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NEURO

Brain Structure, Connectivity, and Cognitive
Changes Following Revascularization Surgery in

Adult Moyamoya Disease

BACKGROUND: The effect of the combined direct/indirect revascularization surgery in
Moyamoya disease has not been evaluated sufficiently with regard to cognitive function,
brain microstructure, and connectivity.

OBJECTIVE: To investigate structural and functional changes following revascularization
surgery in patients with moyamoya disease (MMD) through a combined analysis of brain
morphology, microstructure, connectivity, and neurobehavioral data.

METHODS: Neurobehavioral and neuroimaging examinations were performed in 25
adults with MMD prior to and >12 mo after revascularization surgery. Cognitive function
was investigated using the Wechsler Adult Intelligence Scale-lll, Trail-Making Test,
Wisconsin Card Sorting Test, Continuous Performance Test, Stroop test, and Wechsler
Memory Scale. We assessed white matter integrity using diffusion tensor imaging, brain
morphometry using magnetization-prepared rapid gradient-echo sequences, and brain
connectivity using resting-state functional magnetic resonance imaging (MRI).

RESULTS: Cognitive examinations revealed significant changes in the full-scale intelli-
gence quotient (1Q), performance IQ (PIQ), perceptual organization (PO), processing speed,
and Stroop test scores after surgery (P < .05). Enlargement of the lateral ventricle, volume
reductions in the corpus callosum and subcortical nuclei, and cortical thinning in the
prefrontal cortex were also observed (P < .05). Fractional anisotropy in the white matter
tracts, including the superior longitudinal fasciculus, increased 2 to 4 yr after surgery,
relative to that observed in the presurgical state (P < .05). Resting-state brain connectivity
was increased predominantly in the fronto-cerebellar circuit and was positively correlated
with improvements in PIQ and PO (P < .05).

CONCLUSION: Revascularization surgery may improve processing speed and attention
in adult patients with MMD. Further, multimodal MRI may be useful for detecting subtle
postsurgical brain structural changes, reorganization of white matter tracts, and brain
connectivity alterations.

KEY WORDS: Cerebrovascular disorders, Cognitive function, EC-IC bypass, Intracranial artery disease, Moyamoya
disease
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oyamoya disease (MMD) is a rare
M cerebrovascular  disorder involving

noninflammatory occlusive changes
of the intracranial internal carotid artery. Its
angiographical appearance is characterized by
enlarged basal perforating arteries resembling
a puff of smoke.! While progressive vascular
lesions are known to induce cerebral ischemia
in children, adult patients occasionally lack
focal ischemic symptoms due to hemodynamic
compensation. However, previous studies have

indicated that persistent ischemia in the frontal
lobe can impair executive function, attention,
and working memory (WM).24

Clinicians have expressed increasing interest
in whether cognitive dysfunction is reversible
in patients with MMD, and whether revas-
cularization surgery can improve cognitive
outcomes.” Despite the potential benefits of
surgery, there is a risk of cognitive deterio-
ration due to surgery-related factors including
general  anesthesia,  perioperative  stroke,

VOLUME O | NUMBERO | 2019 | 1

610z 8unp $0 uo Jasn AusiaAiun Juai]l weybumoN Ag 50Z01S5S/9/ L ZAu/soInau/c60 L 0 L /10p/AoBIISqe-aole-aoueApe/AleBinsoinau/woo dno olwapeoe)/:sdiy Woly papeojumo(]


mailto:kazumata@med.hokudai.ac.jp

KAZUMATA ET AL

procedure-related brain injury, and postoperative cerebral hyper-
perfusion. Therefore, cognitive outcomes are clinically relevant,
particularly in adults, as patients may be concerned about job
performance and education postsurgery. Recent studies have
reported that short-term cognitive outcomes remain unchanged
at 6 mo following revascularization surgery.® However, infor-
mation is still limited regarding patients’ cognitive outcomes
following the procedure.

Neuroimaging examinations are important for assessing brain
structure and function, particularly brain morphometry, which
enables the detection of localized brain atrophy. Advances
in magnetic resonance imaging (MRI) acquisition, including
diffusion tensor imaging (DTT), postacquisition image processing
techniques, and quantification of diffusion parameters, have also
enabled researchers and clinicians to determine the white matter
injury profile (eg, reduced fiber density, demyelination, axonal
injury).” Resting-state functional MRI (rs-fMRI) can measure
low-frequency blood-oxygen-level dependent (BOLD) fluctua-
tions, allowing researchers to estimate brain connectivity across
distant regions.®:> Furthermore, postprocessing of neuroimaging
data involving registration to a common space enables semi-
automatic longitudinal evaluation, permitting the detection of
subtle postoperative changes in the brain.! Thus, combining
multimodal MRI approaches with behavioral measures of
cognitive function may help to elucidate the mechanisms under-
lying postoperative alterations in brain structure and function in
patients with MMD.

In the present study, we investigated alterations in cognitive
performance and neuroimaging findings in patients with MMD
after vs before revascularization surgery. The white matter
integrity, brain morphometry, and functional connectivity were
assessed using DT, magnetization-prepared rapid gradient-echo
(MPRAGE) sequences, and rs-fMRI, respectively. The present
study also explored interactions among the regional brain atrophy,
microstructural changes in white matter, resting brain connec-
tivity, and cognitive outcomes.

ABBREVIATIONS: BOLD, blood-oxygen-level dependent; CSF,
cerebrospinal fluid; DTI, diffusion tensor imaging; FA, fractional
anisotropy; FDR, false discovery rate; FIQ, full-scale intelligence
quotient; 1Q, intelligence quotient; MD, mean diffusivity;, MMD,
moyamoya disease; MPRAGE, magnetization-prepared rapid gradient-
echo; MRI, magnetic resonance imaging; PIQ, performance IQ; PO,
perceptual organization; PS, processing speed; rCBF, regional cerebral
blood flow; ROI, region of interest; rs-MRI, resting-state functional
MRI; SLF, superior longitudinal fasciculus; TBSS, tract-based spatial
statistics; TFCE, threshold-free cluster enhancement; TMT, Trail-
Making Test; VIQ, verbal intelligence quotient; WAIS-IIl, Wechsler
Adult Intelligence Scale version Ill; WCST, Wisconsin Card Sorting Test;
WM, working memory; WMS, Wechsler Memory Scale

Supplemental digital content is available for this article at

www.neurosurgeryonline.com.

2 | VOLUMEO | NUMBERO | 2019

METHODS

This prospective study was approved by the Research Ethics
Committee of our hospital. Written informed consent was obtained from
all participants.

Patients

Clinical diagnoses of MMD were made in accordance with the
consensus criteria and guidelines for MMD proposed by the Research
Committee on Spontaneous Occlusion of the Circle of Willis." The
study included 25 consecutive adult patients with MMD (5 men, 20
women; age range: 19-53 yr; mean age: 37.6 & 9.7 yr) who were
treated at our hospital between January 2013 and March 2017. None
of the included patients exhibited neurological deficits due to stroke
or psychiatric illness at the time of inclusion. Patients with perioper-
ative stroke complications that would hinder multimodal neuroimaging
analysis were excluded. Among the 25 included patients, 3 did not
complete the follow-up neuropsychological evaluations. For the surgical
procedures, we performed double superficial temporal artery-middle
cerebral artery anastomosis and encephalo-duro-myo-arterio-pericranial-
synangiosis.'""'? The surgical procedures and postoperative management
methods are described in detail elsewhere.!! Detailed descriptions of the
surgical indications are provided in Supplemental Digital Content 1.

Study Protocol and Image Acquisition

Patients underwent neuropsychological examinations prior to
and >12 mo after surgery (average: 21.2 & 9.1 mo, range: 12-44
mo). Cerebral perfusion was evaluated preoperatively. Multimodal
MRI was used to assess white matter microstructure, gray/white matter
morphometry, and resting brain connectivity at baseline and during
the postoperative period. Detailed descriptions of the neuroimaging
parameters, cognitive evaluations, and analysis methods are provided in
Supplemental Digital Content 1.

Cognitive Performance Measurements

The intelligence quotient was assessed using the Wechsler Adult
Intelligence Scale version IIT (WAIS-III). In addition to the full-scale
intelligence quotient (FIQ), performance intelligence quotient (PIQ),
and verbal intelligence quotient (VIQ), 4 underlying index scores
were assessed, namely verbal comprehension, perceptual organization
(PO), WM, and processing speed (PS). We also utilized a neuropsy-
chological battery sensitive to frontal lobe dysfunction comprising the
Wisconsin Card Sorting Test (WCST), Trail-Making Test (TMT, parts
A and B), Continuous Performance Test, and Stroop test. The Wechsler
Memory Scale (WMS-R), Third Edition, was used to examine memory
function. All neurobehavioral examinations were performed over
~2d.

Assessment of Preoperative Cerebral Perfusion

Regional cerebral blood flow (rCBF) values were measured using
[123I] N-isopropyl p-iodoamphetamine/single photon emission
computed tomography. Images were normalized to the standard
template in Statistical Parametric Mapping version 12 (SPM12,
Wellcome Department of Cognitive Neurology, University College
London, London, United Kingdom; Www.ﬁl.ion.ucl.ac.uk/spm/).13
Regions of interest (ROIs) in the lateral prefrontal, medial frontal, and
parietal cortices were normalized to the average CBF in the cerebellar
hemisphere.

www.neurosurgery-online.com
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Identification of Morphometric Alterations in the Brain

T1-MPRAGE images were segmented using the FreeSurfer
(version  5.1.0;  surfer.nmr.mgh.harvard.edu) default automated
gyral-based parcellation method, yielding a total of 150 regional
palramc:-:tcrs.14 Brain morphometric measurements included ventricle
volume, cortical/subcortical gray and white matter volume, and
cortical thickness. Default longitudinal processing was used for
image co-registration to create a template for each participant
(https://surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing). >

Identification of Microstructural Alterations in the White
Matter

The diffusion imaging data were processed using FSL
(heep://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).!®  Fractional —anisotropy (FA)
and mean diffusivity (MD) were extracted using default parameters
in FSL. Differences in the major DTI indices between the baseline
and postsurgical images were then examined using tract-based spatial
statistics (TBSS), which is a component of FSL. The results were
corrected for multiple comparisons across space using threshold-free
cluster enhancement (TFCE). Image co-registration was performed via
transformation to FMRIB58_FA standard space, as the target in TBSS.
For the 2 major DTT indices (ie, FA and MD), we calculated the mean
value and number of voxels reaching statistical significance (P < .05,
TFCE corrected). An ROI-based analysis was also performed to extract
the DTT parameters from the images in the standardized space. ROIs
were defined using the JHU white matter atlas available in FSL."”

Identification of Resting Brain Connectivity Using
rs-fMRI
The CONN toolbox (Conn version 18, http://www.alfnie.com/

software) was used to perform seed-based analyses by computing the
temporal correlations between the BOLD signals from a given ROI
and those of all other ROIs in the brain. ROIs were placed using the
automated anatomic labeling atlas available in the CONN plug-in.
Pearson correlations for all time-course pairs were computed for each
participant and transformed into z-scores via Fisher’s transformation (see

Supplemental Digital Content 1 for detailed methods).

Data Analysis

Preoperative and postoperative cognitive test results (IQ, TMT-A,
B, WCST, Stroop test, Continuous Performance Test, WMS-R) were
compared using paired #tests. The TMT-A and TMT-B scores were
transformed to z-scores, while the number of categorical errors was deter-
mined for the WCST. For the Stroop test, we also compared reaction
times for incongruent vs congruent items.

For comparisons of multimodal MRI parameters, a simple 2-stage
model was applied to differently spaced time points. Postoperative MRI
scans were categorized according to the interval from the most recent
surgery as follows: 1 to 2 yr (n = 25, 12 to 24 £ 2 mo) and 2 to
4 yr (n = 14, 30 to 48 &+ 2 mo). Baseline longitudinal MPRAGE
and diffusion images were compared with images obtained at both
follow-up times. A subset of 18 patients recruited after January 2013
underwent rs-fMRI, enabling a comparison between the data obtained
at baseline and those obtained at the 1- to 2-yr follow-up. Changes
in neuroimaging parameters extracted from ROI-based analysis were
evaluated using paired #tests, corrected for multiple comparisons using
the false discovery rate (FDR). To explore relationships between imaging

NEURO

COGNITIVE OUTCOMES AFTER BYPASS IN MOYAMOYA

TABLE 1. Patient Characteristics

Age 376 £97
F/M 20/5
Clinical presentations
Headache 5
Hemorrhage 6

TIA 12
Minor stroke 2
Preoperative FIQ 94.4+19.5
(range 57-124)
Headache 80.8 £ 14.4
Hemorrhage 1015 +16.2
TIA 91.0+183
Minor stroke  93.0 £16.7
Revascularization surgery
Unilateral 9
Bilateral 16
Neovascularization
hemisphere (percentage)
Direct bypass Good 26 (63.4%)
Fair 13 (31.7%)
Poor 2 (4.9%)
Indirect bypass Good 10 (24.4%)
Fair 18 (43.9%)
Poor 13(31.7%)

parameters and neurobehavioral alterations, Pearson’s product—-moment
correlation coefficient analysis was applied to neuroimaging param-
eters extracted from ROI-based analysis and alterations in neurobehav-
ioral performance scores. A level of P < .05 was considered statis-
tically significant. All statistical analyses were performed using R (R
Core Team (2013). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
URL http://www.R-project.org/.).

RESULTS

Patient Characteristics

Patient characteristics are summarized in Table 1. Preoper-
ative mean intelligence scores were within the normal range
(mean FIQ: 94.4 £ 19.5; range: 57-124). Preoperative evalu-
ations of frontal lobe function revealed abnormalities beyond
one standard deviation from the norm in 3 patients (12%)
on the TMT-A, 1 patient (4%) on the TMT-B, 6 patients
(24%) on the WCST, and 6 patients (24%) on the Stroop test.
Postoperative magnetic resonance angiography revealed favorable
revascularization in all but one treated hemisphere (patency of
direct bypass: 95%, effective indirect bypass: 69%, respectively).'®
Eight professional workers were able to return to the same work
postsurgery. Two college students were able to resume school
postsurgery.

Neuropsychological Examinations

The results of the cognitive function tests are summarized in
Table 2. Significant increases in FIQ, PIQ, PO, and PS scores
on the WAIS-III were observed between the preoperative and
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TABLE 2. Results of Neurocognitive Examinations
Pre Post P value
Examinations Measurements Average SD Average SD 2-tail
WAIS-IIl (n = 22) VIQ 90.4 (15.8) 90.8 (17.6) 753
PIQ 92.2 (16.3) 98.2 (17.3) .006
FIQ 90.6 (16.7) 937 (18.5) .033
VvC 92.0 (16.8) 93.0 (18.3) 402
PO 94.2 (17.2) 98.6 (18.8) .030
WM 85.6 (15.6) 857 (15.6) 725
PS 90.1 (16.6) 96.4 (15.3) .002
TMT (n=21) TMT-A (Z score) 0.47 (0.98) 0.49 (116) 925
TMT-B (Z score) 0.49 (0.89) 0.55 (0.89) 478
WCST (n =17) CA 4.5 (1.7) 42 (1.9) .652
PEN 3.9 (4.8) 34 (3.4) 489
DMS 1.0 (1.0) 0.9 (12) 1.000
Stroop (n = 17) Reaction time (s) 74 (5.8 6.2 (3.6) .078*
CPT(n=12) Reaction time (ms) 4441 (115.1) 427.6 (83.6) 478
WMS (n = 8) Verbal memory 93.4 (14.3) 100.8 (15.4) .064
Visual memory 100.5 (18.1) 109.4 (10.2) .084
General memory 94.7 (16.7) 103.7 (14.9) .019
Attention 92.8 (17.7) 97.1 (12.0) 259
Delayed recall 90.8 (21.2) 1053 (1.2) .016

Bold letter indicates significant changes in paired t-test with P < .05.
*P =.039 in one-tail t-test.

postoperative periods (P < .05). Increases beyond the clini-
cally meaningful threshold specified in the WAIS-III manual
(see Supplemental Digital Content 1) were observed in 36.4,
31.8, 27.3, and 59.1% of patients for the PIQ, FIQ, PO, and
PS components of the WAIS-III, respectively. A 1-tailed #test
revealed that reaction times on the Stroop test decreased following
surgery (P = .039). Increases in the general memory and delayed
recall scores on the WMS were also observed post- vs preopera-
tively (P < .05, 2-tailed).

Neuroimaging Analysis
Morphometric Alterations

Significant increases in the cerebrospinal fluid (CSF) space and
white matter hypointensities were observed post- vs preopera-
tively (see Table, Supplemental Digital Content 2). Volume
increases were observed in the lateral and third ventricles, and
in the CSF (P < .05, FDR corrected; Figure 1). Volume reduc-
tions were identified in corpus callosum, subcortical gray matter
nuclei, and in remote white matter areas including the cerebellar
hemisphere (P < .05, FDR corrected, Figure 1). Comparisons
between baseline and the 2- to 4-yr follow-up revealed a trend
of localized cortical thinning in the inferior and middle frontal
gyri (P < .05, uncorrected; see Figure, Supplemental Digital
Content 3).

White Matter Microstructural Alterations

Voxel-based analyses did not reveal any significant alterations
in FA or MD between baseline and the 1- to 2-yr follow-up.

4 | VOLUMEO | NUMBERO | 2019

However, ROI-based analyses (baseline vs 1-2 yr) revealed
increases in MDD in the corpus callosum (P < .05, FDR corrected).
Voxel-based analyses also revealed significant increases in FA
and decreases in MD in multiple white matter tracts between
baseline and the 2- to 4-yr follow-up (P < .05 for all, TECE
corrected; Figure 2). Areas identified in voxel-based analyses were
distributed in portions of the anterior internal capsule, superior
corona radiata, posterior thalamic radiation, inferior occipito-
frontal fasciculus, and superior longitudinal fasciculus (SLEF).
ROI-based analyses revealed a significant increase in FA in the
bilateral SLF between baseline and the 2- to 4-yr follow-up
(right: P =.001, FDR corrected; left: P = .006, FDR corrected;
Figure 2). The results of the ROI-based analyses are summa-
rized in Tables and Figures, Supplemental Digital Content
2-4.

Alterations in Resting Brain Connectivity

The ROI-ROI functional connectivity was increased in 20
connected units post- vs preoperatively (Table 3). Significant
increases were observed predominantly in the cerebro-cerebellar
circuit between the prefrontal regions (inferior frontal gyrus,
medial frontal gyrus, superior medial frontal area) and cerebellum
(cerebellar hemisphere, vermis; P < .05, FDR corrected;
Figure 3). Among these 20 regions exhibiting significant increases,
67.7% (14 pairs of units) belonged to the prefrontal regions.
This percentage was significantly higher than the expected rate of
25.9%, given 30 prefrontal regions among a total of 116 regions
(P < .001; see Table, Supplemental Digital Content 5).

www.neurosurgery-online.com
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FIGURE 1. A, A magnetic resonance imaging-based volumetric analysis was performed using automated segmentation procedures
(upper left). B, Comparison of morphometric indices between baseline and postsurgery (1-2 yr, 2-4 yr). Volume increases were
observed in the bilateral lateral (Lat.) ventricle (L; left, R; right), third ventricle, cerebrospinal (CSE) space, along with white matter
hypointensities. C, Volume decreases were observed in the corpus callosum, bilateral subcortical nuclei (thalamus, putamen, bilateral

Correlation Analysis

We investigated the relationships among changes in neuropsy-
chological test scores, age, clinical presentation, type of
surgery (unilateral vs bilateral), preoperative rCBE, morpho-
metric/diffusion properties, and resting brain connectivity. Pre-
and postoperative changes in neuropsychological test scores (PIQ,
FIQ, PO, PS) and Stroop test reaction times were used as
indices of cognitive improvement. Resting brain connectivity
was positively correlated with changes in PIQ, FIQ, and PO in
the Cerebellum9R-Superior medial frontal gyrus R unit (PIQ:
r[15] = 0.73, P < .001; FIQ: r[15] = 0.50, P = .041; PO:
1[15] = 0.52, P = .043; Figure 3). We observed a significant
positive correlation between rCBF in the left medial frontal
region and changes in PIQ (¢[20] = 0.55, P = .008), FIQ
(r[20] = 0.54, P = .010) and PS (£[19] = 0.44, P = .040),

NEUROSURGERY

suggesting that changes in preoperative rCBF in the medial frontal
lobe are associated with improvements in intellectual ability
(Figure 4). Preoperative rCBF in the left parietal region also
exhibited a significant positive correlation with improvements
PIQ (r[20] = 0.44, P = .038) and PO (r[19] = 0.46, P = .035;
Figure 4).

DISCUSSION

In the present study, we investigated structural and functional
changes following revascularization surgery in patients with
MMD. Alterations in cognitive test scores suggested that patients
experienced improvements in spatial information processing
and attention following revascularization surgery. Additionally,
longitudinal morphometric analyses revealed mild ventricular
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FIGURE 2. A, A whole-brain voxel-based analysis of white matter using tract-based spatial statistics (TBSS) revealed postsurgical alterations in fractional
anisotropy (FA) and mean diffusivity (MD). Voxels exhibiting significant increases in FA and decreases in MD are shown overlaid on the standardized FA maps
(FMRIB58_FA) and FA skeleton (green) (P < .05, corrected by means of threshold-free cluster enhancement). Suprathreshold voxels were enlarged for illustrative
purposes. B, A region of interest (ROI)-based analysis revealed gradual increases in FA in the bilateral superior longitudinal fasciculus (SLF), which reached

statistical significance at 2 to 4 yr after surgery.

enlargement, volume reductions in subcortical gray matter nuclei,
and cortical thinning, suggestive of postoperative CSF retention
and neuron loss. DTT revealed postoperative white matter reorga-
nization, as indicated by increased FA and decreased MD. White
matter alterations occurred in functionally important fiber tracts

6 | VOLUMEO | NUMBERO | 2019

including the SLE where parieto-frontal association areas are
connected. Furthermore, increases in resting brain connectivity
were identified in prefrontal-cerebellar circuits. Collectively, our
results indicate that alterations in brain structure and function
occur following revascularization surgery.

www.neurosurgery-online.com
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TABLE 3. Increase of Resting Brain Connectivity

COGNITIVE OUTCOMES AFTER BYPASS IN MOYAMOYA

When comparing pre- and postsurgical measures of cognitive
function, it is important to determine whether the observed
differences are clinically meaningful.!” Here, we attempted to

Analysis unit T-value p-unc p-FDR L X >
mitigate learning effects by applying follow-up measurements a

Amygdala R-Insula L 5.96 0.000 0.002 median of 18 mo after surgery. Our results suggested that patients
gerege:um o II:—Eronta: 2“";; IR >15 0.000 0.007 exhibited clinically relevant increases in performance (IQ points

erebelum 9 L-Frontal Sup Me 4.94 0.000 0.007 changes >9) with regard to FIQ, PIQ, PO, and PS, while no
Cerebelum 9 L-Frontal Sup Med L 434 0.000 0.017 kable ch . . 1
g7 il L2 el el 7 46 0.000 0.029 remar z%b e changes in VIQ were observed. P.atlents also tende.d to
Cerebelum 9 L-Frontal Mid R 3.94 0.001 0.030 exhibit improvement on the Stroop test, which reflects attention-
Cerebelum 9 R-Frontal Mid R 421 0.001 0.046 related cognition. Our findings suggest that cognitive impair-
Cerebelum 9 R-Frontal Sup Med R 3.94 0.001 0.046 ments are reversible in adult patients with MMD.
Cerebelum 9 R-Heschl L 3.88 0.001 0.046 The effects of revascularization may differ based on the type
Frontal Med Orb R-Vermis 10 437 0.000 0.048 of procedure. Combined direct/indirect bypass covers a wide
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Cerebellum9R-FrontalSupMedR

FIGURE 3. A, Resting-state functional magnetic resonance imaging (rs-fMRI) analyses revealed postsurgical increases in resting brain connectivity, predominantly
in cerebro-cellebellar units. B, The scatterplots show the relationship between connectivity indices and neuropsychological test performance. Significant positive
correlations were observed between the Cerebellum9R-Superior medial frontal gyrus_R unit and changes in performance intelligence quotient (PIQ; r = 0.73,
P < .001) and perceptual organization (PO; r = 0.52, P = .043), respectively.
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R_DLPFC

B.DLPFC

L_DLPFC R_DLPFC L_MedFrC R_MedFrC L_Parietal R_Parietal

PIQ 002 032 002
FIQ -012 033 -0.20
PO 007 0.10 -0.07
PS 0.10 025 033 007

Stroop  0.10 024 024 021 0.13 035

FIGURE 4. Results of the correlation analysis between regional cerebral
blood flow (rCBE) and changes in cognitive performance. A, Regions of
interest (ROIs) included the left (L) and right (R) dorsolateral prefrontal
cortex (DLPFC), medial frontal cortex (MedFrC), parietal cortex, and
cerebellar hemisphere. B, In the correlation matrix, correlations with r
values > 0.30 are indicated in bold, while significant correlations (at
P < .05) are marked with an asterisk (%). Significant correlations were
observed between cognitive performance and rCBF in the left MedFrC and
left parietal cortex.

frontotemporal region, allowing for maximal neovascularization.
In a certain population, indirect bypass takes over the territory
perfused by direct bypass within 6 mo to 1 yr. Therefore, a 1-yr
interval would be necessary to observe cognitive benefits.
Voxel-based brain morphometry using T1-MPRAGE permits
the evaluation of gray/white matter structures. In the present
study, we observed ventricular enlargement, reduced basal ganglia
volume, and cortical thinning following revascularization surgery,
suggestive of CSF retention, neuron loss, and remote effects
due to subtle brain injury. CSF retention was likely associated
with our extensive indirect procedure. Nevertheless, we consider
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this phenomenon to be benign, as no patients exhibited hydro-
cephalus signs. Volume reductions in the corpus callosum
and subcortical gray matter subnuclei suggested transneuronal
atrophy. In our study, the average patient age was 37.6 yr. At this
age, the volumes of the corpus callosum and white matter FA have
not yet begun to decrease.”’ Thus, it is unlikely that the changes
we observed were due to age-related atrophy. Cerebral hyperper-
fusion may have also induced cortical thinning in the dorsolateral
prefrontal cortex, as suggested previously.”!*>> We were unable to
identify correlations between atrophy and changes in cognitive
function. Therefore, we speculate that these findings represent
radiological changes only, with little effect on the clinical results.

Nuclear medicine examinations are useful for diagnosing
hemodynamic insufficiency and tracking changes in brain
metabolism following surgery.”> However, longitudinal appli-
cations are not feasible for routine clinical follow-up evalua-
tions. Alternatively, multimodal MRI has enabled the exami-
nation of brain morphometry, white matter integrity, and connec-
tivity among distant brain regions.!®>#?> DTI detects alter-
ations in brain white matter microstructure.’® FA measures the
degree to which the diffusion of water molecules is restricted by
microstructural elements.” Reduced FA is considered to reflect
decreases in the number of myelinated fibers and breakdown
of the myelin sheath.?”:?® Previous studies have reported that
patients with MMD exhibit reduced FA in normal-appearing
white matter, suggestive of decreased white matter fiber density
due to ischemic injury.?*?? In our study, we observed increased
FA in multiple white matter tracts, suggesting that white matter
reorganization occurred during the postoperative period. Among
the areas exhibiting such increases, the SLF is known to mediate
information transfer by connecting the parieto-frontal associ-
ation areas. White matter reorganization following cerebral revas-
cularization has also been reported among patients who have
undergone carotid endoarterectomy.*

Several recent studies have utilized rs-fMRI to investigate
cerebrovascular diseases, including MMD.10,25,31,32 Changes
in low-frequency BOLD signals across distant brain regions,
which reflect spontaneous brain activity, are used as an index
of functional connectivity.>® Brain regions exhibiting synchro-
nized low-frequency BOLD fluctuations are called resting-state
networks.” In MMD, the relationships among BOLD signal
fluctuations are disrupted predominantly in regions belonging
to resting-state networks.’!"*? In the present study, significant
alterations in connectivity were observed in the unit including
the prefrontal region and cerebellum. A previous study reported
that this unit differed most significantly between patients and
controls.*> Furthermore, the anatomical pattern suggests an
association with crossed cerebellar diaschisis.**

We observed a significant positive correlation between preop-
erative tCBF in the left medial frontal region and changes
in PIQ and PS. The medial frontal lobe is associated with
attention.” Thus, preoperative rCBF in the medial frontal lobe
may be associated with preserved tissue integrity in this region,
impairments in which may interfere with accomplishing simple
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tasks quickly. Preoperative rCBF in the left parietal region was
also significantly positively correlated with improvements in PIQ
and PO. The parietal region is associated with visual information
processing, consistent with the observed improvements in PO.*

Limitations

The present study has some strengths and limitations. As
a strength, we designed this study in a manner that observer
bias is free. To achieve this, we used a universal ROI atlas that
can be applied to images normalized to a standardized template
(MNI template in this study). In addition, all image processing
steps were performed semi-automatically, using the parameters
mentioned in the “Methods” sectionso as to allow reproducibility.
This procedure reduces the confounding effects from interindi-
vidual morphological variability and is sensitive to the changes
that are associated with longitudinal study design.'” Another
strength of this study is maintaining quality assurance throughout
the study period. The results of this study can be affected
by variation in magnetic homogeneity and the appearance of
artifacts between the MRI scans. We attempted to limit this possi-
bility by daily quality assurance tests that check any remarkable
variation in magnetic field homogeneity, coil sensitivity profile,
and appearance of artifacts. Furthermore, the results in the present
study can be applied for the patients treated with combined
direct/direct bypass such as in our case series. As a limitation, the
number of patients who underwent neuroimaging 2 to 4 yr after
surgery was insufficient to reach a definitive conclusion regarding
the DTI study. Next, the present study included patients with
multiple clinical modes of onset, which may have influenced
cognitive outcomes. In addition, the neurocognitive examinations
utilized in our study are unlikely to cover the full spectrum of
cognitive changes. Lastly, we did not investigate CBF using single-
photon emission computed tomography at >1 yr after surgery,
as such examinations are considered invasive for stable patients.
Several institutions implement rCBF within 1 wk after surgery,
but the data are strongly affected by the postoperative hyperper-
fusion phenomenon, reduced brain metabolism after craniotomy;,
and cerebral ischemia. We consider not to use the rCBF data taken
within 1wk after surgery to evaluate the outcome of the neovas-
cularization. Alterations in tissue perfusion may thus be a major
contributor to cognitive improvement.

CONCLUSION

Revascularization surgery may improve processing speed and
attention in adult patients with MMD. Moreover, multimodal
MRI may be used to detect subtle postsurgical brain structural
changes, reorganization of white matter tracts, and brain connec-
tivity alterations.
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