated with reconstruc-
tive techniques will improve with time.””® Higher rates of long-
term angiographic occlusion with multiple overlapping stents
compared with single-stent treatment have been demonstrated in
multiple series.'%"?

Our study found similar rates of good long-term neurologic
outcome between patients treated with reconstructive and decon-
structive techniques but higher rates of perioperative morbidity
among patients treated with deconstructive techniques. Patients
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treated with deconstructive techniques are at a higher risk of neu-
rologic complications secondary to ischemia resulting from sac-
rifice of the parent vessel. Most ischemic complications are the
result of occlusion and ischemia of perforating arteries and the
anterior spinal artery.'” In a series of 72 patients treated with

deconstructive techniques, Kashiwazaki et al'?

reported 2 cases of
spinal cord infarction and 7 cases of partial Wallenberg syndrome
secondary to occlusion of vertebrobasilar dissecting aneurysms
involving the PICA. Despite these perforator complications, only
1 patient died and the remaining patients had mRS =2. Perforator
infarctions are rare with stent and flow-diverter reconstruction
for treatment of vertebrobasilar aneurysms.'* Large-vessel in-
farcts resulting from thrombotic complications or hemodynamic
alterations in the setting of deconstructive techniques are rare as
well.'>17
Despite their overall lower rate of perioperative morbidity,
reconstructive techniques are far from a panacea in the treatment
of VBDA. One major limitation of treatment of VBDA with stents
is in the treatment of PICA-origin VBDA. Especially in the setting
of ruptured VBDA, complete obliteration of the aneurysm should
be the primary goal because recanalization is associated with a
high rate of rupture. Deconstructive techniques could be consid-
ered in this setting; however, in the absence of adequate cerebellar
circulation, these are associated with a high risk of stroke and
associated mass effect.'> Reconstruction of PICA-involving le-
sions often requires the aneurysm sac to be left partially open to
ensure adequate PICA flow.'® This places the patient at a high risk
of recanalization, which, in the setting of ruptured VBDA, can
result in hemorrhage. Thus, for these types of lesions, bypass sur-
gery should be considered.'? Reconstructive treatments are also
associated with a host of other complications, including stent mi-
gration, in-stent thrombosis leading to stroke, and dissection.
However, these complications are rare.”1012

The most important consideration in the treatment of VBDA
is weighing the risks of treatment with the risks of the natural
history of these lesions. Ruptured VBDA are known to have a poor
natural history with high rates of rebleeding and mortality." Ra-

binov et al'®

compared mortality rates among patients with rup-
tured VBDA treated with deconstructive techniques and surgical
clipping with a small group of patients managed conservatively
and found that mortality rates in the conservative group were
50% compared with 20% in the treatment group. Kobayashi et al’
followed 113 patients with unruptured VBDA without ischemic
symptoms at presentation for a mean of 3 years and found a 3%
morbidity at follow-up, with 2 patients having clinical deteriora-
tion due to mass effect and 1 patient having ischemic stroke and
hemorrhage. Five patients had enlargement of the aneurysm in
this series.’

Strengths and Limitations

The strengths of this study include following a priori established
protocol, the comprehensive literature search that involved mul-
tiple databases, and the process of study selection by independent
reviewers. The main limitation of this analysis is the noncompara-
tive and nonrandomized nature of the studies. It is difficult to
perform comparative studies on treatment of VBDA because
treatment decisions for lesions are dependent on multiple factors



such as the presence of collateral circulation, involvement of
branch vessels or perforators, and lesion severity. Due to the rar-
ity, variable appearance, and severity of these lesions and the mul-
titude of treatment options available, prospective clinical regis-
tries should be considered to determine which treatment
modalities provide superior outcomes for various lesion types.
Furthermore, development of a validated classification system for
vertebrobasilar dissecting aneurysm severity could be considered.
There are no validated tools to evaluate the methodologic quality
of noncomparative series. Therefore, the risk of bias associated
with inferences from studies with this design should be consid-
ered high. There are no reliable tests to evaluate publication bias
in the setting of noncomparative studies. Publications bias is very
likely in the setting of small observational studies because patients
who had either uneventful or poor outcomes may have been ex-
cluded from published results. Furthermore, when performing
single-institution retrospective review series, an investigator can
easily look at the outcomes and not publish them when they are
not favoring the investigator’s point of view. Moreover, treatment
modalities have varied during the time course of the published
series; this variation makes standardization of treatment para-
digms difficult.

Last, uniform assessment and reporting of complications in a
standardized fashion was lacking. Using the Grading of Recom-
mendations, Assessment, Development, and Evaluation frame-

work, 202!

the quality of evidence (confidence in estimates) is very
low because of the imprecision, heterogeneity, and methodologic
limitations of the included studies, most important because they
were noncomparative. Nevertheless, this meta-analysis provides
useful data to share with patients and families when assessing the
risks of treatment of VBDA and represents a benchmark against
which future studies can be compared. With analysis of >470
patients, this is currently the largest study examining outcomes of
the endovascular treatment of VBDA.

CONCLUSIONS

Endovascular treatment of VBDA may be associated with high
rates of complete occlusion and good long-term neurologic out-
comes. Deconstructive techniques may result in higher rates of
complete angiographic occlusion, while reconstructive tech-
niques may be associated with less perioperative morbidity. How-
ever, long-term neurologic outcomes and retreatment rates are
statistically similar between these 2 treatment modalities, possibly
due to low power to detect differences between the groups. Com-
parative studies are needed to further confirm these findings. Use
of either of these 2 modalities seems to be safe and effective in the
right clinical setting. When deciding to treat unruptured VBDA,
the risks of the treatment should be weighed against the risks of
the natural history of these lesions.

Disclosures: Giuseppe Lanzino—UNRELATED: Consultancy: Covidien/ev3.* *Money
paid to the institution.
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ORIGINAL RESEARCH
INTERVENTIONAL

Endoluminal Reconstruction for Nonsaccular Aneurysms of the
Proximal Posterior Cerebral Artery with the Pipeline
Embolization Device

D.W. Zumofen, M. Shapiro, T. Becske, E. Raz, M.B. Potts, H.A. Riina, and P.K. Nelson

ABSTRACT

BACKGROUND AND PURPOSE: Treatment options for nonsaccular posterior cerebral artery aneurysms include a range of surgical and
endovascular reconstructive and deconstructive methods. However, no truly satisfactory treatment option is available to date for lesions
arising from the P1and P2 segments. The purpose of the present case series is to investigate both the efficacy and safety of the Pipeline
Embolization Device in treating these challenging aneurysms.

MATERIALS AND METHODS: We present a series of 6 consecutive patients who underwent endoluminal reconstruction with the Pipeline
Embolization Device for nonsaccular P1 or P2 segment aneurysms between January 2009 and June 2013.

RESULTS: Aneurysm location included the P1segment in 2 patients and the P2 segment in 4 patients. Mean aneurysm diameter was 23 mm
(range, 5-44 mm). Mean length of the arterial segment involved was 10 mm (range, 619 mm). Clinical presentation included mass effect in
4 patients and perforator stroke and subacute aneurysmal subarachnoid hemorrhage in 1 patient each. Endovascular reconstruction was
performed by using 1 Pipeline Embolization Device in 5 patients and 2 overlapping Pipeline Embolization Devices in the remaining patient.
Angiographic aneurysm occlusion was immediate in 1 patient, within 6 months in 4 patients, and within 1year in the remaining patient. Index
symptoms resolved in 4 patients and stabilized in the remaining 2. No new permanent neurologic sequelae and no aneurysm recurrence
were recorded during the mean follow-up period of 613 days (range, 540725 days).

CONCLUSIONS: Endovascular reconstruction with the Pipeline Embolization Device for nonsaccular aneurysms arising from the P1and P2
segments compares favorably with historical treatment options in terms of occlusion rate, margin of safety, and neurologic outcome.

ABBREVIATIONS: aSAH = aneurysmal subarachnoid hemorrhage; CN = cranial nerve; PCA = posterior cerebral artery; PED = Pipeline Embolization Device

onsaccular posterior cerebral artery (PCA) aneurysms com-
N prise a spectrum of arterial wall diseases spanning a variety of
often complex, partially thrombosed lesions with holosegmental
involvement as a common attribute.' Proposed etiologies include
congenitally derived lesions, atherosclerosis, and arterial wall dis-
sections of idiopathic, inflammatory, or traumatic origin.?
Whereas the dissecting subset may have a tendency to present
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early with acute hemorrhagic or ischemic stroke, the remaining
aneurysms typically come to clinical attention later in the course
of their development and hence at comparatively large dimen-
sions.” Nondissecting, nonsaccular PCA aneurysms have a predi-
lection for P1 and P2* segments and have a tendency to have a
sizable thrombotic subcompartment.*®

The infrequency of these lesions has relegated the surgical and
endovascular experience to a relatively thin body of litera-
ture.”>”"'> Reported treatment strategies include a range of re-
constructive and deconstructive methods, often distinguished by
their variability in outcome (On-line Table 1). We now report and
discuss our experience with use of the Pipeline Embolization De-
vice (PED; Covidien, Irvine, California) to treat a series of 6 con-
secutive cases of complex aneurysms arising from the P1 or P2
segment.

MATERIALS AND METHODS
Six consecutive patients with nonsaccular aneurysms (circumfer-
entially involving the parent vessel) of the P1 and P2 segments
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underwent endovascular reconstruction with the PED by our
team between January 2009 and June 2013. Basilar apex aneu-
rysms involving the P1 segment were excluded from the present
series because in our opinion, they represent a different disease
with a very different set of challenges. Patient characteristics are
provided in On-line Table 2. The average aneurysm diameter was
23 mm (range, 5-44 mm). The mean length of the arterial seg-
ment involved was 10 mm (range, 6—19 mm). Five aneurysms
were unruptured, and 1 came to our attention several months
following low-grade aneurysmal subarachnoid hemorrhage
(aSAH) related to the index P1 aneurysm—initially managed with
observation at an outside institution. Index symptoms of the 5
patients with unruptured aneurysms included mass effect—related
compression symptoms in 4 patients and hemiparesis following a
thalamic perforator stroke in the remaining patient. Mass effect—
related compression symptoms included cranial nerve (CN) III
palsy in 2 patients, sensorimotor hemisyndrome combined with
CNIIT palsy in 1 patient, and dizziness in 1 patient. Four of the 6
aneurysms included in the present series showed sizable (subto-
tal) thrombotic subcompartment, 1 showed minimal thrombosis,
and the remaining one showed no evidence of thrombosis.

All patients were pretreated with acetylsalicylic acid, 325 mg
daily, and clopidogrel, 75 mg daily, for at least 5 days. A P2Y12
assay (VerifyNow; Accumetrics, San Diego, California) was ob-
tained at the beginning of the procedure and thereafter daily until
discharge to evaluate and confirm the level of platelet inhibition
obtained by the dual antiplatelet regimen. Endoluminal recon-
struction was performed in all except 1 case by using a single PED.
In patient 4, we elected to overlap 2 devices to maintain single
coverage of the normal vascular segments proximal and distal to
the aneurysm, with double-coverage of the aneurysm neck. The
specific dimensions of the PED were chosen after determination
of the length of the aneurysmal arterial segment and parent vessel
diameter at the landing zones, proximal and distal to the aneu-
rysm.'® The Marksman (Covidien) microcatheter was used for all
embolizations, with a variety of proximal support systems. In
cases in which distal access with the Marksman could not be pri-
marily established, microcatheterization was performed with an
Excelsior SL-10 microcatheter (Stryker, Kalamzoo, Michigan),
followed by an over-the-wire exchange for a Marksman by using a
Transend Floppy 0.014 300-cm wire (Stryker). PEDs were de-
ployed by using previously described methods of unsheathing and
delivery-wire advancement.'” An immediate postprocedure non-
contrast-enhanced head CT scan was routinely performed. In the
absence of intracranial hemorrhage, IV heparin infusion was con-
tinued for at least 12 hours at rate of 500—700 IU/h.

Clinical follow-up was performed at 1 month, 6 months, and
annually thereafter. Follow-up DSA was performed at 6 months
and 1 year. Continued growth of the aneurysmal mass despite
angiographic “cure” was ruled out in all cases clinically by regres-
sion of mass effect—related symptoms when present and was con-
firmed by serial transaxial follow-up imaging (CT or MR imag-
ing). With the exception of 1 patient whose clopidogrel therapy
was prematurely interrupted at 4 months post-PED to allow per-
formance of urgent abdominal surgery unrelated to the aneu-
rysm, dual antiplatelet inhibition was continued for 12 months,
with acetylsalicylic acid therapy maintained indefinitely.
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FIG 1. Illustrative case (patient 4). A 68-year-old man presented with
right oculomotor nerve palsy. DSA (A]) and noncontrast head CT (A2)
reveal a fusiform P2 aneurysm with a maximum diameter of 23 mm
and a 7-mm length of the arterial segment involved (neck width).
Endovascular reconstruction with 2 overlapping PED devices (2.5 X 20
mm, 2.75 X10 mm) led to considerable stasis of contrast in the aneu-
rysm body illustrated on postembolization control DSA (B1) and un-
subtracted angiography (B2 and B3).

RESULTS

The results are listed in On-line Table 2. Angiographic aneurysm
occlusion was immediate in 1 patient, within 6 months in 4 pa-
tients, and within 1 year in the remaining patient. In the patient
requiring clopidogrel discontinuation to allow abdominal sur-
gery, the parent artery was occluded at 6-month angiographic
follow-up, without clinical or radiographic evidence of infarction.
Index symptoms resolved in 4 of 6 patients and stabilized in the
remaining 2. Patients presenting with subacute aSAH (patient 1)
and a small mesencephalic perforator stroke (patient 2) recovered
from their index symptoms. Mass effect-related index symptoms
resolved in 2 of 4 patients and stabilized in the remaining 2. Third
cranial nerve palsy (patients 4 and 6) completely resolved. In the 2
patients who presented with symptoms related to long-standing
brain stem compression (patients 3 and 5), index symptoms sta-
bilized, but did not resolve. There were no instances of new per-
manent neurologic deficits during the entire mean of 613 days
(range, 540-725 days) of clinical follow-up. An illustrative case
(patient 4) is shown in Figs 1 and 2.

Delivery of the PED in patient 3 required advancement of a 5F
Navien (Covidien) intracranial support catheter into the distal
basilar artery and was associated with perforation of the left P1,
documented by slow contrast extravasation on DSA. PED de-
ployment was completed across the aneurysm neck and perfo-
ration site, leading to immediate hemostasis. Postprocedure
non-contrast-enhanced head CT demonstrated subarachnoid
blood and contrast within the basal cisterns and the medial left
Sylvian fissure. The patient, who initially presented with mass



FIG 2. In the same patient, at 6 months, DSA shows complete angio-
graphic aneurysm occlusion (CT). Regression of mass effect—related
symptoms (CN Il palsy) is correlated with the regression of aneurysm
mass effect as illustrated on 6-month follow-up noncontrast head CT
(C2). At 1year, DSA (DI1) confirms stable angiographic cure, and axial
T2-weighted MR imaging (D2) shows nearly complete involution of
the aneurysm sac.

effect symptoms of dizziness and right-sided sensorimotor
deficits, emerged from anesthesia with a new headache and
worsened right-sided sensorimotor symptoms. She recovered
to her preprocedural baseline neurologic status during the next
several weeks, without additional endovascular or surgical
intervention.

DISCUSSION
The advent of minimally porous endoluminal devices has pro-
duced a paradigm shift in the treatment of both anterior and

posterior circulation aneurysms'”'®

and, in particular, has gen-
erated enthusiasm for their use in challenging posterior circula-
tion lesions. Although the early experience with flow diverters in
the posterior circulation has been mixed,”'? the variability in out-
comes likely reflects, in part, the heterogeneity of lesions involving
the posterior circulation group rather than an inherent limitation
of the treatment technique per se. The current small series illus-
trates this point, demonstrating both the efficacy and reasonable
safety of the PED in treating proximal PCA aneurysms. This is
further underscored by the large size and complex geometry of
lesions in this series and by the single technical complication re-
lated to device deployment in a case of particularly challenging
geometry.

For the most part, treatment with the PED was limited to a
single device due to concern for coverage of eloquent regional
perforators. This was circumvented in patient 4, in whom it was
elected to overlap 2 shorter devices across the aneurysm neck in a
manner that maintained single coverage of the normal vascular
segments proximal and distal to the aneurysm, illustrating one

technical refinement to enable increased selective coverage of the
aneurysm, while concomitantly minimizing the associated cover-
age risk to adjacent perforators.*® Given reports of occasional late
in-stent thrombosis, particularly in the posterior circulation,?' it
may be prudent to prolong dual antiplatelet therapy (12 months
or longer) and to consider indefinite single agent maintenance.
We think that the single incidence of in-stent thrombosis in our
series upon after required deliberate discontinuation of clopi-
dogrel clearly supports such and antiplatelet regimen.

In line with previously reported results for endoluminal re-
construction by using the PED for large and giant aneurysms in
the anterior circulation,®® 2 of 4 patients who presented with
long-standing neural compression symptoms did not experience
full clinical recovery despite documented aneurysm involution.
In our opinion, these results are largely in line with those that
would be expected after classic deconstructive treatment such as
proximal parent artery clip or coil occlusion. In the present series,
transaxial follow-up imaging was performed in all cases, demon-

strating, in line with previous reports,*>*

an acute stage of
thrombosis consistently followed by aneurysm involution during
several months. Two of 3 patients who had CN III palsy recovered
rapidly, with the third patient (patient 5) with a giant 44-mm
aneurysm displacing CN III and the adjacent brain stem. Patient
3, who also presented with long-standing brain stem dysfunction
related to a particularly large aneurysm, showed stabilization, but
not complete resolution of index symptoms as well. Based on our
results we advocate that clinical recovery parallels to a large degree
the degree and duration of neural compression, and the specific
sensitivity of the involved neural structures to compression. In
conclusion, therapeutic parent artery sacrifice may allow more
immediate mass effect reduction, but the benefit of more rapid
decompression remains, to our knowledge, unproven. Also, de-
constructive methods fundamentally rely on the competence of
the collateral arterial supply,'* and ischemic complications fol-
lowing therapeutic parent vessel sacrifice include hemianopia or
thalamic perforator stroke and certainly do occur as illustrated in
On-line Table 1.">'%'>?* Based on our experience, we hence
propose that endoluminal reconstruction with the PED likely falls
within the range of deconstructive methods in terms of relieving
mass effect but offers the benefits of preserved anterograde flow in
the parent PCA.

Nonsaccular proximal PCA aneurysms are formidable lesions
that remain challenging to treat with any existing method. Despite
the encouraging results reported in the present series, there re-
main limits with the currently available generation of PED. The
potentially fatal incident that occurred in patient 3 illustrates how
PED deployment becomes progressively more challenging in the
more tortuous distal territories, in part due to the relative stiffness
of the currently available PED delivery platform. This point is
underscored by the extremely complex vascular geometry, the
large size of the aneurysm (31 mm), and the fact that a single
35-mm PED was used in patient 3. Although in our case, full
deployment of the PED covered the site of arterial injury and
hence was an immediate bailout, future device development will
need to address the limitations of the current generation of
PED. Depending on the local vascular geometry, we also advo-
cate, in selected cases, overlapping 2 shorter, hence more flex-
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ible devices, which are less prone to torsion during deployment
devices, in a manner maintaining single coverage of the normal
arterial segments proximal and distal to the aneurysm while
maximizing selective coverage across the aneurysm neck (eg,
illustrative case, patient 4).

CONCLUSIONS

PED embolization of nonsaccular aneurysms arising from the
proximal PCA compares favorably with historical treatment op-
tions in terms of occlusion rate, margin of safety, and neurologic
outcome. The present series lends support to the use of the PED,
under appropriate clinical circumstances, as a first-line strategy in
carefully chosen lesions.
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ORIGINAL RESEARCH
INTERVENTIONAL

Application of a Novel Brain Arteriovenous Malformation
Endovascular Grading Scale for Transarterial Embolization

D.L. Bell, T.M. Leslie-Mazwi, AJ. Yoo, ).D. Rabinov, W.E. Butler, J.E. Bell, and J.A. Hirsch

ABSTRACT

BACKGROUND AND PURPOSE: The advent of modern neuroendovascular techniques has highlighted the need for a simple, effective,
and reliable brain arteriovenous malformation endovascular grading scale. A novel scale of this type has recently been described. It
incorporates the number of feeding arteries, eloquence, and the presence of an arteriovenous fistula component. Our aim is to assess the
validity of this grading scale.

MATERIALS AND METHODS: We retrospectively reviewed all suspected brain arteriovenous malformations at Massachusetts General
Hospital from 2005 to 2013, identifying 126 patients who met the inclusion criteria. Spearman correlations between endovascular and
Spetzler-Martin grading scales and long-term outcomes were performed. Median endovascular grades were compared between treat-
ment modalities and endovascular outcomes. Binary regression analysis was performed with major endovascular complications as a
dichotomized dependent variable. Intraclass correlation coefficients were calculated for interobserver reliability of the endovascular
grading scale.

RESULTS: A significant Spearman correlation between the endovascular grade and the Spetzler-Martin grade was demonstrated (p = 0.5,
P < .01). Differences in the median endovascular grades between the endovascular cure (median = 2) and endovascular complication
groups (median = 4) (P < .05) and between the endovascular cure and successful multimodal treatment groups (median = 3) (P < .05) were
demonstrated. The endovascular grade was the only independent predictor of complications (OR = 0.5, P < .01). The intraclass correlation
coefficient of the endovascular grade was 0.71 (P < .01).

CONCLUSIONS: Validation of a brain arteriovenous malformation endovascular grading scale demonstrated that endovascular grades of
=<II were associated with endovascular cure, while endovascular grades of <IIl were associated with multimodal cure or significant lesion
reduction and favorable outcome. The endovascular grade provides useful information to refine risk stratification for endovascular and
multimodal treatment.

ABBREVIATIONS: ARUBA = A Randomized Trial of Unruptured Brain Arteriovenous Malformations; bAVM = brain arteriovenous malformation; SIVMS = Scottish
Intracranial Vascular Malformation Study

S ince the first description of ethylene-vinyl alcohol copolymer
as a liquid embolic agent for brain arteriovenous malforma-
tions (bAVMs) by Taki et al' in 1990 and its regulatory approval
in the United States in 2005, the application and proficiency of its
use in the treatment of bAVMs has steadily evolved and im-
proved. Dissolved in dimethyl-sulfoxide and known commer-
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cially as Onyx (Covidien, Irvine, California), the agent has ex-
panded from its initial role as a palliative or presurgical/
preradiosurgical embolization agent to a stand-alone curative
agent in selected cases. In the most recent large Onyx transarterial
embolization series that included 350 patients, the rate of cura-
tive, durable Onyx embolization was 51%, with 7.1% permanent
morbidity and 1.4% mortality rates.” Additionally, in complex
lesions, particularly ruptured, deep, and/or lesions with arterial
feeders en passage, transvenous Onyx embolization has been
successful.’

With expanded capability, appropriate patient selection be-
comes paramount. This was recently highlighted in the results of
the controversial A Randomized Trial of Unruptured Brain Arte-
riovenous Malformations (ARUBA), which demonstrated a
3-fold increased morbidity and mortality from multimodal inter-
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Table 1: Endovascular grading scale®

Feature and Value Points

No. of feeding arteries®

<3 1

=3, <6 2

=6 3
Eloquence of adjacent areas

Noneloquent 0

Eloguent 1
Presence of arteriovenous fistula component®

No AVF 0

AVF 1

2 Modified from Feliciano et al.”?
® An arterial feeder was defined as a separate arterial pedicle or a pedicle arising =1.5
cm from another arterial pedicle. En passage arterial feeders were given a score of 3.
“The presence of an arteriovenous fistula was determined by criteria described by
Yuki et al,” including an abnormally dilated feeding artery, a direct arteriovenous
connection to a dilated venous component or varix, the absence of a plexiform
component between the 2 structures, and a diameter of the feeding artery more
than twice as large as that of the arteries supplying the comparable areas not sup-
plying the AVM (eg, the corresponding contralateral cerebral artery) or feeding artery
diameter of >2 mm.
ventional therapy as opposed to medical management (30.7%
versus 10.1%, respectively). Notably, ARUBA was a pooled anal-
ysis incorporating bAVMs of varying Spetzler-Martin grades, lim-
iting the applicability of the trial results to specific lesion types;
additionally, 32% of the patients were treated with stand-alone
embolization without standardized selection criteria.>” The find-
ings of ARUBA were corroborated by the Scottish Intracranial
Vascular Malformation Study (SIVMS), in which conservative
management was associated with lower progression to the pri-
mary outcome, death, or sustained morbidity, with a hazard ratio
of 0.6.% In a similar fashion to ARUBA however, SIVMS was a
pooled analysis of heterogeneous bAVMs, with 21.4% of patients
treated with stand-alone embolization without standardized se-
lection criteria.®®

Although, the Spetzler-Martin and radiosurgical grading
scales are validated means of predicting the safety and efficacy of
surgery and radiosurgery respectively, application to endovascu-
lar or multimodal treatment (embolization plus radiosurgery or
surgery) may be suboptimal as these grading schemes may not be
sensitive to the procedural risk unique to transarterial emboliza-
tion.'®"" No simple and effective endovascular grading scale for
predicting procedural morbidity and/or mortality has been
widely accepted. In 2011, Feliciano et al'* performed a literature
review of the factors associated with outcomes in bAVM transar-
terial embolization and developed an endovascular grading scale
incorporating the number of feeding arteries, eloquence, and the
presence of an arteriovenous fistula component based on this re-
view and their clinical experience. While intriguing due to its sim-
plicity and incorporation of factors thought to predict transarte-
rial embolization safety and efficacy, no criteria defining bAVMs
amenable to endovascular treatment were defined and the grad-
ing scale was not validated. We aimed to refine this scale (Table 1)
and apply it retrospectively to our bAVM database to assess its
validity.

MATERIALS AND METHODS

Study Population

We performed a retrospective analysis of the clinical data and
imaging from 270 patients suspected of having ruptured or un-
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ruptured bAVMs presenting to the Massachusetts General Hos-
pital from 2005 to 2013. Institutional review board approval for
accessing these records for clinical research purposes was ob-
tained from Massachusetts General Hospital. Onyx was the pri-
mary agent used during this study. Lesions were initially treated
with transarterial embolization using Onyx for palliation or pre-
surgical/preradiosurgical embolization; yet following the evolu-
tion of Onyx embolization techniques, we pursued the primary
intention of endovascular cure in selected cases.

Patients were included in the study if they had a bAVM ini-
tially diagnosed and subsequently treated at Massachusetts Gen-
eral Hospital, with available clinical data and CT, MR imaging, or
catheter digital subtraction cerebral angiography images in the
electronic medical record. We excluded patients under the fol-
lowing circumstances: having incomplete clinical or imaging
data; being lost to follow-up; lesions previously treated, treated at
a different institution, that underwent autothrombosis, that were
observed and medically managed, with only feeding or intranidal
aneurysms treated, and that were deemed not bAVMs on catheter
digital subtraction cerebral angiography. This left 126 patients for
analysis.

Data Collection

Data collected from the electronic medical record included but
was not limited to age, sex, presentation (hemorrhage, seizure,
neurologic deficit, incidental finding), treatment technique (sur-
gical, radiosurgical, endovascular, or multimodal—embolization
followed by surgery or radiosurgery), modified Rankin scale (at
presentation, following treatment, and at =90 days), number of
arterial feeders, presence of deep arterial feeders, arteriovenous
fistula component, feeding artery or intranidal aneurysms, lesion
volume, Spetzler-Martin grade, radiosurgical grade, and endovas-
cular grade. Initial digital subtraction cerebral angiography im-
ages before any treatment were used for analysis. The images were
independently reviewed by 2 neuroendovascular specialists
(D.L.B., T.M.L.-M.), who assigned endovascular grades blinded
to eventual treatment technique and outcomes. In lesions border-
ing eloquent areas and when functional imaging was performed,
the functional imaging was used in determining Spetzler-Martin
and endovascular grades. Final scores were adjudicated by the 2
reviewers.

Endovascular Grading Scale

The published scale was modified for the study, to make the scale
more granular (Table 1).'> An arterial feeder was defined as a
unique arterial pedicle if it originated =1.5 cm from another ar-
terial pedicle. Arterial feeders were categorized into 3 groups
based on the number (ie, 1-2 feeders, 35 feeders, and =6
feeders, scored 1, 2, and 3 points, respectively). Predominant
en passage arterial feeders were given a maximal score of 3.
Eloquence (absence = 0, presence = 1 point) was defined as
outlined in the original description from the Spetzler-Martin
grading scale.'® The presence of an arteriovenous fistula com-
ponent (absence = 0, presence = 1 point) was determined by
criteria described by Yuki et al,"” including an abnormally di-
lated feeding artery, a direct arteriovenous connection to a
dilated venous component or varix, the absence of a plexiform



Table 2: Characteristics of the population and treatment groups

Endovascular
All Patients Endovascular Radiotherapy®  Surgical Multimodal® Complications
(n=126) (n=8) (n=39) (n=44) (n=31) (n=4)
Age (yr) (mean) (SD) 449(%169) 42.8(16.9) 45.6(17.2) 487(163)  37.9(147) 413(20.5)
Female sex (%) 52 50 53 63 32 25
Endovascular grade (median) (IQR) 3(2-4) 2(1.75-2) 4(2-4) 3(2-3) 3(24) 4 (3.5-4.25)
Spetzler-Martin grade (median) (IQR) 2(1-3) 1(1.5-2) 3(2-3) 1(1-2) 3(2-4) 3.5(3-4)
bAVM volume (mL) (mean) (SD) 9.8(*+17.2) 21(*1.8) 9.7 (£134) 17(*£24) 17.4(%19.2)  54.1(*452)
No. of feeding arteries (score) (median) (IQR) 2(2-3) 1(1-1.25) 3(2-3) 3(1-3) 2(2-3) 3(2.75-3)
AVF component (%) 9% 10% 2% 9% 25%
Eloquent (%) 53% 63% 74% 31% 54% 75%
Final mRS score (median) (IQR) 0(0-1) 0(0-0) 0(0-1) 0(0-1) 1(0-1) 5(3.5-6)
Note:—IQR indicates interquartile range.
2 Cured or significantly reduced lesions without complications (in the “Multimodal” category, this includes embolization plus radiosurgery).
component between the 2 structures, and a diameter of the  Table 3: Treatment by Spetzler-Martin grade
feeding artery more than twice as large as that of the arteries Grade I/1l Grade Il Grade IV/V
supplying the comparable areas not supplying the bAVM (for Lesions Lesions Lesions
example, the corresponding contralateral cerebral artery) or a (n=71) (n=37) (n=18)
feeding artery diameter of >2 mm. As these authors report and Surgery >8% 8% 0%
described by Lasjaunias et al,'"* bAVMs may demonstrate a Endovascular 12% >% 12%
as described by Las) > Y Radiosurgery 15% 54% 44%
complex arterial nidus accompanied by arteriovenous fistula Multimodal® 15% 32% 44%

components that require selective microcatheter digital sub-
traction cerebral angiography for reliable identification. Be-
cause selective microcatheter digital subtraction cerebral an-
giography was not routinely performed during diagnostic
digital subtraction cerebral angiography for bAVMs, our sen-
sitivity for the detection of this component was reduced.

Treatment

Endovascular. Using Onyx-compatible microcatheters, bAVM
arterial pedicles were superselected following the standard tech-
nique. Microcatheter digital subtraction cerebral angiography
was then performed to elucidate the relationship of the arterial
pedicle to other arterial branches, resolve the angioarchitecture of
the bAVM, and define the venous egress. Patients with predomi-
nant en passage arterial feeders were not treated with transarterial
embolization via those pedicles. Using intermittent blank road-
maps, we administered Onyx slowly using a thumb-tapping tech-
nique to establish a plug, followed by nidal penetration, without
interruption of the Onyx injection for >2 minutes. Neither a
detachable tip nor dual-lumen balloon microcatheters were avail-
able and/or used during the study period.

Surgical. The head was positioned for optimal exposure of the
lesion and placed in fixation, and stereotactic craniotomy was
performed. Microsurgical obliteration of bAVMs was achieved
with the aid of stereotactic neuronavigation for bAVM localiza-
tion. In ruptured lesions, concomitant hematoma evacuation was
performed when indicated. Following surgical obliteration of the
lesion, immediate postoperative digital subtraction cerebral an-
giography was performed to confirm resection.

Radiosurgical. Three stainless steel skull fiducials were placed for
localization. The Gill-Thomas-Cosman stereotactic head frame
was applied in the usual fashion. Using the skull fiducials for ra-
diographic reference, the bBAVM volume was adjusted at the iso-
center and proton radiation was delivered. Each portal was

2 Embolization followed by surgery or radiosurgery.

custom-collimated and back-edge-compensated to provide max-
imum conformality to the dose distribution.

Follow-Up

Standard follow-up imaging was performed per institutional pro-
tocol in all treated cases. For surgery and endovascular treatment,
it was 3-month posttreatment catheter digital subtraction cere-
bral angiography. For radiosurgical treatment delayed noninva-
sive imaging, typically contrast-enhanced MR imaging was per-
formed at 2 years from treatment and then catheter digital
subtraction cerebral angiography was performed at 3 years to doc-
ument bAVM status at that time. Cured lesions were considered
those without residual arteriovenous shunting on catheter digital
subtraction cerebral angiography. A =50% reduction in the le-
sion volume on any imaging technique was considered signifi-
cant. Successful multimodal treatment was any cured or signifi-
cantly reduced lesion without complications.

Statistical Analysis

Univariate Spearman correlation was performed with the endo-
vascular grading scale, Spetzler-Martin grading scale, and 90 days
mRS. A 2-tailed Mann-Whitney U test was performed to compare
the median endovascular grades between the endovascular cure
and the endovascular complication groups and between the en-
dovascular cure and the successful multimodal treatment groups.
Backward stepwise binary regression analysis was performed with
major endovascular complication as the dichotomized dependent
variable and the number of arterial feeders, eloquence, arterio-
venous fistula component, Spetzler-Martin grade, and endovas-
cular grade as independent variables. Interobserver reliability of
the endovascular grading scale and its components were calcu-
lated with intraclass correlation coefficients using a 2-way ran-
dom model of absolute agreement type. SPSS, Version 21 (IBM,
Armonk, New York) was used for statistical analysis.
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RESULTS

Total cohort demographics and of the 4 comparison groups are
presented in Table 2. Treatment by the Spetzler-Martin grade is
presented in Table 3. Notably, 58% of grade I/II lesions were
treated with surgical resection; 54% and 32% of grade III lesions
were treated with radiosurgery and multimodal treatment, re-
spectively; and 88% of grade IV/V lesions were treated with an
even split of radiosurgery and multimodal treatment. Stand-alone
endovascular treatment was performed in 12% of grade I/II le-
sions, 5% of grade III lesions, and 12% of grade IV/V lesions. Of
the 31 patients treated with multimodal therapy, 68% were
treated with transarterial embolization followed by surgery, while
329% were treated with transarterial embolization followed by ra-
diosurgery. In the entire cohort, 38% presented with intracranial
hemorrhage secondary to the bAVM. The overall and endovascu-
lar (as a stand-alone treatment and as part of multimodal treat-
ment) rates of complications resulting in major morbidity or
death were 3.4% and 9.3%, respectively.

A statistically significant Spearman correlation between the
endovascular grade and Spetzler-Martin grade was demonstrated
(p = 0.5, P < .01). No correlations between the Spetzler-Martin
or endovascular grade and the long-term mRS were identified.

There were significant differences in the median endovascular
grades between the endovascular cure group (median = 2; inter-
quartile range, 1.75-2) and the endovascular complication group
(median = 4; interquartile range, 3.5-4.25; Mann-Whitney U
test = 3.5, P <.05) and between the endovascular cure group and
the successful multimodal treatment group (median = 3, inter-
quartile range, 2—4; Mann-Whitney U test = 56.5, P < .05).

Backward stepwise binary regression analysis demonstrated
the endovascular grade as the only independent predictor of com-
plications (OR = 0.5, P < .01).

The interobserver reliability of the endovascular grade was
good, with an intraclass correlation coefficient of 0.71 (P < .01).
The intraclass correlation coefficients of the number of feeding
arteries, eloquence, and arteriovenous fistulous component were
0.66, 0.61, and 0.53, respectively (P < .01).

DISCUSSION

Application of an endovascular grading scale incorporating the num-
ber of feeding arteries (1-2, 1 point; 3-5, 2 points; =6, 3 points),
eloquence (absence = 0, presence = 1 point), and the presence of an
arteriovenous fistula component (absence = 0, presence = 1 point)
demonstrated that endovascular grades of =<II were associated with
endovascular cure, while endovascular grades of <ITI were associated
with multimodal cure or significant reduction and favorable out-
comes (P < .05). Moreover, the endovascular grade was the only
independent predictor of major endovascular complications, dem-
onstrated good interobserver reliability with an intraclass correlation
coefficient of 0.71 (P < .01), and correlated with the Spetzler-Martin
grade. Illustrative lesions can be seen in Figs 1 and 2.

As neuroendovascular proficiency continues to advance, refine-
ment of bAVM risk stratification for endovascular treatment is im-
perative in ensuring favorable outcomes. The Spetzler-Martin grade
has been adapted to predict morbidity associated with stand-alone
embolization with long-term rates of neurologic deficits after embo-
lization of 0%, 5%, 7%, 10%, and 18%, respectively, for Spetzler-
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Martin grades I through V.'> However, in this study, n-butyl cyano-
acrylate and coils were the primary agents as opposed to Onyx. The
Spetzler-Martin grading scale has also been shown to correlate with
outcomes in patients undergoing multimodal treatment.'®'” Never-
theless, it was created for surgical risk assessment, and because tran-
sarterial embolization of bAVMs aims to obliterate bAVMs via en-
dovascular arterial occlusion and inflammatory changes leading to
angionecrosis while carrying the risk of premature venous occlusion
before complete devascularization of the lesion, the factors influenc-
ing the safety and efficacy of transarterial embolization likely differ
from those governing the success of surgery.'®

To our knowledge, this is the first validation of an endovascular
grading scale for bAVMs for transarterial embolization since the ad-
vent of current neuroendovascular techniques. Previously, an endo-
vascular grading scale was reported by Willinsky et al'® in 2001 for
bAVMs of <3 cmy; this scale included nidus type/size (fistula = 0; <1
cm = 1 point; 1-3 cm = 2 points), type of feeding arteries (cortical =
0, perforator or choroidal = 1 point), number of feeding arteries
(single = 0, multiple = 2 points), and the number of draining veins
(single = 0, multiple = 1 point). In 80 patients, the authors demon-
strated a cure rate of 86% in grade 0-2 lesions and suggested that this
scale was a better predictor of endovascular cure, morbidity, and
mortality than the Spetzler-Martin grade. A key differentiating factor

1' and the en-

between the grading scale presented by Willinsky et a
dovascular grading scale presented here is the grading of arterio-
venous fistula components. In the previous grading system, arterio-
venous fistula components did not increase the endovascular grade
as they do in the current grading system. Most interesting, 3 of 7
complications experienced by Willinsky et al were the result of ve-
nous penetration of the embolic agent, and whether an arteriovenous
fistula component played a role in these outcomes might be ques-
tioned. An additional distinguishing factor is the incorporation of the
number of draining veins that did not correlate with cure rates in
their study, which is absent in the grading scale presented here.'”
Finally, the prior scale was developed with the use of isobutyl cyano-
acrylate and n-butyl cyanoacrylate as the liquid embolic agents.
Isobutyl cyanoacrylate is no longer in use, and n-butyl cyanoacrylate
is now typically an adjunctive endovascular agent or a primary agent
in selected cases.

Since the report by Willinsky et al,'” Onyx has been introduced;
neuroendovascular techniques have evolved; and myriad factors, in-
cluding the Spetzler-Martin grade, periprocedural hemorrhage, deep
venous drainage, number of embolized branches, age, absence of
neurologic deficit, hemorrhagic presentation, small bAVM size, the
presence of deep arterial feeders, eloquent location, the presence of
arteriovenous fistula components, and venous penetration of em-
bolic agents, have been associated with endovascular complications
and unfavorable outcomes.'>!*?* Furthermore, adding to our un-
derstanding of the mechanisms underlying complications and their
frequencies following bAVM transarterial embolization, Baharvah-
dat et al** noted in their series of 846 cases primarily treated with
Onyx that of the 11% of patients experiencing hemorrhagic compli-
cations, those complications could be divided into 2 categories: arte-
rial perforation (48%) and all others (52%). Arterial perforation oc-
curred during either microcatheter navigation or retrieval. Of the
hemorrhagic complications not attributable to arterial perforation,
premature venous deposition was an independent predictor of com-



FIG1. A 35-year-old man presenting with acute onset of dizziness and headache. A and B, noncontrast head CT and head CTA demonstrate a 3.4-cm
right parietal hematoma and a 1.9-cm bAVM, respectively. C and D, Diagnostic right internal carotid artery anteroposterior and lateral angiograms
demonstrate a Spetzler-Martin grade |1 (S1, E], VO) and endovascular grade Il (A2, EO, FO) bAVM supplied via angular branches of the right middle cerebral
artery (supplementary right posterior cerebral artery supply not shown) with superficial venous drainage via mildly dilated cortical veins. E and F,
Intraprocedural right middle cerebral artery angular branch microcatheter anteroposterior and lateral angiograms demonstrate a distinct plexiform
nidus and no arteriovenous fistulous component. G and H, Right internal carotid artery anteroposterior and lateral angiograms following Onyx
embolization via the right middle cerebral artery angular branch demonstrate resolution of arteriovenous shunting (left vertebral artery injection also
documented resolution of arteriovenous shunting from a supplementary right posterior cerebral artery supply, not shown). / and J, Skull anteropos-
terior and lateral radiographs demonstrate the Onyx cast; note penetration of the Onyx material into a posterior component supplied by the right
posterior cerebral artery on the lateral projection. Final mRS = 0. S indicates size; E, eloquence; V, vein; A, artery; F, fistula.

plications. Notably, complications did not correlate with increasing
Spetzler-Martin grade.>* Intuitively then, increasing numbers of ar-
terial feeders requiring multiple microcatheterizations and/or multi-
stage procedures, the presence of an arteriovenous fistula component
increasing the likelihood of premature venous embolization, and
eloquent regions intolerant to insult are likely to be associated
with complications and poor outcomes following transarterial
embolization.

With the recent results of the ARUBA and SIVMS trials, patient
selection for bAVM treatment will likely come under greater scru-
tiny. The limitations of these trials are well recognized, including the
lack of standardized interventional arm treatment algorithms, selec-
tion bias, variable participating site characteristics, short follow-up
period, the relatively small number of Spetzler-Martin grade I and II
lesions treated with surgery, and the small sample size that limited
subset analysis.”>*> Although the literature suggests that the Spet-

zler-Martin grading scale may be applicable to endovascular and
multimodal treatment in some cases, discrepant lesions with low
Spetzler-Martin grades and high endovascular grades might pose a
challenge regarding patient selection. In our cohort, 3 of the 4 pa-
tients with major complications had an endovascular grade of =4
with 1 lesion harboring an arteriovenous fistula component that was
prematurely embolized, resulting in occlusive hyperemia and hem-
orrhagic venous infarction (Fig 2). Notably, in 2 of these 4 lesions, the
endovascular grade was higher than the Spetzler-Martin grade, in-
cluding the lesion in Fig 2. Given this finding, the endovascular grad-
ing scale may supplement Spetzler-Martin grades in lesions under
consideration for endovascular and multimodal treatment, improv-
ing patient selection.

The interobserver agreement of the endovascular grading scale
was good and approaching excellent, with an intraclass correla-
tion coefficient of 0.71 (P < .01). Interobserver variability largely
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FIG 2. A 3l-year-old man presenting with seizures found to have a 3.8-cm left frontoparietal bAVM, Spetzler-Martin grade Il (S2, El, VO), and
endovascular grade V (A3, El, FI). A and B, Diagnostic left internal carotid anteroposterior and lateral angiograms demonstrate predominant arterial
supply to the lesion via posterior frontal and parietal branches of the left middle cerebral artery with superficial venous drainage viamoderately dilated
cortical veins. Supplemental supply via the left anterior and posterior cerebral arteries was also present (not shown) C, Diagnostic left middle cerebral
artery lateral magnification angiogram demonstrates a dilated angular branch >2 mm with a direct venous connection consistent with an arteriovenous
fistula component (arrow). D, Intraprocedural left middle cerebral artery angular branch superselective microcatheter injection oblique anteroposte-
rior angiogram again demonstrates an arteriovenous fistula component (arrow). E, Following stage | Onyx embolization, the medial portion of the Onyx
cast (Onyx subtracted, seen as absence of contrast enhancement within the previous nidus compared to image A) can be seen within a dilated medial
cortical vein (arrow), and the previously seen dilated cortical veins coursing inferiorly in image A are no longer visualized consistent with venous
occlusion (ellipse). F, Postprocedural day 2 emergent noncontrast head CT performed for neurologic deterioration and a dilated left pupil demonstrates
alarge 3.8 X 7.4 cm left frontal hemorrhage anterior to the Onyx cast with surrounding cerebral edema, causing moderate-to-severe rightward midline
shift. The hematoma and residual bAVM underwent emergent surgical resection. Final mRS was 6 due to neurologic decline and ventilator-associated

pneumonia. S indicates size; E, eloquence; V, vein; A, artery; F, fistula.

arose from discrepancies in the designation of arterial feeders en
passage, determining eloquence in lesions bordering eloquent ar-
eas, and detection of arteriovenous fistula components. Variabil-
ity in arterial feeders en passage and arteriovenous fistula compo-
nents might be resolved by superselective catheterization in
diagnostic digital subtraction cerebral angiography or at treat-
ment in lesions preliminarily deemed amenable to transarterial
embolization. A consensus agreement regarding areas bordering
eloquent regions, overlapping eloquent and noneloquent lesions
graded as eloquent, and/or performance of functional imaging or
superselective provocative pharmacologic testing could be used in
lesions in which eloquence is in question.

We did not demonstrate a correlation between Spetzler-Mar-
tin and endovascular grades with long-term outcomes. Potential
explanations include patient selection (only 8% of lesions Spet-
zler-Martin grade III or higher were treated with surgery, and a
large fraction, 72%, of patients treated with transarterial emboli-
zation were treated as part of multimodal therapy), a low overall
complication rate, and a small sample size.
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While we have detailed criteria for an endovascular grading
scale for transarterial embolization of bAVMs and demonstrated
its utility and reliability, there are several limitations of our study.
The small sample size and retrospective, single-center study de-
sign limit generalization. The lack of routine arterial pedicle su-
perselective microcatheter digital subtraction cerebral angiogra-
phy during diagnostic evaluation decreased the sensitivity for the
detection of arterial feeders en passage and arteriovenous fistula
components. Also the applicability of the endovascular grading
scale to risk stratification for transvenous bAVM embolization
and newer transarterial embolization methods, including the
pressure cooker and the dual-lumen balloon microcatheter tech-
niques, which may expand the types of bAVMs amenable to safe
and effective endovascular treatment, cannot be assessed. Further,
the endovascular grading scale does not incorporate hemody-
namic data such as wall sheer stress and other flow-related param-
eters, which may identify bAVM components susceptible to hem-
orrhage or complications following transarterial embolization.
Finally, despite our diligent search, there may have been occa-



sional cases that were not identified and hence not analyzed.>*°
In the case of venous egress, a dichotomized variable for the num-
ber of venous egress pathways (single = 0, multiple = 1 point) or
variations thereof, in addition to or supplanting the number of
arterial feeders, might extend the applicability of this grading scale
to the transvenous approach. Future studies evaluating the endo-
vascular grading scale in a prospective manner are warranted.

CONCLUSIONS

A novel endovascular grading scale for bAVM transarterial embo-
lization incorporating the number of feeding arteries (1-2, 1
point; 3-5, 2 points; =6, 3 points), eloquence (absence = 0, pres-
ence = 1 point), and the presence of an arteriovenous fistula
component (absence = 0, presence = 1 point) demonstrated that
endovascular grades of <II were associated with endovascular
cure, while endovascular grades of <III were associated with a
multimodal cure or significant lesion reduction and favorable
outcomes. Moreover, the endovascular grade was an independent
predictor of major endovascular complications and demon-
strated good interobserver reliability. The endovascular grading
scale may supplement Spetzler-Martin grades to refine risk
stratification for endovascular and multimodal bAVM treat-
ment. Further validation is warranted.

ACKNOWLEDGMENTS
We thank Drs Johnny Pryor, Christopher Ogilvy, and Paul Chapman as
clinical investigators who provided and cared for study patients.

Disclosures: Joshua A. Hirsch—UNRELATED: Consultancy: Medtronic, Comments:
interventional spine; Stock/Stock Options: Intratech, Comments: developmental-
stage interventional stroke company.

REFERENCES

1. Taki W, Yonekawa Y, Iwata H, et al. A new liquid material for em-
bolization of arteriovenous malformations. AJNR Am ] Neuroradiol
1990;11:163—-68

2. Saatci I, Geyik S, Yavuz K, et al. Endovascular treatment of brain
arteriovenous malformations with prolonged intranidal Onyx in-
jection technique: long-term results in 350 consecutive patients
with completed endovascular treatment course. | Neurosurg
2011;115:78—-88

3. Albuquerque FC, Ducruet AF, Crowley RW, et al. Transvenous to
arterial Onyx embolization. ] Neurointerv Surg 2014;6:281-85

4. Consoli A, Renieri L, Nappini S, et al. Endovascular treatment of deep
hemorrhagic brain arteriovenous malformations with transvenous
Onyx embolization. AJNR Am ] Neuroradiol 2013;34:1805-11

5. Nguyen TN, Chin LS, Souza R, et al. Transvenous embolization of a
ruptured cerebral arteriovenous malformation with en-passage ar-
terial supply: initial case report. ] Neurointerv Surg 2010;2:150—52

6. Mohr JP, Parides MK, Stapf C, et al. Medical management with or
without interventional therapy for unruptured brain arterio-
venous malformations (ARUBA): a multicentre, non-blinded, ran-
domised trial. Lancet 2014;383:614-21

7. Bambakidis NC, Cockroft KM, Hirsch JA, et al. The case against
a randomized trial of unruptured brain arteriovenous
malformations: misinterpretation of a flawed study. Stroke
2014;45:2808-10

8. Al-Shahi Salman R, White PM, Counsell CE, et al. Outcome after
conservative management or intervention for unruptured brain ar-
teriovenous malformations. JAMA 2014;311:1661-69

9. Zaidi HA, Russin JJ, Spetzler RF. Conservative management vs in-
tervention for unruptured brain arteriovenous malformations.
JAMA 2014;312:1058

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Spetzler RF, Martin NA. A proposed grading system for arterio-
venous malformations. ] Neurosurg 1986;65:476—83

Pollock BE, Flickinger JC. A proposed radiosurgery-based
grading system for arteriovenous malformations. | Neurosurg
2002;96:79-85

Feliciano C, de Le6n-Berra R, Herndndez-Gaitan MS, et al. A pro-
posal for a new arteriovenous malformation grading scale for neu-
roendovascular procedures and literature review. P R Heal Sci |
2011;29:117-20

Yuki I, Kim RH, Duckwiler G, et al. Treatment of brain arteriovenous
malformations with high-flow arteriovenous fistulas: risk and compli-
cations associated with endovascular embolization in multimodality
treatment: clinical article. ] Neurosurg 2010;113:715-22

Lasjaunias P, Manelfe C, Chiu M. Angiographic architecture of in-
tracranial vascular malformations and fistulas: pretherapeutic as-
pects. Neurosurg Rev 1986;9:253—63

Kim LJ, Albuquerque FC, Spetzler RF, et al. Postembolization neu-
rological deficits in cerebral arteriovenous malformations: stratifi-
cation by arteriovenous malformation grade. Neurosurgery 2006;59:
53-59; discussion 53-59

Deruty R, Pelissou-Guyotat I, Mottolese C, et al. Prognostic value of
the Spetzler’s grading system in a series of cerebral AVMs treated by
a combined management. Acta Neurochir (Wien) 1994;131:169-75
Nataraj A, Mohamed MB, Gholkar A, et al. Multimodality treat-
ment of cerebral arteriovenous malformations. World Neurosurg
2014;82:149-59

Jahan R, Murayama Y, Gobin YP, et al. Embolization of arterio-
venous malformations with Onyx: clinicopathological experience
in 23 patients. Neurosurgery 2001;48:984-95; discussion 995-97
Willinsky R, Goyal M, Terbrugge K, et al. Embolisation of small (<3
cm) brain arteriovenous malformations: correlation of angio-
graphic results to a proposed angioarchitecture grading system. I1-
terv Neuroradiol 2001;7:19-27

Ledezma CJ, Hoh BL, Carter BS, et al. Complications of cerebral
arteriovenous malformation embolization: multivariate analysis of
predictive factors. Neurosurgery 2006;58:602—11; discussion 602—11
Gobin YP, Laurent A, Merienne L, et al. Treatment of brain arterio-
venous malformations by embolization and radiosurgery. ] Neuro-
surg 1996;85:19-28

Hartmann A, Mast H, Mohr JP, et al. Determinants of staged endo-
vascular and surgical treatment outcome of brain arteriovenous
malformations. Stroke 2005;36:2431-35

Haw CS, terBrugge K, Willinsky R, et al. Complications of emboliza-
tion of arteriovenous malformations of the brain. /| Neurosurg
2006;104:226-32

Baharvahdat H, Blanc R, Termechi R, et al. Hemorrhagic complica-
tions after endovascular treatment of cerebral arteriovenous mal-
formations. AJNR Am ] Neuroradiol 2014;35:978—83

Amin-Hanjani S, Albuquerque FC. Commentary: unruptured brain
arteriovenous malformations—what a tangled web they weave.
Neurosurgery 2014;75:195-96

Chapot R, Stracke P, Velasco A, et al. The pressure cooker technique
for the treatment of brain AVMs. | Neuroradiol 2014;41:87-91

Illies T, Forkert ND, Ries T, et al. Classification of cerebral arterio-
venous malformations and intranidal flow patterns by color-encoded
4D-hybrid-MRA. AJNR Am ] Neuroradiol 2013;34:46-53

Ansari SA, Schnell S, Carroll T, et al. Intracranial 4D flow MRI: to-
ward individualized assessment of arteriovenous malformation he-
modynamics and treatment-induced changes. AJNR Am ] Neurora-
diol 2013;34:1922-28

Orozco LD, Luzardo GD, Buciuc RF. Transarterial balloon assisted
Onyx embolization of pericallosal arteriovenous malformations.
] Neurointerv Surg 2013;5:e18

Jagadeesan BD, Grigoryan M, Hassan AE, et al. Endovascular bal-
loon-assisted embolization of intracranial and cervical arterio-
venous malformations using dual-lumen coaxial balloon micro-
catheters and Onyx: initial experience. Neurosurgery 2013;73(2
suppl operative):ons238—43; discussion ons243

AINR Am J Neuroradiol 36:1303-09  Jul 2015 www.ajnr.org 1309



ORIGINAL RESEARCH
INTERVENTIONAL

Narrowing the Expertise Gap for Predicting Intracranial
Aneurysm Hemodynamics: Impact of Solver Numerics versus
Mesh and Time-Step Resolution

M.O. Khan, K. Valen-Sendstad, and D.A. Steinman

ABSTRACT

BACKGROUND AND PURPOSE: Recent high-resolution computational fluid dynamics studies have uncovered the presence of laminar
flow instabilities and possible transitional or turbulent flow in some intracranial aneurysms. The purpose of this study was to elucidate
requirements for computational fluid dynamics to detect these complex flows, and, in particular, to discriminate the impact of solver
numerics versus mesh and time-step resolution.

MATERIALS AND METHODS: We focused on 3 MCA aneurysms, exemplifying highly unstable, mildly unstable, or stable flow phenotypes,
respectively. For each, the number of mesh elements was varied by 320X and the number of time-steps by 25X. Computational fluid
dynamics simulations were performed by using an optimized second-order, minimally dissipative solver, and a more typical first-order,
stabilized solver.

RESULTS: With the optimized solver and settings, qualitative differences in flow and wall shear stress patterns were negligible for
models down to ~800,000 tetrahedra and ~5000 time-steps per cardiac cycle and could be solved within clinically acceptable
timeframes. At the same model resolutions, however, the stabilized solver had poorer accuracy and completely suppressed flow
instabilities for the 2 unstable flow cases. These findings were verified by using the popular commercial computational fluid
dynamics solver, Fluent.

CONCLUSIONS: Solver numerics must be considered at least as important as mesh and time-step resolution in determining the
quality of aneurysm computational fluid dynamics simulations. Proper computational fluid dynamics verification studies, and not
just superficial grid refinements, are therefore required to avoid overlooking potentially clinically and biologically relevant flow
features.

ABBREVIATIONS: CFD = computational fluid dynamics; HR = high-resolution; k = thousand; M = million; MWSS = maximum wall shear stress; NR = normal-
resolution; OSI = oscillatory shear index; WSS = wall shear stress

mage-based computational fluid dynamics (CFD) has become
an essential tool for investigating intracranial aneurysm hemo-
dynamics and its possible role in aneurysm initiation, growth,
rupture, and treatment outcome. Notably, retrospective studies
have demonstrated associations between low or high wall shear
stress (WSS) and rupture status, with the goal of improving rup-
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ture-risk assessment. Although attempts have been made to unify
these opposing hemodynamic factors,' skepticism about CFD
remains, owing to the wide variety of proposed hemodynamic
factors and definitions,? the various modeling assumptions and
uncertainties,” and the focus on lumen versus the wall.* Never-
theless, medical imaging vendors are actively seeking to deploy
CFD solvers on their scanner platforms.®

A recent study has highlighted a largely unacknowledged
source of uncertainty: the strong dependence of the simulations
on the CFD solution strategy.® In that study, a so-called high-
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FIG 1. Fine, medium, and coarse meshes for each of the 3 MCA aneurysm cases. Nominal tetrahedral side length in the sac (h) is indicated
at the top left of each mesh panel. The leftmost column shows the full lumen models, to the same scale, and with model volumes
indicated. The ultrafine (32M) meshes are too attenuated to show, having effective tetrahedral side lengths of half those of the fine (4M)

meshes.

resolution (HR) strategy, combining a high-fidelity CFD solver
with fine mesh and time-step resolutions, uncovered high-fre-
quency flow instabilities in 4/8 MCA bifurcation aneurysm cases.
On the other hand, these instabilities were completely suppressed
by a so-called normal-resolution (NR) strategy, combining a
solver and resolutions more representative of the aneurysm CFD
literature.

In not separating the impact of solver numerics versus model
resolution, the aforementioned study may have left the impres-
sion that highly refined CFD meshes and time-steps, and thus
clinically unsupportable computation times, might be required to
predict complex aneurysmal flow features. For the present study,
we hypothesized that solver numerics (by which we mean the
solver discretization scheme and settings) are at least as important
as mesh and time-step resolution in determining the fidelity of
aneurysm CFD solutions. To test this hypothesis and to determine
whether instabilities can be detected, if not necessarily resolved, at
lower CFD model resolutions (and hence more clinically support-
able time scales), the present study varied, independently, the
CFD solver numerics, mesh resolution, and time-stepping to

identify their relative impacts on qualitative and quantitative he-
modynamics of intracranial aneurysms.

MATERIALS AND METHODS
The study focused on 3 different anatomically plausible MCA
aneurysms (Fig 1), previously shown to exhibit, and specifically
chosen to exemplify, highly unstable (case 16), mildly unstable
(case 9), and stable (case 8) flows, respectively.®” Pulsatile simu-
lations were performed by using an ICA flow waveform shape
derived from older adults® and damped by 30% to account for its
transit from the cervical-to-cavernous segments.” We applied a
cross-sectional time-averaged velocity of 0.37 m/s,® resulting in
cycle-averaged flow rates of 1.11, 1.93,and 2.12 mL/s for cases 8, 9,
and 16, respectively. Fully developed Womersley velocity profiles
were applied at the inlet, and zero pressure was specified at the
outlets. Three cardiac cycles were simulated to wash out initial
transients. Blood viscosity and attenuation were assumed to be
0.035 mPa-s and 1 g/cm’, respectively.

As summarized in the Table, various permutations of spatial
(mesh) resolution, temporal (time-step) resolution, and CFD
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Model identifiers and CPU times for the various permutations of spatial resolution,

temporal resolution, and solver

following nominal predictors of rupture
status for each combination of case and

Spatial Resolution Temporal Resolution CFD CPU Hours model® dome-averaged WSS and
Model ID (Mesh Elements) (Time-Steps) Solver per Cycle® o
- dome-maximum WSS (MWSS), both

HR1 Ultrafine (32M) Fine (35k) HR 326 .
HR2 Fine (4M) Fine (35k) HR 63 normalized to the parent artery WSS,
HR3 Medium (800k) Fine (35k) HR 2 and dome-averaged OSIL.
HR4 Coarse (100k) Fine (35k) HR 4.9
HR5S Medium (800k) Medium (5.6k) HR 35
HR6 Medium (800K) Coarse (14K) HR 0.9 RESULTS o
HR7 Coarse (100K) Coarse (1.4K) HR 02 Qualitative results are summarized in
NR5 Medium (800k) Medium (5.6k) NR 28 the comprehensive Fig 2. If one focuses
NR6 Medium (800k) Coarse (1.4k) NR 7 first on spatial (mesh) resolution effects,
NR7 Coarse (100k) Coarse (1.4k) NR 12

Note:—CPU indicates central processing unit; ID, identification.

@ Approximate execution time on an 8-core, 2.53-GHz Xeon E5540 CPU (Intel, Santa Clara, California).

solver were considered for each of the 3 cases. First, to isolate the
effects of spatial resolution, we performed simulations by us-
ing the HR solver with fine time-stepping for 4 different
meshes, generated by using the Vascular Modeling ToolKit
(http://www.vmtk.org). The reference (ultrafine) meshes com-
prised ~4 million (4M) second-order tetrahedra, roughly equiv-
alent to ~32M linear tetrahedra. The fine meshes comprised the
same ~4M elements, but now by using linear tetrahedra. Medium
and coarse meshes comprised ~800,000 (800k) and ~100,000
(100k) linear tetrahedra, respectively. All used 4 boundary layer
elements, with the total boundary layer thickness set to the nom-
inal tetrahedral element side length. Per Fig 1, the 320-fold differ-
ence in the number of elements corresponded to nearly an order
of magnitude variation in tetrahedron side length (ie, spatial
resolution).

For the above studies, a reference (fine) temporal resolution
was set to 35,000 (35k) time-steps per cardiac cycle, to satisfy the
well-known Courant-Friedrich-Lewy stability condition for the
ultrafine meshes. Per the Table, to independently isolate the ef-
fects of temporal resolution, the number of time-steps/cycle was
reduced to 5600 (5.6k) and then 1400 (1.4k). These simulations,
spanning a 25-fold difference in temporal resolution, were per-
formed by using the medium (800k) meshes, after observing that
they had adequate spatial resolution. To test the limits of solution
accuracy, we also performed a coarse (100k) mesh and time-step
(1.4k) simulation for each case.

The above-described simulations used a second-order-accu-
rate, minimally dissipative, and energy-preserving CFD solver'®
(described previously as the HR solver,® and available as an open-
source code at https://github.com/mikaem/Qasis). To indepen-
dently isolate the effect of the solver, per the Table, we per-
formed the same simulations described for the temporal
resolution subanalysis by using the NR solver,® which is
stabilized and first-order-accurate in space and time to mimic
the default settings in commercial solvers like Fluent (ANSYS,
Canonsburg, Pennsylvania) and Star-CD (CD-adapco, Mel-
ville, New York).

The impact of resolution and solver was evaluated qualita-
tively via volumetric maps of velocity magnitude, surface maps
of cycle-averaged WSS magnitude and oscillatory shear index
(OSI), and traces of velocity and WSS magnitude from selected
probe points. For quantitative evaluations, we computed the
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it can be seen that from the equivalent of
32M elements down to 800k elements
(HR1, HR2, and HR3), there were neg-
ligible differences in velocity, WSS, and
OSI levels and distributions for all cases. Notably, for unstable
cases 16 and 9, all models appeared to capture similar flow insta-
bilities, per the inset velocity and WSS traces. Further coarsening
of the meshes to 100k elements (HR4) introduced an evident re-
duction in WSS levels, as well as a dampening (but not complete
suppression) of velocity and WSS instabilities for cases 16 and 9.
On the basis of the 320-fold difference in mesh sizes, we con-
cluded that mesh size is relatively insensitive for the commonly
reported hemodynamic variables and thus alone cannot inform
whether a CFD simulation is adequate.

With the 800k meshes as a basis for the temporal (time-step)
resolution investigation, negligible effects were seen in going from
35k to 5.6k steps/cycle (ie, HR3 versus HR5). Minor differences
were evident with a further reduction to 1.4k steps/cycle (HR6),
suggesting that a temporal resolution somewhere between these 2
values would be sufficient. This dramatic reduction in the number
of time-steps had a similarly minor effect for the 100k meshes
(HR4 versus HR7). Some differences were evident for the velocity
traces for the 2 unstable flow cases (16 and 9), but even the coars-
est models (HR7) were still able to detect, if not necessarily re-
solve, the flow instabilities.

On the other hand, simulations performed by using the nor-
mal-resolution solver (NR5-7 versus HR5-7) appeared to artifi-
cially suppress all flow instabilities. WSS maps were comparable
with those of the corresponding HR models, but OSI was highly
underestimated by the NR solver at 1.4k steps/cycle. This was
improved by increasing the number of time-steps to 5.6k but still
with an evident suppression of flow instabilities per the velocity
and WSS traces. On the basis of the 25-fold difference in time-step
size, we concluded that the number of time-steps is only moder-
ately important, as long as the number of time-steps is >5000 per
cycle.

The quantitative impact on proposed scalar metrics of rupture
status is shown in Fig 3. In particular, normalized, dome-averaged
(time-averaged) WSS was relatively stable with mesh and tempo-
ral resolution by using our HR solver: Errors relative to the highest
resolution (HR1) models were always <10%. For MWSS, there
was a more evident reduction in values with each mesh coarsen-
ing, and at the coarsest resolutions with the HR solver, the rank
ordering of cases by MWSS was altered. Especially for cases 8 and
9, MWSS values were evidently less accurate for the NR-ver-
sus-HR solver. For the HR solver, dome-averaged OSI was rela-


http://www.vmtk.org

FIG 2. Qualitative impact of spatial resolution, temporal resolution, and solver fidelity on velocity and wall shear stress distributions. For each
of the 3 aneurysm cases, the top row shows isosurfaces (0.3 m/s) of early diastolic velocity magnitude, the middle row shows time-averaged WSS
magnitude (scale: 015 Pa), and the bottom row shows the oscillatory shear index (scale: 0.0—0.3). The inset into each velocity isosurface panel
is a velocity-versus-time trace, from a selected point within the sac. Similarly, the inset into each OSI panel is a WSS magnitude-versus-time

trace, from a point on the sac experiencing relatively high OSI.

tively unaffected down to the 800k meshes and 5.6k steps/cycle.
Larger errors were evident at the coarser resolutions; however, the
rank ordering by OSI was unaffected. The same could not be said
for the NR solver, with almost complete suppression of OSI for
the unstable cases 16 and 9, also affecting the rank ordering. Fi-
nally, even with an 8-fold increase in the number of elements (eg,
NR6 versus NR7), the NR solutions were still far from the con-
verged (HR) solutions, at least for the unstable flow cases.

DISCUSSION

We have demonstrated that CFD solver numerics had a more
profound impact on commonly computed hemodynamic indices
than the number of time-steps and, perhaps most surprising,

mesh resolution. As discussed below, the importance of solver
numerics was expected a priori; however, we were pleasantly sur-
prised by the coarseness and hence speed with which an HR-type
solver could achieve high-quality results relative to the reference
solutions. As also discussed below, these findings have implica-
tions for the utility of CFD in a clinical setting and for basic re-
search into aneurysm mechanobiology.

Implications for Clinical Timeframes

The clearest impact of the current results is that irrespective of
flow phenotype, accurate hemodynamic indices can be obtained
within clinically supportable timeframes provided a HR-type
CFD solver is used. Per the Table and Fig 3, accurate solutions
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FIG 3. The quantitative impact of spatial resolution, temporal resolution, and solver fidelity on various reduced hemodynamic indices, as

indicated at the top right corner of each plot.

could be achieved by the HR solver on a standard desktop com-
puter in ~3 hours/cycle or ~10 hours for a complete simulation.
Furthermore, by showing that the coarse resolution simulations
could at least detect the presence of flow instabilities, we can con-
clude that <1 hour of simulation time would be sufficient to
assess the need for further refinement, of course provided a high-
fidelity solver is used.

A corollary of this is that the absence of flow instabilities in an
NR-type simulation cannot be taken as prima facie evidence of
stable aneurysm flow. As such, and as our results suggest, NR-type
simulations might, ironically, require finer resolutions and hence
longer run times than what is typically reported. This supposition
is not to imply that detection of flow instabilities is a sine qua non
for the investigation of aneurysm hemodynamics, but rather that
their absence in the aneurysm CFD literature may be the result of
numeric artifacts that are inadvertently serving to suppress plau-
sible avenues of investigation. Nor is it intended to impugn the
findings of aneurysm CFD “trials,” because we have previously
shown that NR-type simulations can consistently rank cases by
using reduced-order hemodynamic indices (eg, time- and dome-
averaged WSS) and, hence, nominally, rupture status, albeit
with a 50% underestimation of WSS magnitudes.® As noted in
the next section, however, results from NR solvers may well be
misleading regarding the pathophysiology of aneurysm initia-
tion and rupture.

Implications for Aneurysm Mechanobiology

Just like morphologic discriminants, reduced hemodynamic in-
dices are only an echo of some putative mechanistic link between
the hemodynamic stresses and the response of the wall. To eluci-
date those mechanobiologic links, one may need a thorough un-
derstanding of the spatiotemporal scales of the flow and WSS,
which requires HR-type simulations. For example, by suppressing
flow instabilities, NR-type simulations cannot easily explain the

prevalence of aneurysm bruits,' '

which are widely thought to
be driven by high-frequency flow instabilities, whether laminar or
turbulent. Furthermore, even though both NR5 and HR5 simu-
lations showed comparable OSI distributions in Fig 2, the behav-
ior behind them is different: For HR5, high OSI is due to high-

frequency WSS instabilities, whereas for NRS5, it is due to more
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sluggish WSS oscillations. The latter is characteristic of the type of
flow for which OSI was originally developed, whereas is it known
that different stimuli can give rise to the same OSI value.'” On the
basis of the turbulent-like flows from the HR simulations, it thus
seems likely that any correlations between rupture status and high
OSI from NR-type studies do not necessarily reflect the mecha-
nobiologic causation.

Although it remains to be proved, it is plausible that the dy-
namic WSS stimuli elicited by the HR-type simulations could be
of importance for understanding the mechanobiology of aneu-
rysm growth and rupture. Focus in aneurysm research has been
on spatial WSS gradients,'* whereas temporal WSS gradients,
shown to be of importance to mechanotransduction and gene
expression,'” have received less attention, probably because prev-
alent NR-type simulations are unable to detect them. For exam-
ple, Davies et al'® exposed endothelial cells in vitro to turbulent
flows (ie, WSS stimuli phenotypically similar to what we see in
some of the unstable flow cases) and showed that turbulence led
to alack of endothelial cell orientation and cell depletion and loss
even for low-intensity disturbances. Fry'” investigated similar ef-
fects in vivo, and after just an hour of exposure to turbulent flows,
reported endothelial cell swelling, deformation, and disintegra-
tion downstream of the plug. In short, it seems as though tempo-
ral WSS gradients may also be of importance.

Relationship to Previous Work

As alluded to by Ventikos,'® our findings would likely have been
anticipated by experienced CFD users following verification
guidelines laid out by engineering journals nearly 30 years ago. In
1986, the ASME Journal of Fluids Engineering emphasized in their
editorial policy that “a single calculation of a fixed grid is not
acceptable.”® This journal has also said, “It has been demon-
strated many times that for first-order methods, the effect of nu-

20 consis-

meric diffusion on the solution accuracy is devastating,
tent with what we have shown in the current study. However, a
cursory inspection of articles published in the American Journal of
Neuroradiology and other clinical (and indeed biomedical engi-
neering) research journals reveals that accuracy or mesh and
time-step refinement results are rarely or only superficially re-

ported. We are aware of only 1 thorough presentation, by Hodis et



al,>! who carried out an extensive mesh refinement study by using
the popular commercial CED solver, Fluent. Meshes ranged from
a high of nearly 7000 nodes/mm® to a low around 100
nodes/mm”.

Our study spanned a wider range, with ultrafine meshes com-
prising 8000—30,000 nodes/mm? to coarse meshes with 30—100
nodes/mm?, and allowed investigation of the isolated effects of
spatial and temporal resolution errors alone, in which the most
resolved model was effectively 8000 (ie, 320 X 25) times finer than

the coarsest one. Hodis et al*!

also focused on a technically de-
tailed convergence analysis of the peak systolic velocity vector
field and its error norms, which, while salient, provided little con-
text for the qualitative differences in the overall flow and WSS
fields and/or derived scalar indices of potential clinical interest.
Nevertheless, we arrived at similar conclusions to those of Hodis
etal, namely that refined meshes are required, particularly if point
values are desired. We disagree, however, with their assertion that
“each patient-specific model require[s] its own grid conver-
gence,” because this is laborious and not practicable in a clinical
setting.

Our findings could also be anticipated from the results of a
recent international CFD Challenge.** There, peak systolic flow
instabilities in a giant ICA aneurysm were predicted by only a
handful of the 25 participating groups. Most of the contributed
solutions (most by using commercial CFD solvers, predomi-
nantly Fluent) reported laminar flows with stable peak systolic
flow patterns and with aneurysm jet inflow velocities damped to
varying degrees. One of the conclusions was that at least 5000
time-steps/cycle appeared to be a necessary, albeit not a sufficient,
condition for detecting flow instabilities. Our present findings
would seem to suggest that even 1000 time-steps/cycle—the me-
dian of that used by the various CFD Challenge participants—are
insufficient to resolve the dynamics of unstable aneurysm flows,
even with a minimally dissipative, second-order-accurate CFD
solver.

To see whether our findings could be extrapolated to a com-
mercial solver, we performed transient steady flow simulations
(to remove the confounding effects of pulsatility) for the most
unstable flow, case 16, by using Fluent (Version 14; ANSYS).
Steady inflow velocity was set to 0.5 m/s, corresponding to peak
systolic conditions at the MCA.® Simulations were performed for
the 800k mesh and 1.4k time-steps, by using first-order upwind-
ing (Fluent’s default prior to 2012) and second-order upwinding
(the current Fluent default), both with default solver settings
(semi-implicit method for the pressure-linked equation method,
first-order implicit time-stepping, “standard” pressure, 20 itera-
tions/time-step, single precision, 10™> convergence criterion).
For second-order upwinding, the default settings were then re-
fined (the PISO [pressure implicit with splitting of operator]
method, second-order implicit time-stepping, second-order
pressure, 50 iterations/time-step, double precision, 10~ conver-
gence criterion). The results, shown in Fig 4, indicate a strong
sensitivity of velocity dynamics to upwind order and solver set-
tings, independent of the solver itself. For example, the first-order
upwinding of Fluent performed in a manner similar to that of our
NR solver, both serving to damp any flow instabilities. The sec-
ond-order upwinding of Fluent detected some flow instabilities,

FIG 4. Impact of the progressively refined CFD solver and settings on
transient simulation of steady flow for case 16, with 800k mesh and
1.4k time-steps.

the frequency of which was clearly increased by expert refining of
the default solver settings. These results are, therefore, approach-
ing a solution that is referred to as minimally dissipative and
energy-preserving.>

It is worth noting that, for these expertly refined settings, we
had to adjust both the number of iterations and the convergence
tolerance to reach the desired convergence level, a subtlety that
might be lost on a non-expert user. Nevertheless, not being per-
fectly fluent in Fluent, we could not get it to match the higher
frequency and amplitude fluctuations evident from our HR
solver. This inability to match our results to those of Fluent is not
to imply that our finite-element-based HR solver is superior to
Fluent and/or the finite volume method on which it is based.
Rather, it highlights the importance of understanding well the
capabilities of a CFD solver and its limitations to ensure reliable
results.

Potential Limitations

We assumed rigid walls, Newtonian fluid, fully developed (lami-
nar) inflow velocities, and generalized flow rates. These are
commonly accepted assumptions, and their effects are now well-
documented to be of relatively minor importance, at least for
NR-type simulations. Moreover, our observed impact of solver
settings on hemodynamic variables was, if anything, more pro-
nounced than the previously reported impacts of the above-noted
assumptions. Relevant limitations of the current study were the
following: 1) It is unclear whether blood can still be modeled as a
continuum for turbulent-like unstable flows.** 2) The assump-
tion of fully developed laminar inflow may be questioned in light
of recent evidence that the carotid siphon may have flow instabil-
ities propagating into the MCA.?® 3) Our study considered only 3
cases from a particular site (MCA), albeit chosen to exemplify a
range of aneurysm flow phenotypes. 4) It remains unclear what is
necessary to elucidate the mechanobiology or resolve instanta-
neous quantities. Finally, caution must be exercised in translating
too literally the numbers of elements and time-steps that were
sufficient for our purposes, for 2 main reasons: First, they obvi-
ously depend on the size of the aneurysm, the extent of the do-
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main, and the dynamics of the imposed flow rates. Second, as we
have clearly demonstrated here, they depend critically on the
choice of CFD solver and its settings. Thus, we must emphasize
that the reccommended mesh and time-step sizes hold only for our
HR solver—each user must perform their own verification
studies.

CONCLUSIONS

We have shown that a robust and minimally dissipative CFD
solver can tolerate surprisingly coarse resolutions, whereas solvers
using low-order and/or stabilization schemes may, ironically, re-
quire much higher resolutions to detect, let alone properly re-
solve, complex flow in a potentially nonnegligible number of an-
eurysm cases. It is therefore essential that groups perform proper
verification studies, per the recommendations of technical jour-
nals and, ideally, with the help of experts in CFD theory and prac-
tice, to arrive at solver settings and mesh/time-step resolutions
that can be applied uncritically to any given case. This process is
much in the same way that medical physicists play a critical role in
setting clinical imaging protocols. If CFD is, ultimately, to operate
as a putative medical imaging tool, it must have established local
protocols that too are set by expert users by using rigorous cali-
bration (ie, verification) methodologies.
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CLINICAL REPORT
INTERVENTIONAL

Endovascular Recanalization in Acute Ischemic Stroke Using
the Solitaire FR Revascularization Device with Adjunctive

C-Arm CT Imaging

B.D. Mitchell, P. Chinnadurai, G. Chintalapani, H.A. Morsi, H. Shaltoni, and M.E. Mawad

ABSTRACT

SUMMARY: In this clinical report, we examined a single-center experience by using the Solitaire FR Revascularization Device in the

treatment of acute ischemic stroke in which there was poor initial visualization of the occluded arterial branches by using biplanar cerebral

angiography. In all cases, adjunctive C-arm CT was used during the deployment of the thrombectomy device to gain additional information

regarding device placement and expansion. Outcome measures included the extent of reperfusion, posttreatment changes in NIHSS

scores, posttreatment TICl scores, cerebral hemorrhage, and survival. Clot removal with successful arterial recanalization was achieved in

15/18 cases (83.3%) with TICl scores of 2b/3 in all patients who had initial recanalization. The NIHSS score improved, on average, from 19

pretreatment to 11 posttreatment, and 72% of patients survived. In cases of acute stroke in which there is little information available

regarding the positioning and deployment of a retrievable stent during mechanical thrombectomy, the use of C-arm CT may provide more

information about device placement across an area of thrombus.

n cases of embolic stroke in which the suspected thrombus is

large and causes total occlusion of a major cerebral vessel, such
as the internal carotid, middle cerebral, or basilar artery, the en-
dovascular navigation of the intracranial vessels can be challeng-
ing, with no contrast entering the vessels ahead of the catheters or
interventional devices. Recently, the use of self-expanding retriev-
able stents (Solitaire FR Revascularization Device; Covidien, Irvine,
California; Trevo; Stryker, Kalamazoo, Michigan) has comple-
mented the current armamentarium of endovascular treatments
available for acute stroke.!” Ideally, these stents are deployed within
a suspected thrombus, and the stent is allowed to expand for a few
minutes, at which point the stent can be retrieved, along with the
thrombus.

The use of C-arm CT during endovascular interventional proce-
dures has evolved rapidly from a technique that was relatively slow,
with image quality lagging behind that of conventional CT, to one
that now offers very high-resolution images that can be obtained
rapidly during an interventional procedure.® Recently, C-arm CT has
been used for rapid acquisition of intraprocedural CT scans and ce-
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rebral blood volume testing, especially during the treatment of pa-
tients with stroke,”® and can additionally provide high-quality im-
ages, even in areas of highly attenuated skull base anatomy.

Here, we report a series of 18 patients undergoing mechanical
thrombectomy for acute stroke, in which initial visualization of
the entire arterial anatomy was poor by using biplanar fluoro-
scopic methods, given the degree of occlusion (most frequently
involving the entire internal carotid artery) from the suspected
thrombus. In these cases, C-arm CT was used to aid overall visu-
alization of the pertinent anatomy and to directly observe the
degree of stent expansion in areas of suspected thrombus.

MATERIALS AND METHODS

Cases of 18 patients with acute stroke who underwent mechanical
thrombectomy by using the Solitaire FR device at a single institu-
tion (Baylor College of Medicine) from October 2012 to January
2014 were retrospectively analyzed. Cases were selected on the
basis of the following: 1) Acute stroke symptoms were present,
evaluated by the neurology stroke team of the institution, with or
without tPA given before angiographic evaluation. 2) Patients
were angiographically evaluated within 8 hours of witnessed
symptom onset. 3) There was no visualization of a major arterial
branch (ICA, MCA, anterior cerebral artery, vertebral artery, or
basilar artery) by using biplanar angiographic methods. 4) C-arm
CT was used adjunctively for additional radiographic information
during the treatment stage of the attempted thrombectomy. In
each case in which the selection criteria were met, C-arm CT
(syngo Dyna CT; Siemens, Erlangen, Germany) was used during
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Patient summary

Patient No. Age(yr) Sex ThrombusLocation No.of Passes TICI Score (Post) NIHSS (Pre)  NIHSS (Post) Outcome

1 66 F Left ICA 1 2b 26 26 Died

2 74 M Right MCA 2 0 17 17 Died

3 67 M Left MCA 2 2b 23 9 Rehab/Home
4 76 F Right MCA 1 3 15 15 Rehab/Home
5 65 M Right ICA 2 2b 16 12 Rehab/Home
6 67 M Right MCA 1 3 18 18 Died

7 58 M Right ICA 2 3 18 2 Home

8 58 M Left MCA 1 2b 27 1 Rehab/Home
9 71 M Left MCA 2 2b 18 5 Rehab/Home
10 65 M Left MCA 1 2b 16 2 Rehab/Home
n 71 M Left MCA 2 3 19 19 Died

12 60 M Right MCA 1 3 8 0 Home

13 67 F Left MCA 1 3 15 1 Home

14 77 M Left MCA 2 0 21 18 LTAC

15 27 M Left ICA 1 3 22 5 Rehab/Home
16 79 F Left MCA 4 0 24 24 Died

7 30 M Right MCA 3 2b 18 7 Rehab/Home
18 60 M Right MCA 2 2b 14 7 Rehab/Home

Note:—Pre indicates before; Post, after; Rehab, rehabilitation; LTAC, long-term acute care facility.

stent deployment at both the initial time of deployment and fol-
lowing a 5-minute period in which the stent was allowed to ex-
pand into the presumed clot.

Intraprocedural C-arm CT images (20-second protocol; effective
dose, 2.9 mSv) were acquired in 18 patients who underwent endo-
vascular treatment for acute ischemic stroke. C-arm CT images ac-
quired during mechanical thrombectomy passes were coregistered
together (syngo InSpace 3D Fusion; Siemens) to understand and
compare the stent configuration.

Following the 5-minute waiting period to allow the stent to
expand into the suspected thrombus, the stent was retracted,
while using an inflatable balloon catheter and with syringe suction
applied to the guide catheter to prevent any loss of the thrombus
during retrieval. Additional C-arm CT images of the retrievable
stents were not obtained in each case in which additional stent
passes were used beyond the first pass, unless there was evidence
of arterial occlusion in a separate region that was not readily vi-
sualized with fluoroscopic methods. Selective angiography was
performed between each pass of the Stentriever device (Trevo) to
determine the extent of recanalization from the intervention and
to determine whether another pass might be of benefit in cases in
which incomplete recanalization was observed.

This study was performed with human institutional review
board approval: collaborative protocol #H-33379.

RESULTS

In this clinical report of 18 patients with acute stroke treated with
retrievable self-expanding stents for mechanical thrombectomy,
initial visualization of occluded arterial anatomy was poor, and in
these cases, C-arm CT was used to obtain 3D images of the stent
devices at the time of deployment, allowing improved visualiza-
tion of stent position, shape, and conformation, compared with
initially obtained digital subtraction angiography alone. In all
cases in this series, there was an initial observable incomplete stent
expansion in the presumed area of the arterial thrombus that
could be seen with images obtained by using C-arm CT. In most
cases (17/18 patients, 94%), the initial incomplete stent expansion
resolved after the initial 5-minute waiting period, indicating that
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the stent had expanded into the thrombus and was optimized for
removal. In a single case, the stent did not show re-expansion,
indicating the likely presence of an atherosclerotic embolus, as
opposed to a softer thrombotic embolus. Overall, we were able to
achieve a recanalization rate of 83.3% (15/18 patients) by using
mechanical thrombectomy with retrievable stents alone. An aver-
age of 1.7 passes of the stent was used overall to achieve recanali-
zation, with a maximum of 4 passes used in 1 case. A summary of
the patient data is provided in the Table.

The NIHSS score was assessed immediately before the throm-
bectomy procedure and after the procedure in all cases, and over-
all, it was seen to improve from 19 (preprocedure) to 11 post-
thrombectomy (P = .001, 2-tailed  test). If one considered only
those patients who survived (13/18), their NTHSS score improved,
on average, from 18 to 7 overall (P <.0001, 2-tailed ¢ test), and all
surviving patients showed improved or stable NIHSS scores fol-
lowing treatment with the Solitaire device. Posttreatment hemor-
rhage was observed in 28% of patients (5/18), though the extent of
hemorrhage was limited to petechial or small basal ganglia hem-
orrhage in all cases observed (grades: hemorrhagic transforma-
tion 1 in 3 cases and hemorrhagic transformation 2 in 2 cases).
Despite the limited extent of hemorrhage, 4 of those 5 patients
actually achieved recanalization during treatment and 2 of these 5
ultimately died; these results indicate that despite recanalization,
patients may have poor outcomes.

Case lllustration

A 58-year-old man with a history of atrial fibrillation, on a direct
thrombin inhibitor medication, presented with a witnessed sud-
den-onset unilateral weakness and collapse. He was not eligible
for IV tPA, given his prior history of direct thrombin inhibitor
use; therefore, he was taken to the angiography suite for definitive
treatment. Initial angiography showed stagnation of blood flow
into the right internal carotid artery, with no intracranial flow (Fig
1A, -B), suggesting a likely T-thrombus of the internal carotid
artery bifurcation, extending onto both the proximal MCA and
anterior cerebral artery, though this was presumed given the lack
of visual data available from biplanar angiographic imaging alone.



FIG1. Preprocedural angiogram showing complete blockage of the
rightinternal carotid artery. A, Oblique view of the carotid bifurcation
shows complete ICA obstruction, with poor visualization of the ves-
sels both proximal and distal to the presumed occlusion. B, Left ICA
angiogram shows cross-filling perfusion into the right anterior cere-
bral artery territory, but with embolus blocking contralateral blood
flow at the right anterior cerebral artery.

The right-sided anterior cerebral artery territory was cross-filled
from the left carotid circulation via a patent anterior communi-
cating artery, though the right MCA territory was completely de-
void of circulation.

Further navigation of the guidewire and catheter into the right
anterior circulation territory was severely limited, though the
guidewire was able to be advanced into the suspected thrombus
region. At this point, the Solitaire stent retrieval system was de-
ployed within the proximal MCA, extending from the superior
division of the MCA to the ICA bifurcation, though the extent of
expansion of the stent was not easily viewed on conventional
fluoroscopy (Fig 2A). C-arm CT with 3D reconstruction at this
time showed that the Solitaire device was not fully expanded and
was likely within the middle of the thrombus, unable to expand to
the vessel inner walls (Fig 2B). Once retrieved, the stent was found
to have removed significant amounts of fresh blood clot. The
device was again deployed within the same area of the right MCA,
though this time with the distal end in the inferior division of the
MCA. C-arm CT during this second deployment showed signifi-
cantly greater stent expansion to the margins of the vessel walls
(Fig 2C, -D), though copious amounts of thrombus were again
retrieved on this pass.

Following further aspiration of thrombi retained within the
sheath, subsequent angiography demonstrated markedly improved
blood perfusion into the right ICA/MCA/anterior cerebral artery ter-
ritory, indicating a nearly complete return of blood flow to the area
affected by the stroke (Fig 3). The patient recovered well, without
weakness or paralysis, with no sensory loss and no speech difficulties,
following successful removal of the large ICA bifurcation thrombus.

DISCUSSION

Catheter navigation and subsequent device deployment may be
hindered during very large thrombus blockage of major arterial
distributions during an acute stroke, especially in an ICA T-dis-
tribution thrombus, in which neither the MCA nor the anterior
cerebral artery territories can be visualized. Effective treatment of
this neurologically devastating condition depends largely on the
rapid deployment of interventional stroke procedures, including
retrievable stent devices. Although other stroke cases were treated
at this institution during the time of this series, we only included
patients who had large arterial segment occlusion with resulting

FIG2. Comparison of images by using standard biplanar fluoroscopy
versus C-arm CT. A, Anteroposterior fluoroscopic view of the de-
ployed Solitaire stent device on the first pass across the thrombus.
Visualization of the device is poor; arrows indicate approximate lo-
cation of the stent. B, C-arm CT of the deployed stent across the
thrombus. Note the narrow diameter of the stent, indicating the pres-
ence of surrounding thrombus, preventing the stent from full expan-
sion. C, Anteroposterior fluoroscopic view of the second pass of
the Solitaire device, again with poor visualization of the overall stent
shape and conformation. D, C-arm CT of the second-pass of the
Solitaire device. Now the stent is able to more fully expand within the
artery, though there is still thrombus present. E, Retrieved thrombus
from the first and second passes in the MCA.

FIG 3. Postprocedural angiograms in anteroposterior (A) and lateral
(B) projections show complete recanalization of right MCA and ante-
rior cerebral artery distributions following mechanical thrombec-
tomy with combined C-arm CT and retrievable stent deployment.

decreased visualization during imaging. In such cases in which
visualization of the arterial system is poor, the concurrent use of
C-arm CT during the interventional procedure provides addi-
tional information to surmise whether one has deployed the
thrombectomy device within the suspected area of the thrombus
by observing the diameter of the stent on deployment. In the case
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of retrievable stents, the thrombus provides resistance for the
stent to expand, giving it a stenotic appearance. Further compar-
ison can also be made between the diameter of the deployed stent
and the vessel diameter of the contralateral patent same-distribu-
tion arterial system. Whenever possible, however, before stent
placement, we also analyze the contralateral arterial cerebral
blood supply to determine whether there may be any underlying
tortuous or difficult anatomy, such as congenital stenosis. We
frequently use this method in our treatment center, especially in
cases in which little or no information is available regarding the
occluded vessel anatomy.

In this series, we showed a recanalization rate of 83%, and in all
cases in which recanalization was achieved, the posttreatment
TICI score was either 2b or 3 (near- or complete distal reperfu-
sion). Our results with these cases of initial poor arterial visual-
ization are comparable with those seen in the Solitaire With the
Intention For Thrombectomy trial, with a recanalization rate of
83% in both studies (89% in the Solitaire With the Intention For
Thrombectomy trial after rescue treatment).*” In all cases in this
series the TICI scores were either zero or 2b/3, indicating that in
our hands this type of recanalization procedure was an all or noth-
ing procedure: either achieving near- or complete reperfusion or
no reperfusion at all, with no intermediate reperfusion results.
Reperfusion, however, did not necessarily translate into good pa-
tient outcomes. Of the 5 patients in this series who ultimately
died, 3 of them had a postprocedural TICI score of 2b or 3. Most
interesting, 4 of the 6 patients who either died or had a very poor
clinical outcome (incapable of self-care, requiring long-term
acute care hospital placement) also did not receive tPA before the
thrombectomy procedure for various reasons. Of the remaining
patients who were able to go home, only 1 patient had not received
tPA before thrombectomy.

In this series, we were able to show that in cases in which an
arterial system cannot be adequately visualized initially by using
standard biplanar angiographic methods, C-arm CT can provide
additional information that may be useful in guiding clinical de-
cision-making. In particular, this may allow visualization of the
incomplete expansion of the thrombectomy device in the pre-
sumed region of the occlusive thrombus, where the occlusion
would otherwise have been difficult or impossible to visualize,
compared with standard fluoroscopic views alone. Stent retriever
interaction with clot material has been shown to provide key in-
formation regarding the penetration of stent struts into the
thrombus,” and in this report, C-arm CT also allowed evaluation
of the degree of stent expansion into the thrombotic region, fur-
ther allowing the operator to determine whether the region of
stenosis was from thrombus or possibly from a more firm em-
bolus or an area of pre-existing stenosis from atherosclerosis or
inherent vessel stenosis. This is critical information in the setting
of acute treatment for arterial blockage because in the case of
atherosclerotic, embolic, or inherent vessel stenosis, multiple at-
tempts at recanalization would be futile and would perhaps even
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precipitate worse patient outcomes from stroke propagation, ves-
sel damage, or cerebral hemorrhage.

The ability to preserve function following a stroke depends
directly on the physician’s ability to rapidly re-establish sufficient
blood flow to the affected stroke area. Performing this task effi-
ciently and reliably, with as much information as possible, is ideal
and will likely lead to better patient outcomes, especially with
large acute cerebral vessel occlusions as seen in these cases.

CONCLUSIONS

In the treatment of acute stroke when visualization of the oc-
cluded arterial branch is poor or impossible, the use of adjunctive
C-arm CT can provide additional information that can aid the
operator in clinical decision-making regarding the adequacy of
stent placement and thrombus position.
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Treatment of Benign Thyroid Nodules: Comparison of Surgery
with Radiofrequency Ablation

Y. Che, S. Jin, C. Shi, L. Wang, X. Zhang, Y. Li, and J.H. Baek

> H

ABSTRACT

BACKGROUND AND PURPOSE: Nodular goiter is one of the most common benign lesions in thyroid nodule. The main treatment of the
disease is still the traditional surgical resection, however there are many problems such as general anesthesia, surgical scar, postoperative thyroid
or parathyroid function abnormalities, and high nodules recurrence rate in residual gland. The purpose of this study was to compare the efficacy,
safety, and cost-effectiveness of 2 treatment methods, surgery and radiofrequency ablation, for the treatment of benign thyroid nodules.

MATERIALS AND METHODS: From May 2012 to September 2013, 200 patients with nodular goiters who underwent surgery (group A) and
200 patients treated by radiofrequency ablation (group B) were enrolled in this study. Inclusion criteria were the following: 1) cosmetic
problem, 2) nodule-related symptoms, 3) hyperfunctioning nodules related to thyrotoxicosis, and 4) refusal of surgery (for group B). An
internally cooled radiofrequency ablation system and an 18-ga internally cooled electrode were used. We compared the 2 groups in terms
of efficacy, safety, and cost-effectiveness during a 1-year follow-up.

RESULTS: After radiofrequency ablation, the nodule volume decreased significantly from 5.4 to 0.4 mL (P = .002) at the 12-month
follow-up. The incidence of complications was significantly higher from surgery than from radiofrequency ablation (6.0% versus 1.0%, P =
.002). Hypothyroidism was detected in 71.5% of patients after surgery but in none following radiofrequency ablation. The rate of residual
nodules (11.9% versus 2.9%, P = .004) and hospitalization days was significantly greater after surgery (6.6 versus 2.1 days, P < .001), but the
cost difference was not significant.

CONCLUSIONS: Surgical resection and radiofrequency ablation are both effective treatments of nodular goiter. Compared with surgery,
the advantages of radiofrequency ablation include fewer complications, preservation of thyroid function, and fewer hospitalization days.

Therefore, radiofrequency ablation should be considered a first-line treatment for benign thyroid nodules.

ABBREVIATIONS: RFA = radiofrequency ablation; US = ultrasound

he incidence of nodular goiter has been gradually increasing
in recent years, but its treatment has been controversial to
date."* Current guidelines suggest that a nodule without clinical
symptoms should be treated with watchful waiting; however,
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some patients require treatment because of cosmetic problems or
symptoms. Some investigators also believe that even if the inci-
dence of malignancy rate is as low as 5%—15%, malignancy is still
a concern. Thus, surgery has been advocated by some clini-
cians, but after resection of the nodules, patients often have
neck scars or hypothyroidism, which seriously affects their quality
of life.>* Additional issues include the risks of general anesthe-
sia and postoperative parathyroid function abnormalities.'>
Therefore, minimally invasive alternatives have been explored.
Ethanol ablation, laser ablation, microwave ablation, and radio-
frequency ablation (RFA) are safe and effective techniques for the
treatment of nodular goiter.®® Ethanol ablation is useful in cystic
nodules but not in solid nodules. Laser ablation, microwave abla-
tion, and RFA are useful in different-sized nodules, respectively.’

Since Dupuy et al' first pioneered the application of radiofre-
quency ablation to treat recurrent thyroid cancers, RFA has been

widely used for the treatment of benign thyroid nodules, goiters,
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Table 1: Demographic characteristics of the experimental subjects

nodules to design the treatment plan.

Surgery (n = 200) RFA (n = 200) PValue  The patients in group A underwent sur-

Mean age (yr) (range) 52.4 £13.9 (23-78) 43.8 +12.7 (15-84) 76 gery under general anesthesia. Surgery

Sex (M/F) 46154 35165 89 was performed by general surgeons with

Index nodules 403 375 >8 years clinical experience. The sur-
Mean diameter (cm) 41£32 3437 79 . .

Mean volume (mL) 59 + 6.4 54+ 71 88 gery methods included total thyroidec-

No. of nodules (single/multiple) 491151 62138 147 tomy and lobectomy according to the

Table 2: Changes in nodule volume and percentage volume
reduction before and after RFA

No. of Mean % Volume P
Period Nodules Volume (mL) Reduction® Value®
Before treatment 375 54+71
1mo 375 31£44 375+434 030
3 mo 301 21+30 613 =376 .025
6 mo 247 12+19 746 £233 .009
12 mo 194 04+07 848 =171 .002

#Note that “% Volume Reduction” represents the proportion of residual volume
compared with the index nodule volume.

® P value represents a comparison of before treatment with each follow-up assess-
ment.

and recurrent thyroid cancers.''"'®> Recently, many studies in-

6

cluding long-term follow-up studies,'® randomized controlled

©17 and a meta-analysis'® have promulgated the efficacy and

trials,
safety of RFA. To date, however, only 1 study has compared sur-
gery and RFA,'” and it enrolled a relatively small population of 37
patients treated with RFA and 74 patients treated with surgery.
The purpose of this study was to compare the efficacy, safety, and
cost-effectiveness of 2 treatment methods, surgery and RFA, in a

large population treated for benign thyroid nodules.

MATERIALS AND METHODS

Patients

This retrospective study was approved by the institutional review
board at the First Affiliated Hospital of Dalian Medical University,
and informed consent was obtained from all patients before sur-
gery or RFA. From May 2012 to September 2013, 200 patients
with nodular goiter who underwent surgery (group A) and 200
patients treated with sonography (US)-guided RFA (group B)
were enrolled in this study. The surgery group was diagnosed as
having a nodular goiter by surgical pathology, and the RFA group
was diagnosed cytologically from 2 preoperative fine-needle aspi-
rates.'™?° All the enrolled patients fulfilled the following criteria
according to the RFA recommendations of the Korean Society of
Thyroid Radiology®': 1) having a cosmetic problem, 2) having
nodule-related symptoms, 3) having hyperfunctioning nodules
related to thyrotoxicosis, and 4) having refused surgery. Patients
without complete surgical and/or follow-up information were
excluded.

Devices and Procedures

We used a HI VISION Preirus system (Hitachi Medical System,
Tokyo, Japan) with a 10-MHz linear probe, internally cooled RFA
system (VIVA RF generator; STARmed, Gyeonggi, Korea) with an
18-ga internally cooled electrode (VIVA; STARmed) during the
US, US-guided biopsy, and RFA. Laboratory examinations in-
cluded preoperative thyroid function and coagulation tests. US
examination evaluated the location, size, and vascularity of the
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guidelines of the National Comprehen-
sive Cancer Network.>?

In group B patients, local anesthetic with 2% lidocaine was
used to control pain. RFA was performed by 1 radiologist (Y.C.
with 7 years’ clinical experience and 2 years’ RFA experience) by
using previously described standard RFA techniques such as
transisthmic approach methods and a “moving-shot” tech-
nique.'*?"** The procedure was finished when an entire nodule
changed to a no-enhancement zone by real-time US examination
with contrast (sulphur hexafluoride microbubbles for injection,
SonoVue; Bracco Suisse SA, Plan-Les-Ouates, Switzerland). The 2
groups of patients underwent a US check at 1, 6, and 12 months
after treatment. In group A, an examination of thyroid function
was performed to adjust the optimal dosage of levothyroxine (Eu-
thyrox) 1 month after the thyroid resection. In group B, thyroid
function was examined 1 week after RFA. If any functional anom-
alies were demonstrated, thyroid function was evaluated every
month until normalization.

Surgical complications were monitored immediately after thy-
roid surgery and during the follow-up period.* The complications
of RFA were checked during and after treatment according to the
definitions of the Society of Interventional Radiology.>**> The
changes in nodule volumes were evaluated before and during
the follow-up periods. “Residual” was defined as a certain part of
single or multiple nodules that is not completely inactivated. The
residual rate was defined as the rate of the number of people who
had residual goiter divided by the total number. Recurrence was
defined as the regrowth of thyroid tissue after treatment accord-
ing to the definition of a previous study.'® The cost was the total of
hospitalization, clinical tests, and surgery costs.

Statistical Methods

SPSS (Version 11.5; IBM, Armonk, New York) statistical software
was used to analyze the data. Data measurements were expressed
asmean * SD and range. Comparison of the 2 groups was done by
the Wilcoxon signed rank test. The threshold for statistically sig-
nificant differences was defined as P < .05.

RESULTS

Table 1 summarizes a comparison of demographic data of the 2
groups. No demographic data differed significantly between the 2
groups before treatment, including the mean patient age, sex,
nodule size, or nodule numbers.

Efficacy

Changes in nodule volume and percentage volume reduction be-
fore and after RFA are shown in Table 2, and a representative REFA
patient case is described in the Figure. The mean volume of the
index nodules was 5.4 = 7.1 mL (range, 0.3—47.1 mL). The nodule
volume at 12-month follow-up had decreased significantly from



FIGURE. A 50-year-old woman with left-neck discomfort. A, Before treatment, a 3-cm solid, left thyroid nodule is evident. B, During the RF
ablation, the electrode (arrows) is placed within the nodule. C, Six months after RF ablation, the treated nodule (arrows) has decreased

considerably in size and measures only 8 mm.

Table 3: Overall comparison of surgery versus RFA

rate than the RFA group (71.5% versus

Surgery (n = 200) RFA (n = 200) PValue 0%, P = .002). In the surgery group,
Residue? 11.9% 2.9% 004 71.5% of patients showed postoperative
Recurrence® 2.5% 0.05% 100 hypothyroidism that required daily
Complications 6% 002 supplemental exogenous thyroid hor-
Postoperative medication 71.5% .002 mone (Euthyrox). Approximately 42%
Mean hospitalization (days) 6.6 £16 21+09 .000 ! ’
Cost (Chinese yuan) (US dollars)  ¥15,962 * ¥1073 ¥16,535 = ¥2309 99 of those patients needed 50 pg/day of

($2556.95 + $171.88)

(5264874 + $369.88)

hormone, 4% needed 75 ug/day, and

2 “Residue” is defined as no complicated treatment in single or multiple nodules.
b “Recurrence” is defined as the appearance of a new goiter after treatment.

Table 4: Complications observed following surgery versus RFA*

Surgery (n=200) RFA (n=200)

Hoarseness

Transient 3 1

Permanent 2 0
Hypoparathyroidism transient 6 0
Hematoma 1 0
Nodule rupture 0 1
Total 12 2

#Numbers represent the number of affected patients.

54 = 7.1 mL to 0.4 = 0.7 mL (P = .002), and the percentage
volume reduction was 84.8 = 17.1% (range, 61.3%—100%). Table
3 shows the results and complications of the 2 groups. The resid-
ual rate in the surgery group was significantly higher than that in
the RFA group (11.9% versus 2.9%, P = .004).

Safety
The number of patients with complications in the 2 groups is
described in Table 4. The overall complication rate in the surgery
group was significantly higher than that of the RFA group (6%
versus 1%, P = .002). Transient hoarseness was reported in 3
patients after surgery versus 1 patient after RFA, but they recov-
ered completely during the follow-up of 1-3 months. Two pa-
tients with a permanent unilateral recurrent laryngeal nerve in-
jury were reported only in the surgery group. Six patients with
transient hypoparathyroidism were reported in the surgery group
and recovered in 3—7 days after surgery. Nodule rupture was re-
ported in 1 patient 1 week after RFA; however, he recovered with-
out any treatment within 2 weeks.

Regarding thyroid function and medication, the surgery
group showed a significantly higher postoperative medication

25.5% needed 100 ug/day. In the RFA

group, 93% of patients had normal lev-

els of T3, T4, and thyroid-stimulating
hormone. Only 7% of patients showed a decreased thyroid-stim-
ulating hormone without an elevation in T3 or T4 while also hav-
ing no hyperthyroid symptoms. The patients recovered spontane-
ously from these conditions by their 1-month follow-up.

Cost Effectiveness

The mean hospitalization stay was significantly longer in the sur-
gery group (6.6 £ 1.6 days versus 2.1 = 0.9 days, P = .00). The
total cost between the 2 groups was not significantly different
(P =.99); the cost of surgery was ¥15,962 = ¥1073 (Chinese yuan)
($2556.95 * $171.88) and that of RFA was ¥16,535 = ¥2309
($2648.74 + $369.88).

DISCUSSION
Our large-population study comparing surgery and RFA for the
management of benign thyroid nodules demonstrated that RFA
effectively decreases thyroid nodule volume (84.8% volume re-
duction at 1-year follow-up), and the recurrence rate after RFA
treatment was similar to that of surgery. The complication rate
was significantly lower after RFA than following surgery (6% ver-
sus 1%, P = .002). In addition, thyroid function after RFA treat-
ment is well-maintained but is decreased in 71.5% of patients
after surgery. The cost of RFA was found to be similar to that of
surgery, and clinical recovery was faster and easier on the patient;
additionally, no external scar was present.

RFA of benign thyroid nodules had a demonstrated efficacy

16:26.27 and the volume reduction

14,16,28

and safety in previous studies,
reported is approximately 84%-90% at 1-year follow-up.
We observed a similar volume reduction of 84.8% in our study.
Because of the complexity of the thyroid and neck anatomy,
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surgery has a high incidence of complications such as recurrent
laryngeal nerve injury, hypoparathyroidism, and hypothyroid-

ism>*?%?% however, the complication rate reported for RFA was

low in the study by Baek et al,?®

a 3.3% complication rate with
thyroid RFA in their multicenter study. In our current study, the
RFA complication rate was found to be lower than that of surgery.
Recurrent laryngeal nerve injury occurred in 3.0% of our surgery
group versus 0.5% for our RFA group. RFA can minimize the
nerve injury rate because real-time US imaging allows the radiol-
ogist to monitor the dangerous triangle in which the recurrent

laryngeal nerve is located,*>"

and hydrodissection has been in-
troduced as a safe technique to prevent thermal damage to the
nerve.”>*’ The rate of hypoparathyroidism was 3.0% in our sur-
gery group but was totally absent from our RFA group. This dif-
ference is caused by the varied position of the parathyroid gland
and low resolution during the operation. During RFA, parathy-
roid injury has not yet been reported. Hematoma was also re-

ported only in our surgery group. Baek et al*®

reported that ap-
proximately 1% of patients developed a hematoma in their
large-population multicenter study. During RFA, a hemorrhage
can be detected by real-time US and easily controlled by manual
compression. Hypothyroidism affected 71.5% of our surgery
group but none of our patients undergoing RFA. Baek et al*®
reported only 0.07% (1/1459) hypothyroidism after thyroid RFA.
Hypothyroidism is a rare complication in thyroid RFA because
RFA minimizes the chance of injury to the normal thyroid. In our
RFA group, 1 patient initially experienced thyroid nodule rupture
1 week after the RFA, but this complication resolved spontane-
ously in 2 weeks without the need for taking antibiotics. Previous
studies suggest that patients with nodule rupture should be
treated conservatively rather than with an intervention.*> Our
results demonstrate a lower complication rate for RFA than for
surgery, which is similar to the findings of Bernardi et al."”

In nodular goiter, most of the nodules arise in multiples.
Therefore, resection of a large volume of the normal glandular
tissue is the main cause of hypothyroidism. In our present study,
71.5% of patients showed a decreased level of serum thyroid
hormone after surgery, which requires life-long exogenous
thyroid hormone replacement therapy. By its nature, surgery
removes the goiters and some surrounding normal thyroid tis-
sue; however, RFA only ablates the goiter and spares most nor-
mal tissue. Therefore, thyroid function is better protected by
an RFA approach.

Compared with the results of Bernardi et al,’* our current
study shows the advantages of RFA in a large population. We also
analyzed the detailed comparison of 2 procedures in terms of the
duration of the hospital stay, residual disease, and the recurrence
rate, in addition to complications and thyroid function. In our
analyses, the mean hospitalization days were significantly fewer in
the RFA group (6.6 * 1.6 days versus 2.1 0.9 days, P <.001) and
residual thyroid nodules were also less frequent after RFA than
surgery. RFA minimizes normal thyroid tissue injury because
the radiofrequency electrode moves only within the nod-
ule.”'*?! Therefore, damage to thyroid function is rare, and
few residual nodules remain after RFA. RFA showed a low

recurrence rate after treatment in our patients, which is con-
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sistent with published recurrence rates after RFA of 5.6% dur-
ing follow-up of 4 years.'®

A neck scar resulting from surgery can also be a concern to
patients. Although performing thyroid surgery by laparoscope
has a benefit of less neck scarring, other skin, such as the axillary
and anterior chest, will still scar.>* RFA is a percutaneous, mini-
mally invasive procedure under US monitoring. Because the outer
diameter of the electrode is 1.2 mm, the RFA-related wound is
tiny and patients fully recover in a few weeks. Most patients can be
treated on an outpatient basis and can leave the hospital 1-2 hours
after RFA without any disturbance in daily activities. The costs of
RFA are comparable with those of conventional surgery in China.
In nearly all respects, RFA shows superior performance to surgery
for the treatment of thyroid nodules.

A limitation of our study was the short follow-up and the
retrospective design. However, residual nodules and recurrence
are rare on the basis of previous reports. We hope our results may
motivate others to perform more extensive prospective studies to
assess the effectiveness of this alternative approach.

CONCLUSIONS

RFA of a benign thyroid nodule effectively treats with a low inci-
dence of complications, no effects on thyroid or parathyroid func-
tion, low nodular recurrence rate, and shorter hospitalization pe-
riods. Hence, RFA should be considered as possibly the first-line
treatment for benign thyroid nodules.
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Intratympanic Contrast in the Evaluation of Meniere Disease:
Understanding the Limits

J. Bykowski, J.P. Harris, M. Miller, J. Du, and M.F. Mafee

ABSTRACT

BACKGROUND AND PURPOSE: Studies describing endolymphatic hydrops in Meniére disease after off-label intratympanic gadolinium-
based contrast have been limited by long acquisition times. We aimed to demonstrate the feasibility of post-intratympanic imaging on a
3T MR imaging system within a clinically tolerable acquisition time and to address potential pitfalls in acquisition or interpretation.

MATERIALS AND METHODS: FDA Investigational New Drug 115,342 and institutional review board approval were obtained for intratym-
panic injection of 8-fold diluted Gd-DTPA into the more symptomatic ear of 6 adults with Meniére disease. 3T MR imaging was performed
using a 3-inch surface coil before and up to 28 hours after injection using FLAIR to define the nonenhancing endolymphatic space within
the enhancing perilymph. Variable FLAIR Tlimages were used to determine the impact of fluid-suppression on interpretation. Image quality
was assessed for perilymphatic and extralabyrinthine contrast enhancement, definition of endolymphatic anatomy, and other anatomic
variants or pathologic findings.

RESULTS: The surface coil afforded 0.375 X 0.375 mm in-plane FLAIR resolution in <4 minutes 30 seconds, sufficient to perceive the
nonenhancing spiral lamina, interscalar septa, and endolymphatic structures. Coronal views highlighted a potential interpretation pitfall of
vestibular endolymphatic distention overestimation due to partial volume averaging. Varying FLAIR Tl resulted in visible changes in the
perception of the cochlear endolymphatic space. CSF enhancement was detectable at the internal auditory canal fundus on the injected
side in half of the patients, which may confound interpretation.

CONCLUSIONS: Using a surface coil preserves high resolution within a clinically acceptable acquisition time. Pitfalls remain regard-
ing the interpretation of these images and optimizing protocols across platforms in the absence of a clear internal reference for

standardization.

ABBREVIATIONS: IAC = internal auditory canal; GBCA = gadolinium-based contrast agents; IT = intratympanic

M eniére disease can be debilitating due to the severity and
unpredictability of symptom onset." Currently, routine MR
imaging plays a supportive role in the evaluation of these patients,
mainly by excluding alternative diagnoses. The translation of in-

Received September 15, 2014; accepted after revision December 28.

From the Departments of Radiology (J.B., M.F.M., J.D.) and Otolaryngology (J.P.H.),
University of California, San Diego Health System, San Diego, California; and De-
partment of Otolaryngology (M.M.), University of California, San Francisco Medical
Center, San Francisco, California.

This work was supported by the William Hanafee Award, American Society of
Head and Neck Radiology.

Paper previously presented in part at: Annual Meeting of the American Society of
Head and Neck Radiology, October 37, 2012; Miami Beach, Florida; and American
Society of Neuroradiology Annual Meeting and the Foundation of the ASNR Sym-
posium, May 17-22, 2014; Montreal, Quebec, Canada.

Please address correspondence to Julie Bykowski, MD, UC San Diego Health Sys-
tem, Department of Radiology, 410 Dickinson St, MC 8749, San Diego, CA 92103;
e-mail: jpykowski@ucsd.edu

http://dx.doi.org/10.3174/ajnr.A4277

1326 Bykowski Jul 2015  www.ajnr.org

tratympanic (IT) gadolinium-based contrast agents (GBCA) in
animal models of endolymphatic hydrops* into the evaluation
of membranous labyrinthine spaces in human patients with
Meniére disease was pioneered by Nakashima et al.” Following
IT injection, contrast diffuses through the round window mem-
brane and also likely though the oval window, resulting in peri-
lymphatic space enhancement, while the endolymphatic space re-
mains nonenhancing. The underlying premise is that increased
production or impaired clearance of endolymph from the scala
media results in deflection of the imaging-occult Reissner mem-
brane into the perilymphatic space of the scala vestibuli.

Studies of IT injections at other centers have demonstrated
that the endolymphatic space is conspicuously distended in pa-
tients with Meniére disease and less commonly in other causes of
sensorineural hearing loss.'>'" Most interesting, endolymphatic
distention characterized by these methods has been demonstrated
in 20%—65% of contralateral asymptomatic ears in patients with



Table 1: Participant demographics

Years a
Age Sex, since SRT/SDS
No. (yr) Ethnicity Side Onset Prior Therapy Symptoms Right Left
1 62  Female Left 6 HCTZ ~2 Vertigo episodes/year 20 dB 90 dB
96% at 60 dB 4% at 100 dB
2 45  Male Right 3 HCTZ, oral steroids Waxing/waning roaring tinnitus, 15 dB 5dB
occasional vertigo 96% at 75 dB  100% at 45 dB
3 55  Male Right 1 HCTZ Tinnitus X1 year, 15 dB 20dB
episodic vertigo X2 mo 96% at 55 dB  96% at 80 dB
4 63 Female Right >10 Bilateral IT steroid injection, 8 Vertigo attacks within 65dB 25dB
oral steroid, HCTZ 2 mo 56% at 80 dB  96% at 50 dB
5 53 Female Left >10 Endolymphatic shunt, IT gentamicin Tinnitus and pressure 10 dB 30dB
X9, IT steroids, gent/dex 96% at 45 dB  92% at 65 dB
impregnated Gelfoam® sponge in
round window niche
6 35 Female Right 3 HCTZ Episodic vertigo within prior 65 dB 10 dB
2 weeks 44% at 80 dB  96% at 50 dB

Note:—HCTZ indicates hydrochlorothiazide; SRT, speech reception threshold; SDS, speech discrimination score (%) at supra-SRT level (decibel); gent/dex,

gentamicin/dexamethasone.

#Normal = Less than 25, mild = 2640, moderate = 41-55, moderate/severe = 5670, severe = 71-90, profound hearing loss >90.

® Phadia, Uppsala, Sweden.

Meniére disease via IT or IV-GBCA methods,'>'* furthering the
debate regarding imaging overestimation or clinical underestima-
tion of Meniere disease.

A variety of sequences has been used to evaluate the ear fol-
lowing IT injection of GBCA, including 3D real inversion recov-

ery,®'? 3D-inversion recovery TSE,'®

and 3D sampling perfection
with application-optimized contrast using different flip angle
evolutions FLAIR,'? with versions of 3D FLAIR techniques most
commonly used.”'”""® While the availability of 32-channel head coils
has improved resolution to 0.4 X 0.4 X 0.8 mm, these volumetric
sequences come at the cost of time, requiring up to 15 minutes for an
acquisition, with potential for motion degradation and decreased
SNR due to parallel imaging techniques.**' A recent publication has
shown reduced acquisition time to 5 minutes 26 seconds but at the
cost of resolution, achieving only 0.7 X 0.7 X 0.8 mm.""

The aims of our study were to optimize resolution of post-IT
contrast images within a clinically reasonable acquisition time on
a clinical 3T scanner and to address potential pitfalls in acquisi-
tion or interpretation that should be considered as research con-
tinues into this methodology.

MATERIALS AND METHODS

Participants

A 39-year-old healthy, asymptomatic adult volunteer man was
recruited for noncontrast MR imaging as part of sequence opti-
mization. Six adult patients with clinically diagnosed Meniére dis-
ease and symptoms refractory to therapy were recruited from our
neurotology clinic. Demographics, symptoms, and audiometric
findings are summarized in Table 1. Exclusions to participation in-
cluded contraindications to MR imaging or GBCA. Diuretics were
not stopped for this study. All 6 patients had recent (<6 month prior)
bilateral audiograms, and repeat audiometric evaluation of the
symptomatic ear was performed within 1 week post-IT GBCA.

IT Injection

Under the auspices of FDA Investigational New Drug 115,342 and
institutional review board approval, IT injection of the more
symptomatic ear was performed by neurotology faculty or by

neurotology fellows under direct faculty supervision. The external
auditory canal was cleaned, the tympanic membrane of the more
symptomatic ear was anesthetized with phenol, and a small vent
hole was made by using a 23-ga spinal needle. A 1-mL syringe of
1:7 volume/volume Gd-DTPA (Magnevist; Bayer HealthCare
Pharmaceuticals, Wayne, New Jersey) contrast from single-use
vials diluted in sterile saline was hand-warmed to minimize ca-
loric side effects. A total of 0.4 —0.5 mL of the solution was injected
into the tympanic cavity under direct visualization, until reflux
occurred. The patient remained in a lateral decubitus position
with the injected ear up for 30 minutes to facilitate contrast dif-
fusion into the perilymphatic space. During this time, the patient
was instructed to spit instead of swallowing saliva, to minimize
drainage of tympanic contrast into the Eustachian tube.

Imaging

MR imaging was performed on a 3T TwinSpeed MR imaging
system (Signa Excite HD; GE Healthcare, Milwaukee, Wisconsin)
by using an 8-channel head coil and a 3-inch surface coil centered
over the temporomandibular joint. The primary sequence for op-
timization was FLAIR, with T1 and FIESTA sequences then pre-
scribed for anatomic correlation. Parameters used clinically with
the 8-channel head coil were adapted to the reduced FOV of the
3-inch surface coil while scanning the healthy volunteer subject
with serial scans altering the matrix, number of excitations, sec-
tion thickness, TR, and TI, with the goal of achieving at least
0.4-mm in-plane resolution in <5-minute acquisition time. Be-
cause contrast to noise could not be easily assessed on the non-
contrast FLAIR sequence, emphasis was placed on appropriate
fluid suppression in the internal auditory canals and labyrinthine
structures. Scan parameters are summarized in Table 1.

The 6 enrolled participants underwent imaging of the more
symptomatic temporal bone by using the 3-inch surface coil
20-28 hours after IT contrast injection, by using FLAIR, T1, and
FIESTA sequences detailed in Table 1. The following variables
were then introduced to assess the potential impact on scan
schedule or interpretation: 1) Three participants also were
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Table 2: MR imaging parameters and schedule®

In-Plane Time to

TE Tl TR FOV Resolution Thickness Flip Bandwidth Acquire

Coil Sequence (ms) (ms) (ms) Matrix  (cm) (mm) (mm)  Angle (Hz) (min:s)
8-Channel Cisternography (FIESTA) 3 6 320X320 18 0.56 X 0.56 1 55° 163 4:27
2D FLAIR 122 2500 9454 320 X320 18 0.56 X 0.56 2 90° 122 4:06
T1 spin-echob 9 400 320X 320 18 0.56 X 0.56 2 90° 163 419
3-Inch surface Cisternography (FIESTA) 4 8 320X320 12 0.38X0.38 1 55° 163 4:35
2D FLAIR (3 pt) 124 2000 10,000 320X320 12 038X038 2 90° 122 412
2D FLAIR (3 pt) 123 2000 9000 320 X320 12 038X 0.38 2 90° 122 4:24
T1 spin—echob 1 500 320X320 12 038X 0.38 2 90° 163 5:10

Note:—pt indicates patients.

2 Protocol 1(n = 3),1scan session: 20—28 hours post-IT contrast, includes pre- and post-IV contrast images. Protocol 2 (n = 2), 3 scan sessions: 1) pre- and post-IV contrast images
(no IT), 2) 2 hours post-IT contrast/4 hours post-1V contrast, 3) 20—28 hours post-IT contrast/30 hours post-IV contrast. Protocol 2B (n = 1; scheduling conflict precluded pre-IT
injection imaging as above in protocol 2 number 1), 2 scan sessions: 1) 20 hours post-IT contrast with pre-and post-1V contrast images, 2) 25 hours post-IT contrast/4 hours post-IV

contrast.
© parameters for T1 pre- and post-IV contrast scans did not change.

©FLAIR Tl was varied from 1800 to 2800 ms for 2 patient scans, with all other parameters fixed.

scanned with the surface coil within 2 hours post-IT injection to
assess the extent of contrast diffusion into the perilymph. 2) In 2
participants, FLAIR TI was varied from 2000 to 2800 ms during
the 20- to 28-hour post-IT delayed surface coil scan session to
assess the impact of variable fluid suppression on the interpreta-
tion of endolymphatic distention. 3) In 1 participant, dedicated
coronal imaging was performed by using the surface coil FLAIR
sequence for orthogonal evaluation; this was incomplete on a sec-
ond patient due to a technical issue that ended the scanning ses-
sion. Additionally, all 6 participants had imaging of the bilateral
temporal bones with the 8-channel head coil by using FLAIR,
FIESTA, and pre- and post-IV contrast T1 sequences (Table 1) to
evaluate any regional anatomic variants or other pathology. In 2
patients, this was before any I'T contrast; in 1 patient, it was within
2 hours after IT contrast injection (due to scheduling complica-
tions precluding pre-IT injection scanning); and in 3 patients, it
occurred 20—28 hours after IT contrast injection.

Assessment

Participants were asked to describe any discomfort associated
with the IT injection, IV injection, or scanning session (comfort,
noise, and so forth). Image quality was assessed by 2 neuroradi-
ologists with expertise in head and neck imaging (J.B., M.F.M.) to
assess perilymphatic contrast enhancement, the definition of en-
dolymphatic anatomy, any extralabyrinthine contrast enhance-
ment, and other anatomic variants or pathologic findings. Appar-
ent endolymphatic volume on delayed post-IT (20-28 hour)
FLAIR images obtained with the surface coil was determined by
visual assessment on the PACS workstation and compared with

proposed grading scales.®'?

RESULTS

Four adult female and 2 adult male consenting adults with
Meniére symptoms refractory to medical therapy participated in
this protocol (Table 2). All participants met the American Acad-
emy of Otolaryngology—Head and Neck Surgery 1995 criteria®* of
“Definite Meniere’s Disease” with appropriate clinical imaging
and audiometry. In-plane resolution of 0.375 X 0.375 mm was
achieved for the FLAIR sequence by using the 3-inch surface coil,
with a maximum acquisition time of 4 minutes 24 seconds. No
scans were degraded by patient motion. There were no procedural
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complications from intratympanic injection or complications as-
sociated with the MR image. Patients reported mild discomfort at
the time of phenol anesthesia of the tympanic membrane and a
sense of aural fullness post-IT injection. Initially, we accepted
audiogram results within the prior 6 months as a baseline. One
participant demonstrated a change from mild to moderate low-
frequency hearing loss (250-500 Hz) on the post-IT injection
audiogram compared with the baseline 5 months prior, with a
speech reception threshold change from 15 dB, 96% speech dis-
crimination score threshold, to 20 dB, 96% speech discrimination
score. A repeat audiogram 6 weeks after IT contrast and 2 weeks
after preplanned IT dexamethasone injection demonstrated a
10-dB hearing improvement at 250 Hz, 15-dB improvement at
500 Hz, and speech reception threshold change of 15 dB, 96%
speech discrimination score. The participant had ongoing symp-
toms since the baseline audiogram; however, we could not ex-
clude any changes possibly attributed to contrast injection. At the
patient’s last audiogram approximately 11 months later, fluctua-
tion was again noted, now with a speech reception threshold of 10
dB, and a 100% speech discrimination score. Therefore, we re-
vised the protocol to perform audiometry immediately before IT
injection. No other audiometric changes between pre- and
postinjection were identified in the 3 subsequent participants.

Assessment of surface coil FLAIR imaging 20—28 hours after
IT injection showed contrast in the perilymphatic spaces of the
basal, middle, and apical cochlear turns; vestibule; and semicircu-
lar canals of all injected ears (Fig 1), sufficient to visibly discrim-
inate the nonenhancing spiral lamina, interscalar septa, and en-
dolymphatic structures. In the 3 ears that were also imaged with
the surface coil within 2 hours post-IT injection, contrast en-
hancement was only evident in the cochlear basal turn and vesti-
bule. Contrast did not persist within the tympanic cavity in any
delayed scans, though contrast was seen within mastoid air cells
on the side of injection in 2 patients. Contrast was not evident in
the perilymphatic space along the endolymphatic duct, and there
was no endolymphatic duct or sac distention in any patient.

The nonenhancing endolymphatic space represented 34%-—
50% of the enhancing vestibule area in 4 ears and >50% in 2 ears.
This finding corresponds to mild and moderate vestibular hy-
drops, respectively, per the proposed Nagoya criteria,® with only



FIG 1. Differentiation of the perilymphatic-versus-endolymphatic spaces is evident when com-
paring FLAIR (A) and FIESTA images (B) obtained 21 hours after IT injection of 1.7 volume/volume
diluted Magnevist contrast with a 3-inch surface coil. The nonenhancing fibro-osseous structures
are evident on both sequences: the interscalar septa, separating the basal and middle turns and
middle and apical turns (arrows), and the spiral lamina apparatus within each cochlear turn (caret).
The FLAIR sequence shows central nonenhancement of the endolymphatic space of the vestibule
(A, asterisk) and suggestion of distention of the scala media (A, arrowheads) into the scala
vestibuli, whereas on FIESTA image (B), the endolymph and perilymph are both hyperintense and
indistinguishable (patient 2).

FIG 2. The nonenhancing endolymphatic space (A, arrow) occupies >33% of the area of the
vestibule on axial FLAIR image (A) obtained 28 hours after IT GBCA injection, suggesting endolym-
phatic distention. Coronal FLAIR obtained concurrently (B) demonstrates that the extent of
distention of the endolymphatic space is overestimated on the axial view, due to partial volume
averaging and section prescription through the membranous utricle (B, arrow). Partial volume
averaging also likely contributes to signal heterogeneity within the semicircular canals (A). Arrow-
heads (B) correspond to the endolymphatic ductal ampullae of the superior and lateral semicir-
cular canals (patient 6).

FIG 3. FLAIR imaging performed 28 hours after left IT contrast injection reveals a hyperintense
structure (A, arrowhead) extending parallel to the expected course of the vestibular aqueduct
(not seen). Comparison with positive-contrast TI-weighted images obtained before IT injection
confirms that this structure is an enhancing dural vessel (B and C, arrowheads) coursing parallel to
the posterior semicircular canal, extending from the middle cranial fossa to the sigmoid sinus.
Correlation with anatomic imaging is imperative to avoid the misinterpretation of dilated en-
dolymphatic space in the vestibular aqueduct (patient 4).

the 2 latter cases meeting grade I hydrops per Barath et al.'> All
surveyed ears demonstrated distention of the scala media without
obliteration of the scala vestibuli, corresponding to mild cochlear
hydrops® and grade I hydrops,'” respectively. Partial volume ef-
fects were evident when comparing axial and coronal planes,
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which could lead to overestimation of
endolymphatic distention in the vesti-
bule, depending on the section profile
and thickness of axial images (Fig 2).

Variant vascular anatomy was noted
in 3 patients, including a prominent vein
paralleling the vestibular aqueduct on
the symptomatic side (Fig 3), ICA hyp-
oplasia contralateral to the symptomatic
side, and a large, high-riding jugular
bulb on the symptomatic side, without
diverticulum.

If we kept all other parameters
fixed, variation of the TT from 2000 to
2800 on surface coil FLAIR imaging
20-28 hours after IT injection resulted
in a visually conspicuous difference
of the nonenhancing endolymphatic
space. Decreasing fluid suppression re-
sulted in decreased conspicuity of the
endolymphatic space in the cochlea at a
longer TI (Fig 4).

Visual analysis of surface coil FLAIR
and T1-weighted imaging 20—28 hours
after IT injection revealed clear en-
hancement in the CSF at the internal au-
ditory canal (IAC) fundus in 1 patient
(Fig 5) and subtle enhancement in 2 ad-
ditional patients. Enhancement was de-
tectable on both FLAIR and T1 images
and, therefore, was not attributed to in-
complete fluid suppression; addition-
ally, it was only evident at the fundus,
not throughout the CSF of the IAC.

DISCUSSION

The diagnosis of Meniere disease may be
delayed for years in up to 20% of pa-
tients who ultimately receive the diagno-
sis."* Since Mark et al* reported asym-
metric labyrinthine enhancement after
IV contrast in patients with sudden
deafness and vertigo, continued techno-
logic advances have improved our abil-
ity to resolve the delicate structures of
the inner ear. Different methods have
been used to assess the membranous
labyrinth, with inherent variations
among scanner vendors, protocols,
coils, and contrast agents. For this proj-
ect, we focused on 1 promising option
by using a 3-inch surface coil 20-28
hours after IT injection of diluted Magn-

evist. With an acquisition time of <4 minutes 30 seconds for the
high-resolution FLAIR sequence, it could be easily added to a
routine clinical IAC protocol, achieving better in-plane reso-
lution within less time than any reported protocol to date.
Advantages of using the surface coil include the ability to re-
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FIG 4. The impact of variable fluid suppression is visually evident with direct comparison of FLAIR sequences with Tls of 2000 ms (A and D), 2500
ms (B and E), and 2800 ms (C and F), with all other parameters remaining fixed. The nonenhancing scala media (arrowheads) becomes less
conspicuous during this short range of Tl (A—C), which may result in altered perception of endolymphatic space distention. Variation corre-
sponding to the larger endolymphatic space in the vestibule (arrows, D—F) is less perceptible with changes in Tl (patient 4).

FIG5. Enhancement is visible at the fundus of the IAC (arrow) on delayed imaging after IT GBCA,
conspicuous on FLAIR (A) and T1-weighted imaging (B) in this patient who had profound disten-
tion of the endolymphatic space in the basal and middle cochlear turns (arrowheads) (patient 5).

duce the FOV with minimization of wrap artifacts due to the
inherent limited penetration of the coil, reduced acquisition time
compared with 3D techniques, and improved SNR relative to 3D
sequences in which acceleration for parallel imaging results in signal
loss.”>*" A limitation of the surface coil is that a 2-mm section
thickness was required for optimal signal, requiring precision in
the prescription for centering the cochlea and vestibule. This can be
overcome with the surface coil by obtaining direct coronal and
oblique acquisitions. With the shorter acquisition time per scan,
there is less risk of motion degradation that may occur with longer
volumetric protocols. These techniques on a GE Healthcare 3T
system have not been previously reported, though multiple sites
have published series performed on Siemens Verio and Trio 3T
scanners (Siemens, Erlangen, Germany),'®'%!7182426 progress-

1330 Bykowski Jul 2015  www.ajnr.org

ing from 8- to 32-channel head coils,
and techniques have been reproduced
on aPhilips Achieva 3T system (Best, the
Netherlands).>” Because protocols vary
across platforms and scanners, develop-
ment of internal references/controls will
be important for accurate characteriza-
tion of findings. Our results demon-
strate the visually conspicuous variation
in the suppression of intrinsic endolym-
phatic fluid signal across a narrow range
of TIs. While visual assessment can ap-
proximate the extent of fluid suppres-
sion through comparison to CSF signal
in the TAC or cerebellopontine angle cistern, some method of
assessment is important as these protocols are used, to ensure
normalization and reproducibility before postprocessing algo-
rithms are applied to the data.'**®

When one evaluates these protocols for the clinical setting, it is
important to consider whether or how this information may
change management. There remains interest in using IT GBCA as
a surrogate for IT drug delivery, acknowledging differences in
chemical composition and molecular weight among different
GBCAs, steroids, and gentamicin.>® Poor-to-absent contrast
penetration into the perilymph has been reported after IT injec-

53 H
930 suggesting a means to screen for

tion in up to 18% of patients,
potential poor responders to IT interventions. Nevertheless, series

have not found a reliable correlation between the extent of en-



dolymphatic distention and patient response to subsequent IT

16.18 and there has been variable correlation between im-

steroids,
aging with summating potential/action potential ratios electroco-
chleography and vestibular-evoked myogenic potential.'”>*>!
These outcomes may be partially due to lack of standardization of
criteria for severity based on imaging findings®'*>'? but also may
reflect the spectrum of findings through the range associated with
the natural history of Meniére disease.

The delayed post-IT injection FLAIR sequence should be in-
terpreted with multiplanar projections, to avoid interpretation
errors due to partial volume averaging as illustrated in Fig 2.
Additionally, any nonstandard sequences must be reviewed in
the context of a full IAC protocol, including fluid-sensitive,
DWI, FLAIR, and postcontrast T1 sequences of the entire au-
ditory pathway, to exclude a schwannoma®? or other source of
symptoms.

An unexpected finding in our study was the prevalence of en-
hancement in the CSF at the IAC fundus on 20- to 28-hour
post-IT contrast FLAIR and T1 images. This was evident in half of
our patients, and although our study group was small, this finding
suggests that it may occur more frequently than has been noted in
the literature.””>>* This observation prompts caution regarding
proceeding directly to delayed postcontrast imaging in the evalu-
ation of suspected Meniére disease, to avoid potentially obscuring
hemorrhage or protein that may be responsible for symp-
toms.'®?> MR imaging 4 hours after IV contrast has been pro-
moted as an alternative, allowing simultaneous evaluation of both
ears and not requiring IT injection or institutional review board
approval. The 2 methods are complementary in that delayed IV
methods reflect blood-labyrinthine barrier integrity, whereas IT
methods reflect round window permeability; however, delayed
IV methods have reduced contrast to noise. Careful attention to
extralabyrinthine enhancement in both delayed IV and IT proto-
cols is necessary for better understanding of the mechanism and
significance of increased modiolar permeability and in the con-
text of the timing of imaging for clinical interpretation. Despite
the described limitations, the improved resolution and contrast
achievable with IT methods should be of particular value as we
continue to evaluate the reproducibility of these methods to de-
fine the normal and diseased endolymphatic systems.

CONCLUSIONS

Using a surface coil with a 3T system affords high-resolution
FLAIR imaging of the inner ear after IT contrast administration in
a clinically reasonable time. Because these techniques are only an
indirect evaluation of endolymphatic distention, however, and
not a proved surrogate for Meniére symptoms or response to
therapy, continued investigation is necessary before use in clinical
diagnosis. Evaluation should include correlation with a full IAC
protocol to exclude other sources for symptoms, with awareness
that diffusion of IT contrast into the CSF in the IAC may mimic or
obscure hemorrhage or enhancement. Additionally, work re-
mains to be done to optimize protocols in the absence of a clear
internal reference for standardization and to better understand
the implications of modiolar permeability.
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ORIGINAL RESEARCH
HEAD & NECK

Visualization of the Peripheral Branches of the Mandibular
Division of the Trigeminal Nerve on 3D Double-Echo
Steady-State with Water Excitation Sequence

H. Fujii, A. Fujita, A. Yang, H. Kanazawa, K. Buch, O. Sakai, and H. Sugimoto

ABSTRACT

BACKGROUND AND PURPOSE: Although visualization of the extracranial branches of the cranial nerves has improved with advances in
MR imaging, only limited studies have assessed the detection of extracranial branches of the mandibular nerve (V3). We investigated the
detectability of the branches of V3 on a 3D double-echo steady-state with water excitation sequence.

MATERIALS AND METHODS: We retrospectively evaluated the detectability of the 6 branches of the V3, the masseteric, buccal,
auriculotemporal, lingual, inferior alveolar, and mylohyoid nerves, by using a 5-point scale (4, excellent; 3, good; 2, fair; 1, poor; and 0, none)
in 86 consecutive patients who underwent MR imaging with the 3D double-echo steady-state with water excitation sequence. Weighted
k analysis was used to calculate interobserver variability among the 3 readers.

RESULTS: The detection of the lingual and inferior alveolar nerves was the most successful, with excellent average scores of 3.80 and 3.99,
respectively. The detection of the masseteric, the buccal, and the auriculotemporal nerves was good, with average scores of 3.31, 2.67, and
3.1, respectively. The mylohyoid nerve was difficult to detect with poor average scores of 0.62. All nerves had excellent interobserver
variability across the 3 readers (average weighted k value, 0.95-1.00).

CONCLUSIONS: The 3D double-echo steady-state with water excitation sequence demonstrated excellent visualization of the extracra-
nial branches of V3 in most patients. The 3D double-echo steady-state with water excitation sequence has the potential for diagnosing V3

pathologies and preoperatively identifying peripheral cranial nerves to prevent surgical complications.

ABBREVIATIONS: 3D-DESS-WE = 3D double-echo steady-state with water excitation; V3 = mandibular nerve (third division of the trigeminal nerve)

C ranial nerve deficits are not uncommon, and there are many
pathologic processes that can affect the cranial nerves.'™'°
Unfortunately, the physical examination findings are often non-
specific for differentiating among these pathologic causes, and
imaging plays a crucial role in diagnosing pathologic processes
affecting the cranial nerves. With increasing spatial and contrast
resolution of cross-sectional imaging, better visualization of the
cranial nerves and their major branches has become possible, but
the delineation of the entire course of the extracranial segments

of the cranial nerves still remains a diagnostic challenge."'"*”
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The trigeminal nerve has the largest distribution of inner-
vation among all the cranial nerves in the suprahyoid neck. Even
though the mandibular nerve (V3) is the largest division of the
trigeminal nerve, there have been only limited studies investigat-
ing the visualization of the extracranial segments of V3 with MR
imaging. Several prior studies have focused on imaging the ex-
tracranial segments of V3 by using a T1-weighted fast-spoiled
gradient recalled-echo sequence with fat suppression,” a T1-
weighted MPRAGE sequence with water excitation fat suppres-
sion,'® or a diffusion tensor tractography sequence,'® but these
studies evaluated only the inferior alveolar nerve. Another study
used FIESTA and fast-spoiled gradient recalled-echo sequences to
evaluate the entire V3 nerve, but the extracranial peripheral V3
branches were not well-demonstrated, with the exception of the
inferior alveolar and lingual nerves."?

The 3D double-echo steady-state with water excitation (3D-
DESS-WE) sequence is a recently introduced MR imaging tech-
nique that can delineate the peripheral cranial nerves as high-
signal-intensity structures.”® At our institution, this sequence has
been added to our standard MR imaging protocol of the salivary

AJNR Am J Neuroradiol 36:1333-37  Jul 2015  www.ajnr.org 1333



FIG1. A and B, Axial source images of the 3D-DESS-WE sequence. C and D, Coronal reformatted
images of the 3D-DESS-WE sequence. Axial image shows the masseteric nerve (A, arrow) and
buccal nerve (A, solid arrowhead) arising from the V3 trunk. The intermediate point is established,
where the masseteric nerve enters the deep surface of the masseter muscle (B, arrow), to divide
the nerve into proximal and distal portions. The intermediate point for the buccal nerve is
established as the anterolateral edge of the lateral pterygoid muscle (B, solid arrowhead). Refor-
matted coronal images show the course of the buccal nerve running inferiorly (C, arrows) and the
auriculotemporal nerve running inferolaterally (D, arrows). The intermediate point is established
where the auriculotemporal nerve enters the pterygoid venous plexus (B and D, open

arrowheads).

glands and has been used routinely to evaluate the intraparotid
facial nerve and salivary ducts within the salivary glands since
October 2012. The purpose of this study was to investigate the
detectability of the extracranial peripheral branches of V3 on the
3D-DESS-WE sequence.

MATERIALS AND METHODS

Patient Population

This retrospective study was approved by our institutional review
board, and informed consent was waived. We reviewed 86 con-
secutive patients who underwent MR imaging for the evaluation
of salivary gland lesions from October 2012 to March 2014 (40
males and 46 females; age range, 17— 88 years; mean age, 58 years;
median age, 63 years). Of 86 patients, the final diagnoses or sus-
pected diagnoses were as follows: 47 benign tumors, 6 cases of
Sjogren syndrome, 5 infectious diseases, 5 malignant tumors, and
5 submandibular lesions; the rest of the 18 patients were healthy
or had lesions incidentally found in other locations. Patients with
severe motion artifacts, metal artifacts, or large mass lesions de-
forming adjacent anatomic structures were excluded from evalu-
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ation. Ultimately, 85 patients were in-
cluded in this study, and there were
certain patients whose respective nerve
branches were excluded from the
evaluation.

MR Imaging Procedures

All patients underwent MR imaging with a
3T unit (Magnetom Skyra; Siemens, Er-
langen, Germany) by using a commer-
cially available 20-channel head-neck coil
with our routine neck protocol that in-
cluded the 3D-DESS-WE sequence. The
precise parameters of the 3D-DESS-WE
sequence are as follows: TR/TE = 11/4.21
ms, flip angle = 30°, FOV = 200 X 200
mm, matrix = 384 X 244, effective section
thickness = 0.82 mm, number of acquisi-
tions = 1, scan time = 4 minutes 12 sec-
onds. Slab thickness (11.2 cm) of the 3D-
DESS-WE sequence is from the skull base
to the mandible.

Image Evaluation

All acquired images were transferred to
our clinical server and evaluated with a
PACS, with a 2-megapixel high-resolu-
tion liquid-crystal display. Three readers
(reader A, third- year radiology resident;
reader B, first-year medical student;
reader C, attending neuroradiologist
with 17 years of experience) indepen-
dently evaluated the 6 extracranial
branches of the V3: the masseteric nerve,
the buccal nerve, the auriculotemporal
nerve, the lingual nerve, the inferior al-
veolar nerve, and the mylohyoid nerve.
The courses of the V3 branches were
determined by tracing the nerve from the foramen ovale dis-
tally, compared with anatomic diagrams from Gray’s Anat-
omy.>" Axial source images of the 3D-DESS-WE sequence were
mainly used for tracing the branches of the V3. Reconstructed
sagittal and coronal thin (3-mm thick) slab MIP images of the
3D-DESS-WE sequence were also used simultaneously.

Representative images of the 6 branches of V3 are shown in
Figs 1 and 2. As the V3 descends from the foramen ovale, it divides
into the anterior division, which gives off the masseteric nerve and
the buccal nerve (Fig 1A), and the posterior division, which gives
off the auriculotemporal nerve (Fig 1D), the lingual nerve (Fig
2A), the inferior alveolar nerve (Fig 2B), and the mylohyoid nerve
(Fig 2C).

We evaluated the images focusing on the continuity of each V3
branch and distinguishing the branch from the V3 trunk to avoid
potential confusion of vascular structures for nerve structures.
Each of the 6 branches of V3 was divided into proximal and distal
portions at intermediate points to facilitate evaluation. The inter-
mediate point for the masseteric nerve is the point at which the



FIG 2. A and B, Coronal reformatted image of the 3D-DESS-WE sequence. C, Axial source image of the 3D-DESS-WE sequence. Reformatted
coronal images show the lingual nerve (A, arrows) and the inferior alveolar nerve (B, arrows). The intermediate points are established where the
lingual nerve running laterally starts to change direction medially (A, arrowhead) and where the inferior alveolar nerve enters the mandibular
foramen (B; arrowhead). Axial image shows that the mylohyoid nerve runs at the medial surface of the mandible (C, arrow). The intermediate
point is established where the nerve enters the mylohyoid muscle (C, arrowhead).

nerve enters the deep surface of the masseter muscle (Fig 1B). The
intermediate point for the buccal nerve is where the nerve enters
the anterolateral edge of the lateral pterygoid muscle (Fig 1B). On
the coronal image, the distal portion of the buccal nerve runs an
S-shaped course (Fig 1C). The intermediate point for the auricu-
lotemporal nerve is where the nerve enters the pterygoid venous
plexus (Fig 1B, -D). The intermediate point for the lingual nerve is
where the nerve running laterally starts to change direction me-
dially (Fig 2A). The intermediate point for inferior alveolar nerve
is where the nerve enters the mandibular foramen (Fig 2B). The
intermediate point for the mylohyoid nerve is where the nerve
enters the mylohyoid muscle (Fig 2C).

Statistical Analysis
We evaluated the capability of detecting the V3 branches with a
5-point scale with the criteria as follows: excellent (4), both the
proximal and distal portions of the nerve identified; good (3),
both the proximal and distal portions of the nerve identified but
not continuous; fair (2), only the proximal portion of the nerve
identified; poor (1), only the proximal portion of the nerve iden-
tified but not continuous; and none (0), the nerve not identified.
The average scores for each reader, in addition to the average score
from all 3 readers for the 6 branches of the V3, were calculated.
The weighted k analysis used to calculate interobserver vari-
ability was defined as follows: poor, =0.2; fair, >0.2 to =0.4;
moderate, >0.4 to =0.6; good, >0.6 to =0.8; and excellent, >0.8

to =1.*?

RESULTS

The 3D-DESS-WE sequence was performed in all 86 patients, but
1 patient was excluded because of severe motion artifacts. With 85
patients, 170 nerves for each side of the V3 were reviewed. Because
patients with metal artifacts and large mass lesions deforming the
adjacent anatomic structures were excluded from the evaluation,
166 masseteric nerve, 166 buccal nerve, 167 auriculotemporal
nerve, 159 lingual nerve, 159 inferior alveolar nerve, and 159 my-
lohyoid nerve segments were included in the analysis.

The average evaluation scores performed by the 3 readers and
the interobserver variability are shown in Tables 1 and 2.

The detection of the lingual and the inferior alveolar nerves
was excellent, with average scores of 3.80 and 3.99, respectively.
The detection of the masseteric, buccal, and auriculotemporal
nerves was relatively good, with average scores of 3.31, 2.67, and
3.11, respectively. The mylohyoid nerve was difficult to detect,
with an average score of 0.62.

The interobserver variability was excellent among the 3 read-
ers (average weighted « value, 0.95-1.00).

DISCUSSION

Because the V3 is a large cranial nerve with mixed sensory and
motor function that innervates a large region of the suprahyoid
neck, a wide variety of physical manifestations and pathologies
such as tumor, inflammatory/infectious disease, vascular disease,
and trauma can be found affecting it in clinical practice.”' "> V3
contains clinically important branches often affected by head and
neck cancers via direct invasion and/or perineural tumor spread.
All of these pathologic etiologies have the potential to impact
clinical outcomes significantly and may contribute to significant
morbidity and quality of life.>'>**** An in-depth understanding
of the anatomy and normal course of the extracranial nerves is
required to make the diagnosis of many of these pathologies, and
more sophisticated and dedicated high-resolution MR images for
peripheral cranial nerve imaging are expected to enter and influ-
ence clinical practice.

The widespread uses of volumetric CT scanners and high-field
MR imaging scanners and recent advances in MR imaging technol-
ogy have provided opportunities to obtain high-resolution images of
the cranial nerves. Following the entire course of the cranial nerves,
including the extracranial segments, however, is still a diagnostic
challenge in routine clinical practice.">'""'® Intracranial segments of
the cranial nerves, particularly the cisternal segments, are readily de-
tected by using high-resolution heavily T2-weighted imaging.'*">
Without the high-signal background from the CSF, however, heavily
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Table 1: Average scores of the 3 readers evaluating the V3 nerves

signal intensity provides more anatomic

V3 Nerves Reader A Reader B Reader C Average details with tissue contrast dominated
Masseteric 3.34 £1.083 336 =1.015 3.24 1016 3.31£1.038 by the T1/T2 ratio,*® we speculate that
Buccal 2,64 +1308 275 +1332 2,63 +128 267%1306  the component of T2 contrast in the
Aurlculotemporal 313 =1376 3.07 £1.220 313 +1185 311 = 1.261 DESS sequence would show the nerve it-
Lingual 3.77 £0.781 3.88 = 0.544 375+ 0.682 3.80 = 0.677 If hichosi 1 .

Inferior alveolar 400+ 0000  4.00 * 0.000 3.97 + 0157 399 = 0091  Seif as a high-signal-intensity structure
Mylohyoid 0.46 *+ 0.785 0.67 = 0.917 0.72 + 0.764 062+0831  and would enable us to track the nerve

Table 2: Interobserver variability of the 3 readers (A, B, and C) evaluating the V3 nerves

easily with paging methods on the PACS
viewer. In future studies, we expect that

the T2 contrast of the nerve itself will

V3 Nerves AandB Band C Cand A Average ) .
Masseteric 0.960 0970 0.96] 096 enable the detection of signal abnormal-
Buccal 0.954 0973 0.936 0.95 ities in nerves with normal morphology,
Auriculotemporal 0.942 0.961 0.955 0.95 such as the early stage of the perineural
Lingual 0.974 0.994 0.977 0.98 spread of malignancy and infection/in-
Inferior alveolar 1.000 0.998 0.998 1.00 flammatory disease
Mylohyoid 0.983 0.967 0.959 0.97 Y :

T2-weighted imaging has not proved to be very useful in visualizing
the extracranial segments of the cranial nerves. Detecting the remain-
ing peripheral segments can be achieved with pre- and postcontrast
high-resolution 3D T1-weighted images (gradient-recalled acquisi-
tion in steady state, fast-spoiled gradient recalled-echo, or MPRAGE)
with and without fat suppression,”'*'®'®2* but detecting the entire
course of the extracranial branches of the cranial nerves is still very
challenging.

The 3D-DESS-WE sequence, commonly used in musculosk-
eletal imaging, was recently applied for visualization of the in-
traparotid facial nerve and is quite successful.” In our institution,
we routinely use the 3D-DESS-WE sequence when investigating
parotid lesions, both for visualization of the intraparotid facial
nerve to localize the parotid tumor and to detect involvement of
the nerve. In this study, we assessed the detectability of the ex-
tracranial segments of V3 by using the 3D-DESS-WE sequence.

Our study demonstrates that it is possible to detect the entire
course of the main branches of V3 with non-contrast-enhanced
MR imaging. In a recent study performed by Cassetta et al,'* the
detectability of the branches of the V3 (buccal, auriculotemporal,
lingual, and inferior alveolar nerves) was evaluated with a combi-
nation of FIESTA and fast-spoiled gradient recalled-echo se-
quences performed with a 3T scanner, but the authors were not
able to identify the buccal nerve or the auriculotemporal nerve in
all cases. The 3D-DESS-WE sequence used in this study demon-
strated superior detection of the 4 branches of the V3, including
the buccal and auriculotemporal nerves. This study also builds on
prior work in which we assessed the detectability of the masseteric
and the mylohyoid nerves."?

Because the lingual and the inferior alveolar nerves are sur-
rounded by fat and/or fatty bone marrow along their course, the
detection of these nerves was excellent by using a water excitation
fat-suppression technique.?® The detection of the masseteric and
the buccal nerves was also relatively good. The 3D-DESS-WE se-
quence involves the acquisition of 2 different echoes during each
TR, on the basis of the steady-state free precession technique. The
first echo is the free induction decay gradient echo used in the
FISP sequence, and the second is the spin-echo used in the steady-
state free precession sequence.’ Because the steady-state free pre-
cession signal intensity has a dominant T2 contrast'” and the FISP
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Although it was difficult to differen-
tiate the auriculotemporal nerve from
the pterygoid venous plexus in some patients, the detection of the
auriculotemporal nerve was relatively successful in our study. Be-
cause the auriculotemporal nerve is often involved in the perineu-

ral spread of malignancy,”'***

our results suggest that the 3D-
DESS-WE sequence is a promising method for evaluating
perineural tumor spread. The main explanation for the poor de-
tection of small branches is that the visualization depends on the
size of the nerve. To better visualize small nerves such as the my-
lohyoid nerve, further refinement in the sequence design or
higher magnet strength for higher SNR may be needed. Size was
not the sole limitation for the detection of small nerves, however,
because the masseteric, buccal, and auriculotemporal nerves were
visualized well in this study. The visibility of small nerve struc-
tures may depend on the morphology and arrangement of struc-
tures adjacent to each nerve branch. Relatively lower scores of
masseteric and buccal nerves compared with the auriculotempo-
ral nerve are likely secondary to susceptibility artifacts from the
sinonasal cavity air.

In this study, we evaluated the capability of depicting the seg-
ments of the V3 branches by using 3 readers of dramatically dif-
ferent backgrounds and levels of training: a medical student, a
radiology resident, and a neuroradiology attending physician.
The interobserver variabilities among the 3 readers were excel-
lent; this outcome reflected the inherent improved diagnostic
capabilities of the V3 nerves by using the 3D-DESS-WE se-
quence. Although the reader’s experience influences the imag-
ing interpretation and impacts the diagnostic assessment, we
believe that interpreting images by tracking the nerves in this
3D-DESS-WE sequence is a promising method for detecting
and evaluating the extracranial peripheral cranial nerves. The
advantages of the 3D-DESS-WE sequence include its short ac-
quisition time and using the standard head and neck coil with-
out a surface coil, in addition to high and uniform detectability
of the peripheral cranial nerves by readers at various training
levels. These features make the 3D-DESS-WE sequence readily
feasible in routine clinical practice.

One of the limitations of this study was the presence of suscep-
tibility and motion artifacts, which were prominent in the 3D-
DESS-WE sequence, and inhomogeneous fat suppression, which
interfered with visualization of the nerves. We noticed that the



masseteric and buccal nerves are affected by the susceptibility ef-
fect from the paranasal sinus air. Applying other types of fat-
suppression techniques to the 3D double-echo steady-state se-
quence may improve the visualization of the nerves. Another
limitation is the subjective and qualitative evaluation used in this
study; objective quantitative evaluation may be needed to dis-
criminate normal and abnormal findings of the nerves in a future
study. Finally, because we have no surgical or pathologic correla-
tion with images in this study, we cannot tell whether the small-
sized nerve branches are actually the small-sized nerves, but in-
stead we relied on their having a characteristic anatomic course.

CONCLUSIONS

The 3D-DESS-WE sequence demonstrated excellent visualization
of the extracranial branches of the V3, such as the masseteric
nerve, buccal nerve, auriculotemporal nerve, lingual nerve, and
inferior alveolar nerve, in most patients. Uniform high detectabil-
ity of the normal course of peripheral branches of the V3 was
obtained by readers with very different experience. The 3D-
DESS-WE sequence has the potential for diagnosing V3 patholo-
gies and for more precise preoperative identification of the pe-
ripheral nerves, which may help in preventing complications
from surgical intervention with future studies.

Disclosures: Osamu Sakai—UNRELATED: Payment for Lectures (including service on
Speakers Bureaus): Bracco Diagnostics, Kyorin USA, Eisai, Comments: honoraria for
lectures; Royalties: McGraw-Hill.
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ORIGINAL RESEARCH
HEAD & NECK

Predicting the Prognosis of Oral Tongue Carcinoma Using a
Simple Quantitative Measurement Based on Preoperative MR
Imaging: Tumor Thickness versus Tumor Volume

H. Hu, K--L. Cheng, X.-Q. Xu, F.-Y. Wu, Y.-S. Tyan, C.-H. Tsai, and C.-Y. Shen

ABSTRACT

BACKGROUND AND PURPOSE: Several studies indicated that tumor thickness or tumor volume might be helpful predictors for the
prognosis of oral tongue squamous cell carcinoma. Our aim was to compare the value of tumor thickness versus tumor volume measure-
ment based on preoperative MR imaging in predicting the prognosis of oral tongue squamous cell carcinoma, especially focusing on lymph
node metastases and local recurrence.

MATERIALS AND METHODS: Clinical, pathologic, and imaging data of patients with 46 oral tongue squamous cell carcinomas were retrospec-
tively studied. Logistic regression analysis was used to evaluate the prognostic value of tumor thickness and tumor volume based on MR imaging.
Receiver operating characteristic analysis was applied for the optimal cutoff value for the identified risk variable for prognosis.

RESULTS: A higher intraclass correlation coefficient was achieved for the measurement of tumor thickness compared with tumor volume
(0.990 versus 0.972). Multivariate analysis showed that tumor thickness was a significant predictor of lymph node metastases (P = .024),
while tumor volume was not a significant predictor of either lymph node metastases or local recurrence (P > .05). Receiver operating
characteristic results indicated that setting a tumor thickness of 8.5 mm as a cutoff value could achieve the optimal diagnostic efficiency
for predicting lymph node metastases (area under the curve, 0.753; sensitivity, 0.889; specificity, 0.536).

CONCLUSIONS: Tumor thickness based on preoperative MR imaging was useful in predicting the prognosis of oral tongue squamous cell

carcinoma, especially lymph node metastases, in our patient population, while tumor volume was not.

ABBREVIATIONS: ROC = receiver operating characteristic; SCC = squamous cell carcinoma

Patients with oral tongue squamous cell carcinoma (SCC) are
atrisk of cervical lymph node metastases and local recurrence,
with the risk increasing with the size and extent of tumor, defined
by T stage, and influencing treatment strategy.' > Previous studies
indicated that tumor thickness or tumor volume might also be
helpful predictors for the clinical outcomes of patients with oral
tongue SCC, such as cervical lymph node metastases, local recur-
rence, or survival rate.>'® Which one of these 2 parameters has a
better prognostic value is still unclear, however, with only a few
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studies focusing on this issue. Yuen et al* compared the prognos-
tic value of these 2 parameters, tumor thickness and tumor vol-
ume, together with other parameters such as tumor diameter,
length, width, and area. Their measurements were based on sur-
gical histologic specimens that were unavailable before the proce-
dure, however, and tumor shrinkage during specimen prepara-
tion might also influence its precision in measurement.

MR imaging has been increasingly used in the preoperative
evaluation of oral tongue SCCs, due to its excellent soft-tissue
resolution. Preoperative MR imaging could help us to define tu-
mor extent and volume accurately.'! Therefore, our study aimed
to clarify the better predictor for the short-term prognosis of oral
tongue SCCs between tumor thickness and tumor volume based
on preoperative MR imaging, specifically focusing on lymph node
metastases and local recurrence.

MATERIALS AND METHODS

Patient Population

This study was approved by Chung Shan Medical University Hos-
pital institutional review board. The clinical, pathologic, and pre-
operative MR imaging data of 223 patients with oral tongue SCC



FIG 1. Study population flow chart.

during >3 years 6 months (February 2010 to October 2013) were
retrospectively reviewed. One hundred seventy-seven patients
were excluded for the following reasons: The pathologic diagnosis
was established on the basis of the biopsy, not surgery (n = 30);
radiation therapy or chemotherapy was performed before surgery
(n = 11); poor image quality due to motion or dental artifacts
(n = 66); and the duration of the follow-up was <1 year (n = 70).
Finally, 46 patients with oral tongue SCC were enrolled in our
study. The flow chart of our study population is shown in Fig 1.

The pathologic tumor stage of these 46 patients with oral
tongue SCC (mean age, 51 £ 11 years; male/female ratio, 38:8)
ranged from T1 to T4a. The mean follow-up duration was 21 = 10
months. All patients underwent wide excision of the primary tu-
mor and neck dissection. Thirty-three patients underwent su-
praomohyoid neck dissection, and the other 13 underwent mod-
ified radial neck dissection, with only 1 undergoing bilateral
modified radial neck dissection. Seven patients received postop-
erative adjuvant radiation therapy, and 18 received adjuvant con-
current chemoradiotherapy. The detailed demographic features
and tumor characteristics are shown in Table 1.

Imaging Technique

MR imaging was performed by using a 1.5T imaging system
(Signa HDxt; GE Healthcare, Milwaukee, Wisconsin) with an
8-channel phased array neurovascular coil. Fast spin-echo se-
quences were used to obtain T2-weighted images (TR, 4000—7000
ms; TE, 81-90 ms; axial, coronal), T1-weighted images (TR, 450—
800 ms; TE, 13—15 ms; axial), and gadolinium contrast-enhanced
T1-weighted images with fat suppression (TR, 450—800 ms; TE,
12-15 ms; axial, coronal, sagittal).

Tumor Thickness and Volume Measurement
Tumor thickness and tumor volume were measured by using axial
T2WI according to methods taken from previous studies.™”” Tu-
mor thickness was defined as the distance from the tumor surface
to the deepest point of invasion. Meanwhile, after the lesion-in-
volving area in each section was delineated by using an operator-
defined ROI, the tumor volume was obtained from the sum of the
areas multiplied by the section interval. The methods used for the
MR imaging—based measurement of tumor thickness and tumor
volume are shown in Figs 2 and 3, respectively. Imaging analysis
was performed independently by 2 dedicated head and neck radi-
ologists blinded to the pathologic results. The mean values of their
measurements were calculated for further statistical analysis.
The histologic tumor thickness was also performed from the

Table 1: Patient and tumor characteristics

Characteristics No. of Patients %

Age (yr) (mean) (range) 51(33-80)
Sex

Male 38 83

Female 8 7
Neck dissection procedure

SOHND 33 72

MRND 13 28

Bilateral MRND 1 2
Pathologic T stage

TI-2 33 72

T34 13 28
Pathologic N stage

NO 32 70

N1-3 14 30
Pathologic differentiation

Well 15 33

Moderate 27 59

Poor 4 9
Pathologic ECS

Present 10 22

Absent 36 78
Postoperative treatment

RT 7 15

CCRT 18 39

Note:—SOHND indicates supraomohyoid neck dissection; MRND, modified radial
neck dissection; ECS, extracapsular spread; RT, radiotherapy; CCRT, concurrent che-
moradiotherapy.

FIG 2. Tumor thickness was measured by the distance from the tu-
mor surface to the deepest point of invasion.

tumor surface to the deepest point of invasion. Histologic tumor
volume was calculated according to the previously well-docu-
mented formula®'* V = A X B X C/ 2. A refers to maximum
tumor diameter, B refers to minimum tumor diameter, and C
refers to the depth of tumor invasion.

Prognosis
All patients were regularly followed up by MR imaging or PET/CT
examination and a clinical examination. Tongue or node biopsy
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FIG3. The lesion in each section was delineated by using an operator-
defined ROI, and the volume was obtained by multiplying the entire
area by the section interval.

was arranged as soon as the development of tumor local recur-
rence or lymph node metastasis was highly suspected after these
examinations.

Lymph node metastases were defined in the following 2 situa-
tions: 1) They were confirmed pathologically from the initial surgery,
and 2) no metastatic lymph node was detected during the initial sur-
gery, and pathologically confirmed lymph node metastases occurred
during the follow-up. Local recurrence was defined as a pathologi-
cally confirmed occurrence of the same malignancy at, or adjacent to,
the primary tumor bed during follow-up.

Statistical Analysis

Interobserver agreement between the 2 radiologists’ measure-
ments was assessed by using the intraclass correlation coefficient.
Correlations between MR imaging and histologic specimen—
based measurements were assessed by using the Pearson correla-
tion coefficient.

A univariate logistic regression analysis was initially per-
formed to evaluate the association between each variable and
lymph node metastases or local recurrence. Besides tumor thick-
ness and tumor volume based on MR imaging, some other poten-
tial risk variables were evaluated, including sex, age, pathologic T
stage (T1-2 or T3-4), pathologic N stage (NO or N1-3), patho-
logic differentiation (well-moderate or poor), pathologic extra-
capsular spread (present or absent), and postoperative adjuvant
modified radial neck dissection or concurrent chemoradiother-
apy (yes or no). Then, all variables with a P value < .10 in the
univariate logistic regression analysis were enrolled in a multivar-
iate logistic regression analysis model by using a forced-entry pro-
cess. The odds ratios and their 95% confidence intervals were
calculated. Finally, receiver operating characteristic (ROC) anal-
ysis was applied to calculate the optimal cutoff value of the iden-
tified risk variables for prognosis. The numeric data were aver-
aged and reported as means = SD. A P value < .05 indicated
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statistical significance. Statistical analysis was conducted by using
SPSS 17.0 (IBM, Armonk, New York).

RESULTS

Excellent interobserver agreement was achieved for both the MR
imaging—based tumor thickness and tumor volume measure-
ment, and the tumor thickness measurement had a higher intra-
class correlation coefficient value than the tumor volume mea-
surement (0.990; 95% CI, 0.965—0.997 versus 0.972; 95% CI,
0.906-0.992). The average histologic and MR imaging tumor
thicknesses were 11.7 = 9.7 mm and 13.5 = 9.2 mm, respectively.
The average histologic and MR imaging tumor volumes were
6.157 = 10.516 cm” and 7.559 * 11.453 cm’, respectively. Signif-
icant correlations were found between the MR imaging—based
and histologic specimen—based measurements for both tumor
thickness and tumor volume (P < .001).

Among the 18 patients (39%) with lymph node metastases,
pathologically positive nodes were found in 14 patients during the
initial procedure, 8 of whom developed nodal metastases again
during the follow-up. The other 4 patients initially had no positive
lymph nodes but then developed nodal metastases during the fol-
low-up. Concerning the univariate logistic regression analysis re-
sults, MR imaging—based tumor thickness (P = .006) and patho-
logic extracapsular spread (P = .003) had significant associations
with lymph node metastases. MR imaging—based tumor volume
(P = .067) and pathologic T stage (P = .057) showed close to
significant associations, but pathologic differentiation (P = .644),
sex (P = .917), and age (P = .361) showed no statistical signifi-
cance. Considering that if 2 of the independent variables were
highly associated with each other, collinearity might occur,
causing highly unstable estimated regression coefficients, MR
imaging—based tumor thickness and volume were accepted
separately into different multivariate logistic regression mod-
els, due to the strongly positive correlation between them
(Pearson correlation coefficient = 0.848). Multivariate logistic
regression analysis results showed that MR imaging—based tu-
mor thickness and pathologic extracapsular spread were sig-
nificant predictors (P < .05), with MR imaging—based tumor
volume and pathologic T stage not significant (P > .05). Mul-
tivariate logistic regression analysis results for lymph node me-
tastases are presented in Table 2.

Fourteen patients (30%) had local recurrence during the fol-
low-up. Four variables were found significant or close to signifi-
cant in the univariate logistic regression analysis for local recur-
rence, including MR imaging—based tumor thickness (P = .020),
MR imaging—based tumor volume (P = .066), pathologic N stage
(P = .002), and pathologic extracapsular spread (P = .005).
Pathologic T stage, pathologic differentiation, postoperative ad-
juvant modified radial neck dissection or concurrent chemora-
diotherapy, sex, and age were not significant (P > .1). Multivari-
ate logistic regression analysis results showed that none of the
variables were a significant predictor of local recurrence (P > .05).
Multivariate logistic regression analysis results for local recur-
rence are shown in Table 3.

ROC analysis indicated that the MR imaging—based tumor
thickness of 8.5 mm might be the optimal threshold value for
predicting lymph node metastases, with the area under the curve



Table 2: Multivariate logistic regression analysis results for lymph node metastases

tongue,” seemed ambiguous. The

Variable B Coefficient SE Odds Ratio (95% Cl)  PValue  “deep” descriptor overlooked the fact

Model 1 that considerable portions of extrinsic
Pathologic ECAS, present 3.355 1283 28.647(2.319-353.900) .009: muscles lie in a very superficial plane."?
MRI tumgr thickness (mm) 0.168 0.074 1182 (1.023-1.367) .024 With growing evidence that tumor
Pathologic T stage, T3—4 —218 1.525 0.120 (0.006-2.391) 165 . .

Model 2 thickness or tumor volume might be a
Pathologic ECS, present 3330 1207 27.116(2.548-288.624)  .006° more accurate outcome predictor, our
MRI tumor volume (cm?) 0.066 0.056 1.068 (0.958-1.191) 237 present study concentrated on and com-
Pathologic T stage, T34 —0.679 1379 0.507 (0.034-7.562) 622 pared the predictive value of tumor

Note:—SE indicates standard error; ECS, extracapsular spread. thickness and tumor volume measure-
" Statistically significant. ment based on preoperative MR imag-
Table 3: Multivariate logistic regression analysis results for local recurrence ing for short-term prognosis of oral

Variable B Coefficient SE Odds Ratio (95% CI) ~ PValue  tongue carcinoma, especially for lymph

Model 1 node metastases and local recurrence.
Pathologic ECS, present 1110 1.038 3.035(0.397-23.21) 285 A higher intraclass correlation coeffi-
MRI tumor thickness (mm) 0.060 0042 1061(0.978-1152) 153 cient for the tumor thickness measure-

M()Pj:\;)loglc N-stage, N1-3 1273 0.972 3.571(0.531-24.019) 191 ment based on MR imaging was noted
Pathologic ECS, present 1013 1051 2755(0.351-21.598) 335 than for tumor volume, indicating a rela-
MRI tumor volume (cm?) 0.045 0032 1046 (0.983-1112) 157 tively better reproducibility for tumor-
Pathologic N-stage, N1-3 1.596 0.952 4.934 (0.764-31.874) 094 thickness measurement. Concerning the

Note:—SE indicates standard error; ECS, extracapsular spread.

FIG 4. ROC analysis by using the measurement of tumor thickness
based on MR imaging to predict lymph node metastases.

being 0.753; sensitivity, 0.889; and specificity, 0.536. The ROC
curve regarding the use of MR imaging—based tumor thickness to
predict lymph node metastases is shown in Fig 4.

DISCUSSION

The traditional prognostic model for oral tongue carcinoma was
based on the anatomic details of tumor, as well as nodal and dis-
tant metastases. Using the single largest diameter as the distinc-
tion criterion for the T1 to T3 stages, however, did not always
appropriately show the value of different T stages in relation to the
oncologic outcomes.”>* Additionally, the definition of the T4a
stage, known as “invasion into deep (extrinsic) muscles of the

reasons, we suggest that the delineation of
the tumor border is more complicated
than the simple 2D tumor thickness measurement because of
the disturbance caused by the partial volume effect, especially
on the extreme tumor-imaging sections, even though the tu-
mor was usually shown as reliably hyperintense on T2WT and
not surrounded by conspicuous edema.” This difficulty in de-
lineation inevitably leads to greater disagreement between 2
different raters and further results in lower reproducibility.
The present study shows that the MR imaging—based tumor vol-
ume is not a significant predictor of either lymph node metastases or
local recurrence, similar to the study by Yuen et al.* They suggested
that tumor thickness, not volume, is the only significant variable for
the prediction of lymph node metastases, local recurrence, and sur-
vival. Nevertheless, Kuriakose et al”* suggested that tumor volume
significantly correlated with lymph node metastases, after analyzing
the CT images of 20 tongue cancers. Joo et al’ evaluated the MR
images of 47 cases of early oral tongue cancer and also found a
significant positive correlation between tumor volume and
lymph node metastases. This discrepancy might be due to the
different imaging modalities and the different tumor stages
between these studies. Therefore, further prospective and
long-term studies with the same image technique and various
tumor stages are recommended to confirm the definite predic-
tive power of tumor volume on oral tongue cancer outcomes.
Our study found that the MR imaging—based tumor thickness
might be a significant predictor of lymph node metastases, which
is similar to findings in previous studies.”>””>'* However, MR im-
aging—based tumor thickness appears unhelpful for predicting
local recurrence (P = .153), despite the prominently significant
results from the univariate analysis (P = .020). Several previous
studies indicated that tumor thickness might be a potentially sig-
nificant predictor of local recurrence®'>'® however, all these
previous measurements were based on histologic specimens.
Measurements based on histologic specimens will inevitably be in-
fluenced by tissue shrinkage during fixation and embedding and thus
should be cautiously adopted. However, no sufficiently strong evi-
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dence has been achieved by the present study, on the basis of MR
imaging, to indicate the predictive significance of tumor thickness
for local recurrence. We suggest that local recurrence of the
primary tumor might be more influenced by additional and
multiple variables. Further larger sample studies would con-
tribute to potentially more significant results for its prediction.
Opverall, MR imaging—based tumor thickness seems to be a more
powerful predictor than tumor volume, especially for lymph node
metastases in oral tongue carcinoma according to our study, because,
as mentioned by Piazza et al,' thicker tumor with deeper infiltration
is more likely to precociously involve the lymphatic and blood vessels
of tongue muscles. Subsequently, it will inevitably result in an in-
creased risk of lymph node metastases. Moreover, tumor lesions do
not always grow spherically and commonly share similar volumes
but with distinct thicknesses. “Thin” tumors with larger surface di-
ameters but smaller thickness might have a lower risk of lymph node
metastases than “thick” ones having a smaller diameter but deeper
infiltration. Thus, prognosis of patients might be profoundly differ-
ent, even if they share the same tumor volume, with tumor thickness
potentially predicting lymph node metastasis more accurately.
Using the ROC analysis, we found that an MR imaging—based
tumor thickness of 8.5 mm might be the optimal threshold value
for predicting lymph node metastases. Concerning its clinical sig-
nificance, we suggest that the decision for neck dissection should
be made if the tumor thickness exceeds 8.5 mm. However, con-
sidering that the precise cutoff point varied greatly among previ-

5617-19 more accurate results should be clarified in a

ous studies,
prospective study by using a larger sample size.

Our study has several limitations. First, only axial MR images
were used to determine tumor thickness and tumor volume without
applying coronal or sagittal images. However, in most previous arti-
cles, as well as in our experience, the tumor thickness and volume of
most of the oral tongue carcinomas can be measured on axial images
properly. Nevertheless, further studies should focus on possible dif-
ferences between axial and coronal and sagittal measurements. Sec-
ond, the tumor volume measurement based on a histologic specimen
was not performed by using the same method as the MR imaging—
based measurement, due to the constraints of our retrospective
study. However, the method used to measure the histologic tumor
volume has also been widely used in previous studies,>'* with the
results of our study not being intrinsically affected in our opinion.
Third, we only focused on the prediction of short-term prognosis,
such as lymph node metastases and local recurrence. A further study
with a long-term follow-up and larger sample size would be more
valuable for verifying the predictive value of identified risk factors
derived from MR imaging.

CONCLUSIONS

In our study, the measurement of tumor thickness based on MR
imaging was more consistent and repeatable than the measure-
ment of tumor volume. Compared with the MR imaging—based
tumor volume measurements, MR imaging—based tumor thick-
ness demonstrated a more powerful predictive value in the prog-
nosis of oral tongue carcinoma, mainly in predicting lymph node
metastases. The ROC analysis results indicate that the optimal
tumor thickness cutoff value is 8.5 mm for the prediction of
lymph node metastases with the best sensitivity and specificity.
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Our study results still need to be verified by further studies with a
larger sample size and longer follow-up time.
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ORIGINAL RESEARCH
HEAD & NECK

Using Texture Analysis to Determine Human Papillomavirus
Status of Oropharyngeal Squamous Cell Carcinomas on CT

ABSTRACT

K. Buch, A. Fujita, B. Li, Y. Kawashima, M.M. Qureshi, and O. Sakai

BACKGROUND AND PURPOSE: Human papillomavirus—associated oropharyngeal squamous cell carcinoma is increasing in prevalence
and typically occurs in younger patients than human papillomavirus—negative squamous cell carcinoma. While imaging features of human
papillomavirus—positive versus human papillomavirus—negative squamous cell carcinoma nodal metastases have been described, charac-
teristics distinguishing human papillomavirus—positive from human papillomavirus—negative primary squamous cell carcinomas have not
been well established. The purpose of this project was to evaluate the use of texture features to distinguish human papillomavirus—
positive and human papillomavirus—negative primary oropharyngeal squamous cell carcinoma.

MATERIALS AND METHODS: Following institutional review board approval, 40 patients with primary oropharyngeal squamous cell
carcinoma and known human papillomavirus status who underwent contrast-enhanced CT between December 2009 and October 2013
were included in this study. Segmentation of the primary lesion was manually performed with a semiautomated graphical-user interface.
Following segmentation, an in-house-developed texture analysis program extracted 42 texture features from each segmented volume. A
t test was used to evaluate differences in texture parameters between human papillomavirus—positive and human papillomavirus—negative
squamous cell carcinomas.

RESULTS: Of the 40 included patients, 29 had human papillomavirus—positive oropharyngeal squamous cell carcinoma and 11 had human
papillomavirus—negative oropharyngeal squamous cell carcinoma. Significant differences were seen in the histogram parameters median
(P = .006) and entropy (P = .016) and squamous cell carcinoma entropy (P = .043).

CONCLUSIONS: There are statistically significant differences in some texture features between human papillomavirus—positive and
human papillomavirus—negative oropharyngeal tumors. Texture analysis may be considered an adjunct to the evaluation of human
papillomavirus status and characterization of squamous cell carcinoma.

ABBREVIATIONS: FDR = false discovery rate; GLCM = gray-level co-occurrence matrix; GLGM = gray-level gradient matrix; GLRL = gray-level run-length; HPV =

human papillomavirus; SCC = squamous cell carcinoma

D uring the past few decades, oropharyngeal squamous cell car-
cinoma (SCC) has been one of the fastest growing disease
sites for head and neck SCC.'”> Human papillomavirus (HPV)
infection has been demonstrated to be an independent risk factor
for the development of primary oropharyngeal SCC and may be a
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primary cause of the increasing incidence of oropharyngeal cancers
in the United States and Europe,* in contrast to a decreasing prev-
alence of smoking- and alcohol-induced oropharyngeal SCCs. HPV-
positive oropharyngeal SCC has also been recognized as a distinct
subtype of oropharyngeal SCC."** Patients with HPV-positive oro-
pharyngeal SCC are typically younger compared with patients with
HPV-negative oropharyngeal SCC.'® In addition to different patient
demographics, HPV-positive oropharyngeal SCCs have a different
prognosis and behavior pattern, including fewer secondary malig-
nancies compared with HPV-negative oropharyngeal SCCs and an
overall more favorable prognosis.*”

Limited data distinguish the imaging features of primary
HPV-positive oropharyngeal SCC from HPV-negative SCC.?®
Prior data describing these differences have focused on the ap-
pearance of the margins and presence of invasion into adjacent
tissues.® In very small tumors, assessment of these proposed im-
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aging criteria can be difficult. Distinction between HPV-positive
versus HPV-negative oropharyngeal SCC is important because
both management and prognosis differ between these 2 groups.
Prior studies have demonstrated higher response rates after in-
duction chemotherapy and chemoradiation in addition to supe-
rior survival rates for patients with HPV-positive oropharyngeal
SCCs.” !

Image texture is defined as a complex visual pattern within an
image consisting of simpler subpatterns with characteristic fea-
tures that may be evaluated through quantitative analysis. Texture
analysis is a branch of image processing that extracts texture de-
scriptors from the image, thereby allowing the mathematic detec-
tion of subtle CT attenuation or MR imaging signal-intensity
changes among image pixels. Texture analysis has been previously
applied to evaluate subtle pathologic changes in an image that are
not easily quantifiable by the human eye in other areas of the
body, such as the liver, brain, and cartilage.lz’17

The purpose of this study was to use texture analysis to exam-
ine differences in texture features of HPV-positive and HPV-neg-
ative oropharyngeal SCC and to see whether there are significant
differences in CT texture features related to HPV-positivity.

MATERIALS AND METHODS

Following institutional review board approval, 69 patients with
oropharyngeal SCC and known HPV status who underwent pre-
treatment contrast-enhanced CT between December 2009 and
Qctober 2013 were identified, and initial contrast-enhanced CT
examinations for staging were retrospectively reviewed. Examina-
tions with significant artifacts from motion or dental hardware
were excluded. Additionally, patients with very small primary tu-
mors (<5 mm) were also excluded. Ultimately, 40 patients were
included in this study.

CT Imaging Protocol

Initial contrast-enhanced CT examinations were performed inde-
pendently or in combination with FDG-PET examinations and
were acquired on 64— or 16—detector row CT scanners (Light-
Speed VCT or Discovery STE-16 PET/CT; GE Healthcare, Mil-
waukee, Wisconsin). Dedicated neck CT studies were helically
acquired (120-kV/auto-mAs) at 1.25-mm intervals by using a 60-
second delay after intravenous contrast injection (80—160 mL io-
versol, Optiray 350; Mallinckrodt, St. Louis, Missouri; or iopami-
dol, Isovue 370; Bracco, Princeton, New Jersey) extending from
skull base to the thoracic inlet and were reviewed in soft-tissue and
bone algorithms with 2-mm thick/interval coronal and sagittal
reconstructions.

Image Segmentation and Texture Analysis
The primary oropharyngeal lesion was manually contoured by a
neuroradiologist with >10 years of experience in head and neck
radiology and a fourth-year radiology resident, and all segmen-
tations were validated by the neuroradiologist. Segmentation of
the primary oropharyngeal lesion was performed by using a ded-
icated AW Workstation (GE Healthcare) with a semiautomated
graphical-user interface.

Each contour was imported into in-house-developed Matlab
(MathWorks, Natick, Massachusetts) texture-analysis software.
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FIG 1. Representation of gray-level co-occurrence matrix features.
The square on the left is a representative 2-bit image. In this sche-
matic, the gray-level co-occurrence matrix feature will count the
number of times a gray level of zero occurs 2 pixels away from an-
other gray level of zero (black circles). In the second row, third col-
umn, a gray level of zero (circled in black) is 2 pixels away from an-
other gray level of zero in the fourth row, third column (circled in
black). That gray level of zero in the fourth row, third column, is also
2 pixels away from a second pixel of a gray level of zero in the fourth
row, first column (circled in black). Therefore, for this 2-bit image, the
number of times a gray level of zero is within 2 pixels of another gray
level of zero is 2 (circled in black in the Table on the right). The rest of
the chart on the right is completed in a similar fashion for all other
gray-level combinations by using a predefined distance of 2 pixels.

In total, 42 texture features, including 13 histogram features, 5
gray-level co-occurrence matrix (GLCM) features, 11 gray-level run-
length (GLRL) features, 4 gray-level gradient matrix (GLGM) fea-
tures, and 9 Law’s features, were computed and averaged over the
images per dataset. The histogram features calculated herein con-
sisted of the mean, median, SD, range, geometric mean, and har-
monic mean of the ROIs, which are space—invariant.18

In contrast to the histogram features, the GLCM features are
highly spatially dependent. The GLCM is square and symmetric
with rows and columns from zero to N, where N, represents the
number of gray tones in the image. This notation allows the
GLCM element in row i and column j to represent the number of
times a given gray tone of value 7 is horizontally adjacent to gray
tone j in the original quantized image. Herein, GLCMs were cal-
culated by using only directly adjacent pixels for simplicity. Hor-
izontal, 45°, vertical, and 135° directions were averaged together
to eliminate any directional dependence (Fig 1). We tested the
following GLCM features proposed by Haralick et al*®:
1) Contrast = > |i — j|> p(i,j),

i,

E(l - I-Li)(j - I'Lj)P(i’]'))

2) Correlation =

Iy 0i0;j

ij
3) Angular Second Moment = Ep(i,j)z,

ij

o p(i,))

4) Homogeneity = 21 S P
ij

5) Entropy = > In[p(i,/)1p(i,}),

ivj
where p(i,j) represents the (i,j) value of the GLCM.
In addition, the GLRL matrix provides additional insights into
a spatial dependence.'® Similar to GLCM, the GLRL matrix is
quantized to N,, gray tones to simplify texture extraction and to
yield a more robust technique. The row index i of the GLRL ma-
trix represents the gray tone of value 7. In contrast, the column



FIG 2. Representation of gray-level run-length matrix features. The
square on the left is a representative 2-bit image. In this schematic, the
gray-level run-length matrix will search across the image in the horizontal
axis for consecutive pixels with the same gray level. In the first row of the
2-bit image, a dotted line circles the first row, which contains 4 consec-
utive pixels with a gray level of 2. In the chart on the right, this corre-
sponds to a run length of 4 (circled dotted line). The second row corre-
sponds to 2 consecutive pixels with a gray level of 1 (black circle),
corresponding to a run length of 2 (circled on the right chart diagram).
The third row corresponds to 3 consecutive pixels with a gray level of 1
(gray circle), which corresponds to a run length of 3 (gray circle in the
chart on the right). The last column of the 2-bit image demonstrates 2
consecutive pixels with a gray level of zero (dash-dot line); therefore, the
run length is 2 (circled dash dot line in the chart on the right). The calcu-
lation for gray-level run-length is also performed in the vertical axis and
along a 45° axis.

index j is the run-length, which is defined as a number of adjacent
and equal value pixels in a given direction. The value of each element
in the GLRL matrix represents the number of pixel line segments
(run) with run-length j and gray tone 7 (Fig 2). The same directions
considered in GLCM were averaged for the GLRL matrix. The fea-
tures explored included equations using short-run emphasis (SRE),
long-run emphasis (LRE), gray-level nonuniformity (GLN), run-
length nonuniformity (RLN), run percentage (RP), low gray-level
run emphasis (LGRE), high gray-level run emphasis (HGRE), short-
run low gray-level emphasis (SRLGE), short-run high gray-level em-
phasis (SRHGE), long-run low gray-level emphasis (LRLGE), and
long-run high gray-level emphasis (LRHGE), defined as follows:

1 op(inj)
6) SRE = n—E e
i
1 Cna
7) LRE = ;EP(I,J)J ,
ij
1 o
8) GLN = =3 (Xp(i,)))’
T l ]
1 o
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T ] l
n,
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”P
1 < pisj
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1
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T lj
13) SRLGE = iEp i)
Con SRR
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14) SRHGE = H—Ep(].zj) ,

i

1 p(inj)f

15) LRLGE = ”—Ep( if)] .
r 1,]

16) LRHGE= Y p(i, )i’
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where p(i,j) represents the (i,j) value of the GLRL matrix, #, is the
total number of runs, and n, is the total number of pixels.

Finally, the GLGM was used to provide the histogram of the
absolute gradient values in the ROI. As a preprocessing step, the
gradient of each pixel within the ROI was computed by using a
3 X 3 neighborhood. The GLGM features mathematically sum-
marize the gradient values of the pixels in the ROI and include
mean, variance, skewness, and kurtosis.

Statistical Analysis

Textures features were compared between HPV-positive and
HPV-negative oropharyngeal SCCs by using a Student ¢ test for
independent samples. To adjust for multiple comparisons, we
performed a false discovery rate (FDR) correction and calculated
the FDR-corrected P values (termed Q values) in addition to raw
P values by using the method of Glickman et al'® described in the
literature. Statistical computations were performed by using SAS
9.1.3 software (SAS Institute, Cary, North Carolina). The PROC
MULTTEST function in SAS was used to calculate the Q values. A
2-tailed P value <.05 was used to evaluate statistical significance.

RESULTS

Patient Characteristics

Twenty-nine of the 69 patients were excluded from the texture
analysis. Of these 29 patients, 12 patients were excluded for arti-
facts generated from dental hardware and/or patient motion, 13
patients were excluded for the small size of the lesion (defined in
this study as only being seen on =2 sections), and 4 patients were
excluded because they came to our institution with only contrast-
enhanced CT studies performed at another institution, which did
not use our institutional imaging protocol. Ultimately, 40 patients
with oropharyngeal SCC were included in this study. Patient ages
ranged from 44 to 79 years of age (mean age, 62.6 = 8.5 years) and
included 33 men and 7 women.

Of the 40 patients with oropharyngeal SCC, 11 were HPV-
negative (7 patients with primary sites involving the tonsil and 4
patients with primary sites involving the base of the tongue) and
29 patients were HPV-positive with primary sites involving the
tonsil in 21 patients, base of the tongue in 7 patients, and soft
palate in 1 patient (Fig 3). One patient of 11 with HPV-negative
oropharyngeal SCC was imaged on a 64—detector row CT scan-
ner, whereas the remaining 10 patients were imaged on a 16—
detector row CT scanner. Similarly, 4 patients of 29 with HPV-
positive oropharyngeal SCC were imaged on a 64—detector row
CT scanner, whereas the remainder were imaged with 16 —detec-
tor row CT.

Texture Analysis

The results of the texture analysis using 42 texture parameter fea-
tures are given in the On-line Table. The histogram feature me-
dian demonstrated statistically significant differences between
HPV-positive and HPV-negative tumors (P = .006). After using
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FIG 3. Representative examples of patients with HPV-positive and HPV-negative SCC. A, HPV-
negative right tonsillar squamous cell carcinoma (arrows) in a 65-year-old man. B, HPV-positive

right tonsillar squamous cell carcinoma (arrows) in a 65-year-old man.

the FDR correction, this difference remained statistically signifi-
cant (Q = 0.036). The histogram feature entropy also demon-
strated statistically significant differences between the 2 tumor
types (P =.016). After we used the FDR correction, this difference
remained statistically significant (Q = 0.048). The GLCM texture
feature entropy demonstrated a statistically significant difference
between HPV-positive and HPV-negative tumors (P = .043);
however, after application of the FDR correction, this parameter
was no longer statically significant (Q = 0.21). The remainder of
the GLCM texture features and histogram features, as well as all of
the GLRL features, GLGM features, and Law’s features, demon-
strated no statistically significant differences between HPV-posi-
tive and HPV-negative tumors.

DISCUSSION
This study demonstrated few statistically significant differences be-
tween the texture features of HPV-positive and HPV-negative pri-
mary oropharyngeal SCC. Of the 42 texture analysis features ex-
tracted from this analysis, only the histogram feature median
demonstrated statistically significant differences between HPV-pos-
itive and HPV-negative oropharyngeal SCC. To date, few studies
have focused on differentiating the HPV-positive and HPV-negative
status of oropharyngeal SCC on CT. Cantrell et al® performed a
blinded analysis examining CT differences of HPV-positive and
HPV-negative oropharyngeal SCC and found that HPV-negative
primary tumors demonstrated ill-defined borders and an increased
prevalence of invasion into adjacent muscle tissue, whereas HPV-
positive primary tumors tended to have well-defined borders.®

This paucity of studies focused on the primary site is in con-
tradistinction to abundant literature differentiating HPV-positive
from HPV-negative nodal metastasis.”>>' For example, Golden-
berg et al*® performed a retrospective review of the pretreatment
CT examinations of oropharyngeal SCC and found an increased
association of cystic nodal metastases with HPV-positive base of
tongue and tonsillar cancers compared with HPV-negative oro-
pharyngeal SCCs. Well-described features of these cystic nodal
metastases include a homogeneous fluid content without internal
complex, irregular or solid areas, and an enhancing capsule <2
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mm in thickness, whereas necrotic
nodal metastases were defined as having
thicker or more irregular walls with
complex central low attenuation.'> Us-
ing these imaging criteria of nodal me-
tastasis to predict HPV status of the pri-
mary tumors revealed an 87% sensitivity
when intranodal cystic changes were
used as a radiologic parameter to predict
HPV positivity.®

The distinction of HPV status of oro-
pharyngeal SCC is clinically important
because treatment and prognosis are
different. Based on histopathologic
studies, HPV-positive oropharyngeal
SCCs are a distinctly different histologic
entity compared with HPV-negative
oropharyngeal SCC.?>*' HPV-positive
tumors have been described as exhibit-
ing a basaloid, lymphoepithelial, and
poorly differentiated histology compared with a keratinizing his-
topathology seen in HPV-negative SCCs.”*** Prior studies have
described unique histologic features in nonkeratinizing HPV-
positive SCCs, such as nest formation with trabeculae, pushing
borders, and lack of a stromal 1re:sp0nse.7’9’22 Furthermore, fre-
quent mitotic features, comedonecrosis, and the presence of spin-
dle-shaped hyperchromatic nuclei without prominent nucleoli
have been described in these HPV-positive tumors.”® In contrast,
HPV-negative SCCs demonstrate keratinizing histopathologic
features with polygonal cells with mature cytoplasm, distinct cell
borders, and intercellular bridges.”® The growth pattern of HPV-
negative SCCs exhibits an infiltrative pattern with a pronounced
stromal desmoplastic reaction not appreciated in the HPV-posi-
tive tumors.”**?

Texture analysis is a branch of image processing that seeks to
reduce image information by extracting texture descriptors from
the image that may allow the mathematic detection of subtle sig-
nal changes among image pixels. These techniques ultimately
provide a quantitative means of extracting image features that is
useful for comparative analyses. Texture analysis has been previ-
ously used to evaluate subtle pathologic changes that are not easily
quantifiable by the human eye and can be particularly important
in relatively normal-appearing tissues where there is subtle micro-
scopic disruption due to early disease. Beyond the head and neck,
texture analysis techniques similar to those used in this study have
also been applied to myriad other organs, including the central
nervous system, bone, and cartilage, among others.'>'7->*-?>

Each texture feature evaluates alternating pixel intensities ac-
cording to a mathematic algorithm. The gray-level run-length
features are spatially dependent texture features, and the matrices
used to compute the GLRL features are based on the length and
quantity of runs (adjacent pixels with similar intensity values, as
explained in the “Image Segmentation and Texture Analysis” sec-
tion). The short-run emphasis feature identifies whether the im-
age has a majority of short runs, while the long-run emphasis
feature identifies a majority of long runs. The gray-level nonuni-
formity returns a higher value if there are more gray tones with



many runs, while run-length nonuniformity returns a higher val-
ues if there are more runs with many gray tones. Run percentage is
simply the normalized quantity of runs of an image, while low
gray-level run emphasis and high gray-level run emphasis assess
the quantity of runs from low gray-tone levels and high gray-tone
levels, respectively. The short-run low gray-level emphasis, short-
run high gray-level emphasis, long-run low gray-level emphasis,
and long-run high gray-level emphasis are derived by combining
short-run emphasis, long-run emphasis, low gray-level run em-
phasis, and high gray-level run emphasis. None of these features
were found to have statistically significant differences between
HPV-positive and HPV-negative tumors. The lack of a signif-
icant difference in these texture features between HPV-posi-
tive and HPV-negative tumors suggests a certain degree of uni-
formity within the tumors along both long and short matrix
runs and suggests that the attenuation of both dark and bright
line-like structures within the CT images is invariant of HPV
tumor status.

The spatially dependent GLCM features capture the frequency
of co-occurring gray tones.'® Contrast and homogeneity are both
GLCM features that represent the amount of local variation in an
image; for example, high contrast and low homogeneity corre-
spond to a finer texture with the correlation features observing
streaks of similar gray-tone levels. Angular fourth moment is the
fourth power of the energy of GLCM, which emphasizes a larger
number of similar pixel pairs in the image. The lack of a statisti-
cally significant difference in these texture features between the 2
tumor types suggests that the level of detail of the CT images is not
capable of distinguishing the 2 tumor types. The GLCM feature
entropy demonstrated statistically significant differences between
the 2 tumor types; however, this texture feature did not remain
statistically significant after the FDR analysis. This parameter
identifies the randomness and complexity of an image with higher
entropy, signifying that the frequency with which 2 gray-tone values
touch each other is low.'® We believe that the significant difference
in the entropy of HPV-positive and HPV-negative tumors sug-
gests that the internal consistence of these 2 tumor types is differ-
ent, despite the lack of significance on the FDR analysis.

This study has several limitations. First, there is no direct com-
parison between the underlying tumor histopathology and corre-
lation to the mathematic significance of the features of a texture
analysis. Ultimately, while we have postulated as to the underlying
meaning in terms of the tissue architecture on the basis of the
mathematic parameters of the texture analysis in cases of HPV-
tumor status, it is unknown what this translates to on a histo-
pathologic level because we have no histopathologic correlation
with the results of our texture analysis. Prior studies in the litera-
ture have explored the use of a texture analysis with underlying
pathology such as hepatic fibrosis in liver models, with high cor-
relations between texture features and the degree of hepatic fibro-
sis; however, no direct comparison between specific texture fea-
tures and histopathologic features has been performed. Second,
the sample size is relatively small, totaling 40 patients. We exam-
ined only primary oropharyngeal SCCs and did not expand our
cohort to include additional primary sites within the head and
neck. We chose to start with primary oropharyngeal SCC because
HPV-positivity is a known prognostic factor for oropharyngeal

SCC.”®1* Despite our small sample size, many patients had to be
eliminated from the study before we performed the texture anal-
ysis, predominately due to a combination of dental artifacts, pa-
tient motion, and small lesion size. The effects of the metallic
streak artifacts and patient motion on the texture analysis are not
fully known or described; therefore, for this initial pilot study, we
tried to collect subjects with SCCs without metallic streak arti-
facts, to limit this as a potential confounder.

We set a rough threshold for the lesion size, in that it would
need to be seen on atleast 3 CT sections to perform a good manual
contour. Last, we contoured areas of obvious necrotic and cystic
changes as well as ulceration of the final contours that were im-
ported into the texture analysis program. Both HPV-positive and
HPV-negative tumors demonstrated these areas of necrosis and
ulceration. We eliminated these areas because including foci of air
would not accurately reflect the underlying texture features
within the solid portion of the tumors. Additionally, for the pur-
poses of this initial study, we wanted to focus on whether the
texture analysis could differentiate HPV status on the basis of the
solid portion of the tumors.

CONCLUSIONS

The results of this pilot study demonstrate that some texture anal-
ysis features, particularly the histogram feature median, demon-
strated statistically significant differences between HPV-positive
and HPV-negative oropharyngeal SCCs. This study adds to the
limited previously published data and suggests a potentially novel
image-based assessment of HPV status of oropharyngeal SCCs on
CT. The results of this study demonstrate that the quantitative,
noninvasive, postprocessing assessment of a texture analysis has
the potential to be used as an adjunct for the evaluation of initial
oropharyngeal SCCs on CT, but further investigation into this
methodology is warranted.
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Direct Cranial Nerve Involvement by Gliomas:
Case Series and Review of the Literature

M.C. Mabray, C.M. Glastonbury, M.D. Mamlouk, G.E. Punch, D.A. Solomon, and S. Cha

ABSTRACT

O=

SUMMARY: Malignant gliomas are characterized by infiltrative growth of tumor cells, including along white matter tracts. This may result

in clinical cranial neuropathy due to direct involvement of a cranial nerve rather than by leptomeningeal spread along cranial nerves.

Gliomas directly involving cranial nerves IlI-XIl are rare, with only 11 cases reported in the literature before 2014, including 8 with imaging.

We present 8 additional cases demonstrating direct infiltration of a cranial nerve by a glioma. Asymmetric cisternal nerve expansion

compared with the contralateral nerve was noted with a mean length of involvement of 9.4 mm. Based on our case series, the key imaging

feature for recognizing direct cranial nerve involvement by a glioma is the detection of an intra-axial mass in the pons or midbrain that is

directly associated with expansion, signal abnormality, and/or enhancement of the adjacent cranial nerves.

ABBREVIATIONS: WHO = World Health Organization; CN = cranial nerve

liomas are the most common intra-axial primary brain tumors,
G with World Health Organization (WHO) grade IV glioblas-
toma multiforme representing the most common subtype.'™* Malig-
nant gliomas are characterized by infiltrative growth of tumor cells,
including along white matter tracts.””® The cranial nerve nuclei are
within the brain parenchyma and have glial cells extending into the
root entry zone and proximal cisternal segments with gradual re-
placement by Schwann cells of >1-9 mm.>"'! Therefore, infiltrating
growth patterns as seen along white matter tracts intra-axially may
potentially occur with known or suspected gliomas. This imaging
appearance may simulate nerve sheath tumors, intracranial perineu-
ral spread of head and neck tumors, or leptomeningeal spread of
disease, all of which are well-described and relatively more common
disease processes.'*™”
If we exclude cranial nerve involvement in the setting of dif-
fuse leptomeningeal spread of tumor, 11 unique cases of gliomas
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directly infiltrating cranial nerves have been reported in the liter-
ature before 2014, 8 with imaging.>'®>> Through our MR imag-
ing glioma data base, we have identified 8 additional cases of
pathologically confirmed gliomas with imaging findings indicat-
ing direct involvement of the cranial nerves. One of our cases (case
1) has since recently been separately reported in the neurosurgery
literature.'® The purpose of our study was to characterize the clin-
ical and imaging features of cranial nerve involvement by gliomas
and to improve recognition and understanding of this entity.

CASE SERIES

This study was performed under institutional review board approval
and was compliant with the Health Insurance Portability and Ac-
countability Act. Individual cases of gliomas directly involving a cra-
nial nerve were retrospectively identified through a search of our
teaching file data base and radiology reporting system. Cases of cra-
nial nerve involvement in the setting of diffuse leptomeningeal
spread, as determined by the presence of other areas where the brain
surface was coated with tumor, were excluded. Additionally, direct
involvement of the olfactory (cranial nerve [CN] I) or optic (CN II)
nerves was specifically excluded because anatomically and histologi-
cally, these nerves are white matter tract extensions of the brain and,
as such, are not true cranial nerves.

Eight individual cases of pathologically proved infiltrating gli-
oma involving the cisternal segment of =1 cranial nerve were
identified (Table) from 2000 to 2013. The mean patient age was 41
years (range, 9—67 years). There were 4 male and 4 female pa-
tients. Five of the 8 (63%) cases involved the trigeminal nerve (CN
V); 1, the oculomotor nerve (CN III); 1, the ipsilateral trigeminal
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Case series of patients with gliomas involving cranial nerves

Maximal Maximal
Thickness, Thickness, = Maximal
Grade Involved Contralateral Length
Case Age (yr) Sex Location (WHO) Neuropathy CN (mm) CN (mm) (mm)
1 67 M R pons to trigeminal nerve \% Yes 6 2 8
2 53 F Rpons to trigeminal and vestibulocochlear v No 3 1 4
nerves; separate R frontal tumor
3 67 F L pons to trigeminal nerve Il Yes 4 1 13
4 49 F Rmidbrain to R oculomotor nerve; separate v Yes 14 1 16
R frontal tumor
5 22 M R pons to trigeminal nerve; separate \% No 4 2 7
R frontal and thalamus tumor
6 9 M R pons to trigeminal nerve; separate R thalamus v No 4 2 4
and midbrain tumor
7 34 M R pons to trigeminal nerve; separate Il No 4 2 8
R parietal tumor
8 24 F Rpons to trigeminal and facial nerves v Yes 8 1 15
Mean (SD) 41(20.3) 5.9 (3.6) 1.5(0.5) 9.4(47)

Note:—R indicates right; L, left.

FIG 1. Patient 1. Axial (A) and coronal (B) postgadolinium Tl-weighted MR images demonstrate an
irregular enhancing mass involving the right pons, the expected location of trigeminal nuclei, the root
entry zone, and the cisternal segment of the right trigeminal nerve (arrow). The normal left trigeminal
nerve is marked on the coronal image (arrowhead). This patient presented with right facial numbness.

and facial nerves (CN VII); and 1, the ipsilateral trigeminal and
vestibulocochlear nerves (CN VIII). Three cases were direct in-
volvement from unifocal gliomas, and 5 cases were in the setting
of multifocal advanced glioma. In 2 of the patients with unifocal
tumors (cases 1 and 8) and in 1 of the patients with advanced
multifocal tumors (case 4), cranial neuropathy was a feature of the
patients’ tumor presentations. The third patient with a unifocal
tumor (case 3) had evidence of cranial neuropathy that became
more apparent with time. Six of the cases were found at biopsy to
be glioblastomas (WHO grade IV). One case had previously been
determined to be WHO grade III (case 3); and 1 case, WHO grade II
(case 7), which had likely dedifferentiated into a higher grade glioma
as evidenced by contrast-enhancing tumor on follow-up imaging.
The mean maximal thickness of the involved cisternal cranial nerve
(5.9 mm) was statistically significantly thicker (P < .01, 2-tailed t test)
than the mean thickness of the contralateral uninvolved nerve (1.5
mm), with a mean length of involvement of 9.4 mm. Involvement of
the adjacent midbrain or pons deep to the root entry zone of the
cranial nerves by a lesion contiguous with and matching the cranial
nerve involvement in signal characteristics and enhancement pattern
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was present in all cases and was a key im-
aging feature in identifying the intra-axial
origin of disease.

Casel

A 67-year-old man presented with an
8-week history of right facial numbness,
which began in the midface and pro-
gressed to complete right facial numb-
ness during 6 weeks. MR imaging (Figs 1
and 2) demonstrated an irregular, pe-
ripherally enhancing, T2 FLAIR hyper-
intense mass centered in the right pons
and extending into the trigeminal root
entry zone and the cisternal segment of
the right trigeminal nerve. Dynamic sus-
ceptibility-weighted contrast-enhanced
perfusion imaging demonstrated in-
creased relative cerebral blood volume
within the brain stem component compared with the contralat-
eral pons. Multivoxel MR spectroscopy demonstrated an elevated
choline signal relative to the NAA signal within the brain stem
component. Surgical biopsy of the lesion was performed at the
root entry zone/proximal cisternal segment of the trigeminal
nerve with decompression of an intraneural cyst (Fig 2). Histopa-
thology revealed WHO grade IV glioblastoma arising in the root
entry zone of the trigeminal nerve. The patient was treated with
external beam radiation therapy and chemotherapy and remains
alive with residual disease at 48 weeks since diagnosis.

Case 2

A 53-year-old woman with surgical biopsy 9 months prior and
I-125 brachytherapy seed placement 6 months prior for residual
right frontal WHO grade IV glioblastoma presented for follow-up
MR imaging. The patient developed progressive disease with in-
filtrative T2 FLAIR hyperintensity extending into the brain stem
and an irregularly enhancing mass lesion centered in the right
pons. The abnormal expansion, T2 FLAIR signal abnormality,
and enhancement extended into the root entry zone of the trigem-



FIG 2. Patient 1. Axial T2 FLAIR (A) MR image demonstrates abnormal T2 FLAIR signal in the right
lateral pons extending into the right trigeminal nerve (arrow marks the site of biopsy, arrowhead
marks the normal left trigeminal nerve). B, Multivoxel MR spectroscopy demonstrates increased
choline relative to NAA in the right-sided voxel corresponding to the tumor (arrow). C, Operative
photograph shows aright retrosigmoid approach to the expanded right trigeminal nerve (arrow),
with biopsy being obtained (courtesy of Jonathan D. Breshears, MD). D, Hematoxylin-eosin
stained histology slide (original magnification X20) demonstrates an infiltrative astrocytic neo-
plasm with nuclear pleomorphism, brisk mitotic activity, microvascular proliferation (arrow), and
pseudopalisading necrosis (arrowhead). Pathologic diagnosis was a glioblastoma, WHO grade IV.
No peripheral nerve was identified in the specimen despite the biopsy location, likely reflecting

the origin from glial cells in the trigeminal root entry zone.

inal nerve and proximal cisternal segment. More subtle signal
abnormality and enhancement extended into the right vestibulo-
cochlear nerve complex. No definitive symptoms of cranial neu-
ropathy were reported. The patient had a partial response to che-
motherapy and additional radiation therapy but ultimately
developed progressive infiltrating glioma.

Case 3

A 67-year-old woman with known neurofibromatosis type 1 pre-
sented with headaches, dizziness, and syncope. MR imaging (Fig
3) demonstrated an expansile T2 FLAIR hyperintense, peripher-
ally enhancing mass lesion centered in the left pons with extension
into and expansion of the root entry zone of the trigeminal nerve.
Surgical biopsy of the contiguous lesion in the pons yielded
diffuse astrocytoma, WHO grade II (Fig 3). At presentation,
the patient had symptoms referable to the brain stem and cra-
nial nerve nuclei, including abnormal acoustic reflexes and
dizziness. With time, the patient developed worsening trigem-
inal neuropathy as evidenced by abnormal tingling of the left
lower face. The patient received radiation therapy and steroids,

with an initial response followed even-
tually by progressive disease.

Case 4

A 49-year-old pregnant woman pre-
sented with diplopia and was found to
have right oculomotor nerve palsy (CN
II). MR imaging (Fig 4) demonstrated
an irregular peripherally enhancing
mass lesion extending from the mid-
brain into the cisternal segment of the
right oculomotor nerve. The mass also
demonstrated T2 FLAIR hyperintensity
and reduced ADC values. The patient
had a separate mass in the right frontal
lobe with similar imaging characteris-
tics. Surgical biopsy of the right frontal
mass was performed, which showed
WHO grade IV glioblastoma. The pa-
tient underwent external beam radia-
tion therapy with concurrent temozo-
lomide chemotherapy and, at the time
of clinical recurrence, was started on
bevacizumab (Avastin), but the tumor
disseminated widely within the CSF,
including to the spinal canal.

Case 5

A 22-year-old man with a history of a
right frontal lobe WHO grade IV glio-
blastoma, partially resected 18 and 11
months prior, was noted on follow-up
imaging to have new right thalamic and
right pontine masses. The T2 FLAIR hy-
perintense mass centered in the right
pons demonstrated expansion of the
root entry zone of the trigeminal nerve
and extension into its cisternal segment.
No definitive symptoms of trigeminal neuropathy were noted,
though the patient had altered mental status. The patient devel-
oped progressive disease despite additional therapy.

Case 6

A 9-year-old boy with a history of a right thalamic WHO grade IV
glioblastoma, partially resected 3 months prior, was found to have
increasing T2 FLAIR hyperintense signal with associated irregular
enhancement extending inferiorly into the right pons with in-
volvement at the root entry zone and proximal cisternal segment
of the right trigeminal nerve. The patient did not have any symp-
toms definitively referable to trigeminal neuropathy; his dysar-
thria and left-sided facial weakness were presumed to be related to
the thalamic tumor. The patient received additional chemother-
apy and ultimately developed progressive disease.

Case7

A 34-year-old man with resection of a right temporal lobe oligo-
dendroglioma 8 years ago and re-resection 32 months prior for
recurrent disease re-presented for follow-up MR imaging. Enlarg-
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FIG 3. Patient 3. Axial T2 FLAIR (A), coronal T2 FLAIR (B), and coronal postgadolinium T1(C) MR images
demonstrate abnormal T2 FLAIR signal in the left lateral pons extending into the expanded left tri-
geminal nerve (arrow), with enhancement shown at the root entry zone (C). The arrowhead marks the
normal right trigeminal nerve, and the asterisk marks the approximate site of biopsy in the pons. D,
Hematoxylin-eosin stained histology slide (original magnification X40) demonstrates an infiltrating
population of neoplastic astrocytes with irregular ovoid nuclei (arrow) and coarse chromatin and
scant eosinophilic cytoplasm. No mitotic activity, microvascular proliferation, or foci of necrosis are
present. The pathologic diagnosis was a diffuse astrocytoma, WHO grade II.

FIG 4. Patient 4. Axial postgadolinium Tl-weighted MR image (A) and ADC map (B) show an
irregularly enhancing, mass with restricted diffusion (arrow) involving the root exit zone and the
cisternal course of the right oculomotor nerve in the interpeduncular cistern. This patient pre-
sented with right oculomotor palsy.

accessible right parietal component dem-
onstrated a recurrent WHO grade IT oligo-
dendroglioma, though the enhancing por-
tion was not biopsied and the possibility of
an undersampled higher grade compo-
nent could not be excluded. No definitive
symptoms of trigeminal neuropathy were
present. The patient received additional
chemotherapy and ultimately developed
progressive disease.

Case 8

A 24-year-old woman presented with ipsi-
lateral trigeminal and facial neuropathies
manifesting as right facial numbness and
weakness, respectively. MR imaging (Fig
5) demonstrated a T2 FLAIR hyperintense
mass with irregular peripheral enhance-
ment involving the right pons, with exten-
sion into the right cerebellopontine angle
and internal auditory canal along the facial
and vestibulocochlear nerve complex and
extension into the right trigeminal nerve
root entry zone and cisternal segment. Dy-
namic susceptibility-weighted contrast-
enhanced perfusion imaging was per-
formed, which demonstrated increased
relative cerebral blood volume within the
lesion compared with the contralateral
pons. Clinically, there were no features of
vestibular or cochlear nerve involvement.
Histopathology of the contiguous pontine
lesion showed WHO grade IV glioblas-
toma (Fig 5). This patient received radia-
tion and chemotherapy and ultimately de-
veloped progressive disease with right-
sided hearing loss later in the course of her
disease.

DISCUSSION

We have presented a series of 8 cases of
direct invasion of a cranial nerve by a
glioma. This is a rare phenomenon, with
only 11 unique cases reported in the lit-
erature before 2014.>'> All 8 cases
demonstrated abnormal T2 FLAIR hyper-
intensity, contrast enhancement, and ex-
pansion of a cisternal cranial nerve and its
root entry zone contiguous with a brain
stem parenchymal lesion.

The literature from 1904 to 2011 de-
scribes 11 unique cases of a glial neo-
plasm involving a cranial nerve.”'¢2>
Only 8 of the cases describe imaging

ing T2 FLAIR hyperintense signal with associated irregular nod-  findings because 3 of the cases predate modern imaging. In 8 of
ular enhancement was demonstrated in the right pons with new  the reported patients, patient age was available and revealed a

contiguous involvement of the root entry zone and proximal cis-  mean age of 36 years with a range of 870 years. Eight cases were

ternal segment of the right trigeminal nerve. Biopsy of the more  reported to involve the vestibulocochlear nerve (CN VIII); 1 case,

1352 Mabray Jul 2015 www.ajnr.org



FIG 5. Patient 8. Axial postgadolinium T1(A and C) and axial T2 FLAIR (B) MR images demonstrate
anirregularly enhancing, T2 FLAIR hyperintense mass involving the right lateral pons and expected
origins and intracranial course of both the right facial (A) and the trigeminal (B and C, arrow)
nerves. Enhancement also extends into the right internal auditory canal along its anterior and
superior aspect where the extra-axial facial nerve courses (A, arrow). Asterisk (A) marks the
approximate site of biopsy. D, Hematoxylin-eosin-stained intraoperative smear preparation (orig-
inal magnification X10) demonstrates a population of neoplastic astrocytes with nuclear pleo-
morphism and numerous mitotic figures. A vessel with extensive budding and endothelial prolif-
eration is present (arrow). Pathologic diagnosis was a glioblastoma, WHO grade IV. This patient
presented with right facial numbness and weakness, but no clinical evidence of vestibulocochlear

nerve involvement until later in the disease course.

to involve the oculomotor nerve (CN III); 1 case, to involve the
trigeminal nerve (CN V); and 1 case, to involve the vestibuloco-
chlear, facial, and trigeminal nerves (CNs V, VII, and VIII). The
reported histopathology in 9 of the cases was low-grade glioma
(WHO grades I-1I), and in 2 cases, it was glioblastoma (WHO
grade IV).

While the ages of patients in our case series and the literature
are similar, our series differs from the prior reported cases in
tumor grade and the specific cranial nerve involved. The tumors
in our case series are of a higher grade than those identified in the
literature, with 6 of 8 (75%) being grade III-IV tumors in our
series compared with 2 of 11 (18%) in the prior literature. The
most common cranial nerve involved in our series was the trigem-
inal nerve, which was involved in 7 of 8 cases (88%) compared
with 2 of the prior 11 (18%); the most common cranial nerve
previously reported in the literature was the vestibulocochlear
nerve, which was involved in 9 of 11 cases (82%) in the prior
literature compared with being involved in 1 of 8 (13%) in our
series. A number of confounding factors may potentially result in
these differences. The prior literature has shown an emphasis on

gliomas found at surgery for what had
been presumed to be a vestibular
schwannoma. Our institution is a refer-
ral center that uses frequent imaging in
patients with known aggressive gliomas.
Additionally, modern high-resolution
MR imaging techniques make cranial
nerve involvement more readily appar-
ent, and this phenomenon might have
been under-recognized and under-re-
ported in the past.

Three of the 8 (38%) patients in our
series presented with new cranial neu-
ropathy corresponding to the involved
nerve, including 1 patient with in-
volvement of 2 cranial nerves. A fourth
patient had more subtle evidence
of trigeminal neuropathy, which in-
creased with time. Most interesting, 4
of the 8 (50%) patients did not have
reported clinical symptomatology re-
ferable to cranial nerve involvement.
These 4 cases were all in the setting of
advanced multifocal glioma with cra-
nial nerve involvement manifesting
later in the disease course. Recogniz-
ing clinical cranial neuropathy in pa-
tients presenting initially with cranial
nerve involvement rather than in those
developing it later in their disease
course may be more likely. Our find-
ing of clinical cranial neuropathy be-
ing an inconsistent feature is similar to
that seen with perineural spread of
head and neck cancer, in which up to 40%
of patients are reported to be asymptom-
atic."*?° The inconsistency of clinical cra-
nial neuropathy in both situations may be related to the heteroge-
neous nature of cranial nerve involvement histologically and
mechanistically.'**”

The tumors in our case series demonstrated evidence of intra-
axial origin and have the typical imaging characteristics of gliomas
elsewhere in the central nervous system. The adjacent pons or
midbrain was abnormally expanded, with tumor involvement in
all cases that was contiguous with the proximal cisternal cranial
nerve involvement; this feature was key to recognizing the intra-
axial origin of the tumors and helped to differentiate them from
other lesions considered at these locations, including nerve sheath
tumors, meningiomas, perineural spread of head and neck malig-
nancies, and diffuse neoplastic, infectious, or inflammatory lep-
tomeningeal disease, all of which would be expected to have dif-
ferent imaging findings from those in our cases.

Gliomas directly involving the cranial nerves are rare, with only
11 cases reported in the literature; we have presented an additional 8
cases. These are intra-axial, intraparenchymal tumors, which, despite
their unusual locations, demonstrate the imaging features typical of
gliomas with the additional feature of extension into and expansion
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of the cranial nerve. These tumors can cause clinically evident cranial

neuropathy, though this was not a consistent feature in our series.

Recognition of the intra-axial, intraparenchymal origin of cranial

nerve involvement by gliomas is a key imaging feature for the accu-

rate diagnosis and correct management of these patients.

Disclosures: Christine M. Glastonbury—UNRELATED: Royalties: Amirsys, Comments:
from book and participation in StatDx; Stock/Stock Options: Amirsys.
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CLINICAL REPORT
HEAD & NECK

Parry Romberg Syndrome: 7 Cases and Literature Review

ABSTRACT

M. Wong, C.D. Phillips, M. Hagiwara, and D.R. Shatzkes

SUMMARY: Parry Romberg syndrome is a rare progressive hemiatrophy of the face that typically occurs in children and young adults and

has a peculiar progression that ceases without apparent cause after a highly variable period. Only a subset of patients with Parry Romberg

syndrome will develop secondary neurologic or ophthalmologic symptoms, and prognosis is highly variable. Inconsistency in the pattern

of atrophy and the development of associated symptoms in patients with Parry Romberg syndrome has made it challenging to diagnose,

prognosticate, and treat. The precise etiology of this disease remains unknown, but some authors have implicated sympathetic cervical

ganglion dysfunction, abnormal embryogenesis, autoimmune and inflammatory mechanisms, or vasculopathy as potential causes. We

present 7 cases of Parry Romberg syndrome and their associated clinical and imaging findings with specific attention to the radiographic

characteristics of this disease.

ABBREVIATION: PRS = Parry Romberg syndrome

I nitially described by Drs Caleb Hillier Parry and Moritiz Hei-
nrich Romberg in 1825 and 1846, respectively,** Parry Rom-
berg syndrome (PRS), also known as progressive facial hemiatro-
phy, is a rare, insidious, and self-limiting hemiatrophy of the face.
It characteristically involves the skin and subcutaneous connec-
tive tissues and may later progress to affect the underlying mus-
culature, cartilage, and osseous structures with or without devel-
opment of neurologic symptoms.'>%>*2° PRS typically presents
initially in children and young adults and slowly progresses over a
highly variable course ranging from 2 to 20 years, eventually
reaching a “burned-out phase” and stabilizing for no apparent
reason.> *#1%1417 This peculiar disease course, along with highly
variable signs and symptoms, impedes consistent understanding
of the underlying pathophysiology of PRS. Many theories about
PRS have emerged throughout the years, attributing this syn-
drome to widely varying etiologies such as infection, trauma,
sympathetic nervous system dysfunction, vascular abnormalities,
inflammatory conditions, and autoimmune disorders, but at this

time, a specific etiology remains uncertain,'*'?"17-2-2>
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Changes of cutaneous PRS may be subtle on imaging studies,
but 20% of these patients will have intracranial manifestations
that may not correspond to the severity of soft-tissue involvement
or neurologic symptoms.'>'®?° Radiologic examinations may
identify clinically occult intracranial involvement, facilitate the
exclusion of other differential diagnostic considerations,'> and
aid in monitoring disease progression.” We present 7 cases of PRS
to illustrate its wide variety of extracranial and intracranial imag-
ing findings, along with a discussion of the clinical course, differ-
ential diagnoses, and treatment options. The role of the radiolo-
gist in diagnosis and management is emphasized.

Case Series

Casel. A44-year-old woman with known right-sided PRS under-
went CT for the evaluation of disease extent and cosmetic surgical
planning. CT demonstrated thinning of the skin and subcutaneous
fat of the right side of the face extending inferiorly to the suprahyoid
neck. There was atrophy of the right platysma and muscles of masti-
cation, with substantial asymmetry in the size of the parotid gland
(Fig 1A). Osseous asymmetry was most pronounced in the maxilla
and zygoma, though the right hemimandible was smaller than the left
one (Fig 1B). Considerable right enophthalmos was present (Fig 1C).
No brain imaging was performed.

Case 2. A 14-year-old boy presented with progressive atrophy
of the left side of the face. CT and MR imaging examinations
revealed hemiatrophy most prominently involving left-sided
skin and subcutaneous fat, with lesser involvement of the mus-
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FIG1. Axial CTimages of a44-year-old woman with PRS obtained for cosmetic surgical planning. A, There is prominent hemiatrophy of the skin,
subcutaneous fat, and masseter muscle. B, The right maxillary sinus is considerably smaller than the left. C, Marked right enophthalmos is present.

FIG 2. Al4-year-old boy who presented with progressive atrophy of the left face. A, TI-weighted image shows striking paucity of fat in the left
face. B, 3D reconstruction of a CT series demonstrates left facial hemiatrophy, particularly involving the mandible. C, TI-weighted image at the

level of the orbits reveals left enophthalmos.

cles of mastication (Fig 2A). Skeletal findings were most pro-
nounced in the mandible (Fig 2B). Enophthalmos of the left
globe was present with relative paucity of retrobulbar fat (Fig
2C). No intracranial imaging findings were observed at the
time of presentation.

Case 3. A 24-year-old man with progressive hemiatrophy of the
left lower face and left facial nerve dysfunction during the past 3
years presented for imaging evaluation of symptoms. MR imaging
demonstrated near-absence of subcutaneous fat involving the in-
framaxillary face extending inferiorly to the visualized portions of
the suprahyoid neck (Fig 3A). Only minimal asymmetry was
noted involving the muscles and skeletal structures (Fig 3B). In-
volved tissues demonstrated normal T1 and T2 signal without
pathologic contrast enhancement (Fig 3C). Limited evaluation of
intracranial content revealed no abnormality. Diagnosis of PRS
was made, given imaging findings and compatible clinical history
and examination.

Case 4. An 11-year-old girl with a known diagnosis of PRS of
unknown duration was experiencing increasing dermal sensi-
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tivity and tightness of the left hemiface and occasional pain
along the left temple for the past year. CT revealed soft-tissue
atrophy and osseous asymmetry most prominently in the left
maxilla (Fig 44), with extension to the left frontal scalp supe-
riorly and left mandible inferiorly. There was deviation of the
nose toward the side of atrophy (Fig 4B). The maxillary sinus,
ethmoidal air cells, mandible, and osseous orbit were relatively
smaller on the left (Fig 4C). No dedicated intracranial imaging
was performed.

Case 5. A 30-year-old woman with known PRS presented with
weakness and recurrent headaches and underwent MR imaging of
the brain. Subtle thinning of the subcutaneous skin and fat was
seen along the right scalp (Fig 5A). On FLAIR and T2-weighted
images, increased signal was present in the ipsilateral subinsular,
temporal, and occipital lobe white matter and in the cerebral pe-
duncle (Fig 5B, -C). Susceptibility-weighted imaging demon-
strated innumerable punctate foci throughout the right temporal,
frontal, and occipital lobes and in the cerebellum (Fig 5D). The
left hemisphere was normal.



FIG 3. A 24-year-old man with progressive atrophy of the left face. A and B, Axial Tl-weighted MR images demonstrate left hemifacial atrophy
primarily involving the skin and subcutaneous fat; only subtle asymmetry of the masseter is noted. C, T2-weighted image at the same level

demonstrates normal T2 signal in the affected structures.

FIG 4. An Tl-year-old girl with left-face sensitivity and left-temple pain. A, 3D reconstructions of a CT series show osseous asymmetry, most
prominently in the left maxilla. B, Axial CT image at soft-tissue windows demonstrates deviation of the nose toward the affected side. C, Axial
bone window demonstrates marked asymmetry in the volume of ethmoidal air cells.

Case 6. A 35-year-old woman with known left PRS presented
with headache and weakness. MR imaging demonstrated in-
creased T2 signal in the left hemispheric white matter. Involve-
ment was geographic, with regional areas of confluent periven-
tricular, deep, and subcortical white matter hyperintensity (Fig6).
The right hemisphere demonstrated only nonspecific punctate
foci of white matter hyperintensity.

Case 7. A 68-year-old man with known PRS presented with clin-
ical acute right middle cerebral artery occlusion. Noncontrast
head CT demonstrated marked thinning of the left frontal scalp
similar to an en coup de sabre deformity (Fig 7A). MR imaging
demonstrated findings consistent with right MCA acute infarc-
tion (not shown). The left hemisphere was markedly abnormal
with extensive white matter signal abnormality (Fig 7B). Asym-
metric left ventriculomegaly and a relatively small ipsilateral sul-
cal size (Fig 4C) were present and suggested hydrocephalus, but
their etiology remained unexplained.

DISCUSSION
Parry Romberg syndrome is a sporadic and rare condition that
has been reported to be more common in females,>®!%1>717:20
without apparent geographic or ethnic predilection.'” Onset
typically occurs during the first and second decades of life,
resulting in an initially insidious but progressive hemiatrophy
of the face during a span of 2-20 years, with a slight propensity
for the left side.”> 8 1%13-17:20-23 Seemingly without cause, the
progression abruptly arrests and stabilizes, reaching a “burned-
out” phase.>>%1%1417:2% Diagnosis of PRS mainly relies on the
clinical history and examination and exclusion of other possibil-
ities, supported by histopathologic and imaging studies.'®
Patients characteristically experience atrophy of the skin and
subcutaneous tissues and may develop atrophy of the underlying
muscular, cartilaginous, osseous, and glandular structures as the
disease progresses.'™>'*"172% The affected area typically begins in
the maxillary or periorbital region and may expand to involve the
forehead, perioral region, teeth, jaw, and neck to varying de-
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FIG 5. A 30-year-old woman with a history of PRS who presented for MR imaging evaluation
for weakness and recurrent headaches. A, Coronal enhanced Tl-weighted MR image demon-
strates mild asymmetry of scalp thickness with relative paucity of subcutaneous fat on the
right. B and C, Axial FLAIR images demonstrate abnormal hyperintensity of the white matter
in the right corona radiata, internal capsule, and temporal region. D, Axial susceptibility-
weighted image demonstrates innumerable punctate foci of susceptibility throughout the
right cerebral hemisphere.

57121417 Tnyolvement of the

grees.
teeth may help in determining the age of
onset in unclear cases,'” because the
presence of relatively smaller teeth
with short roots has been reported in
PRS.?! Earlier onset and longer dura-
tion of PRS have been reported to relate
to increased severity of the disease.>'”
Superficial changes such as skin discol-
oration and cicatricial alopecia may oc-
cur as well.>”'>"!7 PRS is typically lim-
ited to 1 side of the head and neck, but
bilateral disease has been reported. Sim-
ilar manifestations involving the trunk
and extremities are even rarer.'*'”

Neurologic symptoms occur in 15%-—
20% of patients, with the most common
being ipsilateral headaches, facial pain,
and seizures, which may be refractory
to treatment.>®®%!21¢ Other reported
neurologic symptoms include trigemi-
nal neuritis, facial paresthesia, cranial
nerve dysfunction, fixed focal neuro-
logic defects, hemiparesis, and cognitive
impairment.'>>%%!1"1¢  Ophthalmo-
logic symptoms occur in 10%-35% of
patients and usually involve the ipsilat-
eral orbit. Enophthalmos is common
due to atrophy of the retrobulbar
fat>*1>17; other potential orbital ab-
normalities include uveitis and retinal or
optic nerve alterations,>>!>1>717

Many theories have developed dur-
ing the years in an attempt to explain
this peculiar disease. However, no single
theory has been satisfactory in fully
characterizing and predicting PRS, and
our understanding of the underlying

FIG 6. A 35-year-old woman with a history of PRS presented for MR imaging evaluation for headaches and weakness. Axial FLAIR images
demonstrate hyperinstensity in the left cerebral periventricular to subcortical white matter. The pattern of signal abnormality is geographic,

with subtotal involvement of frontal, parietal, and temporal lobes.
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FIG 7. A 68-year-old man with PRS who presented with acute right MCA infarct. A, Axial CT image demonstrates striking focal loss of scalp
thickness in the left frontal region. B, Axial FLAIR images demonstrate confluent signal abnormality in the high left frontal and parietal white
matter. C, Etiology of left ventriculomegaly and sulcal asymmetry was uncertain.

pathophysiology remains limited.” Proposed etiologies have in-
cluded trauma, genetic predisposition, infection, radiation expo-
sure, embryonic developmental dysfunction, sympathetic cervi-
cal ganglion dysfunction, and metabolic and endocrinologic
disturbances.'>>®'>"'7 Currently, the strongest laboratory and
histologic evidence supports an inflammatory autoimmune dis-
order with or without associated vasculopathy.'"®'>!*>!7 Clin-
ical improvement with immunosuppressive therapy during active
disease further supports an underlying immunologic-mediated
process.®?>

On radiologic assessment, common facial imaging findings
include varying degrees of hemiatrophy accompanied by obliter-
ation of fat planes, ipsilateral deviation of the aerodigestive tract,
and enophthalmos due to loss of retrobulbar fat.'>'” No abnor-
mal CT attenuation or MR signal has been reported within the
affected facial structures.'® Intracranially, the most common
findings are the following: 1) ipsilateral linear or discrete subcor-
tical calcifications in the frontal lobe, 2) white matter hypoatten-
tuation on CT corresponding to hyperintense T2 signal on MR

imaging,173,7710,13718

and 3) ipsilateral focal or hemispheric brain
atrophy.'®'® These findings typically occur ipsilateral to the af-
fected side of the face'® and may worsen with disease progres-
sion." Less frequently described imaging findings include the loss
of cortical gyration, cortical thickening, ventricular dilation, focal
corpus callosum infarcts, leptomeningeal thickening and contrast
enhancement, attenuated mineral deposits, hamartomas, and
MR signal abnormality involving the thalamus or gray mat-
ter.>>71>1717 Vascular abnormalities such as microhemor-
rhages, malformations, stenoses, and aneurysms have also been
reported in association with PRS.>!>13717:2>

In our case series, we demonstrated a variety of imaging find-
ings in 7 patients with PRS. All patients had varying degrees of
facial atrophy, and the affected extracranial structures retained
normal signal patterns on MR imaging. Our first 4 patients un-
derwent scanning for evaluation of facial findings. In 1 of the 4
patients, additional brain imaging was performed but revealed no
abnormality. The remaining 3 patients with known diagnoses of
PRS underwent dedicated brain imaging to evaluate neurologic

symptoms; all had substantial intracranial manifestations with
white matter signal abnormality ipsilateral to the side of facial
atrophy being a consistent finding. One patient demonstrated a
striking pattern of innumerable foci of susceptibility in the
ipsilateral brain—these may represent microhemorrhages or
foci of mineralization. In another patient, unexplained ven-
triculomegaly and associated small sulci could represent underly-
ing hydrocephalus or may reflect an as-yet-undocumented intra-
cranial manifestation of PRS.

PRS shares many clinical features, such as age of onset, associ-
ated neurologic symptoms, and cutaneous presentations with en
coup de sabre, a rare variant of linear scleroderma that occurs
along the anterior aspect of the scalp.'®>>?® These 2 entities are
commonly discussed in conjunction due to their overlapping pre-
sentations and lack of distinguishing clinical features.>>®'%!7>>
To make differentiation even more complicated, conversion of
en coup de sabre to PRS has been reported,”'”*" and 30%-—
40% of patients with PRS have changes typical of scleroderma
localized outside the face.>®'? This has led many authors to
consider these 2 entities variants that share a common under-
lying pathogenesis related to linear scleroderma.'”"'%-2!222
Other authors, however, argue against this claim'%2® because
deeper head and neck structures, such as the oral or pharyngeal
musculature, are not commonly involved in en coup de sabre,
and there are typically elevated titers of autoantibodies in en
coup de sabre but not in PRS.?"**> On the other hand, PRS
demonstrates little-to-no sclerosis of the cutaneous and sub-
cutaneous structures, variable perivascular chronic inflamma-
tion, and preservation of dermal elastic tissue on histopatho-
logic examinations, differentiating it from the spectrum of
scleroderma diseases.”' 72326

PRS also shares features with Rasmussen encephalitis, an
autoimmune/inflammatory disorder affecting 1 side of the
brain, resulting in refractory epilepsy and progressive hemiple-
gia and typically affecting children in the first decade of
life."*?”*® On imaging, Rasmussen encephalitis is character-
ized by predominately unilateral hemispheric areas of hyper-
intense T2 signal with eventual development of unilateral ce-
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rebral atrophy,””?® findings that may be indistinguishable
from intracranial imaging features of PRS. There have been
reported cases of coexisting Rasmussen encephalitis and PRS

in pediatric patients,*®'*'>!7

supporting a possible patho-
physiologic correlation between these 2 entities. In younger
patients, differentiating these 2 entities may be difficult, but
clinical signs and symptoms, such as the presence of epilepsia
partialis continua, a hallmark symptom of Rasmussen enceph-
alitis, and involvement of cutaneous structures should guide
the clinician and radiologist to the correct diagnosis."*”%2728

Other diseases in which facial asymmetry is a prominent
clinical feature include hemifacial microsomia (first and sec-
ond brachial arch syndrome) and Goldenhar syndrome, but
unlike PRS, these conditions are typically congenital and non-
progressive.'>?"**> Hemifacial hyperplasia causes asymmetry
of the face as well, but rather than atrophy, this entity is char-
acterized by overgrowth and hyperplasia.>""*® Partial lipodys-
trophy (Barraque-Simons syndrome) may have manifestations
similar to those of PRS, but typically these are bilateral.'>**
Silent sinus syndrome may also be considered, but these pa-
tients present later in life with characteristic imaging findings
of opacification and atelectasis of the maxillary sinus and evi-
dence of ipsilateral ostiomeatal unit obstruction.>®

No standard treatment algorithm currently exists for PRS,'>!”
especially given that response to treatment is difficult to assess."”
In general, treatment goals are to obtain seizure control if seizures
are present, provide symptomatic relief, and halt disease progres-
sion.'”'® PRS-related seizures are usually treated with anticon-
vulsive therapy despite their commonly refractory nature."*'* At
times, lobectomy may be warranted for seizure control.** Addi-
tionally, similar to treatments for scleroderma, immunosuppres-
sive therapies, ranging from topical corticosteroids to systemic
corticosteroids, immunomodulators, and plasmapheresis, have
been used with varying degrees of success. Antimalarials, antibi-
otics, vitamin D5 analogues, and penicillamine are also treatment
options that have demonstrated variable responses.>®!®4!8
Once the disease stabilizes, cosmetic therapies, including pulse
dye lasers, dermal fat grafts, autologous fat grafts, muscle flap
grafts, free silicone injections, and bone augmentations, are avail-
able for aesthetic management.'®>>** Recently, autologous fat
grafting with adipose-derived stem cells has been shown to pro-
vide the most favorable cosmetic results.?>** In these incidences,
objective serial volumetric analysis of both hemifaces is important
to monitor fat reabsorption, an indicator of successful grafting.
Volumetric calculations can be easily achieved with 3D recon-
structions of CT data acquired periprocedurally and on serial fol-
low-up examinations, but alternative methods are being investi-
gated as well due to concerns for cost and patient radiation
exposure.”>**

In summary, PRS is a rare, self-limiting, and slowly pro-
gressive hemiatrophy of the face that typically affects the skin
and subcutaneous tissues and may affect deeper tissues such as
the musculature, cartilage, and osseous structures. Neurologic
and ophthalmologic symptoms are common, but underlying
pathophysiology remains uncertain. Intracranial involvement
is best evaluated with MR imaging and can range widely, with
the most common findings being parenchymal calcifications,
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white matter abnormalities, and brain atrophy. In addition to
evaluating the extent of disease, radiologic assessments may
also facilitate the exclusion of other differential considerations,
help monitor disease progression, and evaluate posttreatment
responses.
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Disrupted Global and Regional Structural Networks and
Subnetworks in Children with Localization-Related Epilepsy
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ABSTRACT

BACKGROUND AND PURPOSE: Structural connectivity has been thought to be a less sensitive measure of network changes relative to
functional connectivity in children with localization-related epilepsy. The aims of this study were to investigate the structural networks in
children with localization-related epilepsy and to assess the relation among structural connectivity, intelligence quotient, and clinical
parameters.

MATERIALS AND METHODS: Forty-five children with nonlesional localization-related epilepsy and 28 healthy controls underwent DTI.
Global network (network strength, clustering coefficient, characteristic path length, global efficiency, and small-world parameters),
regional network (nodal efficiency), and the network-based statistic were compared between patients and controls and correlated with
intelligence quotient and clinical parameters.

RESULTS: Patients showed disrupted global network connectivity relative to controls, including reduced network strength, increased
characteristic path length and reduced global efficiency, and reduced nodal efficiency in the frontal, temporal, and occipital lobes.
Connectivity in multiple subnetworks was reduced in patients, including the frontal-temporal, insula-temporal, temporal-temporal, fron-
tal-occipital, and temporal-occipital lobes. The frontal lobe epilepsy subgroup demonstrated more areas with reduced nodal efficiency
and more impaired subnetworks than the temporal lobe epilepsy subgroup. Network parameters were not significantly associated with
intelligence quotient, age at seizure onset, or duration of epilepsy.

CONCLUSIONS: We found disruption in global and regional networks and subnetworks in children with localization-related epilepsy.
Regional efficiency and subnetworks were more impaired in frontal lobe epilepsy than in temporal lobe epilepsy. Future studies are needed
to evaluate the implications of disrupted networks for surgical resection and outcomes for specific epileptogenic zones and the relation
of disrupted networks to more complex cognitive function.

ABBREVIATIONS: AAL = automated anatomic labeling; FLE = frontal lobe epilepsy; IQ = intelligence quotient; NBS = network-based statistic; TLE = temporal

lobe epilepsy
pilepsy has been considered a disorder of neural networks, in ~ be responsible for the development and spread of seizures or
which activity in one part of the network is influenced by ac-  could develop secondary to reorganization of the normal neural
networks from recurrent seizures. Children with localization-re-
lated epilepsy, including those with frontal lobe epilepsy (FLE),
have demonstrated abnormal resting-state functional connectiv-
ity in the default mode network and in other resting-state net-

tivity elsewhere in the network."' The epileptogenic network could
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cient, and higher modularity, implying that the networks are less
integrated and more segregated.*

Less is known about structural connectivity in children with
localization-related epilepsy other than FLE. DTI measures of
WM microstructural organization such as fractional anisotropy



and mean diffusivity have been shown to be impaired in children
with localization-related epilepsy, also known as partial or focal
epilepsy, including FLE and temporal lobe epilepsy (TLE).>”
These changes were identified not only in the WM ipsilateral to
seizure focus but also contralateral to the seizure focus. Given that
there was bilateral structural abnormality in children with local-
ization-related epilepsy, we postulated that there would be exten-
sive impairment in structural connectivity despite the apparent
focality of the seizure disorders. A recent study in children with
FLE'® found that structural path length and clustering coefficient
assessed by using DTI were normal but the functional connectiv-
ity measures assessed by using resting-state fMRI were abnormal;
these findings suggest that structural connectivity may be less sen-
sitive than functional connectivity assessment of the networks. It
is not known whether the previously reported lack of changes in
structural connectivity is specific to FLE and whether there are
differences in structural connectivity across different types of lo-
calization-related epilepsy, because FLE involves different epilep-
togenic networks compared with TLE.

The aims of this study were to investigate the structural whole-
brain networks by using graph theoretical measures in children
with localization-related epilepsy relative to healthy controls and
to assess whether there was a relation between graph measures of
structural connectivity, intelligence quotient (IQ), and clinical
parameters. The secondary aims of this study were to determine
whether there were structural network differences between sub-
groups with FLE and TLE and the relations of graph measures of
structural connectivity with IQ and clinical parameters.

MATERIALS AND METHODS

Subjects

This study had the approval of the research ethics board of the
Hospital for Sick Children. Informed consent was obtained from
parents, and assent, from children for both patients and healthy
controls. Children with localization-related epilepsy who were
worked up for epilepsy surgery were recruited into the study. All
patients had normal 3T MR imaging findings. Location of the
epileptogenic zone was determined by ictal and interictal video
electroencephalography, magnetoencephalography, and FDG-
PET scans. The control group consisted of healthy children with
no neurologic or psychiatric disorders and normal MR imaging
findings. Both patients and controls underwent the Wechsler Ab-
breviated Scale of Intelligence to assess IQ.

MR Imaging and DTI

MR imaging was performed on a 3T scanner (Achieva; Philips
Healthcare, Best, the Netherlands) by using an 8-channel phased
array head coil in all subjects. The imaging in patients consisted of
axial and coronal FLAIR, proton-attenuation and T2, and volu-
metric T1 (TR/TE = 4.9/2.3 ms, section thickness = 1 mm,
FOV = 22 cm, matrix = 220 X 220, scan time = 6 minutes 13
seconds), and DTI (TR/TE = 10,000/60 ms, section thickness = 2
mm, FOV = 22 cm, matrix = 112 X 112, NEX = 1, sensitivity
encoding = 2, b=1000 s/mm?, 31 noncollinear directions, num-
ber of sections = 70, isotropic voxel = 2 mm, scan time = 6
minutes 41 seconds). The imaging in controls included volumet-
ric T1and DTT, by using the same parameters as those for patients.

There were no significant differences in relative displacement be-
tween consecutive gradient images (P = .080) and translational
(P = .0704) and rotational (P = .2339) motion between patients
and controls.

Data Preprocessing

The DTI data were preprocessed by using fMRI of the Brain Soft-
ware Library tools (Version 5.0, http://www.fmrib.ox.ac.uk/fsl).
The raw diffusion tensor images were corrected for head mo-
tion and eddy current distortion."" To achieve this, we aligned
all 31 diffusion-weighted images to the first BO scan by using
affine registration. The set of gradient vectors of each subject
was then adjusted according to the affine transformation of the
individual images.

Tractography
Tractography was initiated from seeds on the boundary of the
gray-white matter interface.”'* The FMRIB Automated Segmen-
tation Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fast)'> was used
to segment the individual skull-stripped structural T1 images into
gray and white matter. The deep gray matter was manually re-
moved from the whole-brain boundary mask. The seed voxels in
the gray-white matter boundary were then transformed into each
subject’s native DTI space by using nonlinear coregistration.
The Camino toolbox'* (www.camino.org.uk) was then used
to perform probabilistic tractography in the native DTT space. A
Bayesian approach'” was used to initiate the fiber tracking from
the gray-white matter boundary of the whole brain. This ap-
proach models the uncertainty in WM tractography by comput-
ing the likelihood of the fiber orientation by drawing a principal
direction from a posterior distribution once per iteration for each
seed voxel. The number of iterations at each seed voxel was set to
1000.

Network Construction

The automated anatomic labeling (AAL) template was used to
define 82 cortical regions'® in each subject.'” The AAL ROIs were
transformed to the native DTI space of each subject by using the
following steps: First, both unweighted B0 and structural T1 im-
ages were skull-stripped, and nonlinear co-registration was pre-
formed between the T1 and B0 image by using the 3DSlicer
(http://www.slicer.org/)."® Next, the Montreal Neurological In-
stitute 152 brain template was nonlinearly registered to each in-
dividual’s structural T1 image by using the Advanced Normaliza-
tion Tools software package (http://stnava.github.io/ANTs/). The
transformations from these 2 steps were then concatenated and
used to resample the AAL atlas in the Montreal Neurological In-
stitute space into each subject’s native DTI space. Subsequently,
the DTT of each subject was parcellated into 82 cortical ROIs. Each
AAL ROI represented a node in the graph representation of the
structural network. To construct the structural network, we ex-
tracted fiber bundles connecting each pair of AAL ROIs from the
entire set of whole-brain tracts. A connectivity probability P;
from a seed region i with n number of voxels to another region j
was calculated by dividing the number of fibers passing through
region j by 1000 X n.'”'? Next, a weighted undirected 82 X 82
connectivity matrix was constructed for each subject.

AJNR Am J Neuroradiol 36:1362—68  Jul 2015  www.ajnr.org 1363



Table 1: Characteristics of patients with epilepsy, including those with frontal lobe epilepsy

and temporal lobe epilepsy and controls

Statistical Analysis

Comparison of Network Characteris-

Controls All Epilepsy FLE TLE

(n=28) (n = 45) (n =25) (n=16) tics. Differences in network character-
Age (yr) 13.8 (3.) 13.6 (3.0) 131(3.3) 14.4(27) istics (network strength, clustering coef-
Age at seizure onset (yr) NA 8.4(3.9) 8.0(4.0) 9.2(35)  ficient, characteristic path length, global
Duration qf eplepsy (yr). . NA 51(3.2) 51(2.9) 49(37) efficiency, small-world parameters, and
No. of antiepileptic medications NA 2.0(0.7) 2.0(0.7) 2.0(0.7) dal effici ) bet tients with
IQ 112.8 (10.8) 97.0(1.9) 97.6(10.9)  97.6(n9)  NOcd cthiciency) between patients wi

Note:—NA indicates not applicable.

Graph Theoretical Analysis

The Matlab-based Brain Connectivity Toolbox (http://www.
brain-connectivity-toolbox.net/)** was used to perform graph
theoretical network analysis to investigate potential differences in
brain structural network parameters between patients with epi-
lepsy and healthy controls. The metrics assessed included network
strength, clustering coefficient, characteristic path length, global
efficiency, small-world parameter, and nodal efficiency (On-line
Appendix). The network strength is defined as the average of the
strengths over all nodes in the graph. The clustering coefficient
reflects functional segregation of brain networks, which is a mea-
sure of the propensity of the brain to execute specialized processes
within interconnected groups of brain regions or clusters.”® A
high clustering coefficient indicates that the neighbors of a node
are directly connected to each other.>' The characteristic path
length is the most commonly used measure of functional inte-
gration and quantifies the ability of the network to propagate
information in parallel.>® Global efficiency reflects how effi-
ciently information can be exchanged over the whole network,
with larger global efficiency indicating a more efficient net-
work. Small-world networks are defined as networks that have
a characteristic path length similar to that of random networks
but are significantly more clustered than random networks.*!
Scalar measure of small-world property (o) >1 indicates that
the network has a small-world property. The nodal efficiency
quantifies the importance of the nodes for communication
within the network. The nodes with high nodal efficiencies can
be categorized as hubs in a network.?*

Network-Based Statistic

A network-based statistic (NBS)>* was used to identify clusters of
nodes and edges (subnetworks) in a connectivity matrix, which
were differentially connected between patients and controls. First,
significant nonzero connections within each group that were
common across all subjects were detected, and then NBS (http://
www.nitrc.org/projects/nbs/) was applied to those connections. A
set of superthreshold links (ie, edges) was defined by applying a
primary threshold (P = .01) to the test statistics (2-sample,
1-tailed t test) computed for each link. Any connected compo-
nents and their number of links (ie, component size) were then
selected among the superthreshold links. Finally, a nonparametric
permutation test (10,000 permutations) and a secondary thresh-
old of P = .05 were used to choose the significant compo-
nents.”**® This method effectively controls for false-positives due
to multiple comparisons.
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epilepsy and controls were assessed by
using 2-sample ¢ tests. Subsequently,
subgroup analyses comparing network
characteristics of FLE, TLE, and controls were performed by using
2-sample ¢ tests.

Correlation of Clinical Parameters with Network Charac-
teristics. Partial correlation analyses were performed to assess
the relation among network characteristics, IQ, and clinical pa-
rameters (age at seizure onset and duration of epilepsy), control-
ling for age and sex, in all patients with epilepsy and the subgroups
with FLE and TLE.

RESULTS

Subjects

Forty-five children with nonlesional localization-related epilepsy
and 28 healthy controls were recruited. The mean age of patients
(13.6 = 3.0 years; range, 7.0—19.1) was not significantly different
from the mean age of controls (13.8 = 3.1 years; range, 7.0-18.8
years) (P = .856) (Table 1). The mean age of seizure onset was
8.4 = 3.9 years, the mean duration of epilepsy was 5.1 * 3.2 years,
and the mean number of antiepileptic medications was 2.0 = 0.7.
The mean IQ of patients (97.0 = 11.9) was significantly lower
than that of controls (112.8 = 10.8) (P < .001). Twenty-five pa-
tients had FLE, 17 with left FLE and 8 with right FLE. Sixteen
patients had TLE, 12 with left TLE and 4 with right TLE. Two
patients had right hemisphere, 1 had right parietal, and another
had right parieto-occipital seizure onset. There were no signifi-
cant differences in age, age at seizure onset, duration of epilepsy,
number of antiepileptic medications, and IQ of patients with FLE
versus TLE (all, P > .05).

Alterations in Global Properties of Structural Networks

All Epilepsy versus Controls. The network parameters are shown
in Table 2. The network strength was significantly decreased in
patients (P = .0002), but there was no significant change in the
clustering coefficient (P = .8034) of patients relative to controls.
The characteristic path length was significantly increased (P <
.0001), and the global efficiency was significantly decreased (P =
.0003) in patients relative to controls. Patients and controls dem-
onstrated small-world organization of the WM networks (o> 1).
The small-world property (o) was greater (P = .0353) in patients
than in controls.

FLE versus Controls. The network strength was significantly de-
creased in patients with FLE (P = .0001), but there was no signif-
icant difference in the clustering coefficient (P = .8034) of pa-
tients with FLE relative to controls. The characteristic path length
was significantly increased (P < .0001), and the global efficiency
was significantly decreased (P < .0001) in patients with FLE. Pa-


http://www.brain-connectivity-toolbox.net/
http://www.brain-connectivity-toolbox.net/

Table 2: Global properties of structural networks of controls and all patients with epilepsy, frontal lobe epilepsy, and temporal lobe

epilepsy relative to controls

Controls

All Epilepsy

FLE TLE

Network strength = SD
Clustering coefficient == SD
Characteristic path length = SD
Global efficiency = SD
Small-world property = SD

0.7183 * 0.0249
0.0041 = 0.0004
32.0769 £ 11222
0.0419 = 0.0013
2.0018 = 0.1435

0.6960 * 0.0226 (P = .0002)*
0.0041 = 0.0005 (P = .8034)

333724 =+ 13593 (P < .0001)*
0.0407 + 0.0014 (P = .0003)*
20772 + 01483 (P = .0353)°

0.6900 * 0.0244 (P = .00012)* 0.7049 * 0.0189 (P = .0641)

0.0040 = 0.0005 (P = 3091)  0.0041 = 0.0004 (P = .6662)
33.6940 + 14205 (P < 0001  33.0110 = 12915 (P = .0142)*

0.0403 = 0.0015 (P < .0001F  0.0412 * 0.0013 (P = .0613)

2.0646 + 01562 (P = 1335) 20750 = 01374 (P = .0992)

P < .05

tients with FLE demonstrated small-world organization of the
WM networks (o > 1). There was no significant difference in
small-world property (P = .1335) in patients with FLE relative to
controls.

TLE versus Controls. There was a trend toward reduced network
strength (P = .0641) and no significant difference in clustering
coefficient (P = .6662) of patients with TLE relative to controls.
The characteristic path length was significantly increased (P =
.0142), and there was a trend toward reduced global efficiency
(P =.0613) in patients with TLE relative to controls. Patients with
TLE demonstrated small-world organization of the WM net-
works (o> 1). There was no significant difference in small-world
property (P = .0992) in patients with TLE relative to controls.

FLE versus TLE. The network strength was significantly decreased
(P = .0399), and there was a trend toward reduced global effi-
ciency (P = .0596) in patients with FLE relative to those with TLE.
There was no significant difference in clustering coefficient (P =
.2216), characteristic path length (P = .1208), and small-world
property (P = .8250) of patients with FLE relative to those with
TLE.

Alterations in Regional Properties of Structural Networks

All Epilepsy versus Controls. Thirty-three regions showed re-
duced nodal efficiency (P < .05) in patients with epilepsy com-
pared with controls, in the frontal, temporal, and occipital lobes
(Fig 1 and On-line Table 1). The right anterior cingulate, right and
left amygdalae, hippocampi, parahippocampal gyri, and superior
temporal gyri showed a more statistically reliable reduction (P <
.001) in nodal efficiency.

FLE versus Controls. Fifty-one regions showed reduced nodal ef-
ficiency (P < .05) in patients with FLE compared with controls, in
the frontal, temporal, and occipital lobes. The right and left para-
hippocampal gyri, amygdalae, fusiform and superior temporal
gyri, and right middle temporal gyrus showed a more statistically
reliable reduction (P < .001) in nodal efficiency.

TLE versus Controls. Fourteen regions showed reduced nodal ef-
ficiency (P < .05) in patients with TLE compared with controls, in
the frontal, temporal, and occipital lobes. The right and left
amygdalae and right superior temporal gyrus showed a more sta-
tistically reliable reduction (P < .001) in nodal efficiency.

FLE versus TLE. Sixteen regions showed reduced nodal efficiency
(P < .05) in patients with FLE relative to those with TLE, in the
frontal, temporal, and occipital lobes. None of these regions
showed a more statistically reliable reduction (P < .001) in nodal
efficiency.

FIG 1. Reduced nodal efficiency in localization-related epilepsy (A),
frontal lobe epilepsy (B), and temporal lobe epilepsy (C) in patients
relative to controls. The disrupted nodes with reduced nodal effi-
ciency are shown in red, and the unaffected nodes are shown in blue.
The size of the nodes is related to the significance of between-group
differences in nodal efficiency, with larger nodes representing more
significant (lower P value) reduced nodal efficiency in patients relative
to controls.

Network-Based Statistic

All Epilepsy versus Controls. Sixty-one connections demon-
strated reduced connectivity (P < .05, corrected) in patients rel-
ative to controls, involving the frontal-temporal, insula-tempo-
ral, temporal-temporal, frontal-occipital, and temporal-occipital
lobes (Fig 2 and On-line Table 2). None of the connections
showed increased connectivity in patients relative to controls.

FLE versus Controls. Twenty connections demonstrated reduced
connectivity (P < .05, corrected) in patients with FLE relative to
controls, involving the frontal-temporal, insula-temporal, tem-
poral-temporal, temporal-occipital, and occipital-occipital lobes.
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FIG 2. Results of the network-based statistic analysis of the follow-
ing: A, Patients with localization-related epilepsy relative to controls,
showing reduced connectivity involving the frontal-temporal, insula-
temporal, temporal-temporal, frontal-occipital, and temporal-occip-
ital lobes. B, Patients with frontal lobe epilepsy relative to controls,
showing reduced connectivity involving the frontal-temporal, insula-
temporal, temporal-temporal, temporal-occipital, and occipital-oc-
cipital lobes. C, Patients with temporal lobe epilepsy relative to con-
trols, showing reduced connectivity involving the frontal-temporal,
insula-temporal, temporal-temporal, temporal-occipital, and frontal-
occipital lobes.

None of the connections showed increased connectivity in pa-
tients relative to controls.

TLE versus Controls. Fifteen connections demonstrated reduced
connectivity (P < .05, corrected) in patients with TLE relative to
controls, involving the frontal-temporal, insula-temporal, tem-
poral-temporal, temporal-occipital, and frontal-occipital lobes.
None of the connections showed increased connectivity in pa-
tients relative to controls.

FLE versus TLE. One hundred forty-two connections demon-
strated reduced connectivity, and 26 connections showed in-
creased connectivity (P < .05, corrected) in patients with FLE
relative to those with TLE.

Correlation with IQ and Clinical Parameters

All Epilepsy. There was no significant correlation between global
network properties and IQ, age at seizure onset, or duration of
epilepsy (all, P > .05) in patients.
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FLE. There was no significant correlation between global network
properties and IQ, age at seizure onset, or duration of epilepsy (all,
P > .05) in patients with FLE.

TLE. There was no significant correlation between global network
properties and IQ, age at seizure onset, or duration of epilepsy (all,
P > .05) in patients with TLE.

DISCUSSION
The findings of this study add to the literature by demonstrating
impaired structural connectivity affecting global and regional net-
works and subnetworks in children with localization-related epi-
lepsy, and the impairment in structural connectivity was extensive
despite the apparent focality of the seizure disorders. To our
knowledge, this is the first study that has compared the structural
connectivity in FLE and TLE subgroups, and we found differences
between the 2 subgroups, with more regions of reduced nodal
efficiency and reduced subnetworks in FLE than in TLE. There
was no significant correlation between network characteristics
with IQ, age at seizure onset, or duration of epilepsy in patients.

Impairment in global functional integration, as indicated by
elevated characteristic path length and decreased global effi-
ciency, suggests that altered architecture of structural brain net-
works may negatively impact the ability of the brain to rapidly
combine specialized information from distributed brain regions
coupled with reduced efficiency of the WM networks in children
with localization-related epilepsy. This reduction in integration
was identified in both FLE and TLE subgroups, suggesting that
impaired global functional integration is not specific to subtypes
of epilepsy. There was no significant difference in the clustering
coefficient between patients with epilepsy and controls, indicating
that the extent of local interconnectivity in the network was pre-
served in the former group.”' Vaessen et al*” also found increased
path length and decreased clustering coefficient in adult patients
with epilepsy with cognitive impairment relative to controls but
notin those without cognitive impairment. In a subsequent study,
the same authors'® showed that there were no significant differ-
ences in clustering coefficients, path length, and modularity of the
WM connectivity in children with FLE relative to controls. Dif-
ferences in findings could be related to different populations of
FLE, with our patient population having a wider age range and
possibly more severe epilepsy relative to the patients in the study
by Vaessen et al.'® Disruption in the global structural network has
also been identified in childhood absence epilepsy*® and adults
with TLE.>**°

Patients with localization-related epilepsy showed reduced re-
gional efficiency affecting multiple regions in the frontal, tempo-
ral, and occipital lobes. Liu et al*® also found that adult patients
with left mesial TLE have significantly reduced regional efficiency
in multiple regions in the temporal, frontal, and parietal lobes. We
have found more regions of reduced nodal efficiency in the FLE
than in the TLE subgroup, which may be due to the rapid spread
of seizure activity as a result of the extensive network of connec-

tions of the frontal lobe and more frequent seizures in FLE*'~?

or,
alternatively, an inherently more extensive abnormal regional ef-
ficiency from an underlying etiology that predispose to FLE. The

more extensive impaired regional networks may be associated



with poorer seizure-free surgical outcome in patients with FLE
relative to those with TLE.”?

In this study, we found that children with localization-related
epilepsy have extensive reduction in connectivity affecting the
frontal-temporal, insula-temporal, temporal-temporal, frontal-
occipital, and temporal-occipital lobes, indicating that multiple
subnetworks are perturbed, despite the apparent focality of the
seizure disorders. The WM tracts affected would include associa-
tion fibers such as the cingulum, uncinate fasciculus, superior and
inferior longitudinal fasciculus, and arcuate fasciculus, as well as
the commissural fibers such as the corpus callosum, anterior
commissure, and hippocampal commissure. There were more
subnetworks expressing reduced structural connectivity in FLE
than in TLE, probably related to the rapid spread of seizure activ-
ity and more frequent seizures in FLE.”'* In both subgroups, the
reduced structural connectivity predominantly involved the me-
sial temporal and frontal basal structures compared with controls.
The spread of seizures from the frontal to temporal lobes in FLE
and from the temporal to frontal lobes in TLE may have contrib-
uted to reduce structural connectivity between the frontal and
temporal lobes. There were more abnormal subnetworks involv-
ing the temporal than frontal lobes in those with FLE and also
more abnormal subnetworks in the temporal lobes in those with
FLE than in those with TLE. Although the reason for this finding
is not entirely clear, reorganization of the subnetworks, due to
either the spread of seizures or pre-existing abnormal subnet-
works that facilitate the spread of seizures to the temporal lobes,
compounded by more frequent seizures in FLE, may have con-
tributed to the observation. Adult patients with TLE have also
shown reduced structural connectivity between the temporal and
frontal cortices, including the orbitofrontal cortex.>*>° The WM
tracts connecting the frontal lobe to the temporal and occipital
lobes have demonstrated smaller volumes in children with FLE
compared with controls,”* indicating impaired structural con-
nections between the frontal and temporal and occipital lobes.

Vaessen et al* found that the clustering coefficient was signif-
icantly positively correlated with IQ, and path length was nega-
tively correlated with IQ in adults with cryptogenic localization-
related epilepsy. In that study,* the patients had a broader range of
IQ scores including those who are nonimpaired (mean IQ of 97)
and those who are impaired (mean IQ of 85). In a subsequent
study,'® the same authors did not find an association between the
clustering coefficient and path length measures of structural or
functional connectivity with a computerized visual searching task
in children with FLE. Liu et al’*° did not find any association
among characteristic path length, global efficiency, and local effi-
ciency with neurocognitive function including IQ, auditory ver-
bal learning, and visual memory, as well as with age at seizure
onset and duration of epilepsy in adults with left mesial TLE. We
did not find any associations between graph network measures
and IQ scores. It is possible that with the narrower range of IQs in
our study population, we were not able to identify a correlation
between graph measures and IQ. Alternatively, the disrupted
global structural network may be associated with more complex
cognitive processing beyond IQ or a computerized visual search-
ing task.

There are several limitations in this study. We have used an

AAL template to define the ROIs, which was developed from a
single adult brain. Therefore, it is possible that the ROI position-
ing may be less precise in children due to differences in head size.
The AAL template has been used in children with absence epi-
lepsy,*® and similar finding of a disrupted global structural net-
work was found. We have categorized the patients to the 2 main
subgroups of FLE or TLE. Some heterogeneity in the epilepto-
genic zone was present within each subgroup, with the TLE sub-
group comprising mesial and lateral TLE and the FLE subgroup
comprising the epileptogenic zone in the motor or supplementary
motor cortex, focal within a specific gyrus or more diffuse in-
volvement within the frontal lobe. Due to the small sample size
within each specific epileptogenic zone, we have opted to com-
bine the patients into 2 main subgroups. Despite the heterogene-
ity in the subgroups, we have found differences in regional effi-
ciency and subnetworks between FLE and TLE. Future study
evaluating networks of individual patients may help clarify the
differences between epileptogenic zones.

CONCLUSIONS

We found disruption in global structural networks, reduced re-
gional efficiency in multiple lobes, and extensive reduction in
subnetwork connectivity in children with localization-related ep-
ilepsy, indicating widespread disruption in structural connectiv-
ity despite the apparent focality of the seizure disorders. This dis-
ruption in structural connectivity may have been responsible for
the development and propagation of seizures or may be a second-
ary phenomenon due to recurrent seizures reorganizing the net-
works or alternatively due to an underlying etiology that perturbs
the neural networks and also causes seizures. Those with FLE
demonstrated more areas with reduced regional efficiency and
more subnetworks expressing reduced structural connectivity
than did those with TLE. Future study evaluating networks of
individual patients may help clarify the nuances of regional net-
works and subnetworks for specific epileptogenic zones and the
implications of these networks on surgical resection and out-
comes. We did not find any associations between global network
properties and IQ. Further studies of patients with a wider range
of IQs and assessing more complex cognitive function are needed
to evaluate the relation between measures of global network prop-
erties and cognitive function.
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ORIGINAL RESEARCH
PEDIATRICS

Assessment of MRI-Based Automated Fetal Cerebral Cortical
Folding Measures in Prediction of Gestational Age in the
Third Trimester

J. Wu, S.P. Awate, D). Licht, C. Clouchoux, AJ. du Plessis, B.B. Avants, A. Vossough, J.C. Gee, and C. Limperopoulos
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ABSTRACT

BACKGROUND AND PURPOSE: Traditional methods of dating a pregnancy based on history or sonographic assessment have a large
variation in the third trimester. We aimed to assess the ability of various quantitative measures of brain cortical folding on MR imaging in
determining fetal gestational age in the third trimester.

MATERIALS AND METHODS: We evaluated 8 different quantitative cortical folding measures to predict gestational age in 33 healthy
fetuses by using T2-weighted fetal MR imaging. We compared the accuracy of the prediction of gestational age by these cortical folding
measures with the accuracy of prediction by brain volume measurement and by a previously reported semiquantitative visual scale of brain
maturity. Regression models were constructed, and measurement biases and variances were determined via a cross-validation procedure.

RESULTS: The cortical folding measures are accurate in the estimation and prediction of gestational age (mean of the absolute error,
0.43 = 0.45 weeks) and perform better than (P = .024) brain volume (mean of the absolute error, 0.72 £ 0.61 weeks) or sonography
measures (SDs approximately 1.5 weeks, as reported in literature). Prediction accuracy is comparable with that of the semiquantitative
visual assessment score (mean, 0.57 = 0.41 weeks).

CONCLUSIONS: Quantitative cortical folding measures such as global average curvedness can be an accurate and reliable estimator of
gestational age and brain maturity for healthy fetuses in the third trimester and have the potential to be an indicator of brain-growth

delays for at-risk fetuses and preterm neonates.

ABBREVIATIONS: AC = average curvedness; fTMS = fetal total maturation score; GA = gestational age

G estational age (GA) estimation for unborn babies is crucial to
any assessment of pregnancy, fetal development, and neona-
tal care. Obstetricians routinely use the last menstrual period to
estimate the beginning date of gestation and calculate the esti-
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mated date of delivery. However, it has been reported that 20%—
40% of women could not determine their last menstrual period
with certainty due to various reasons such as bleeding in the first
trimester and pregnancy following the use of oral contraceptives.'
Fetal growth measurements from sonography biometry are used
to estimate the gestation length, if one assumes a normative
growth trajectory at the time of the examination.” The most
widely used fetal biometrics assessed in the first 2 trimesters’ have
been shown to be more accurate than last menstrual period—
based estimates.*> Consequently, sonographic measurements are
recommended in place of the last menstrual period if there is a
large discrepancy between the last menstrual period and sonogra-
phy-based estimates before 20 weeks of gestation.®
Sonography-based GA estimation in the third trimester (26
weeks to birth) should be interpreted with great caution due to
remarkably increased variability in organ size in the later stages of
pregnancy.”” For example, biparietal diameter varies by approx-
imately 7 days, 14 days, and 21-28 days when measured at 14-20
weeks, 21-30 weeks, and after 30 weeks GA, respectively.7 Conse-
quently, it has been recommended that menstrual dates be used to
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establish GA if it is within the error range of these biometric mark-
ers during the third trimester.’

This limitation in sonographic assessment stems mostly from
the inherent variability of organ size and the intrinsic signal prop-
erties of ultrasonography. In this article, we attempt to address
this important problem from a different perspective—brain cor-
tical folding. During the second half of gestation, the cortical fold-
ing of the neocortex initiates at around 20 weeks and drastically
changes the brain shape throughout the third trimester, from a
largely smooth surface to a complex convoluted one.® The process
appears to be genetically controlled and largely consistent across
the healthy population.”'° Primary, secondary, and tertiary gyri
sulci emerge in order, and newly evolved sulci related to higher
functions, such as auditory, visual, and linguistic functions, ap-
pear later than phylogenetically more primitive allocortical fold-
ing, such as the hippocampus and olfactory sulcus.® Several MR
imaging studies on healthy fetuses have found a linear relation
between folding measures and GA.'"'* There was evidence that
female and male preterm neonates did not differ in folding while
differing in size.'”> Data also showed that the sulcal depth of a
folding measure was approximately 5% of the mean of the mea-
sure in healthy preterm neonates at around 32 weeks’ GA.'* In
comparison, the sonography-based measure, biparietal diameter,
has a sulcal depth (1.5 mm) equal to 16% of the average biparietal
diameter (9 mm) at 30—36 weeks” GA.> The lower variance of
folding when controlled for GA potentially leads to a better esti-
mator of GA than sonography in late gestation.

MATERIALS AND METHODS

Subjects and Data Acquisition

The study cohort included healthy pregnant women who were
recruited in a previously published study with local institutional
review board approval.'® Exclusion criteria included GA of >36
completed weeks, multiple gestations, congenital infection, gesta-
tional diabetes, or any maternal contraindication to MR imaging.
We also excluded fetuses with sonographic findings of dysmor-
phic features, dysgenic brain lesions, or anomalies of other organ
systems.'® Written informed consent from mothers was obtained
according to a protocol approved by Boston Children’s Hospital
Committee for Clinical Investigation, and the study was compli-
ant with the Health Insurance Portability and Accountability Act.
A cohort of 33 healthy fetuses with high-resolution reconstructed
MRI was included in this study, of which 10 subjects were female
and 23 were male. The cohort has been previously reported in
studies of normative brain development'® but has not been used
to estimate gestational age.

The mean GA at the time of MR imaging was 29.1 = 2.8 weeks
(range, 25.2-35.4 weeks). Estimated gestational age was based on
maternal dates and first-trimester sonography measurements, if
available, by the pregnant mother’s referring obstetrician. The
working gestational age as determined by the referring obstetri-
cian at the time of MR imaging was used. All fetal MR imaging
studies were performed on a 1.5T scanner (Achieva; Philips
Healthcare, Best, the Netherlands) and a 5-channel phased array
cardiac coil. Multiplanar single-shot turbo spin-echo imaging was
performed (TE = 120 ms, TR = 12,500 ms, 0.625 signal averages,
FOV = 330 mm, section thickness = 2-mm, no intersection gap,
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acquisition matrix = 256 X 204, acquisition time = 25-55 sec-
onds). All fetal and postnatal MR imaging findings were normal.
The Vineland Adaptive Behavior Scale'” used to assess functional
performance in communication, daily living, socialization, and
motor skills was age-appropriate in the subjects between 18 and
24 months of age.

Motion Correction and Manual Brain Segmentation
Spontaneous fetal motion during scanning poses a challenge for
the computation of 3D measures. The imaging data used in this
study were reconstructed to isotropic volumes (1 mm®) on the
basis of a superresolution method.'® Other methods for correct-
ing motion in fetal MR imaging exist,'>*° but we did not compare
the differences among them in this article.

We created a manual mask of the intracranial region for each
subject. The mask excluded all the maternal tissue and nonbrain
tissue of the fetus. In addition, we also defined a cerebral mask for
each subject, which was constructed manually by tracing the in-
terface between developing white matter and cortical gray matter.
The mask region excluded the cerebellum and brain stem. The
boundary of the mask was used as a representation of the cortex.
This mask was also used to calculate the brain/cerebral volume of
the subject. Masks for the cortical lobes (frontal, temporal, pari-
etal, occipital, and insular) and left and right hemispheres were
generated by registering subject images with a manually labeled
template. This template was based on a publicly available atlas,
brain-development.org (www.brain-development.org),>' which
was an average of preterm infants at a postmenstrual age of 29
weeks. Manual tracings of lobes and hemispheres were performed
and visually inspected in the free software ITK-SNAP (www.

itksnap.org).>

Cortical Folding Measures
We implemented and evaluated 8 different quantitative measures
of cortical folding that have been used in the literature.>*>° These
were average curvedness (AC), Gaussian curvature (L) norm,
mean curvature L? norm, intrinsic curvature index, extrinsic cur-
vature index, convexity ratio, isoperimetric index, and average
sulcal depth. The convexity ratio and isoperimetric index are
globally defined, while the other measures are an average over
each point on the cortex. Gaussian curvature L? norm, intrinsic
curvature index, mean curvature L? norm, convexity ratio, isope-
rimetric index, and AC are all invariant to translation, rotation,
and scaling of the cortical surface.”>*” The extrinsic curvature
index is invariant to translation and scaling, but rotation may
cause it to change sign. The convexity ratio is also shown to be
area-independent (ie, invariant to the change of surface area in
question).>®

The implementation of the folding measure computations was
based on a previously established processing pipeline designed for
pediatric data.””*® The pipeline took in the cerebral mask and
upsampled it to a higher resolution (eg, 0.45°mm?). Our numeric
scheme for computing the quantitative folding measures de-
pended on reliably estimating the cortical surface and sampling it
fairly uniformly. The adopted numeric scheme did so by obtain-
ing an implicit surface parameterization of the cortical surface, as
alevel set of a distance transform on a Cartesian grid. We used the


http://www.itksnap.org
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Regression correlation between brain measures and GA*

Measure AC EC GC IC MC CR IP SD BVol
Linear r 0.98 —0.96 0.97 0.98 0.98 0.95 0.95 0.97 0.95
Poly. r 0.98 —0.97 0.98 0.98 0.98 0.96 0.96 0.97 0.96
R to fTMS 0.98 —0.97 0.98 0.98 0.98 0.95 0.96 0.98 0.94

Note:—EC indicates extrinsic curvature index; GC, Gaussian curvature L? norm; IC, intrinsic curvature index; MC, mean curvature L norm; CR, convexity ratio; IP, isoperimetric

index; SD, sulcal depth; BVol, brain volume; r (R), regression; Poly., polynomial.

#The first and second rows are correlation coefficients between each measure and GA in linear and polynomial regressions. The third row is the linear correlation coefficients

between folding measures and total maturation score.

FIG 1. Bivariate plots of 2 folding measures and brain volume against GA. Squared correlation coefficients r?, linear regression lines, and their

equations are shown on the plots.

sparse field level set representation, which was numerically effi-
cient, on a grid of isotropic voxels with submillimeter dimension.
A previous article?® validated such a scheme for adult brains as
well, which exhibited more complex and more folded cortical
surfaces than fetal brains, thus indicating the suitability of the
scheme for fetal brains. The flowchart of the processing pipeline is
shown in On-line Fig 1.

Statistical Analysis

To examine whether the various cortical folding measures pro-
vided more information about GA than brain volume, we con-
structed a linear model with brain volume and each folding mea-
sure as 2 predictors of GA and compared the model with the
reduced model with only brain volume as the predictor of GA.
More specifically, we tested the null hypothesis by using analysis
of variance that the following 2 linear regressions are equal:

1) GA = a, + a, X (Brain Volume)
+ a, X (Folding Measure),
2) GA = a, + a, X (Brain Volume).

To assess the validity to estimate GA across various samples, we
adopted a leave-k-out analysis, where k out of n subjects were
chosen as a test set and the regression was performed on the re-
maining n—k subjects as the training set. Note that when k = 1,
this cross-validation degenerates to the commonly used leave-
one-out analysis scheme. A prediction error was calculated by
averaging the absolute difference between the predicted GA and
the known GA in the test set. For a fixed k > 1, a random test set
was generated k X n times. The differences in the mean and vari-
ance of the absolute error of predicted GA were assessed by t test,
F-test, and the Levene test.>

To further examine the biases and variances related to the
curvedness and volume-based predictions, we performed statisti-
cal tests on signed prediction errors in addition to absolute pre-
diction errors. Bias was defined as the mean of the signed errors

for a prediction. Variance referred to the variance of the predicted
GA. The difference in biases was assessed by ¢ test, and the differ-
ence in variances was assessed by the F-test and Levene test.

RESULTS
Relations between Folding and GA
A progressive increment of cortical folding complexity can be
observed with increasing GA (On-line Fig 2). The Pearson corre-
lation coefficient (r) between each individual quantitative cortical
folding measure and GA, which is shown in the Table, indicates
that these measures have a very strong linear relation with GA
(P < 107" for all measures). For example, average curvedness
and average sulcal depth accounted for 96% and 93% of the vari-
ance of GA as calculated by r* in the data. Three scatterplots with
regression lines are shown in Fig 1. Polynomial fitting suggested
that there was some slight degree of nonlinear correlation be-
tween the folding measures and age, but linear regression ap-
peared to fit the current data well. We also examined the folding
complexity in the left and right hemispheres separately and did
not find significant asymmetries in terms of hemispheric folding
(see left subfigure in On-line Fig 3). When the cerebrum was
divided into 5 lobes, we found that the frontal lobe had the largest
rate of folding, while the insular region demonstrated the lowest
rate of folding (see right subfigure in On-line Fig 3).

The null hypothesis that a, = 0 in the linear model (equation
1) was rejected by the F-test (F > 18.10, P < .0002), and the first
regression was significantly better than the second regression for
any folding measure. This finding indicates that the quantitative
cortical folding measures add additional and complementary in-
formation to brain volume in the prediction equation for GA.
In contrast, when we swapped folding measures with brain
volume in the equations, the null hypothesis was not rejected
(F < 2.34, P> .13) for AC, Gaussian curvature L*> norm, mean
curvature L? norm, intrinsic curvature index, or sulcal depth.
The phenomena implied that some of these folding measures
could completely replace brain volume measurements when it
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came to predicting GA because brain volume provided no extra
information about GA compared with AC, Gaussian curvature
L? norm, mean curvature L? norm, intrinsic curvature index,
or sulcal depth.

An independent assessment of brain maturity in the same da-
taset was performed by a pediatric neurologist and a pediatric
neuroradiologist (D.J.L. and A.V.), each with 8 years of fetal MR
imaging experience. A single fetal total maturation score (fTMS)
was calculated by summing up 6 semiquantitative subscores char-
acterizing various visual sulcation observations, the extent and
location of myelination, and evolution of the germinal matrix."®
We found that the folding measures obtained by the proposed
framework were in high agreement with the average visual fTMS
(Fig 2).

Prediction of GA

The resultant predictions by quantitative folding measures, brain
volume, and the visual fTMS assessment in a leave-one-out
scheme are shown in Fig 3. The AC-based prediction appears
closer to true GA than brain volume or the fTMS-based predic-
tion. The final errors (averaged across the k X n test sets) based on
different sizes of the training set are shown in On-line Fig 4. It can
be observed that using the cortical folding measure to predict GA
always resulted in higher prediction accuracy (ie, smaller errors)
than using brain volume. Leave-one-out cross-validation showed
that the mean of absolute errors is 0.43 * 0.45 weeks (range,
0.01-1.24 weeks) for AC and 0.72 £ 0.61 weeks (range, 0.02-2.63
weeks) for brain volume. The difference between the 2 prediction

FIG 2. The plot of automatically computed average curvedness
against the average total maturation score obtained by 1 pediatric
neurologist and 1pediatric neuroradiologist for the 33 healthy fetuses.

errors was statistically significant (P = .024). The difference be-
tween the 2 variances of the 2 predictions was also significant
based on an F-test (P = .002), borderline on a Levene test (P =
.06) for training size equal to 32, and significant on a Levene test
(P < 10~") for any other training size larger than 20. The curved-
ness predictor also had a slightly lower absolute error than the
fTMS predictor (mean, 0.57 * 0.41 weeks), but the difference was
not significant.

The difference between the biases from curvedness and vol-
ume-based predictions was insignificant on the basis of a 2-sam-
ple t test when the training set size was reasonably large (>20).
Regarding variance, the curvedness predictor had consistently
smaller variance than the volume predictor (about half) when the
training set size was large (>20). The 2-sample F-test showed that
the variance difference between curvedness and volume predic-
tors was significant (P = .0041, for the largest training size 32; for
smaller training sizes, the significance was higher with a smaller P
value). The Levene test also showed that the variance difference
was significant (L = 4.380, P = .040, for training size 32; for
smaller training sizes, the significance was higher). In summary,
the biases of the 2 predictors are comparable, and the cortical
folding predictor has a smaller variance than the volume predic-
tor, which means the former is more reliable than the latter in the
prediction of GA. The quantitative cortical folding predictor and
visual fTMS predictor are close in both bias and variance.

DISCUSSION

To our knowledge, this article is among the first works in the
literature to use various MR imaging—based computational cor-
tical folding measures as a means to estimate GA in healthy hu-
man fetuses. All the previous studies on fetal MR imag-
ing'"“!»2>%0%2 have regarded clinically acquired GA as an
independent variable or a known reference point as opposed to a
dependent variable to be predicted or estimated. The current
work is also unique in the wide GA range of the cohort, which
includes the period close to full term (33-36 weeks), when it is
more difficult to date pregnancy.

Many studies have characterized cortical folding in preterm
neonates.'>>>>*~% Although premature neonates are often stud-
ied as a surrogate of prenatal development of full-term infants,
preterm neonates are exposed to extrauterine stressors and risk

FIG3. Theleft panelisaplot of GA predicted by brain volume (fTMS, AC) versus clinically estimated GA. The line in the plot represents a perfect
match between the 2 variables. All the predictions were performed in a leave-one-out scheme.
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factors, which often make their neurodevelopment dissimilar to
normal intrauterine development.'*

On the basis of the data and results, it became clear that lin-
earity was sufficient to account for the relation between GA and
folding. More than 90% of variance in gestational age can be ex-
plained by the variance in a cortical folding measure. The calcu-
lation of folding measures does not use the information of gesta-
tional age at all, so it is unlikely that the linearity manifested in the
results comes from a bias in the processing that favors a linear
model or any other model between GA and folding.

In embryology, GA is defined as postconception time, but in
human obstetrics, it is often defined as the time since the first day
of the mother’s last menstrual period. The latter is approximately
2 weeks longer than the former. In this article, we used the defi-
nition of GA involving the last menstrual period, which is the
common clinical practice. It is possible that there were errors in
the estimation of true GA despite the best clinical practice. The
potential inaccuracy of ground truth GA in these data, however,
does not greatly diminish the value of the results because the fold-
ing process reflects an aspect of brain development that is com-
plementary to size increase, which is the basis of clinical GA esti-
mation. The fact that 2 independently obtained measures of GA
(folding-based and size) are so consistent with each other indi-
cates the improbability that either measure is erroneous. The
chance that both measures are very imprecise but in high agree-
ment is slim, if one assumes that the errors are random and
independent.

The sample size of the current study is relatively small and may
reduce the generalizability of the results. When dealing with a
small sample size, it is important not to overfita model by creating
too many features/measures or by using a complex type of regres-
sion. By using a single whole-brain cortical folding measure and
simple linear regression, we sought to avoid the overfitting prob-
lem, in which the agreement between the model and data is in-
creased but the generalizability to more data is decreased. Linear
regression strikes a good balance between the goodness of fit in
the current data and the generalizability to unseen datasets. Al-
though cortical folding may be nonlinear in its entire course, it
can be approximated by a linear process within the gestational
period of interest (25-36 weeks), as demonstrated in other inde-
pendent studies.'>'**® Another limitation of this study is that
there could be some “healthy” fetuses who are later found not
healthy because abnormalities were not obvious at short-term
follow-ups.

CONCLUSIONS

This article demonstrated that automated quantitative measure-
ment of fetal cerebral cortical folding can be used to estimate
gestational age in the third trimester with high accuracy and reli-
ability on a single-case basis by using clinical fetal MR imaging.
The folding measures accurately predict the gestational age of a
fetus in the third trimester (mean error, 0.43 * 0.45 weeks), which
can be a major challenge for sonography-based measures. Im-
proved accuracy and reliability in GA estimation in late gestation
can have a positive impact on prenatal care for underserved pop-
ulations. It is also important to be able to estimate the fetal brain
maturity because chronologic GA is no longer a suitable gauge for

fetuses with aberrant neurodevelopment later in gestation. Corti-
cal folding measurement offers a potential way to accomplish that
as well.
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ORIGINAL RESEARCH
PEDIATRICS

Cranial Nerve Abnormalities in Oculo-Auriculo-Vertebral
Spectrum

R. Manara, D. Brotto, S. Ghiselli, R. Mardari, I. Toldo, G. Schifano, E. Cantone, R. Bovo, and A. Martini

ABSTRACT

BACKGROUND AND PURPOSE: Cranial nerve abnormalities might be observed in hemifacial microsomia and microtia (oculo-auriculo-
vertebral spectrum), but the rate, features, and relationship with functional impairment or phenotype severity have not yet been defined.
This study aimed at investigating absence/asymmetry, abnormal origin, morphology and course of cranial nerves, and presence/asymme-
try of the foramen ovale and inferior alveolar nerve canal in a cohort of oculo-auriculo-vertebral spectrum patients.

MATERIALS AND METHODS: Twenty-nine patients with oculo-auriculo-vertebral spectrum (mean age, 7 years; age range, 0.2-31years; 12
females) underwent brain MR imaging, CT, and neurologic evaluation; 19 patients had a more severe phenotype (Goldenhar syndrome).

RESULTS: Cranial nerve abnormalities were detected only in patients with Goldenhar syndrome (17/19, bilaterally in 8) and were involved
the second (4/19), third (1/18), fifth (11/19), sixth (8/16), seventh (11/18), and eighth (8/18) cranial nerves. Multiple cranial nerve abnormalities
were common (11/17). Eleven patients showed bone foramina abnormalities. Trigeminal and facial nerve dysfunctions were common (44%
and 58%, respectively), especially in patients with Goldenhar syndrome. Trigeminal abnormalities showed a good correlation with ipsilat-
eral dysfunction (P = .018), which further increased when bone foramina abnormalities were included. The facial nerve showed a trend
toward correlation with ipsilateral dysfunction (P = .08]1). Diplopia was found only in patients with Goldenhar syndrome and was associated
with third and sixth cranial nerve abnormalities (P = .006).

CONCLUSIONS: Among patients with oculo-auriculo-vertebral spectrum, cranial nerve morphologic abnormalities are common, corre-
late with phenotype severity, and often entail a functional impairment. The spectrum of cranial nerve abnormalities appears wider than

simple hypo-/aplasia and includes an anomalous cisternal course and partial/complete fusion of diverse cranial nerves.

ABBREVIATIONS: CN = cranial nerve; OAVS = oculo-auriculo-vertebral spectrum

culo-auriculo-vertebral spectrum (OAVS) (Online Mende-
lian Inheritance in Man, 164210)" is a rare heterogeneous
congenital condition (incidence, 1:3500-5600 live births; male/
female ratio, 3:2),>* in which the head structures originating
from the first and second pharyngeal arches are incompletely de-
veloped on 1 (85% of cases) or both sides.”> The disease mostly
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results in ear (microtia) and jaw (hemifacial microsomia) abnor-
malities (On-line Fig 1). Nonetheless, the abnormality spectrum
might be fairly wide, from mild external and medium ear involve-
ment or isolated facial asymmetry to anotia with complex facial
deformity. The most severe cases also present with eye or spine
involvement and are known as Goldenhar syndrome from the
French ophthalmologist who first described the syndrome in
1952.° Familial history suggestive of both autosomal recessive and
dominant inheritance has been reported, and genes on chromo-
somes 5, 12, 14, and 22 have been implicated.””'® However, most
cases of OAVS are sporadic and without a known etiology. Ab-
normal embryonic vascular supply,’' hematomas, and drug use
during the early phases of gestation have been reported to cause
the disruption of mesodermal migration, leading to defective for-
mation of bone and soft-tissue structures.'>

Most interesting, a few case reports and small series studies
have shown a concomitant impairment of cranial nerves
(CNs),"?"*¢ highlighting the possible involvement of neural struc-

AJNR Am J Neuroradiol 36:1375-80 Jul 2015  www.ajnr.org 1375



tures in OAVS and addressing its potentially relevant clinical im-
pact. To date, the underlying anatomic and structural CN abnor-
malities have been poorly investigated because the available data
rely on anecdotal postmortem examination'” or neuroimaging
findings."® Additionally, the overall frequency of CN abnormali-
ties, their association with CN dysfunction, and the relationship
with the OAVS phenotype severity have not yet been defined, to
our knowledge.

In the past few years, MR imaging has become a powerful tool
for investigating in vivo the cisternal segment of the CNs. With
routinely available 1.5T MR imaging scanners and dedicated
high-resolution sequences, it is possible to verify the presence and
characterize the morphology, diameter, and cisternal course of
most CNs. CN MR imaging evaluation has, therefore, become
helpful for diagnosing several conditions such as Kallmann syn-
drome, optic neuritis, septo-optic dysplasia, neurovascular con-
flicts, and so forth. Moreover, the evaluation of the intrameatal
branches of CN VIII is included in the diagnostic work-up of
implant planning in patients with congenital profound hearing
loss. Besides, because skull base foramina and bone canal devel-
opment is induced by the presence of the corresponding CN
branch,?” CN abnormalities might be also indirectly inferred by
bone CT. Absence or hypoplasia/stenosis of the facial canal, inter-
nal acoustic canal, foramina ovalia and rotundum, hypoglossal
canal, or inferior alveolar canal might indicate hypoplasia or apla-
sia of the relative nerves and branches.

Therefore, MR imaging and CT might help to detect or raise
the suspicion of morphologic CN abnormalities providing rel-
evant information, especially when the CN impairment is dif-
ficult to evaluate due to early age, concomitant facial bone and
soft-tissue asymmetry, or poor compliance of patients with
OAVS.

The present study aims at investigating, in patients with
OAVS, the rate of CN abnormalities, the type (eg, agenesia, hypo-
plasia, abnormal origin, or cisternal course), the association with
functional impairment, and the side of hemifacial microsomia as
well as the relationship with the phenotype severity.

MATERIALS AND METHODS
Subjects
Twenty-nine patients (mean age, 7 years; age range, 0.2—31 years;
12 females) with hemifacial microsomia and microtia were con-
sidered (On-line Table 1). Nineteen patients (mean age, 7.7 years;
age range, 0.2-31 years; 9 females) also presented with ocular or
cervical vertebral abnormalities and fulfilled the diagnostic crite-
ria for Goldenhar syndrome (abnormalities involving the face,
ear, eye, and/or cervical vertebrae).

The phenotypic spectrum of patients with OAVS is presented
in On-line Table 2.

Neuroimaging

All except 1 patient underwent 1.5T MR imaging; 3 patients un-
derwent MR imaging in other centers, but the image quality was
considered appropriate for the study purposes. Our hospital MR
imaging study protocol (Achieva 1.5T; Philips Healthcare, Best,
the Netherland) included the following: 1) high-resolution T2-
weighted imaging for the visualization of CNs (driven equilib-
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rium sequence; TR, 1500 ms; TE, 250 ms; FOV, 130 mm; voxel-
size, 0.6 X 0.6 X 0.6 mm) covering the whole brain stem; 2)
high-resolution volumetric T1-weighted imaging (TR, 20 ms; TE,
5.8 ms; voxel-size, 0.66 X 0.66 X 1 mm) covering the whole brain.
From both sequences, multiplanar reconstructions were gener-
ated along the 3 orthogonal planes. Contrast medium was never
administered. The entire MR imaging examination lasted approx-
imately 20—25 minutes. Patients younger than 5 years of age re-
quired sedation, except for some infants who underwent the ex-
aminations without sedation.

At MR imaging, the neuroradiologists assessed the presence/
absence of the CNs, their side-to-side diameter asymmetry on
images orthogonal to their cisternal course, any anomaly regard-
ing the origin from the brain stem, the morphology, and the cis-
ternal course.

In this study, the evaluation was mostly based on T1-weighted
images for CNs I-II and on T2-weighted images for CNs IIT-XI.
The ninth and twelfth CN cisternal course is inconstantly recog-
nizable at 1.5T imaging, especially because these CNs are thin and
there are several small vessels running in the same cisternal space;
therefore, these nerves were not considered in the study. Regard-
ing the inferior CNs, the ninth-through-eleventh CN origin to-
gether with several roots from the retro-olivary sulcus, the num-
ber of roots might vary from subject to subject, thus usually
making it impossible to recognize which root belongs to a specific
nerve (except for the most cranial root that certainly belongs to
CN IX).

All patients with OAVS had petrous bone or head CT. The
study protocol varied greatly because several examinations were
performed in other centers or in our center with different scan-
ners; section thickness was <1 mm (0.6 mm in 26 cases) with
subsequent 3D multiplanar reconstructions. Examinations
were not repeated in patients with CT performed in different
centers unless required for clinical or surgery management,
even though in some cases not all bone structures were evalu-
able. In particular, CT allowed the assessment of the foramen
ovale and the inferior alveolar bone canal in 25/29 and 19/29
patients, respectively.

CT evaluation focused on the internal, middle, or external ear
abnormalities and the presence and symmetry of the foramen
ovale and the inferior alveolar bone canal. Neuroradiologists as-
sessed the presence/absence and the side-to-side asymmetry of the
above-mentioned bone foramina.

Clinical information about the third-through-seventh CN
function was obtained by the pediatrician or the family doctor of
20/29 patients. In addition, the presence of anisocoria, diplopia,
facial hypoesthesia (including corneal reflex), and masticatory
muscle and upper and lower facial muscle weakness was assessed
by neurologic evaluation. Visual and hearing abnormalities were
obtained for all patients from clinical records.

All MRI and CT was evaluated in consensus by 2 experienced
neuroradiologists (R.Manera, R.Mardari), blinded to the pa-
tients’ clinical findings.

The study protocol was approved by our ethics committee,
and all patients or parents of children gave written informed
consent.



FIG 1. A-C, Axial T2-weighted images of 3 different patients with Goldenhar syndrome. A, The absence of the right trigeminal nerve. B, The
absence of the left trigeminal nerve. C, The relative hypoplasia of the left trigeminal nerve (arrowhead). D, Coronal multiplanar reconstruction
image, obtained from the same patient as in C, shows the different diameters of the trigeminal nerves (arrow and arrowhead).

Statistical Analysis
Study data were analyzed by the Fisher exact test; statistical signif-
icance was set at P < .05.

RESULTS

Findings on CNs and bone foramina are shown in On-line Table
3. In particular, 17/29 (59%) patients presented with intracranial
CN abnormalities, and 11 patients showed abnormalities of the
bone foramina of the trigeminal branches (foramen ovale, infe-
rior alveolar nerve bone canal). Two patients presented with iso-
lated bone foramen abnormalities without CN abnormalities at
MR imaging, and 2 patients had abnormalities of the foramina
without ipsilateral trigeminal nerve abnormalities. Among the 19
patients with intracranial or distal CN involvement (27 sides, 8
patients had bilateral CN involvement), the abnormalities were
ipsilateral to facial microsomia in 23/27 cases; in 3/4 of the re-
maining patients, the CN abnormalities were bilateral, despite
unilateral facial microsomia.

The trigeminal nerve (Fig 1) was the most frequently involved
(11 patients, bilaterally in 5), followed by CN VII (11 subjects,
bilaterally in 3) and CNs VI and VIII (8 patients, bilaterally in 3
and 2, respectively). MR imaging disclosed CN IIT hypoplasia in 1
patient. Five patients had micro- or anophthalmia; 4 had ipsilat-
eral optic nerve hypoplasia; and in 1, the optic nerves were not
evaluable. Among patients with globe abnormalities, only 1 had
CN IIT and VT ipsilateral abnormalities, while in 1 patient, these
CNs were not evaluable. No morphologic abnormalities of the
lower CNs were found. Multiple CN abnormalities (up to 7
CNs) were found in most (11/17) patients. Among the 9 pa-
tients with foramen ovale hypo-/aplasia, 2 had normal trigem-
inal nerves at MR imaging; among the 8 patients with alveolar
nerve bone canal hypo-/aplasia, 3 had a normal trigeminal
nerve at MR imaging (On-line Fig 2). If we considered the 16
abnormal trigeminal nerves, 8 had ipsilateral bone foramina
abnormalities (in all, the foramen ovale was abnormal; 5 had
inferior alveolar bone canal abnormalities, while in 3, the in-
ferior alveolar bone was not evaluable); 6 did not have ipsilat-
eral bone foramina abnormalities; and in 2, CT did not allow
foramina evaluation. Among the 9 patients with foramina ova-
lia abnormalities (1 patient had no foramina ovalia bilaterally),

the ipsilateral inferior alveolar bone canal was abnormal in 6
cases, normal in 1, and not evaluable in 3.

In our cohort, CN abnormalities at MR imaging were found
only in patients with Goldenhar syndrome (17/19), while no pa-
tient with a mild phenotype (0/10) presented with abnormal CNs
(P = .000). The association with the Goldenhar phenotype per-
sisted when considering the trigeminal nerve abnormalities, ei-
ther without (11/18 versus 0/10, P = .002) or with foramen
anomalies, consistent with involvement of trigeminal branches
(13/18 versus 1/10, P = .004). Similarly, the sixth, seventh, and
eighth CN abnormalities were significantly associated with the
Goldenhar phenotype compared with patients with the mild phe-
notype (8/16 versus 0/10, P = .009; 11/17 versus 0/10, P = .001;
and 8/18 versus 0/10, P = .025, respectively).

Considering that some CN evaluations were not reliable be-
cause of patient age, compliance, or concomitant severe facial
asymmetry among the 20 patients (11 with Goldenhar pheno-
type) in whom the functional evaluation was performed, facial
nerve and trigeminal dysfunctions were found in 11/19 and 7/16
patients, respectively. Facial nerve and trigeminal dysfunctions
were significantly more frequent in patients with Goldenhar syn-
drome (9/10 with Goldenhar phenotype versus 2/9 with mild phe-
notype, P = .0054; and 6/8 with Goldenhar phenotype versus 1/8
with mild phenotype, P = .041, respectively). Oculomotor dys-
function was found in 4 patients (2 patients were not considered
due to anophthalmia, which hampered the evaluation of oculo-
motor function), all with Goldenhar syndrome, showing a trend
of association with the phenotype (4/9 with Goldenhar phenotype
versus 0/9 with mild phenotype, P = .082).

MR imaging of 1 patient with trigeminal dysfunction ipsilat-
eral to hemifacial microsomia was not reliably evaluable for CN'V.
Among the remaining 15 patients with trigeminal function eval-
uation (30 trigeminal nerves), 5 had trigeminal nerve morpho-
logic abnormalities (2 bilaterally, ie, 7 abnormal trigeminal
nerves). Trigeminal dysfunction was associated with ipsilateral
trigeminal nerve morphologic abnormalities (4/7 versus 2/23,
P =.016). Of the 2 patients with no trigeminal nerve morpho-
logic abnormalities but with trigeminal nerve dysfunction, the
inferior alveolar nerve bone canal was absent in 1 patient and not
evaluable in the other.
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FIG 2. Brain MR imaging. A, Contiguous T2-weighted axial images show the common origin of the left fifth and seventh/eighth cranial nerves
from the anterior profile of the middle cerebellar peduncle (arrow). The common trunk runs in the cisternal space and subdivides into 2 nerves
entering the Meckel cave (asterisk) and, slightly caudally, the internal acoustic meatus (arrowheads). B, Oblique multiplanar reconstruction

shows the common nerve origin and the subsequent subdivision.

Among the 18 patients (36 sides) with functional oculomotor
evaluation, 4 had morphologic CN VI abnormalities (bilaterally
in 2, ie, 6 abnormal abducens nerves). Oculomotor dysfunction
(bilateral in 1 patient, unilateral in 3) was associated with ipsilat-
eral CN VI morphologic abnormalities (3/6 versus 2/30, P =
.024).

Finally, 1 patient with Goldenhar syndrome underwent mul-
tiple facial surgeries, and facial function was, therefore, not reli-
ably evaluable. Among the remaining 19 patients (38 sides), 6 had
morphologic CN VII abnormalities (bilateral in 2). Facial nerve
dysfunction (bilateral in 2 patients, unilateral in 9) showed a trend
toward association with ipsilateral nerve abnormalities (5/8 ver-
sus 8/30, P = .081).

DISCUSSION

This neuroradiologic study showed the strikingly common in-
volvement of CNs among patients with oculo-auriculo-vertebral
spectrum, especially among those presenting with the more severe
phenotype (Goldenhar syndrome). In our series, at MR imaging,
17/29 patients (59%) displayed 57 abnormal CNs ranging from
hypoplasia/aplasia to protean morphologic abnormalities; more-
over, at CT, 4 patients showed isolated hypoplasia of the foramen
ovale and/or of the inferior alveolar nerve bone canal, consistent
with trigeminal branch hypo-/aplasia, thus disclosing also a pos-
sible distal CN involvement.

CN involvement in OAVS has been previously clinically and
radiologically described in case reports or small series studies.'> ¢
In 1975, a pathologic study on a child affected with Goldenhar
syndrome'” showed the absence of the cisternal portion of the
right trigeminal nerve along with the absence of its intra-axial
nuclei, providing direct evidence of CN and central nervous sys-
tem involvement in patients with OAVS. Moreover, because skull
base foramina development is influenced by the existence of the
corresponding CN branches,”” CN abnormalities might be also be
indirectly inferred by skull evaluation. The presence of hypoplas-
tic and deformed foramina ovalia and rotundum in a paleopatho-
logic case affected with Goldenhar syndrome®® seems to confirm
the possible concomitant distal involvement of the trigeminal
branches (S. Panzer, MD, personal e-mail communication, Janu-
ary 1, 2013). Similar evaluation can be performed by CT, which
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allows the precise visualization of the bone foramina. In the pres-
ent study, 11/26 (42%) patients with OAVS with adequate bone
CT showed foramina abnormalities, suggesting that the distal in-
volvement of the trigeminal branches is not uncommon.

In the past few years, MR imaging has provided high-resolu-
tion images suitable for the evaluation in vivo of the CNs, espe-
cially at the cisternal portion, thus contributing, in some cases, to
the explanation of their absent or impaired function.***° Al-
though CNs IV and XII might be inconstantly recognizable at
1.5T and CNs IX-XI appear as an indistinguishable group of roots
originating from the retro-olivary sulcus, MR imaging reliably
assesses the absence or the relative hypoplasia of the remaining
CNs. Thus, MR imaging has become a cornerstone in the diag-
nostic work-up of children with profound congenital deafness,
helping in cochlear or brain stem implantation decision-mak-
ing.”" In fact, the absence of the cisternal segment of the eighth
CN or the intrameatal absence of the cochlear nerve is considered,
to date, a major contraindication to cochlear implantation.

At MR imaging, besides CN aplasia (absence of the cisternal
segment) or hypoplasia (significant side-to-side asymmetry of the
nerve diameter), in our study population, we recognized protean
morphologic changes never reported in previous publications.
One patient showed a nodular thickening of the fifth CN close to
its origin (On-line Fig 3). Because the distal part of the nerve was
recognizable and the mass diagnosis could not be supported by
histology, this patient with Goldenhar syndrome was, as a precau-
tion, not included among those with CN abnormalities. In some
patients, a single nerve was rooted from the brain stem and was
divided subsequently into different CNs. In 2 patients, for exam-
ple, we did not detect the cisternal portion of the facial nerve
concomitant to an enlarged ipsilateral trigeminal nerve and par-
tially preserved facial nerve function. While direct pathologic ev-
idence was not available, these cases likely represent the abnormal
fusion of the cisternal segments of the facial and trigeminal
nerves. Indeed, in one of these cases, an abnormal facial bone
canal/internal acoustic meatus seemed to be recognizable close to
the site where the abnormal CN V reached the upper surface of the
petrous bone apex (Fig 2). Similarly, in 2 patients, there was only
1 CN in the internal acoustic meatus, a condition that is consid-



ered indicative of a preserved facial nerve with CN VIII aplasia®';
nonetheless, both patients had partially preserved auditory func-
tion. The presence of nerve fibers within a different nerve or nerve
branch has been suggested in some cases in which the absence of
the cochlear nerve did not correspond to a complete loss of hear-
ing function.” Therefore, these cases seem to increase the body of
evidence against the “dogmatic” indication toward auditory brain
stem implantation whenever cranial VIII or the cochlear nerves
are missing at MR imaging investigation,”” unless concomitant
and coherent functional data are obtained.

In the current study, anomalies of CN II were not further
considered because hypoplasia of the optic nerve was the rule
when the patients presented with microphthalmia or anophthal-
mia. In contrast, abnormalities of the nerves that control eye
movements did not correlate with abnormal eye development.
Globe abnormalities were not significantly more frequent among
patients with CN III or VI abnormalities (2/8 versus 3/18); this
finding confirms that eye and oculomotor apparatus follow dif-
ferent development pathways. From a functional point of view,
the association between Goldenhar syndrome and extrinsic ocu-
lar-movement impairment has been frequently noted. Duane
syndrome type I has been reported in patients with Goldenhar
syndrome.'>?°*° Among our patients with functional evaluation,
4/18 had oculomotor impairment (all Goldenhar phenotypes),
while 8/28 with MR imaging evaluation presented with CN III or
VIabnormalities. Considering that this study did not evaluate CN
IV morphologic abnormalities and that hypoplasia of CN VI is
difficult to ascertain because the nerve is very thin, our data con-
firm the frequent involvement of the oculomotor nerves in OAVS
and explain the frequent oculomotor impairment in these pa-
tients. On the other hand, the recurrent observation of preserved
oculomotor function despite CN VI aplasia seems to support the
hypothesis that nerve fibers might run along alternative routes to
innervate the extrinsic ocular muscles.

From a pathogenic point of view, involvement of the CNs in
OAVS is likely due to the common embryologic origin of facial
bones, soft tissues, and peripheral neural structures from the first
and second pharyngeal arches. These structures are contiguous to
the corresponding neural crests and central nervous system struc-
tures. Whatever the nature of the lesion leading to OAVS (isch-
emic, hemorrhagic, infectious, and so forth), CN development
might be concomitantly affected: In fact, most CN abnormalities
were ipsilateral to facial abnormalities. On the other hand, in our
cohort, a few patients showed bilateral CN involvement despite
unilateral facial involvement. This observation suggests that neu-
ral structures in OAVS might be even more vulnerable than con-
tiguous bone and soft tissues or that the clinical evaluation of
microsomia (which is based on side-to-side comparison) might
be less sensitive than the neuroradiologic or functional evaluation
of the CNs.

Notably, the present study showed a strong association be-
tween Goldenhar phenotype (severe cases among the OAVS) and
CN involvement. This might appear obvious because among the
OAVS, Goldenhar syndrome criteria imply a more extensive in-
volvement (facial and auricular involvement plus ocular or verte-
bral involvement). Nonetheless, we did not find within the Gold-
enhar subgroup an association between the number of fulfilled

criteria and the number of involved CNs. Patients with Goldenhar
syndrome with both ocular and vertebral involvement did not
show an increased number of abnormal CNs compared with pa-
tients with Goldenhar syndrome with isolated ocular or vertebral
involvement. A likely explanation is that the inclusion criteria for
Goldenhar syndrome do not take into account the severity of
ocular or vertebral abnormalities. Besides anophthalmia and mi-
crophthalmia, coloboma, epibulbar dermoid, or even epicanthus
are considered among the inclusion criteria for ocular involve-
ment in Goldenhar syndrome, though their clinical impact and
severity are clearly different.

The clinical impact of CN abnormalities in patients with
OAVS has been underlined in previous studies'*>; the present
study on a relatively large sample shows that MR imaging and CT
might provide the explanation of nerve impairment. Moreover,
because neonates and infants might be difficult to evaluate and
CN dysfunction might imply serious complications (eg, corneal
lesions or abnormal masticatory dynamic), neuroimaging-fo-
cused evaluation might help when CN impairment is suspected in
the early phases of the life of a patient with OAVS, thus helping to
prevent irreversible damage. For this purpose, MR imaging is cer-
tainly the preferred tool, but in some cases, the evaluation of the
foramen ovale and the inferior alveolar nerve bone canal might
disclose CN abnormalities, even when the cisternal portion of the
trigeminal nerve appears normal.

CONCLUSIONS

This study showed the following: 1) the frequent involvement of
CNis in patients with OAVS spectrum, 2) the strong association
between CN abnormalities and the Goldenhar phenotype, and 3)
the association between CN abnormalities and functional impair-
ment. Moreover, our findings widened the spectrum of CN ab-
normalities that is not limited to hypo-/aplasia but includes the
anomalous course of the cisternal segment and the partial or com-
plete fusion of =2 CNs. Further studies are warranted to investi-
gate the possible role of genetics in the OAVS and the coexistence
of brain, internal carotid artery, and inner ear involvement, which
will probably help in understanding the likely pathogenesis of this
condition.
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CLINICAL REPORT
SPINE

Transmedullary Venous Anastomoses: Anatomy and
Angiographic Visualization Using Flat Panel Catheter
Angiotomography

L. Gregg and P. Gailloud

%

ABSTRACT

SUMMARY: Flat panel catheter angiotomography, a recently developed angiographic technique, offers a spinal equivalent to the venous
phase obtained during cerebral angiography. This report of 8 clinical cases discusses the flat panel catheter angiotomography appearance
of a type of spinal venous structure until now principally known through the analysis of postmortem material, transmedullary venous
anastomosis. The illustrated configurations include centrodorsolateral, median anteroposterior, median anteroposterior with duplicated
origin, and combined centrodorsolateral/median anteroposterior transmedullary venous anastomoses, while a pathologic example doc-
uments the potential role of transmedullary venous anastomoses as collateral venous pathways. Two of the reported configurations have
not been previously documented. Transmedullary venous anastomoses are normal venous structures that need to be differentiated from
spinal cord anomalies, such as intramedullary vascular malformations.

ABBREVIATIONS: AMSV = anteromedian spinal vein; FPCA = flat panel catheter angiotomography; PLSV = posterolateral spinal vein; PMSV = posteromedian

spinal vein; TMVA = transmedullary venous anastomosis

he clinical evaluation of the spinal venous system is techni-

cally challenging, even with spinal DSA, the criterion standard
imaging technique for spinal vasculature. This suboptimal visu-
alization correlates with a poor understanding of spinal venous
system pathology. Flat panel catheter angiotomography (FPCA),
a novel angiographic technique that offers a spinal equivalent to
the cerebral venous phase,' has shown great promise for the
evaluation of the normal and abnormal spinal venous system.”">

This retrospective review of 8 clinical cases describes the mor-
phology and angiographic appearance of several types of transmed-
ullary venous anastomoses (TMVAs), including some previously un-
documented configurations observed during routine spinal DSA.
TMVAs, rarely observed in living subjects,®® were until now essen-
tially known through the study of postmortem material.

CASE SERIES

Acaquisition Protocols

Thoracic and lumbar protocols involved 20-second nonsub-
tracted rotational angiograms (Artis zee; Siemens, Erlangen, Ger-
many) obtained during the selective injection of arteries provid-
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ing major radiculomedullary branches. The contrast mixture
(25% contrast agent, 75% heparinized saline) was injected at a
rate of 1 mL/s for 30 seconds, covering the 20-second angiography
and a 10-second preacquisition delay (total volume of 30 mL,
including 7.5 mL of iodinated agent). The patients were not re-
quired to breath-hold during acquisitions. The volume and rate of
injection were modified for vertebral artery and costocervical
trunk studies (50 mL at 2 mL/s, including 12.5 mL of iodinated
agent). Areas of specific interest were reconstructed using MIP
rendering by the senior author in various planes using high-reso-
lution algorithms (voxel sizes, between 0.2 and 0.04 mm).?

Perimedullary Anastomosis

Case 1. A superficial anastomosis between the anteromedian spinal
vein (AMSV) and the left posterolateral spinal vein (PLSV) was doc-
umented at T12 in a 36-year-old woman with progressive myelopa-
thy (Fig 1).

Centrodorsolateral Anastomosis

Case 2. A centrodorsolateral TMVA connecting the AMSV to the
right PLSV at the level of C3 was seen in a 51-year-old woman inves-
tigated for a C3—C4 spinal epidural arteriovenous fistula (Fig 2).

Median Anteroposterior Anastomosis

Case 3. A median anteroposterior TMVA connecting the AMSV to
the posteromedian spinal vein (PMSV) at T11 was noted in a 23-
year-old woman investigated for recurrent myelopathy (Fig 3).
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FIG 1. A 36-year-old woman with a perimedullary anastomosis. A, Spinal DSA, left L1 injection, posteroanterior projection, late venous
phase, shows an anastomotic connection (white arrow) between the AMSV (black arrow) and the left PLSV (gray arrowhead). The exact
location of this anastomosis (intramedullary-versus-perimedullary) cannot be clearly established in this projection. A lateral projection
would not offer additional information because the ventrodorsal course of both types of anastomoses would appear similar. B, FPCA, left
L1 injection, sagittal MIP reconstruction (thickness = 8 mm). The morphology of the anastomosis (white arrow) and its points of
connection with the AMSYV (black arrow) and left PLSV (gray arrowhead) are better appreciated. C, FPCA, left L1 injection, axial MIP
reconstruction (thickness = 8 mm). This axial view unequivocally establishes the superficial course of the perimedullary anastomosis
(small arrow) over the lateral aspect of the spinal cord, between the AMSV (black arrow) and the left PLSV (gray arrowhead). A central
vein is documented within the anteromedian fissure (white arrowhead).

FIG2. A51-year-old woman with a centrodorsolateral transmedullary venous anastomosis. A, FPCA, left vertebral artery injection, sagittal
MIP reconstruction (thickness = 5 mm) shows a centrodorsolateral TMVA (small white arrows) connecting the AMSV (large black arrow)
to the right PLSV. The PMSV (large white arrow) and anterior spinal artery (white arrowhead) are also documented. B, FPCA, left vertebral
artery injection, axial MIP reconstruction (thickness = 5 mm) shows the path taken by the centrodorsolateral TMVA (small white arrows)
between the AMSYV (large black arrow) and the right PLSV. The PMSV (larger white arrow) and segments of the coronary plexus (small
black arrows) are seen as well.
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FIG 3. A 23-year-old woman with a median anteroposterior transmedullary venous anastomosis. A, FPCA, right T12 injection, sagittal MIP
reconstruction (thickness = 3 mm). The median anteroposterior TMVA (small white arrow) extends between the AMSV (black arrow) and the
PMSV (large white arrow) at the TTI level. Several central veins (arrowheads) are seen. B, FPCA, right T12 injection, axial MIP reconstruction
(thickness = 3 mm), confirms the transmedullary course of the median anteroposterior TMVA (small white arrow) between the AMSV (black

arrow) and the PMSYV (large white arrow).

FIG 4. A 60-year-old woman with a median anteroposterior transmedullary venous anastomosis. A, FPCA, left L1 injection, sagittal MIP recon-
struction (thickness = 3 mm), shows a median anteroposterior TMVA (small white arrow) coursing superiorly and posteriorly between the
AMSYV (black arrow) and the PMSV (large white arrow). B, FPCA, left L1 injection, axial MIP reconstruction (thickness = 10 mm). The median
anteroposterior TMVA (small white arrow) extends from the AMSV (black arrow) to the PMSV (large white arrow). Note the typical lateral loop
of the TMVA around the central canal at the level of the small white arrow.

Case 4. A median anteroposterior TMVA was documented at the
T11-12 level in a 60-year-old woman investigated for progressive
myelopathy (Fig 4).

Case 5. A median anteroposterior TMVA was seen at T11 in a
74-year-old man investigated for progressive myelopathy (Fig 5).

Case 6. A median anteroposterior TMVA was noted at C7 in a 40-
year-old woman with progressive myelopathy (Fig 6).

Combined Anastomoses

Case7. A 52-year-old man with progressive myelopathy was treated
endovascularly for 2 spinal epidural AVFs (left T7 and T9). FPCA
performed to investigate an additional cervical spinal epidural AVF
showed a median anteroposterior TMVA with a duplicate origin
from the AMSV at the C2 level, a combined centrodorsolateral
and median anteroposterior TMVA between C2 and C3, and a
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FIG 5. A74-year-old man with a median anteroposterior transmedullary venous anastomosis. A, FPCA, left L1 injection, sagittal MIP reconstruc-
tion (thickness = 3 mm), shows a median anteroposterior TMVA (small white arrow) extending between the AMSYV (black arrow) and the PMSV
(large white arrow). B, FPCA, left L1 injection, axial MIP reconstruction (thickness = 10 mm). The median anteroposterior TMVA (small white
arrow) courses from the AMSV (black arrow) to the PMSV (large white arrow), showing a typical deviation around the central canal.

FIG 6. A 40-year-old woman with a median anteroposterior transmedullary venous anastomosis. A, FPCA, left costocervical trunk
injection, sagittal MIP reconstruction (thickness = 2 mm). A median anteroposterior TMVA (small white arrow) connects the AMSV (black
arrow) to the PMSV (large white arrow). B, FPCA, left costocervical trunk injection, axial MIP reconstruction (thickness = 4 mm), confirms
the intramedullary trajectory of the median anteroposterior TMVA (small white arrow) between the AMSV (black arrow) and the PMSV

(large white arrow).

median anteroposterior TMVA between C3 and C4, associated
with a sulcal longitudinal anastomosis (Fig 7).

Pathologic lllustration

Case 8. A 57-year-old woman was investigated for a cervical
stroke possibly secondary to a C3—C4 disk herniation. FPCA
performed before surgery confirmed the presence of mass ef-
fect on the anterior spinal vessels by disk material, matching
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the location of the ischemic lesion on MR imaging. The central
veins were barely visible at the compression site yet were prom-
inent immediately above and below it. A sulcal longitudinal
anastomosis served as a collateral venous pathway in the depth
of the anteromedian fissure, and several TMV As were noted in
neighboring areas, including 2 centrodorsolateral TMVAs re-
spectively located cranially and caudally to the compression
site (Fig 8).



FIG 7. A 52-year-old man with 2 median anteroposterior transmedullary venous anastomoses and a combined centrodorsolateral and median
anteroposterior TMVA. A, FPCA, right vertebral injection, sagittal MIP reconstruction (thickness = 5 mm), reveals 2 TMVAs: a median anteroposterior
TMVA (small white arrow) with a dual origin (documented in Fig 7B) from the AMSV (gray arrow) at C2 and a TMVA with combined median
anteroposterior and centrodorsolateral characteristics (black arrow) between C2 and C3. The anterior internal epidural venous plexus is well-appre-
ciated (asterisk). B, FPCA, right vertebral injection, axial MIP reconstruction (thickness = 3 mm), shows the median anteroposterior TMVA (small white
arrow) at the C2 level, with a dual origin (arrowheads) from the AMSV and the surrounding venous network (gray arrows). The PMSV (large white
arrow) is seen as well. C, FPCA, right vertebral injection, coronal MIP reconstruction (thickness = 4 mm), documents the segment of the AMSV and
surrounding venous network from which the TMVA with dual roots originates (gray arrows). D, FPCA, right vertebral injection, axial MIP reconstruction
(thickness = 4 mm). The TMVA with combined median anteroposterior (black arrowheads) and centrodorsolateral (black arrow) characteristics
connects the AMSV (gray arrow) to the PMSV dorsally (white arrow) and to the right PLSV dorsolaterally (gray arrowhead) between the C2 and C3
levels. E, FPCA, right vertebral injection, sagittal MIP reconstruction (thickness = 4 mm). A median anteroposterior TMVA (small white arrow) extends
between the AMSV (gray arrow) and the PMSV (large white arrow). A sulcal longitudinal anastomosis (arrowheads) is seen within the depth of the
anteromedian fissure between C3 and C4. F, FPCA, right vertebral injection, axial MIP reconstruction (thickness = 3 mm), shows the course of the
median anteroposterior TMVA (small white arrow) between the AMSV (gray arrow) and the PMSV (large white arrow).

DISCUSSION slow-flow lesions (eg, spinal epidural AVFs). Finally, the spinal

FPCA Acquisitions venous system is not specifically studied when FPCA is per-

All FPCA acquisitions were successful, with no intra- or post-  formed to investigate an arterial condition (crus compression

procedural complications. FPCA is primarily performed in our syndrome, for example).

ractice to complement angiograms with negative findings in
P . . P . 8198 . 8 . . 5 The principal advantage of FPCA over other vascular imaging
patients with progressive myelopathies and MR imaging find-

ings suggesting venous hypertension, which explains the high techniques such as CTA or MRA is its higher spatial resolution.
ratio of studies with normal findings (5 of 8). 3D spinal DSA is
the preferred technique for the evaluation of fast-flow lesions and veins simultaneously. These can, however, be differentiated

such as arteriovenous malformations or perimedullary arterio- ~ on the basis of their course, branching pattern, and correlation

As a drawback of its acquisition mode, FPCA will display arteries

venous fistulas, while FPCA is occasionally performed for  with the corresponding 2D spinal DSA anatomy.’
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FIG 8. A 57-year-old woman with a sulcal longitudinal anastomosis and 2 centrodorsolateral transmedullary venous anastomoses. A, FPCA, left
vertebral injection, sagittal MIP reconstruction (thickness = 5 mm), shows mass effect on the anterior aspect of the spinal cord by protruded
disk material at C3—C4 (asterisk), with a dearth of central veins at the corresponding level. The central veins above and below the lesion are
prominent. A sulcal longitudinal anastomosis (white arrowheads) appears to serve as a collateral venous pathway in the depth of the antero-
median fissure. Two centrodorsolateral TMVAs are noted, respectively located cranially (white arrow) and caudally (black arrow) to the
compressed area. B, FPCA, left vertebral injection, axial MIP reconstruction (thickness = 3 mm), shows the C2—-C3 centrodorsolateral TMVA
(small white arrows) connecting the AMSV (large black arrow) to the left PLSV (gray arrowhead). The PMSV (large white arrow) is seen as well.
C, FPCA, left vertebral injection, axial MIP reconstruction (thickness = 2 mm), documents a second centrodorsolateral TMVA (small white
arrows) at C4—C5, extending between the AMSV (large black arrow) and left PLSV (gray arrowhead), which continues its course medially to

connect with the PMSV (large white arrow).

Anatomy of the Perimedullary and Intramedullary
Venous Systems

The perimedullary venous system includes the AMSV and PMSV,
which are 2 anastomotic chains respectively coursing over the
anteromedian and posteromedian fissures. The smaller paired
PLSVs lie along the dorsal nerve rootlets (Fig 94). *'° The prin-
cipal longitudinal venous axes are interconnected by the coronary
plexus of the pia mater.'" The coronary plexus generally includes
a few larger perimedullary anastomoses that can be visualized
during spinal DSA, if the venous phase is of sufficient quality.
However, perimedullary anastomoses are not clearly distin-
guished from TMVAs without the multiplanar assistance of FPCA
(Fig 1).”

The intramedullary venous network is divided into central and
peripheral compartments (Fig 9A). The central veins drain the
anterior and median portions of the spinal parenchyma'? and
terminate into the AMSV. Neighboring central veins can establish
longitudinal anastomotic chains, both within the central gray
matter (paracentral longitudinal anastomosis) and the anterome-
dian fissure (sulcal longitudinal anastomosis).'* Paracentral lon-
gitudinal anastomoses can participate in aberrant intramedullary
drainage patterns similar to the developmental venous anomalies
seen in the brain or brainstem.* When prominent, sulcal or para-
central longitudinal anastomoses can be visualized with FPCA
(Fig 7E).

1386 Gregg Jul2015 www.ajnr.org

The peripheral veins course radially to end in the coronary
plexus. Those located within the anterior and posterior radicular
fasciculi are generally more developed.'® The septal veins drain
into the PMSV. All intrinsic veins drain centrifugally into the

perimedullary venous system.'*'>

Transmedullary Venous Anastomoses
Two types of TMVAs are classically recognized. The centrodorso-
lateral type was described by Kadyi'' in 1889 (Fig 10):

A large anastomotic connection is established between one of the
central veins and one from the posterior surface of the spinal cord.

«, »

The small trunk designated by “v” does not course within the
median septum, but leftward to reach the surface of the spinal
cord in the vicinity of the line of emergence of the left posterior
nerve rootlets. ... The venous anastomosis “a” forms a loop, both
legs of which run parallel to the central canal: one goes down, the
other one goes up and follows a S-shaped curve before reaching
the trunk of the corresponding central vein “c” (p 146, P.G.

translation).

In 1939, Herren and Alexander'* further defined the centrodor-
solateral anastomosis as being formed by a central vein connect-
ing to a paracentral vein, itself continuing as a long oblique ve-
nous channel that terminates in the ipsilateral PLSV (Fig 9B).



FIG 9. Artistic representation of the normal anatomy of the spinal venous system, emphasizing the 2 classic types of transmedullary venous
anastomoses. A, The central veins establish longitudinal connections within the central gray matter (paracentral longitudinal anastomosis)
and in the depth of the anteromedian fissure (sulcal longitudinal anastomosis). B, A centrodorsolateral TMVA is formed by a central vein
connecting to a paracentral vein and continuing as a long oblique venous channel joining the ipsilateral PLSV. C, A median anteroposterior
TMVA is formed by a large connection established between a central vein and a septal vein, with a typical loop around the central canal.

Copyright 2015 Lydia Gregg.

FIG 10. Illustration reproduced from Kadyi H. Uber die Blutgefcsse
des Menschlichen Rickenmarkes. Lemberg: Gubryonowisz &
Schmidt; 1889 (Fig 9, page 146) shows the first TMVA depiction known
to the authors (ie, a sagittal view of a centrodorsolateral TMVA). The
vein, designated as v, courses laterally and posteriorly from the mid-
sagittal plane to a PLSV. The segment a connects to a central vein ¢
after looping around the central canal.

They specifically named this last oblique portion “centrodorsolat-
eral anastomosis,” while Crock and Yoshizawa'® applied the term
to the whole anastomotic chain, from the AMSV to the PLSV.
Crock and Yoshizawa'® described a second type of TMVA
linking the AMSV to the PMSV, the median anteroposterior anas-
tomosis (Fig 9C). This type of TMVA probably also derives from
a connection established between a central vein and a paracentral

vein, which then continues dorsally as a septal vein rather than
adopting a dorsolateral course.'®

Case 7 revealed 2 previously unreported TMVA configura-
tions. The first was a median anteroposterior anastomosis with a
duplicated origin from the AMSV and from the surrounding ve-
nous network (Fig 7B); the second combined median anteropos-
terior and centrodorsolateral characteristics, draining both dor-
sally into the PMSV and dorsolaterally into a PLSV (Fig 7D).

While initially believed to be rare,'? both types of TMV As were
consistently documented in a microangiographic study of post-
mortem material, though with irregular sizes and topographic
distributions."” The highest prevalence was noted in the upper
cervical and cervicothoracic regions (up to 2 TMVAs per centi-
meter). The largest channels were also found in the cervicotho-
racic region.'” The distance separating 2 TMVAs was increased in
the lower thoracic region, while no TMVAs were noted in the
lumbar region. They were occasionally documented at the level of
the conus medullaris, either supplementing or replacing the anas-
tomotic venous circle of the conus.'” Centrodorsolateral TMVAs
were more frequent but generally smaller (0.1-0.2 mm) than me-
dian anteroposterior TMVAs (0.3—0.7 mm)."> Both types can be
sinuous or can adopt a relatively straight intramedullary path.'®
The relation between the size, number, and course of TMVAs and
factors such as age and sex is currently unknown.

TMVAs receive relatively few intramedullary tributaries even
though they are generally comparable in size with the principal
longitudinal venous axes.'*'*> Herren and Alexander'* proposed
that rather than having a drainage function, TMVAs might help
regulate pressure and flow by rapidly transferring blood from one
longitudinal axis to another.'* This hypothesis was later sup-
ported by Thron and Rossberg,'® who suggested a correlation
between the higher cervical and cervicothoracic prevalence of
TMVAs and the greater motion range of the spine and spinal cord
at these levels. TMVAs might thus protect the principal venous
axes from pressure variations related to compression occurring
during hyperflexion and hyperextension of the cervical spine.'”
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Our last example (case 8) suggests that under abnormal circum-
stances leading to impaired venous flow, TMVAs may indeed act
as alternate drainage pathways limiting the risk of venous en-
gorgement and ischemia (Fig 8). In this patient, a sulcal longitu-
dinal anastomosis also appeared to play the role of a collateral
pathway in the area compressed by protruding disk material.

Recognizing TMVAs as normal structures carries both diag-
nostic and therapeutic implications. For example, TMVAs were
recently used as an access route for successful obliteration of a
perimedullary arteriovenous fistula.® Median anteroposterior
TMVAs have been documented by contrast-enhanced MRA and
by DSA,*”'” while centrodorsolateral TMVAs have, to our
knowledge, not been imaged clinically until now, probably be-
cause of their smaller size.'” New imaging methods such as spinal
SWI also require a sound understanding of the spinal venous sys-
tem anatomy and its variants, for example, to differentiate
TMVAs from small intraparenchymal hemorrhages.'®

In summary, the introduction of novel imaging techniques,
such as spinal FPCA or SWI, can strengthen our still deficient
understanding of medullary venous pathology. This improved
imaging ability creates the need for a more intricate knowledge of
the anatomy of the spinal venous system. This article reports sev-
eral types of TMVAs documented by FPCA. Some of these vessels
were previously known, in general from postmortem investiga-
tions, while others had not yet been described. Appreciating the
existence of TMVAs is clinically important because these channels
may be confused with intramedullary hemorrhages or vascular
malformations on noninvasive imaging.

Disclosures: Philippe Gailloud—UNRELATED: Consultancy: Codman Neurovascular;
Grants/Grants Pending: Siemens Medical*; Stock/Stock Options: Artventive Medi-
cal; Other: Consultant for Penumbra. *Money paid to the institution.
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Target® Detachable Coil

See package insert for complete indications,
contraindications, warnings and instructions for use.

INTENDED USE /INDICATIONS FOR USE

Target Detachable Coils are intended to endovascularly obstruct or occlude

blood flow in vascular abnormalities of the neurovascular and peripheral

vessels.

Target Detachable Coils are indicated for endovascular embolization of:

 Intracranial aneurysms

 Other neurovascular abnormalities such as arteriovenous malformations
and arteriovenous fistulae

 Arterial and venous embolizations in the peripheral vasculature

CONTRAINDICATIONS

None known.

POTENTIALADVERSE EVENTS

Potential complications include, but are not limited to: allergic reaction,
aneurysm perforation and rupture, arrhythmia, death, edema, embolus,
headache, hemorrhage, infection, ischemia, neurological/intracranial
sequelae, post-embolization syndrome (fever, increased white blood cell
count, discomfort), TIA/stroke, vasospasm, vessel occlusion or closure,
vessel perforation, dissection, trauma or damage, vessel rupture, vessel
thrombosis. Other procedural complications including but not limited to:
anesthetic and contrast media risks, hypotension, hypertension, access
site complications.

WARNINGS

* Contents supplied STERILE using an ethylene oxide (EO) process. Do not
use if sterile barrier is damaged. If damage is found, call your Stryker
Neurovascular representative.

For single use only. Do not reuse, reprocess or resterilize. Reuse,
reprocessing or resterilization may compromise the structural integrity
of the device and/or lead to device failure which, in turn, may result in
patient injury, illness or death. Reuse, reprocessing or resterilization
may also create a risk of contamination of the device and/or cause
patient infection or cross-infection, including, but not limited to, the
transmission of infectious disease(s) from one patient to another.
Contamination of the device may lead to injury, illness or death of the
patient.

administrative and/or local government policy.

This device should only be used by phys

received appropriate training in inter I neuroradiology or

interventional radiology and preclinical training on the use of this

device as established by Stryker Neurovascular.

Patients with hypersensitivity to 316LVM stainless steel may suffer an

allergic reaction to this implant.

MR temperature testing was not conducted in peripheral vasculature,

arteriovenous malformations or fistulae models.

o The safety and performance characteristics of the Target Detachable
Coil System (Target Detachable Coils, InZone Detachment Systems,

ans who have

Copyright © 2014 Stryker
NV00006677.AA

Trevo® XP ProVue Retrievers

See package insert for complete indications,
complications, warnings, and instructions for use.

INDICATIONS FOR USE

The Trevo Retriever is intended to restore blood flow in the
neurovasculature by removing thrombus in patients experiencing ischemic
stroke within 8 hours of symptom onset. Patients who are ineligible for
intravenous tissue plasminogen activator (IV t-PA) or who fail IV t-PA
therapy are candidates for treatment.

COMPLICATIONS

Procedures requiring percutaneous catheter introduction should not be
attempted by physicians unfamiliar with possible complications which may
occur during or after the procedure. Possible complications include, but are
not limited to, the following: air embolism; hematoma or hemorrhage at
puncture site; infection; distal embolization; pain/headache; vessel spasm,
thrombosis, dissection, or perforation; emboli; acute occlusion; ischemia;
intracranial hemorrhage; false aneurysm formation; neurological deficits
including stroke; and death.

COMPATIBILITY

3x20 mm retrievers are compatible with Trevo® Pro 14 Microcatheters
(REF 90231) and Trevo® Pro 18 Microcatheters (REF 90238). 4x20 mm
retrievers are compatible with Trevo® Pro 18 Microcatheters (REF 90238).
Compatibility of the Retriever with other microcatheters has not been
established. Performance of the Retriever device may be impacted if a
different microcatheter is used. The Merci® Balloon Guide Catheters are
recommended for use during thrombus removal procedures. Retrievers
are compatible with the Abbott Vascular DOC® Guide Wire Extension
(REF 22260).

WARNINGS

After use, dispose of product and packaging in accordance with hospital,

0

delivery systems and accessories) have not been demonstrated with
other manufacturer's devices (whether coils, coil delivery devices, coil
detachment systems, catheters, guidewires, and/or other accessories).
Due to the potential incompatibility of non Stryker Neurovascular
devices with the Target Detachable Coil System, the use of other
manufacturer’s device(s) with the Target Detachable Coil System is not
recommended.

To reduce risk of coil migration, the diameter of the first and second coil
should never be less than the width of the ostium.

In order to achieve optimal performance of the Target Detachable Coil
System and to reduce the risk of thromboembolic complications, it

is critical that a continuous infusion of appropriate flush solution be
maintained between a) the femoral sheath and guiding catheter, b) the
2-tip microcatheter and guiding catheters, and c) the 2-tip microcatheter
and Stryker Neurovascular guidewire and delivery wire. Continuous flush
also reduces the potential for thrombus formation on, and crystallization
of infusate around, the detachment zone of the Target Detachable Coil.
Do not use the product after the “Use By" date specified on the package.
Reuse of the flush port/dispenser coil or use with any coil other than the
original coil may result in contamination of, or damage to, the coil.
Utilization of damaged coils may affect coil delivery to, and stability
inside, the vessel or aneurysm, possibly resulting in coil migration and/
or stretching.

The fluoro-saver marker is designed for use with a Rotating Hemostatic
Valve (RHV). If used without an RHV, the distal end of the coil may be
beyond the alignment marker when the fluoro-saver marker reaches the
microcatheter hub.

If the fluoro-saver marker is not visible, do not advance the coil without
fluoroscopy.

Do not rotate delivery wire during or after delivery of the coil. Rotating
the Target Detachable Coil delivery wire may result in a stretched coil
or premature detachment of the coil from the delivery wire, which could
result in coil migration.

Verify there is no coil loop protrusion into the parent vessel after coil
placement and prior to coil detachment. Coil loop protrusion after coil
placement may result in thromboembolic events if the coil is detached.
Verify there is no movement of the coil after coil placement and prior to
coil detachment. Movement of the coil after coil placement may indicate
that the coil could migrate once it is detached.

Failure to properly close the RHV compression fitting over the delivery
wire before attaching the InZone® Detachment System could result in
coil movement, aneurysm rupture or vessel perforation.

Verify repeatedly that the distal shaft of the catheter is not under stress
before detaching the Target Detachable Coil. Axial compression or
tension forces could be stored in the 2-tip microcatheter causing the tip
to move during coil delivery. Microcatheter tip movement could cause
the aneurysm or vessel to rupture.

Advancing the delivery wire beyond the microcatheter tip once the coil
has been detached involves risk of aneurysm or vessel perforation.

The long term effect of this product on extravascular tissues has not
been established so care should be taken to retain this device in the
intravascular space.

intended site of deployment.

— Do not perform more than six (6) retrieval attempts in same vessel
using Retriever devices.

— Maintain Retriever position in vessel when removing or exchanging
Microcatheter.

To reduce risk of kinking/fracture, adhere to the following

recommendations:

— Immediately after unsheathing Retriever, position Microcatheter
tip marker just proximal to shaped section. Maintain Microcatheter
tip marker just proximal to shaped section of Retriever during
manipulation and withdrawal.

— Do not rotate or torque Retriever.

— Use caution when passing Retriever through stented arteries.

Do not resterilize and reuse. Structural integrity and/or function may be
impaired by reuse or cleaning.

The Retriever is a delicate instrument and should be handled carefully.
Before use and when possible during procedure, inspect device carefully
for damage. Do not use a device that shows signs of damage. Damage
may prevent device from functioning and may cause complications.

Do not advance or withdraw Retriever against resistance or significant
vasospasm. Moving or torquing device against resistance or significant
vasospasm may result in damage to vessel or device. Assess cause

of resistance using fluoroscopy and if needed resheath the device to
withdraw.

If Retriever is difficult to withdraw from the vessel, do not torque
Retriever. Advance Microcatheter distally, gently pull Retriever back into
Microcatheter, and remove Retriever and Microcatheter as a unit. If undue
resistance is met when withdrawing the Retriever into the Microcatheter,
consider extending the Retriever using the Abbott Vascular DOC
guidewire extension (REF 22260) so that the Microcatheter can be
exchanged for a larger diameter catheter such as a DAC® catheter.
Gently withdraw the Retriever into the larger diameter catheter.

Administer anti-coagulation and anti-platelet medications per standard

Damaged delivery wires may cause detachment failures, vessel injury or
unpredictable distal tip response during coil deployment. If a delivery wire
is damaged at any point during the procedure, do not attempt to straighten
or otherwise repair it. Do not proceed with deployment or detachment.
Remove the entire coil and replace with undamaged product.

* After use, dispose of product and packaging in accordance with hospital,
administrative and/or local government policy.

CAUTIONS /PRECAUTIONS

Federal Law (USA) restricts this device to sale by or on the order of a
physician.

Besides the number of InZone Detachment System units needed to
complete the case, there must be an extra InZone Detachment System
unit as back up.

Removing the delivery wire without grasping the introducer sheath and
delivery wire together may result in the detachable coil sliding out of the
introducer sheath.

Failure to remove the introducer sheath after inserting the delivery wire
into the RHV of the microcatheter will interrupt normal infusion of flush
solution and allow back flow of blood into the microcatheter.

Some low level overhead light near or adjacent to the patient is required
to visualize the fluoro-saver marker; monitor light alone will not allow
sufficient visualization of the fluoro-saver marker.

Advance and retract the Target Detachable Coil carefully and smoothly
without excessive force. If unusual friction is noticed, slowly withdraw
the Target Detachable Coil and examine for damage. If damage is
present, remove and use a new Target Detachable Coil. If friction or
resistance is still noted, carefully remove the Target Detachable Coil and
microcatheter and examine the microcatheter for damage.

If itis necessary to reposition the Target Detachable Coil, verify under
fluoroscopy that the coil moves with a one-to-one motion. If the coil does
not move with a one-to-one motion or movement is difficult, the coil may
have stretched and could possibly migrate or break. Gently remove both
the coil and microcatheter and replace with new devices.

Increased detachment times may occur when:

— Other embolic agents are present.

— Delivery wire and microcatheter markers are not properly aligned.

— Thrombus is present on the coil detachment zone.

Do not use detachment systems other than the InZone Detachment
System.

Increased detachment times may occur when delivery wire and
microcatheter markers are not properly aligned.

Do not use detachment systems other than the InZone Detachment
System.
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PRECAUTIONS

* Prescription only — device restricted to use by or on order of a physician.

 Store in cool, dry, dark place.

* Do not use open or damaged packages.

* Use by “Use By date.

© Exposure to temperatures above 54°C (130°F) may damage device and
accessories. Do not autoclave.

© Do not expose Retriever to solvents.

© Use Retriever in conjunction with fluoroscopic visualization and proper
anti-coagulation agents.

* To prevent thrombus formation and contrast media crystal formation,
maintain a constant infusion of appropriate flush solution between guide
catheter and Microcatheter and between Microcatheter and Retriever
or guidewire.

* Do not attach a torque device to the shaped proximal end of DOC®
Compatible Retriever. Damage may occur, preventing ability to attach
DOC® Guide Wire Extension.
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Smooth and Stable

Whether you are framing, filling or finishing, Target Detachable Coils deliver
consistently smooth deployment and exceptional microcatheter stability.
Focused on design, Target Coils feature a host of advantages to ensure the
high-powered performance you demand.

For more information, please visit www.strykerneurovascular.com/Target
or contact your local Stryker Neurovascular sales representative.
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