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ABSTRACT

BACKGROUND AND PURPOSE: Although chronic ischemia is known to induce myelin and axonal damage in animal models, knowl-
edge regarding patients with Moyamoya disease is limited. We aimed to investigate the presence of myelin and axonal damage in
Moyamoya disease and their relationship with cognitive performance.

MATERIALS AND METHODS: Eighteen patients with Moyamoya disease (16-55years of age) and 18 age- and sex-matched healthy
controls were evaluated with myelin-sensitive MR imaging based on magnetization transfer saturation imaging and 2-shell diffusion
MR imaging. The myelin volume fraction, which reflects the amount of myelin sheath; the g-ratio, which represents the ratio of
the inner (axon) to the outer (axon plus myelin) diameter of the fiber; and the axon volume fraction, which reflects axonal compo-
nents, were calculated and compared between the patients and controls. In the patients with Moyamoya disease, the relationship
between these parameters and cognitive task—-measuring performance speed was also evaluated.

RESULTS: Compared with the healthy controls, the patients with Moyamoya disease showed a significant decrease in the myelin
and axon volume fractions (P <.05) in many WM regions, while the increases in the g-ratio values were not statistically significant.
Correlations with cognitive performance were most frequently observed with the axon volume fraction (r = 0.52-0.54; P <<.03 in
the right middle and posterior cerebral artery areas) and were the strongest with the g-ratio values in the right posterior cerebral
artery region (r = 0.64; P =.004).

CONCLUSIONS: Myelin-sensitive MR imaging and diffusion MR imaging revealed that myelin and axonal damage exist in patients
with Moyamoya disease. The relationship with cognitive performance might be stronger with axonal damage than with myelin
damage.

ABBREVIATIONS: ACA = anterior cerebral artery; AVF = axon volume fraction; GRAPPA = generalized autocalibrating partially parallel acquisition; MMD =
Moyamoya disease; MVF = myelin volume fraction; MTsat = magnetization transfer saturation; PCA = posterior cerebral artery; V;. = intracellular volume frac-
tion; Vis, = isotropic volume fraction; TMT = Trail-Making Test; WAIS = Wechsler Adult Intelligence Scale

hronic ischemia induced in animal models is known to dam-  ischemia in humans also damages the myelin structure, such as

age the structure of myelin, which wraps around axons to  in patients with Moyamoya disease (MMD).

provide the efficient conduction of neural signals, and axons."
Few previous studies have directly investigated whether chronic
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MMD is a progressive cerebrovascular disease that mainly
affects children and young adult patients in contrast to athero-
sclerotic cerebrovascular diseases,” which cause chronic hemody-
namic impairment characterized by strong perfusion delay.>*
Previous diffusion MR imaging studies have suggested that in
vivo microstructural damage might exist in this disease popula-
tion and might be related to cognitive function.”” However,
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because myelin contains few free water molecules and the water
protons of macromolecules in the myelin sheath and water pro-
tons between the phospholipid bilayers have a short transverse
relaxation time (T2 ~ 10 ms), the signal is theoretically negligible
in typical diffusion MR imaging acquisitions using long TEs
(~50-100ms).® Hence, diffusion MR imaging cannot directly
assess myelin damage, and the results of these studies provide
indirect evidence of myelin damage in MMD. To the best of our
knowledge, no previous studies, including postmortem case
reports, have directly investigated whether myelin damage exists
in patients with MMD.

We hypothesized that myelin damage exists in patients with
MMD and is related to cognitive function. To investigate this hy-
pothesis, we applied an MR imaging technique called magnetiza-
tion transfer saturation (MTsat),’ which sensitizes water
molecules bound to macromolecules and enables the quantitative
estimation of myelin in a clinically feasible scanning time. This
technique has been shown to be clinically useful in patients with
other neurologic disorders.'®"" The relationship between the
axon size and myelin thickness can be captured by a parameter
called the myelin g-ratio, which is defined as the ratio of the inner
(axon) to the outer (axon plus myelin) diameter of the nerve fiber
(On-line Fig 1; see the illustration in the box).®"? Thus, we combined
MTsat with diffusion MR imaging, which can evaluate the presence
of axonal damage," to calculate the g-ratio. Because the destruction
of myelin could lead to a decrease in the nerve-conduction velocity,
we hypothesized that decreases in myelin and increases in the g-ratio
correlated with reductions in processing speed.

MATERIALS AND METHODS

Study Protocol and Background of the Participants

This prospective observational study was approved by the ethics
committees of Tokyo Medical and Dental University (M2000-
2302) and Juntendo University (16-100), with registration to the
University Hospital Medical Information Network Clinical Trials
Registry (UMIN-CTR ID: 000027949). The inclusion criteria were
patients diagnosed with MMD according to the diagnostic guide-
lines,'” 16-64 years of age, who were able to undergo MR imaging
without sedative agents and had no neurologic deficits affecting
the scores of neurophysiological tests, with a modified Rankin
Scale score of 0-2. The exclusion criteria were cortical or large
(>10mm) WM infarcts visible on routine MR imaging sequences.

Between May 2017 and December 2019, eighteen patients (4
males; 17-55years of age; average, 36 years; all right-handed),
including 9 postoperative patients, participated in this study
(details are provided in On-line Table 1 and the On-line
Appendix). All patients underwent a series of MR imaging scans
and a cognitive battery within an interval of 0-20 days (7 days on
average; On-line Table 2).

During the same period, 18 age- and sex-matched healthy
subjects with no history of neurologic or systematic diseases (4
males; 16-44 years of age; average, 35 years) were recruited and
evaluated by the same MR imaging protocol.

Cognitive Assessments
The cognitive battery (the details are provided in the On-line
Appendix) included the Processing Speed Index and Trail-
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Making Test parts A and B (TMT-A and -B). The Processing
Speed Index is an index measuring visual motor speed in the
Wechsler Adult Intelligence Scale (WAIS-III). TMT-A and -B
assess the speed of information processing and executive func-
tioning, respectively. The results of TMT-A and -B were con-
verted to z scores using the reported normal ranges of each age

group.

MR Imaging Acquisition

All MR imaging data were acquired using a 3T system
(Magnetom Skyra; Siemens) equipped with a 32-multichannel
receiver head coil. The total acquisition time of the entire proto-
col, including TIWI, MRA, FLAIR, and SWI (acquisition pa-
rameters provided in the On-line Appendix), was approximately
30 minutes.

Three sagittal 3D multiecho fast low-angle shot sequences
were performed with predominant magnetization transfer—, pro-
ton density-, and T1-weighting (TR = 24/24/10 ms, TE= 1.85/
1.85/1.85ms, flip angle = 5°/5°/13°, matrix = 128 x 128, section
number = 128, parallel acquisition techniques = generalized
autocalibrating partially parallel acquisition [GRAPPA] accelera-
tion factor= 2, FOV = 200 mm, voxel size= 1.56 X 1.56 x
1.56 mm). For the magnetization transfer-weighted images, exci-
tation was preceded by an off-resonance Gaussian-shaped radio-
frequency pulse (frequency offset from water resonance=
1200 Hz, bandwidth = 192 Hz, pulse duration= 9.984 ms, and
nominal flip angle = 500°). The acquisition times were 2 minutes
23 seconds, 2 minutes 23 seconds, and 1 minute. Two additional
B; maps using coronal echo-planar imaging with nominal 10°
and 20° flip angles were acquired within a short acquisition time
(approximately 10 seconds each).

The diffusion-weighted images were acquired using a fat-satu-
rated single-shot echo-planar imaging sequence along 30 and 60
motion-probing gradient directions with b values of 700 and
2850 s/mm? TR= 4500ms, TE= 105ms, flip angle= 90°,
matrix =100 x 90, number of slices = 90, voxel size=2 x 2 x 2
mm, multiband factor = 2. Several volumes of non-diffusion-
weighted images were also acquired with reversed phase-encoded
blips, resulting in pairs of images with distortions along opposite
directions. The acquisition times were approximately 8 minutes
38 seconds for the main images and 1 minute 37 seconds for the
reversed phase-encoded blips.

Postprocessing of the MR Imaging Data

The postprocessing of the MR imaging data (On-line Fig 1) was
conducted using Matlab 2014a (MathWorks). The data were
exported from the scanner in DICOM format and converted
to NIfTI format using dicm2nii (https://www.github.com/
xiangruili/dicm2nii). Images with magnetization transfer-, pro-
ton density-, and T1-weighting were converted to the MTsat
index using a previously described method,” while correcting for
small higher order dependencies of the MTsat on the local radio-
frequency transmit field using B; maps.'® The MTsat index was
multiplied by 0.1; this calibration calculated the myelin volume
fraction (MVF), revealing that the amount of myelin sheath in
the splenium of the corpus callosum in the healthy volunteers
was 0.3-0.4 and that the g-ratio was 0.7-0.8, consistent with the
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values reported in previous studies.>'”'® Values under 0 and
above 1 were considered errors and changed to 0.

Based on the paired non-diffusion-weighted images (ie, b = 0
s/mm?), the susceptibility-induced off-resonance field was esti-
mated using a method similar to previously described proce-
dures'””® implemented in the FMRIB Software Library (FSL;
http://www.fmrib.ox.ac.uk/fsl)*' to correct for susceptibility-
induced distortions in the diffusion-weighted images. Then, the
diffusion data were fitted to the neurite orientation dispersion
and density imaging model using the NODDI Matlab toolbox,
Version 0.9"  (https://www.nitrc.org/projects/noddi_toolbox/)
and converted to the intracellular volume fraction (V. and iso-
tropic volume fraction (V). The axon volume fraction (AVE),
which reflects the axonal components, and the g-ratio were calcu-

lated from MVF, V;, and V,, using the following equations:**?

AVE = (1-MVF) x (1-=Vi,) X Vi,
, AVF
g—ratio=\/————.

MVE + AVF

WM segmentation was performed on 3D-TIWI using the
standard segmentation tool in SPM12 (http://www.filion.ucl.ac.uk/
spm/software/spm12/). WM masks with a probability threshold of
0.9 were created and applied to the MVF, AVF, and g-ratio maps to
minimize partial volume effects. WM lesions visible on FLAIR and
b = 0 s/mm” images were manually deleted from each map.

Calculation of Regional Values

The WM labels of the Harvard-Oxford cortical and subcortical
probabilistic structural atlases (http://ftp.nmr.mgh.harvard.edu/
pub/dist/freesurfer/tutorial_packages/centos6/fsl_507/doc/wiki/
Atlases.html)? (threshold of 25%) distributed with FSL were di-
vided into 6 vascular regions (anterior, middle, and posterior cer-
ebral arteries [ACA, MCA, and PCA] of the right and left sides)
using the vascular territorial atlas (https://figshare.com/articles/
ATT based_flow_territories/1488674) as a reference.”* These
labels were converted to each subject’s space by linear (FLIRT;
http://www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) and nonlinear
(FNIRT;  http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT)
Registration Tools implemented in FSL*' and were used as
ROIs to extract the MVF, AVF, and g-ratio values of each
region (On-line Fig 1).

Image

Statistical Analysis

Unpaired t-tests were used to compare the regional values of the
MVF, AVF, and g-ratio between the patients with MMD and the
healthy controls. Pearson correlation coefficients were calculated
between regional metrics and cognitive scores in patients with
MMD. The analyses were performed using JMP, Version 12.0.1
(SAS Institute), and P < .05 (with and without Bonferroni correc-
tion for comparison of 3 parameters) was regarded as statistically
significant.

RESULTS
Representative cases are shown in Fig 1 and On-line Fig 2. As
shown in Fig 1, a decreased MVF and decreased AVF were

observed in the affected hemisphere, while the increase in the g-
ratio was less prominent. As shown in On-line Fig 2, a decreased
MVF was observed in the postoperative hemisphere as well,
which had an improved hemodynamic condition at the time of
the study. The decrease in AVF was unclear, and the g-ratio
seemed to be slightly increased in the postoperative hemisphere.

Comparison of the Regional Values between Patients and
Controls

The regional MVF values in patients with MMD were signifi-
cantly lower than those in healthy controls in all regions (Fig
2). The regional AVF values in bilateral MCA regions in the
patients were significantly lower than those in the healthy
controls. The g-ratio tended to be higher in patients than the
controls in all regions, but the difference was not statistically
significant.

Correlation between the Regional Values and Cognitive
Assessments
Across the 6 regions evaluated, the right PCA area showed the
highest number of significant correlations between the MR imag-
ing metrics and cognitive performance. The AVF in the right
PCA area was significantly correlated with the Processing Speed
Index and TMT-A and -B (Fig 3). The g-ratio in the right PCA
area and the left ACA area was positively correlated with the
Processing Speed Index (Fig 2 and On-line Table 3; r=0.49,
P=.04 in left ACA area). In the right MCA area, the MVF and
AVF were negatively correlated with the TMT-B scores (On-line
Table 2; r = -0.49, P=.04 and r = -0.55, P=.02, respectively).
No significant correlations were observed between other combi-
nations of the MR imaging metrics and cognitive performance
(On-line Table 2).

The details of the methods and results are provided in the
On-line Appendix, and the full dataset is available from the corre-
sponding author on reasonable request.

DISCUSSION

Consistent with our hypothesis, we found statistically significant
decreases in the MVF and AVF in the patients with MMD com-
pared with healthy controls. Meanwhile, the g-ratio in the
patients tended to be higher than that in the controls but was not
statistically significant in any region. The significant decrease in
the AVF and MVF suggests that concomitant axonal and myelin
damage might have buffered the difference in the g-ratio between
the patients and controls. This finding is consistent with a previ-
ous animal study suggesting that myelin damage precedes axonal
damage,” and a diffusion MR imaging study showing that mye-
lin damage is more widespread than axonal damage in patients
with MMD without an operation.” The decrease in the MVF in
our patients seems to be more widespread and prominent than
the decrease in the AVF; therefore, it is possible that myelin
breakdown precedes axonal destruction under chronic ischemic
conditions in patients with MMD.

Unexpectedly, we found significant correlations between the
MVF or g-ratio values and cognitive performance in only a few
areas. A previous study showed that myelin damage in patients
with stroke is correlated with motor impairment and function;*°
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FIG 1. A 55-year-old female patient with MMD who had a history of thalamic hemorrhage >20 years ago (arrow on SWI). During the annual fol-
low-up, though she remained asymptomatic, the arterial stenosis on the right side gradually progressed (arrow in MRA), and an ivy sign emerged
on the right hemisphere (arrows on FLAIR). [°OJ-gas PET reveals decreased CBF on the right side (arrow). The myelin volume fraction and axon
volume fraction are visually decreased in the right hemisphere (arrows). The right-left difference in the g-ratio (arrow) is not as evident as the

differences in the MVF and AVF.
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FIG 2. Comparison of the myelin volume fraction, axon volume fraction, and g-ratio between the patients and healthy controls. The asterisk
indicates P <. 05; double asterisks, P < .05 (Bonferroni correction for comparing 3 parameters). Lt indicates left; R, right.

therefore, we presumed that myelin damage (decreased MVF and
increased g-ratio) in patients with MMD is related to cognitive
tasks measuring processing speed that must reflect nerve-conduc-
tion velocity.'* The difference between patients with stroke with-
out MMD and patients with MMD might be partially explained
by the fact that ischemic damage in patients with stroke without
MMD is sudden and focal, while ischemic damage in patients
with MMD is chronic and diffuse.®” Perhaps because of the uni-
form and widespread decrease in the myelin content, the MVF
values showed relatively small variation in patients compared
with the AVF values and, thus, did not correlate with various
degrees of cognitive performance.
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In addition to the few correlations among the MVF, g-ratio,
and cognitive performances, the observed correlation between
the Processing Speed Index and the g-ratio was positive, a finding
inconsistent with our hypothesis. As discussed above, the
decrease in the MVF and the increase in the g-ratio might pre-
cede the decrease in the AVF and the decrease in the g-ratio.”*
Moreover, in patients with MMD, both the cortex and white mat-

5772728 and while direct is-

ter are affected by chronic ischemia,
chemic damage to white matter might result in more myelin
damage than axonal damage, cortical damage must cause both
myelin and axonal damage due to the decrease in axonal fibers

radiating from the affected cortex. Thus, the presence of axonal
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FIG 3. Correlations between cognitive performance and the myelin volume fraction, axon volume fraction, and g-ratio in the right PCA area of
patients with Moyamoya disease. The asterisk indicates P <. 05; double asterisks, P < .05 (Bonferroni correction for comparing 3 parameters).

damage might reflect more global damage than myelin damage in
this disease population. This assumption is consistent with the
finding that the decrease in the AVF is not as widespread as the
decrease in the MVF in our patients. The lack of a correlation
with the MVF and the positive correlation with the AVF might
lead to the positive correlation between the g-ratio and the
Processing Speed Index. The decrease in the AVF causing the
increase in the g-ratio might be more critical for cognitive func-
tion in patients than the decrease in the MVF causing the increase
in the g-ratio, thus resulting in a stronger correlation with the g-
ratio and the Processing Speed Index than the AVFE.

The strongest correlation between the MR imaging metrics
and cognitive performance in the patients with MMD was found

in the right PCA area. This finding was unexpected because gen-
erally, ischemic damage to the frontal lobe is regarded as the
cause of cognitive decline in patients with MMD, and all our
patients were right-handed and the dominant hemisphere is sup-
posedly the left side. Regarding laterality, some studies reported
that the right side of the brain is related to the cognitive perform-
ance of patients with MMD,?** though the reason for laterality
is unclear. The laterality of the result might have been affected by
our finding that PCA lesions more frequently occurred on the
right side than on the left side, though the difference was not stat-
istically significant (On-line Table 1: 9/18 versus 6/18, P=.28 by
a paired f test). Regarding the posterior part of the brain and cog-
nition, some studies have reported a relationship between the
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posterior part of the brain and cognitive function in patients with
MMD.*>*® We speculated that the significant correlation only
in the PCA area is due to the variation in the ischemic condi-
tion and the parametric values in this area, while the ACA
and MCA areas were uniformly affected in many patients and
had a relatively smaller variation in the parametric values.
The nonsignificant correlation among the cognitive tasks
measuring working memory, which is regarded as a frontal
lobe function, is also consistent with this assumption®” (On-
line Tables 2 and 3).

Although approximately half of the patients in this study were
in a postoperative status and clinically stable without symptoms
at the time of the study (eg, the patient in Fig 3), the differences
in the MVF and AVF between the patients and healthy controls
were statistically significant in many regions. These results sug-
gest that ischemic damage to myelin and axons in patients with
MMD might be, at least partially, irreversible.*>” Postoperative
improvements in microstructural integrity evaluated by dif-
fusion MR imaging are reported in patients with MMD?®
and carotid artery stenosis,”! but whether these observed
changes are due to an increase in axon integrity, such as
remyelination, or a decrease in interstitial fluid** remains unclear.
Compared with diffusion MR imaging, which indirectly assesses the
presence of myelin damage by evaluating increased water diffusion
in the brain parenchyma, the MTsat method has the strength of
being directly sensitive to myelin. To clarify whether microstructural
damage to myelin and axons is reversible, we are currently conduct-
ing a prospective study to re-evaluate preoperative patients 1 year af-
ter bypass surgery using the same MR imaging protocol. If
microstructural damage is irreversible, surgical revascularization to
restore hemodynamic impairments might be required to protect
patients from future cognitive dysfunction, even among those with-
out any symptoms.

Limitations of this study include the small sample size and
heterogeneous patient backgrounds, and we did not evaluate
the cognitive performance of the healthy controls; thus, the
results, especially those related to cognitive function, should
be considered preliminary. Most of our patients were previ-
ously surgically treated; thus, the relationships between the
cerebral hemodynamics and microstructural parameters
were difficult to assess because many patients showed
improved hemodynamic conditions, such as the patient in
On-line Fig 2. However, our study revealed that postopera-
tive patients who have improved hemodynamic conditions
might still have myelin damage. Because many myelin-spe-
cific imaging techniques are available, it is possible that dif-
ferent types of myelin-sensitive imaging might show
different results.’>>® Given the complicated postprocessing,
myelin imaging may not be practical for routine application
in clinical settings compared with conventional diffusion pa-
rameters (On-line Table 2). Despite these limitations, this
study is the first to directly investigate myelin damage using
a myelin-sensitive MR imaging technique in adult patients
with MMD and its relationship with cognitive function.
Future studies may further elucidate the consequences and
clinical significance of myelin damage in this disease
population.
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CONCLUSIONS

Using a myelin-sensitive MR imaging technique, we found that
myelin damage may exist in patients with MMD. Although pre-
liminary in many aspects, the results suggest that axonal damage
might be more critical for cognitive performance than myelin
damage in this disease population.
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