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Intracranial Artery Morphology in Pediatric Moya
Moya Disease and Moya Moya Syndrome

BACKGROUND: Moya Moya disease (MMD) and Moya Moya syndrome (MMS) are ce-
rebrovascular disorders, which affect the internal carotid arteries (ICAs). Diagnosis and
surveillance of MMD/MMS in children mostly rely on qualitative evaluation of vascular

imaging, especially MR angiography (MRA).

OBJECTIVE: To quantitatively characterize arterial differences in pediatric patients with

MMD/MMS compared with normal controls.

METHODS: MRA data sets from 17 presurgery MMD/MMS (10M/7F, mean age = 10.0
years) patients were retrospectively collected and compared with MRA data sets of 98
children with normal vessel morphology (49 male patients; mean age = 10.6 years). Using
a level set segmentation method with anisotropic energy weights, the cerebral arteries
were automatically extracted and used to compute the radius of the ICA, middle cerebral
artery (MCA), anterior cerebral artery (ACA), posterior cerebral artery (PCA), and basilar
artery (BA). Moreover, the density and the average radius of all arteries in the MCA, ACA,

and PCA flow territories were quantified.

RESULTS: Statistical analysis revealed significant differences comparing children with
MMD/MMS and those with normal vasculature (P < .001), whereas post hoc analyses
identified significantly smaller radii of the ICA, MCA-M1, MCA-M2, and ACA (P < .001) in the
MMD/MMS group. No significant differences were found for the radii of the PCA and BA or
any artery density and average artery radius measurement in the flow territories (P > .05).
CONCLUSION: His study describes the results of an automatic approach for quantitative
characterization of the cerebrovascular system in patients with MMD/MMS with promising
preliminary results for quantitative surveillance in pediatric MMD/MMS management.
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oya Moya disease (MMD) is a pro-
M gressive, noninflammatory vasculop-

athy characterized by steno-occlusive
disease of the anterior circle of Willis (COW),
comprising the distal internal carotid arteries (ICAs),
proximal middle cerebral arteries (MCAs), and
proximal anterior cerebral arteries (ACAs).! It is
assumed that collateralization of perforator branches
develops as a compensatory mechanism secondary to
the reduced blood flow caused by the steno-occlusive
disease, leading to the “puff of smoke” appearance on
digital subtraction angiography (DSA).” By contrast,

ABBREVIATIONS: BA, basilar artery; COW, circle of
Willis; MANCOVA, multivariate analysis  of
covariance; MMD, Moya Moya disease; MMS,
Moya Moya syndrome; MNI, Montreal Neurological
Institute; MRA, MR angiography; PCA, posterior ce-
rebral artery; TOF, time-of-flight.

710 | VOLUME 91 | NUMBER 5 | NOVEMBER 2022

Moya Moya syndrome (MMSY) is distinct from the
disease itself, where an underlying etiology leads to a
COW steno-occlusive disease similar in appearance
to MMD." The most common etiologies of MMS
include atherosclerosis, radiation-related vasculitides,
connective tissue disorders, and phakomatoses.”
Although DSA is considered the gold standard for
MMD/MMS diagnosis, MR angiography (MRA) is
a widely accepted noninvasive alternative.” How-
ever, imaging diagnosis of pediatric MMD/MMS to
date is primarily qualitative because quantitative
normative vessel calibers and densities across child-
hood have only been characterized and described
recently.” Therefore, previously described quantita-
tive methods for evaluating MMD/MMS are lim-
ited to brain tissue measurements including cerebral
blood flow® or metrics computed from diffusion-
weighted imaging, such as the apparent diffusion
coefficient.® Quantitative MRA-based analyses of
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the arteries to date have primarily focused on healthy adults”* with
unclear potential for pediatric patients with MMD/MMS. Given that
MRA can be acquired without contrast agent, radiation, and in many
children even without sedation, quantitative approaches for evaluating
the cerebrovascular system based on MRA are particularly desirable
and an important step toward precision medicine.”

The aim of this study was to identify differences in artery caliber
and density between children with MMD/MMS and children with
normal vasculature based on MRA data sets using recently described
normative quantitative cerebral artery parameters across childhood.*

METHODS

Patients

Pediatric patients with MMD/MMS vessel morphology admitted at our
institution between 2011 and 2018 were retrospectively identified using
chart review. Only patients with available MRI and time-of-flight (TOF)
MRA data sets were included (a total of 233 consecutive patients with
MMD/MMS were identified). Next, children who received bypass surgery
before imaging and children with any prior hemorrhage were excluded due
to the associated blood flow alterations, resulting in 33 patients with MDD/
MMS. Finally, all data sets (n = 16) with motion artefacts and patients with
insufficient registration or segmentation results were excluded leading to a
total final set of 17 data sets available for this study. The age of the included
patients with MDD/MMS ranged from 2.4 to 18 years (mean & = 10.0
years), with 10 male patients (& = 10.3 years) and 7 female patients (& = 9.6
years). Eleven children had bilateral disease while 6 children had unilateral
disease only (3 left and 3 right) (please see Table 1).

The normal control cohort used for comparison contained data sets from
98 consecutive patients with normal MRA examinations and no known
neurological deficits or developmental problems, imaged using similar imaging
parameters on the same scanner as the patient cohort (49 female patients, 49
male patients, & = 10.6 years, range 0.5-20 years). Reasons for imaging in this
normal cohort included, for example, headaches, transient but resolved
neurological symptoms, strabismus, or family history of vascular malforma-
tions. The normal control group used for this study is described in detail
elsewhere.t

This retrospective study was conducted in compliance with the Health
Insurance Portability and Accountability Act and in accordance with the
ethical standards laid down in the 1964 Declaration of Helsinki and its later
amendments after Institutional Review Board approval. Patient consent
was waived given the retrospective nature of this study.

Image Acquisition

All data sets were acquired on the same 3-dimensional (3D) MRI
scanner. High-resolution T1-weighted MRI and time-of-flight MRA data
sets were acquired for each patient on a 3T Discovery 750 scanner (GE
Medical Systems) using an 8-channel head coil. High-resolution TOF
MRA was acquired using an echo time (TE) of 3.2 ms, a repetition time
(TR) of 24 ms, a flip angle of 15°, and a spatial resolution of 0.43 x 0.43 x
0.6 mm?3. The high-resolution T1-weighted data sets were acquired with
TE = 3.5 ms, TR = 7.8 ms, inversion time (TT) = 400 ms, flip angle = 15°,
and a spatial resolution of 0.47 x 0.47 x 1.0 mm? in a single 175 slice slab.
At our institution, intravenous propofol sedation is typically performed
for all children younger than 6 years. After 10 years of age, generally no
patient receives sedation.

NEUROSURGERY

QUANTITATIVE ARTERIAL MORPHOLOGY IN MMD/MMS

Image Processing

The image-processing pipeline used in this study follows that pre-
viously described by Ratsep et al,'” briefly described in the following.
The full pipeline is fully automatic and does not require any manual
interaction making its quantitative results robust and comparable.

First, the MRA data sets were preprocessed using an algorithm'! to
remove slice-wise intensity variations followed by application of the N3
algorithm]2 to correct for in-slice intensity inhomogeneities. Next, the ar-
teries were automatically segmented in each MRA data set using an advanced
level set algorithm with anisotropic energy weights."> The resulting seg-
mentations were used to quantify the local vessel radii by calculating the 3D
centerline representations of the vascular segmentations'* followed by a 3D
distance map calculation ' to determine the shortest Euclidean distance from
each centerline voxel to its closest nonvessel voxel.

For quantitative analysis at corresponding locations, the Montreal
Neurological Institute (MNI) average 152 subject adult brain atlas was
registered nonlinearly to the MNI pediatric atlas (7-11 years),'® which was
then registered nonlinearly to each T1-weighted data set. In the next step,
the patient-individual T'1-weighted data set was registered rigidly to the
corresponding MRA data set of each patient. Finally, the 3 transformations
were concatenated and used to transform regions-of-interest (ROI) defined
in the adult MNI brain atlas to each subject-specific MRA data set. The
NiftyReg software!” was used for all registrations described above. All
segmentations and registrations were visually checked by an experienced
imaging specialist with dedicated experience in cerebral vessel analysis
(NDF, >10 years” experience). Patients with suboptimal processing results
and those with severe imaging artifacts were excluded.

Artery Quantification

The concatenated transform resulting from the registration was used to
map vascular flow territory atlas regions defined in MNI atlas space'® to
each MRA data set. This flow territory atlas consists of the left and right
ACA, MCA, and posterior cerebral artery (PCA) flow territories, whereas
the proximal, middle, and distal parts for each territory were combined to a
single region-of-interest (ROI). Using these 6 flow territory ROls, the
artery density and average artery radius were quantified for each territory
and hemisphere. For the average flow territory artery radius, only radius
values of centerline voxels were averaged to prevent large vessels having a
higher weight in the computed average value. The artery density was
quantified for each flow territory by calculating the ratio between the
volume of segmented arteries and the volume of the whole flow territory.

Finally, the radius of the 5 main arteries were quantified by using cor-
responding artery ROIs defined in the MNI atlas space'® mapped to each
individual MRA data set using the concatenated transformation described
above. The arteries investigated included the ICA, ACA, MCA (M1 and M2
segments), the basilar artery (BA), and the PCA (Figure 1). All main artery
measurements were performed separately for the left and right hemisphere
except for the BA, which is a single artery, and the ACA, which can be
challenging to quantify automatically separately for the 2 hemispheres because
of the close proximity so that the corresponding ROI includes both arteries.

Qualitative Analysis

Qualitative analyses were independently performed in addition to
the previously described quantitative analyses. Qualitative analyses of
the MMD/MMS and normal subgroup MRA data sets were performed
by a pediatric neuroradiologist (Kristen W. Yeom, 20 years’ experience).
Therefore, the overall vessel density and the vessel diameters at
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TABLE 1. Baseline Characteristics of Each Subgroup
Characteristic MMD/MMS Control
Number of patients 33 98
Mean age (y) 10.0 (2.4-18) 10.6 (0.5-20)
Female patients 7 49
Race NA

White 16

Hispanic 7

Black 4

Asian 4

Mixed Asian/White 2
Bilateral disease 11 NA
Unilateral disease 6 NA
MMD 7 NA
MMS

Trisomy 21 7

Neurofibromatosis 1 3

Sickle cell 4

Other (TSC1, PHACES, 12

DiGeorge, Dwarfism, etc)

MMD, Moya Moya disease; MMS, Moya Moya syndrome; PHACES, posterior fossa
anomalies, hemangioma, arterial anomalies, cardiac anomalies, and eye anomalies;
TSC1, Tuberous Sclerosis Complex 1.

corresponding locations were visually assessed to identify relevant
differences between the groups.

Statistical Analysis
Multivariate analysis of covariance (MANCOVA) was used to
compare the MMD/MMS and normal cohorts using the radius of the 5

main arteries as well as the average artery radius and density

measurements from the flow territories as dependent variables, age and
sex as covariates, and the group (normal vs MMD/MMSY) as the fixed
factor. MANCOVA tests were performed separately for left and right
hemispheric measurements, whereas only patients with left unilateral or
bilateral MMD/MMS were used for the MANCOVA of the left
hemispheric measurements while only patients with right unilateral or
bilateral MMD/MMS were used for the MANCOVA of the right
hemispheric measurements. The BA and ACA radius measurements
were included in both MANCOVA tests (left and right hemispheric
measurements).

Pairwise comparisons of the dependent variables with Bonferroni
correction were petformed post hoc to identify significant parameters.
IBM SPSS Statistics (v24.0, IBM) was used for all analyses. A Bonferroni-
corrected P < .004 was considered significant for the post hoc tests while
P < .025 was considered significant for the MANCOVA analysis.

RESULTS

Qualitative Analyses

Visual analysis of the quantitative artery analysis showed
considerably larger arteries in the anterior circulation while the
overall density of vessels and size of the smaller vessel seemed
comparable between MMD/MMS (presurgery) and healthy
children. Figure 2 shows 2 representative patients with MMD/
MMS and 2 age-matched normal subjects for comparison
purposes. In these examples, the healthy children display larger
ICA and MCA M1 vessels compared with patients with MMD/
MMS indicated by warmer colors. By contrast, the overall vessel
density and radius of the smaller vessels in the downstream
branches seem similar in the 2 groups as indicated by a similar
color pattern.

FIGURE 1. MCA (red), ACA (blue), and PCA (green) flow territories (left) and internal carotid artery
(orange), MCA-M1I (red), MCA-M2 (purple), ACA (blue), basilar artery (turquoise), and PCA (green) regions
of interest (right). ACA, anterior cerebral arteries; MCA, middle cerebral artery; PCA, posterior cerebral artery.
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MMD patient (18 years)

Normal control (18 years)

Normal control (6 years)
—

FIGURE 2. 3D surface-based visualizations of 2 children with MMD (left) and 2 corresponding age-matched children with normal
cerebrovascular system (right). 3D, 3-dimensional; MMD, Moya Moya disease.

Quantitative Analyses

The statistical analysis using MANCOVA support the quali-
tative findings, revealing a statistically significant difference be-
tween the MMD/MMS (presurgery) and normal cohorts, which
holds true for left and right hemispheric measurements (2 < .001
in both cases). Pairwise comparisons revealed significant differ-
ences of the radius measurements in all major arteries of the
anterior circulation investigated, comprising ICA, MCA-M1,
MCA-M2, and ACA radii (P < .001, left and right). However, no
significant differences were found for the pairwise comparisons of
the posterior circulation vasculature, any mean flow territory
artery radius, or any flow territory artery density after correction
for multiple testing (Table 2).

DISCUSSION

Quantitative assessment of morphological vessel characteristics
can yield objective information that facilitates standardization and
reduce observer variability.”’ Vessel caliber and density quantifi-
cation in MMD/MMS and normal pediatric cohorts are therefore
essential for standardization of image-based biomarkers and are
potentially valuable for surveillance. This work presents the first
report of a quantitative vessel caliber and density analysis for pe-
diatric patients with MMD/MMS. The main finding of this study
is that children with MMD/MMS before surgery showed signif-
icantly smaller main anterior circulation arteries while the overall
vessel density and caliber in the 3 flow territories were similar
compared with healthy children.

NEUROSURGERY

The finding that children with MMD/MMS have smaller main
arteries in the anterior circulation compared with normal children
likely reflects an early stage of MMD/MMS with predominantly
anterior arterial steno-occlusion that comprised our pediatric cohort
because the posterior circulation pathology has a later onset in disease
progression.”!**? Previous studies have also shown that patients with
MMD/MMS have diminished vessel caliber. For example, Yama-
moto et al’® demonstrated not only smaller arteries (ICA, MCA, and
ACA) at the initial MMD stages but also spontaneous progression
over time in 7 adult and pediatric patients with MMD leading to
further diminished vessel caliber. This finding was reproduced in
other adult®*® and children?®>° studies using qualitative assess-
ments. Our results are consistent with those previous reports, with
the novel addition of a robust and automatic quantification and a
comparably large pediatric patient cohort. We also showed that the
smaller artery caliber in patients with MMD/MMS primarily affects
the main arteries while the average artery caliber within the 3 flow
tertitories is similar to healthy children. One potential explanation for
this finding might be that the MRA spatial resolution prevents the
precise quantification of subtle radius differences in smaller arteries.
Another possible explanation might be a gradual compensatory
neoangiogenesis reactively formed because of the small caliber
proximal vasculature to maintain cerebral blood flow.

Previous clinical studies investigating vessel density are rather
sparse. For instance, Czabanka et al’' found increased micro-
vascular density in 16 adult patients with MMD when compared
with separate atherosclerotic disease and normal control cohorts.
Contrary, no significant differences regarding the vessel density in
the flow territories were found in this study. This discordance may
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TABLE 2. Age-Corrected and Sex-Corrected Average Artery Measurements (+ SE) for Pediatric Patients With MMS/MMD and the Normal Control

Group

Arterial vessel MMD/MMS patients Normal controls P value

Main artery radius
Left ICA radius (in mm) 1.197 + 0.091 1.615 + 0.034 <.001
Right ICA radius (in mm) 1.145 + 0.094 1.659 + 0.035 <.001
Left MCA M1 radius (in mm) 0.832 + 0.045 1.146 + 0.017 <.001
Right MCA M1 radius (in mm) 0.825 + 0.043 1.148 + 0.016 <.001
Left MCA M2 radius (in mm) 0.615 + 0.041 0.831 + 0.015 <.001
Right MCA M2 radius (in mm) 0.629 + 0.038 0.816 + 0.014 <.001
ACA radius (in mm) 0.659 = 0.039 0.836 = 0.015 <.001
BA radius (in mm) 1.090 + 0.052 1.130 + 0.020 476
Left PCA radius (in mm) 0.840 + 0.036 0.854 + 0.014 722
Right PCA radius (in mm) 0.883 + 0.039 0.854 £ 0.015 490

Average flow territory artery radius
Left MCA flow territory radius (in mm) 0.603 + 0.010 0.582 + 0.004 047
Right MCA flow territory radius (in mm) 0.610 + 0.009 0.595 + 0.004 125
Left ACA flow territory radius (in mm) 0.577 £ 0.010 0.582 + 0.004 659
Right ACA flow territory radius (in mm) 0.614 + 0.014 0.586 + 0.005 .072
Left PCA flow territory radius (in mm) 0.593 + 0.013 0.581 + 0.005 399
Right PCA flow territory radius (in mm) 0.606 + 0.018 0.608 + 0.007 916

Average flow territory artery density
Left MCA flow territory density (in %) 0.725 + 0.090 0.682 + 0.034 653
Right MCA flow territory density (in %) 0.616 + 0.078 0.643 + 0.030 749
Left ACA flow territory density (in %) 0.703 + 0.096 0.588 + 0.036 264
Right ACA flow territory density (in %) 0.898 + 0.115 0.813 + 0.043 492
Left PCA flow territory density (in %) 1.138 + 0.150 0.893 + 0.057 129
Right PCA flow territory density (in %) 1.199 + 0.189 1.040 £ 0.071 435

ACA, anterior cerebral arteries; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; MMD, Moya Moya disease; MMS, Moya Moya syndrome; PCA, posterior

cerebral artery.
P values < .004 were considered significant (Bonferroni corrected).
Bolded terms are statistically significant.

be explained by physiological differences between pediatric and
adult MMD/MMS?? with pediatric patients with MMD, for
example, exhibiting increased oxygen extraction fraction.’’
Therefore, the discordance regarding vessel density may be ex-
plained by the presence of robust collaterals during the nascent
stages of the disease in the pediatric population, which then
maintains the blood flow and perfusion pressure through the
comparatively increased oxygen extraction fraction. This physi-
ological response may be sufficient, effectively decreasing the need
for neovascularization and a compensatory increase in flow ter-
ritorial vessel density. However, it needs to be highlighted that it
was not possible to adequately analyze the microvascular density
in this study in more detail because of the MRA spatial resolution.
Thus, it is also possible that while the microvascular density differs
between patients with MMS/MMS and normal subjects, the
macrovascular density is similar.

Limitations

There are several limitations to this study. First, our study was
based on a relatively small number data sets. Given the rarity of

714 | VOLUME 91 | NUMBER 5 | NOVEMBER 2022

MMD/MMS, it was challenging to identify children with suffi-
cient quality data sets for automatic vessel analyses. A pediatric
neuroradiologist performed extensive quality control to prevent
artifacts or any secondary pathologies affecting the MMD vessel
evaluation. Furthermore, all data sets were acquired at a single
institution imaged with the same MRI scanner, potentially limiting
generalizability. As described above, the MRA spatial resolution may
limit the accuracy of the small vessel measurements. Nevertheless,
the significant differences found comparing the major arteries be-
tween the groups should be less affected by the spatial resolution so
that those results will likely hold true in case of imaging with higher
spatial resolution. We did not compare our results to the reference
standard DSA. DSA is typically acquired with anteroposterior and
lateral projections only and in a dynamic fashion, which makes it
challenging to measure the same locations in DSA and MRA.
Moreover, not all the subjects had corresponding DSA imaging,
while in other cases, both image modalities were acquired with
considerable time difference, which may bias a comparison. For
those reasons, no comparison was performed for this study, which
should be investigated in future. Owing to the small sample size, it
was not possible to compare the artery measurements between the
patients with MMD and MMS and investigate whether any image-
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based biomarker differentiate the 2 groups. Although it cannot be
ruled out that propofol affects the artery radius measurements, a
previous study did not find any differences for the cerebral blood
flow comparing healthy children with and without propofol se-
dation.** Owing to the relation of brain tissue perfusion and
macrovascular blood flow, the effect of propofol on artery mea-
surements may be assumed to be neglectable. Furthermore, both
cohorts were imaged using the same standard for propofol use so that
no systematic bias should be present. Finally, it would be very
interesting to correlate the vascular metrics to other imaging
measurements such as tissue perfusion and diffusion changes.

CONCLUSION
The results of this study show that children with MMD/MMS

have significantly smaller anterior circulation cerebral vasculature
compared with normal controls based on quantitative analyses of
MRA data sets. These preliminary results motivate future larger
scale studies to validate these morphological parameters as im-
aging biomarkers for assessing the impact of bypass surgery on
disease progression.
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COMMENT

he authors of “Intracranial Artery Morphology in Pediatric Moya

Moya Disease and Moya Moya Syndrome” begin to aggregate ra-
diographic structural reference data for moyamoya pathology in children.
This is useful information in supplementing existing normative data
for children. It is reassuring to find that the data suggest a proximal
vascular pathology, similar to our overall understanding of moyamoya.
This data will be important as the field investigates the mechanisms
driving moyamoya.

Furthermore, this manuscript demonstrates exciting progress in the
field and highlights new directions. Historically, clinical imaging has
been exclusively manually interpreted, which can presentalimit in the
setting of increasing data volume (both the number of cases, and the
number of images for individual patients). Even with the current
imaging techniques, there may be patterns in data that are not be fully
appreciated. This manuscript is 1 of many reports in increasingly
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automated or pseudoautomated image analysis techniques, which
have both advantages and disadvantages in consistency and novel or
complex insights.

Beyond the advances in methodology, the current analysis con-
siders the structural configuration of the vessels, but not the un-
derlying pathophysiology of flow. Although the role of
hemodynamics has been described and studied for decades with
limited success in guiding brain revascularization surgery, there has
been some demonstration of productive clinical guidance by
studying normal and abnormal flow. Applying these novel analysis
techniques on combined structural and physiological imaging will
certainly be the next area of advance in the decision-making of
children with moyamoya.

Alfred Pokmeng See
Boston, Massachusetts, USA
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