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ABSTRACT

BACKGROUND AND PURPOSE: Collateral vessels in Moyamoya disease represent potential sources of bleeding. To test whether these
cortical distributions vary among subtypes, we investigated cortical terminations using both standardized MR imaging and MRA.

MATERIALS AND METHODS: Patients with Moyamoya disease who underwent MR imaging with MRA in our institution were en-
rolled in this study. MRA was spatially normalized to the Montreal Neurological Institute space; then, collateral vessels were meas-
ured on MRA and classified into 3 types of anastomosis according to the parent artery: lenticulostriate, thalamic, and choroidal.
We also obtained the coordinates of collateral vessel outflow to the cortex. Differences in cortical terminations were compared
among the 3 types of anastomosis.

RESULTS: We investigated 219 patients with Moyamoya disease, and a total of 190 collateral vessels (lenticulostriate anastomosis,
n=72; thalamic anastomosis, n = 21; choroidal anastomosis, n = 97) in 46 patients met the inclusion criteria. We classified the distri-
bution patterns of collateral anastomosis as follows: lenticulostriate collaterals outflowing anteriorly (P <<.001; 95% Cl, 67.0-87.0)
and medially (P <.001; 95% Cl, 11.0-24.0) more frequently than choroidal collaterals; lenticulostriate collaterals outflowing anteriorly
more frequently than thalamic collaterals (P <.001; 95% Cl, 34.0-68.0); and choroidal collaterals outflowing posteriorly more fre-
quently than thalamic collaterals (P <.001; 95% Cl, 14.0-34.0). Lenticulostriate anastomoses outflowed to the superior or inferior
frontal sulcus and interhemispheric fissure. Thalamic anastomoses outflowed to the insular cortex and cortex around the central

sulcus. Choroidal anastomoses outflowed to the cortex posterior to the central sulcus and the insular cortex.

CONCLUSIONS: Cortical distribution patterns appear to differ markedly among the 3 types of collaterals.

ABBREVIATIONS: choA = choroidal artery; LSA = lenticulostriate artery; MNI = Montreal Neurological Institute; PcomA = posterior communicating artery

C ollateral vessels in Moyamoya disease develop as the disease
progresses.' Lenticulostriate arteries (LSAs), perforators from
the posterior communicating artery (PcomA), and anterior and
posterior choroidal arteries (choAs) are representative collateral
vessels that supply the cortex.”™ Development of such collateral
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vessels represents a risk factor for intracerebral hemorrhage,*>”

and these vessels have frequently been considered as the vessels
responsible for bleeding in recent reports.*'® These collateral
vessels connect with medullary arteries near the lateral ventricle
and thus supply the cortex via the medullary arteries.*
However, no reports have addressed the cortical distributions of
these collateral vessels.

Bypass surgery reduces the risk of rebleeding in patients with

71113 and also shrinks col-

hemorrhagic onset of Moyamoya disease
lateral vessels in Moyamoya disease.””''*'> Augmentation of cere-
bral blood flow via bypass seems to decrease the necessity for
development of collateral flow and shrinks existing collaterals."” To
shrink risky collateral vessels effectively and prevent hemorrhage,
well-designed and planned bypass surgeries may be required.'®
Comprehension of the nature and cortical distribution of collateral

vessels may thus be clinically useful.
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FIG 1. Schematic illustration showing a coronal plane of the left cerebral hemisphere and 3 subtypes of collateral anastomoses: lenticulostriate,
thalamic, and choroidal anastomoses. A indicates artery; Med, medullary; Subepend, subependymal; TGA, thalamogeniculate artery; TPA, thala-
moperforating artery; TTA, thalamotuberal artery. Reprinted with permission from Funaki et al.”®

MRA performed using a 3T scanner has proved useful for
detecting the abnormally extended collateral vessels in Moyamoya
disease.” We investigated the cortical distribution of collateral vessels
using 3T MR imaging and MRA to clarify whether cortical distribu-
tions vary among anastomotic subtypes and to better understand
collateral networks.

MATERIALS AND METHODS

Study Design and Patients

This investigation was designed as a cross-sectional study. The study
protocols were reviewed and approved by the ethics committee at
the Kyoto University Graduate School of Medicine (R1600).
Informed consent was obtained by an opt-out method on the insti-
tutional Web site. In accordance with the ethical standards of the
institutional and national research committees, this retrospective,
noninvasive study did not require formal consent. Instead, the out-
line of the study was open to the public on the institutional home-
page and provided an opportunity for patients to decline to
participate in the research. We retrospectively enrolled consecutive
patients diagnosed with Moyamoya disease who visited our institu-
tion between January 2009 and April 2018. The diagnosis of
Moyamoya disease was determined according to the proposed crite-
ria.! Patients were excluded from the analysis if they had been
diagnosed with quasi-Moyamoya disease (secondary Moyamoya
phenomenon due to underlying disease). Patients who had under-
gone craniotomy (ie, hematoma-evacuation craniotomy or indirect
or direct bypass surgery) were excluded, as were cases in which
brains showed a change in shape from a normal structure because of
massive infarction or hemorrhage. This exclusion was because an
abnormal structure of the brain was considered to affect standardi-
zation of the brain. Patients who had not undergone imaging that
met the imaging protocols were also excluded.

Imaging Protocol and Postimaging Processing

A 3T MR imaging scanner (Magnetom Trio, Skyra, or Prisma;
Siemens) using a 32-channel head coil was introduced in 2009.
Whole-brain 3D-T1WI was performed in all cases for anatomic
standardization. Imaging parameters for 3D-T1WI and TOF-MRA
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in this study were as follows—T1-weighted MPRAGE: TR, 1900 ms;
TE, 2.58 ms; flip angle, 9% TI, 900 ms; FOV, 230 x 230 mm; matrix,
256 x 256; section thickness, 0.9 mm; generalized auto calibrating
partially parallel acquisitions, 2; scan time, 4 minutes 26 seconds;
TOF-MRA: TR, 20-21ms; TE, 3.69ms; flip angle, 20°% FOV,
220 x 187 mm; matrix, 384 x 328; section thickness, 0.7 mm; gener-
alized auto calibrating partially parallel acquisitions, 3; scan time,
5 minutes 48 seconds. The imaging field extended from the level of
the foramen magnum to the top of the head.

Images from MRA were registered to the corresponding TIWI.
Subsequently, images from 3D-T1WI and MRA were anatomically
standardized into the Montreal Neurological Institute (MNI) space
using SPMI12 software (https://www.filion.uclac.uk/spm/). To
retain vessel information from MRA, we applied a 0.5-mm
Gaussian smoothing kernel to these spatially normalized images
from TIWI and MRA. Thus, all images from T1WI and MRA
were created as 0.5-mm isotropic images in MNI coordinates.

Measurement of Collateral Vessels That Are
Continuously Detectable from Origin to the Cortex

We placed standardized MRA and TIWI from all axial, coronal,
and sagittal views obtained in the same scanning session on the
viewer of ITK-SNAP, Version 3.6, software (https://www.itksnap.
0rg/).17 Next, we detected collateral anastomoses on MRA and
included collateral vessels for which signals could be identified all
the way from the origin to the cerebral cortex without interruption.
We classified the origin of anastomosis in 3 types (LSA, PcomA, or
choA) on MRA according to previous reports™'® (Fig 1) and identi-
fied the point at which the anastomosis outflowed to the cortex. In
brief, these types were the following: 1) lenticulostriate anastomosis,
beginning at an LSA and connecting to the medullary or insular
arteries; 2) thalamic anastomosis, beginning at the thalamotuberal,
thalamoperforating, or thalamogeniculate arteries and connecting
to the medullary or insular arteries; and 3) choroidal anastomosis,
beginning at the anterior or posterior choroidal arteries and con-
necting to medullary or insular arteries. Thin-section TIWI was
more favorable for detecting the edge of the cortex than MRA.
Voxel coordinates of the outflow point were recorded, and the type
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Patients diagnosed with moyamoya angiopathy
N =296

Excluded n=77
Quasi-moyamoya disease n =21
After craniotomy n =32
Without MRI n= 11
Insufficient range of MRI n=2
Abnormal brain structure n = 11

Included patients n =219

No anastomosis
meeting the criteria
n=173

Patients with anastomosis
meeting the criteria®
n=46

FIG 2. Flowchart for patient inclusion. Asterisk indicates that the
patients have the anastomoses for which signals could be identified
all the way from the origin to the cerebral cortex without interrup-
tion on MR angiography.

Patient characteristics

Included Patients with
Moyamoya Disease (n =46)

Median age (range) (yr) 28.5 (3-56)
Male sex (No.) (%) 14 (30.4)
Clinical presentation (No.) (%)
Ischemic symptoms 28 (60.9)
Hemorrhagic symptoms 1(23.9)
Other symptoms 7 (15.2)

of anastomosis was classified according to the consensus decision of
2 neurosurgeons (A.M. and T .F.). An independent neuroradiologist
(Y.F.) then identified the anastomosis on the basis of the coordinates
recorded by the 2 neurosurgeons, tracked its signal to the origin,
and then classified the type of anastomosis. In cases of disagreement
between the neurosurgeons and the neuroradiologist, another neu-
rosurgeon (M.O.) judged the type of anastomosis. In cases of an
anastomosis joined to another type of anastomosis, we counted the
case as 2 anastomoses for 1 outflow point. Interrater agreement for
the origin of collateral vessels between the consensus decision of the
2 neurosurgeons and the neuroradiologist was then evaluated. The
actual measurement process is shown in the Online Video.

Voxel coordinates on ITK-SNAP ranged from 1 to 361 (right
to left) for the x-axis, 1 to 395 (back to front) for the y-axis, and 1
to 345 (caudal to cranial) for the z-axis. To treat all coordinates as
being on the left hemisphere, we performed a horizontal mirror-
ing of coordinates—that is, we calculated x-axis coordinates on
the right hemisphere as 362 - x.

Mapping Cortical Distribution of Perforating Arteries
onto the Standardized Brain Model

Once we determined the cortical distributions of collateral
arteries in individual brains, we converted voxel coordinates

into the MNI space. For visualization in 3D space, we created a
standard brain surface model from the T1IWI provided as
MNI152_T1_2mm_brain.nii.gz in the FSL package (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FSL). To obtain an isosurface of the
standard brain, we chose a threshold of 5400 to visualize sulci
keeping the visibility of the cerebral cortex. The surface model
was loaded and displayed in 3D, together with the coordinates
of cortical distributions. These procedures were performed by
our in-house script in Matlab software (MathWorks).

Statistical Analysis

Interrater agreement for the classification of collateral vessels
between the consensus decision of the neurosurgeons (A.M. and
T.F.) and the decision of the neuroradiologist (Y.F.) was evaluated
using the unweighted « statistic and the corresponding 95% CI. We
compared x, y, and z voxel coordinates among the 3 types of anasto-
moses to evaluate differences in distributions. The Kruskal-Wallis
test was used to compare the 3 types of anastomoses, and the
Mann-Whitney U test was used for every 2 anastomoses using
Bonferroni-corrected P values. P < .05 was considered significant in
K statistics and the Kruskal-Wallis test, and P < .016 (ie, .05/3) was
used for the Mann-Whitney U test. We assumed that measurements
from each anastomosis were independent along with patient charac-
teristics and performed statistical analyses. All statistical analyses
were conducted using R statistical and computing software, Version
3.5.2 (http://www.r-project.org).

RESULTS
Patients and Anastomoses
Between January 2009 and April 2018, a total of 296 patients diag-
nosed with Moyamoya disease visited our institution. Seventy-
seven patients were excluded (quasi-Moyamoya disease, n = 21; af-
ter craniotomy including bypass surgery, n = 32; patients who had
not undergone MR imaging, n=11; insufficient range of MR
imaging, n = 2; and abnormal brain structure, n = 11). We investi-
gated the remaining 219 patients, with 46 of these 219 patients
showing anastomoses for which uninterrupted signals could be
identified all the way from the origin to the cerebral cortex (Fig 2).
A total of 190 anastomoses (lenticulostriate anastomosis,
n=72; thalamic anastomosis, n=21; choroidal anastomosis,
n=97) were detected in 46 Japanese patients. Six anastomoses
were counted as 2 different types of anastomosis joined (lenticulo-
striate and thalamic, n = 2; lenticulostriate and choroidal, n=2;
thalamic and choroidal, n = 2). Interrater agreement for the judg-
ment of anastomosis origin was high (k = 0.95; 95% CI, 0.90-
0.99). Six cases showed a discrepancy in the judgment between the
neurosurgeons and the neuroradiologist. As examples, 4 anasto-
moses counted as a lenticulostriate type by neurosurgeons had
been classified as a choroidal type by the neuroradiologist. Those 4
anastomoses were finally judged as lenticulostriate types by the
final neurosurgeon.

Background Characteristics of Patients

Fourteen male and 32 female patients with Moyamoya disease were
included (median age, 28.5 years; range, 3-56 years) (Table).
Among 46 patients, 28 patients had ischemic symptoms at onset, 11
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FIG 3. Cortical distributions for each type of collateral depicted on a
standard brain surface model (A, All types; B, Lenticulostriate anasto-
mosis; C, Thalamic anastomosis; D, Choroidal anastomosis). Each dot
shows the point of anastomosis outflow to the cortex (blue dot, len-
ticulostriate anastomosis; black dot, thalamic anastomosis; red dot,
choroidal anastomosis). Unfilled circles represent outflow on the in-
sular cortex. Pale dots represent outflow located in a sulcus. CS indi-
cates central sulcus.

from hemorrhagic symptoms, with the remaining 7 patients pre-
senting with other symptoms.

Cortical Distributions of Collateral Types on the Brain
Surface

We demonstrated spatial distribution patterns of the “collateral
anastomosis” or collateral vessels reaching the cerebral cortex
without interruption. Cortical distributions of each type of collat-
eral on the standard brain surface model are depicted in Figs 3
and 4. Lenticulostriate anastomoses developed from LSAs and
showed outflow mainly to the superior and inferior frontal sulcus
and cingulate sulcus (interhemispheric fissure) via medullary
arteries. Thalamic anastomoses developed from PcomA perfora-
tors and showed outflow to the insular cortex and sulcus around
the central sulcus via medullary arteries. Choroidal anastomoses
developed from the anterior and posterior choroidal arteries and
showed outflow to the sulci posterior to the central sulcus and
the insular cortex via the medullary arteries.

Spatial Distribution Patterns of Collateral Anastomoses

For the x-axis (mediolateral direction), distributions among the 3
types of anastomosis differed significantly (P <.001). LSA anasto-
moses showed outflow to the cortex more medially than choroidal
anastomoses (P <.001; 95% CI, 11.0-24.0) (Fig 5). For the y-axis
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FIG 4. Cortical distributions of each type of collateral depicted on a
standard brain surface model. Each dot shows the point where each
anastomosis outflowed to the cortex (blue dot, lenticulostriate anas-
tomosis; black dot, thalamic anastomosis; red dot, choroidal anasto-
mosis). White circles (circles without fill) show dots located on the
insular cortex. A, All dots are depicted on a brain surface model. B,
The view from the medial surface of a 3D brain surface model. Dots
were extracted that exist within 15 mm from the midline.

(posterior-anterior direction), distributions among the 3 types of
anastomosis also differed significantly (P <.001). LSA anastomo-
ses showed outflow to the cortex more anteriorly than thalamic
(P<.001; 95% CI, 34.0-68.0) or choroidal anastomoses (P < .001;
95% CI, 67.0-87.0) (Fig 6). Thalamic anastomoses showed outflow
to the cortex more anteriorly than choroidal anastomoses
(P<<.001; 95% CI, 14.0-34.0) (Fig 6). For the z-axis (caudocranial
direction), no significant differences in distribution were evident
among the 3 types (Fig 7).

DISCUSSION
We demonstrated that lenticulostriate anastomoses showed out-
flow to the cortex more anteriorly and medially than choroidal
anastomoses. Choroidal anastomoses showed outflow to the cortex
more posteriorly than thalamic or lenticulostriate anastomoses.

We finally analyzed data from 46 of 219 patients with
Moyamoya disease. The detection rate of abnormally dilated collat-
erals using MRA is equal to that using conventional DSA, as previ-
ously reported.'” MRA is also superior for identifying positions of
vessels relative to the brain. However, we processed MRA data to
standardize the images using software, and this process slightly
decreased the spatial resolution. We, therefore, only included obvi-
ously dilated collaterals with uninterrupted signals. This was 1 rea-
son why most of the initial patient cohort was excluded.

Unlike the PcomA and choAs, abnormal dilation and exten-
sion of the LSA has not been proved to be associated with intra-
cranial hemorrhage in Moyamoya disease. Two previous studies
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FIG 5. Mediolateral (x-coordinate) distribution of outflow to the cor-
tex for each type of anastomosis. The value for the midline of images
is 181, and the value for the lateral edge of images is 361. Values for x-
coordinates are shown as density estimations. The asterisk indicates
P <.001.

compared the development of LSA collaterals between ischemic-
and hemorrhagic-onset Moyamoya disease, and no significant dif-
ference in the development of LSA collaterals was identified, unlike
PcomA and choA collaterals.*'® However, a dilated and extended
LSA is suggested as a vessel responsible for hemorrhage.'” Some
reports have also discussed ruptured aneurysms arising on dilated
and extended LSAs.>***' These aneurysms supposedly develop due
to an increase in the hemodynamic burden, to supply the cortex via
collaterals in place of shrunken major arteries.”**>*' Furthermore,
Takahashi et al*® estimated LSAs as possible sources of anterior
hemorrhage in a subanalysis of the Japan Adult Moyamoya Trial.
Such findings suggest that lenticulostriate anastomosis is associated
with anterior hemorrhage in Moyamoya disease.”** Prospective
cohort studies are expected to clarify the potential risk of LSA dila-
tion in patients with Moyamoya disease.

Thalamic anastomosis was the least-detected anastomosis (21/
190) among the 3 types of anastomosis seen in this study. Dilation
and extension of the PcomA and its perforators represent a risk
factor for hemorrhage in patients with Moyamoya disease.””"’
Furthermore, a recent study suggested that dilated thalamic perfo-
rators represented a source of thalamic hemorrhage.' In the pres-
ent study, thalamic anastomoses mainly showed outflow to the
insular cortex, and less commonly to the cortex without joining
with other types of anastomosis. Matsushige et al*> evaluated the
collateral networks in 15 patients with Moyamoya disease using 7T
MRA and classified anastomoses of the thalamic perforators as
PcomA perforators anastomosing with thalamostriate arteries and
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FIG 6. Posteroanterior (y-coordinate) distribution of outflow to the
cortex for each type of anastomosis. The value for the posterior
edge of images is 1, and the value for the frontal edge of images is
395. Values for y-coordinates are shown as density estimations. The
asterisk indicates P <.001.

intrathalamic anastomoses among thalamic arteries. Those find-
ings suggest that thalamic perforators less commonly outflow to
the cortex independently and tend to anastomose with other collat-
eral vessels. Thalamic collaterals might be strongly involved in tha-
lamic hemorrhage'® and may be less involved in periventricular
hemorrhage at sites other than the thalamus.

In hemorrhagic-onset Moyamoya disease, choroidal anastomo-
sis is the most frequently detected type of anastomosis and repre-
sents a strong risk factor for rebleeding.>*”** Recent studies have
suggested choroidal anastomosis as a risk factor for de novo hem-
orrhage in Moyamoya disease,” and choroidal anastomosis  is
mainly associated with posterior hemorrhage and periventricular
hemorrhage in Moyamoya disease.*'**> On the other hand, cho-
roidal anastomoses frequently shrink after bypass surgery,”'*'
though the reasons remain poorly understood. We hypothesize
that choroidal anastomoses may outflow to the cortex around the
recipient site for ordinary bypass surgery. Collateral flow via direct
bypass is thought to reduce the burden on abnormally developed
collateral vessels and thus contribute to prevention of rebleed-
ing.>”'>'> On the basis of this concept, the anastomotic site of
bypass might affect such preventative effects. In this study, choroi-
dal anastomoses showed outflow to the cortex posterior to the cen-
tral sulcus, in an area corresponding to the recipient site in bypass
surgery 2

Takahashi et al*> reported that the preventative effects of
bypass surgery on rebleeding were not detected in an anterior
hemorrhage group. The area of lenticulostriate anastomosis
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of images is 1, and the value for the cranial edge of images is 345.
Values for z-coordinates are shown as density estimations.

outflow is less likely to be the recipient site under usual bypass
surgery because outflow is more anterior or to the interhemi-
spheric fissure, unlike other anastomoses. This anatomic feature
may explain the lack of preventative effects from bypass surgery
among the anterior hemorrhage group.

Some limitations to this study must be considered. First,
although we used spatially standardized MR imaging, anatomic
differences in each patient would likely have had a small effect on
the results. Second, although interrater agreement was high, both
misclassification (measurement error) and observer bias are
essential limitations and may have impacted the internal validity
of this study. Third, although we analyzed 190 anastomoses in 46
patients among the cohort of 219 patients, these patients might
represent an insufficient cohort to allow generalization of the
results. Fourth, because all patients in this study were of Japanese
ethnicity, the results are most generalizable to Japanese or Asian
patients. Differences in the development of collateral vessels
between Japanese and European white patients have already been
reported.”

We believe the findings obtained from this study will contrib-
ute to understanding the pathology of hemorrhagic Moyamoya
disease and to the establishment of better bypass surgeries to pre-
vent bleeding among patients with Moyamoya disease.

CONCLUSIONS

Outflow of lenticulostriate anastomoses was more anterior than that
of thalamic and choroidal anastomoses. Outflow of lenticulostriate
anastomoses was more medial than that of choroidal anastomoses.
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Outflow of choroidal anastomoses was more posterior than that of
lenticulostriate and thalamic anastomoses. Lenticulostriate anasto-
mosis outflow to the cortex was anterior to the central sulcus and to
the interhemispheric fissure. Thalamic anastomosis outflow was to
the insular cortex and cortex around the central sulcus. Choroidal
anastomosis outflow was to the cortex posterior to the central sulcus
and the insular cortex. A more detailed understanding of each pat-
tern of cortical distribution from abnormal collateral vessels may
contribute to designing treatment strategies, allowing tailored bypass
surgery optimized to prevent hemorrhage among patients with
Moyamoya disease.'®
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