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Increased parenchymal free water may be decreased by
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Abstract
Moyamoya disease (MMD) is a cerebrovascular disease causing steno-occlusive changes in the arteries of the circle of Willis and
hemodynamic impairment. A previous study reported that parenchymal extracellular free water may be increased and neurites may be
decreased in this disease population. The aim of this study was to investigate the postoperative changes in parenchymal free water and
neurites and their relationship with cognitive improvement. Multishell diffusion magnetic resonance imaging was performed in 15
hemispheres of 13 adult patients with MMD (11 female, average age: 37.9 years) who had undergone revascularization surgery and 13
normal controls. Parameter maps of free water and free-water eliminated neurites were created, and regional parameter values were
compared among controls, patients before the surgery and patients after the surgery. Compared with normal controls, most regions in the
hemispheres of the patients showed a signi�cant increase in free water before surgery (P≤.007) and a signi�cant decrease in free water after
surgery (P≤.001). The change in the dispersion of the white matter signi�cantly correlated with cognitive improvement (r=-0.75). In patients
with MMD, increased parenchymal free water may be decreased after surgery, and the neurite parameter may be related to cognitive
improvement.

Introduction
Moyamoya disease (MMD) is a progressive, occlusive cerebrovascular disease affecting the arteries of the circle of Willis that causes chronic
hemodynamic impairment to the cerebrum [1]. Revascularization surgery is often performed for these patients to improve hemodynamic
impairment and to prevent stroke. Sometimes patients with this disease exhibit cognitive dysfunction even without stroke[2], and the cause is
believed to be microstructural damage induced by chronic hemodynamic impairment[3]. Previous studies using diffusion magnetic
resonance imaging (MRI) showed a decreased apparent diffusion coe�cient[4], fractional anisotropy (FA)[5] and altered multishell diffusion
parameters[6] in this disease population.

suggested impaired microstructural integrity and the relationship between cognitive dysfunction in this disease population. Some studies
have shown improved diffusion parameters and suggested the possibility of improved microstructural integrity and cognitive dysfunction
after revascularization surgery[7, 4, 8]. However, the parameters of conventional diffusion MRI, such as FA used in these studies, do not
re�ect speci�c microstructural features, and whether the changes in these parameters result from changes in parenchymal extracellular free
water or improvements in neuronal structure remains unknown.

Recently, some diffusion analytical methods, such as neurite orientation dispersion and density imaging (NODDI) [9, 10] and free water
imaging using a bitensor model[11, 12], were developed and widely used to evaluate neurites after eliminating parenchymal extracellular free
water in neurological disorders. NODDI is a biological model that �ts the diffusion signal into three compartments (intracellular, extracellular
and free water) and produces three parameters: the intracellular volume fraction (Vic) that represents neurite density, the orientation
dispersion index (OD) that represents dispersions of axons and dendrites, and the isotropic volume fraction (Viso) that represents interstitial
free water[9]. On the other hand, free water imaging using a bitensor model is a mathematical model that �ts the diffusion signal to two
compartments (tissue and free water) and produces the free water fraction (FW) and diffusion tensor imaging scalar metrics corrected for
the free-water compartment (free-water corrected FA [FAt])[11]. Previous studies using NODDI in patients with MMD showed decreased
neurites (Vic and OD) and increased extracellular free water (Viso), and increased free water may not be a mere re�ection of decreased
neurites [13, 14]. To the best of our knowledge, no previous study has applied free water imaging in MMD thus far, while many studies using
this analysis have suggested that altered FA is primarily determined by an increase in extracellular free water rather than alterations in the
neurites in normal aging[15], small vessel diseases[16, 17], idiopathic hydrocephalus[18], Parkinson’s disease[19, 20], and psychosis[21].

Considering many previous studies reporting the contribution of free water to conventional diffusion parameters, the change in conventional
diffusion MRI after revascularization surgery may be due to the change in free water rather than the change in neurites. However, because
postoperative cognitive improvement also exists in certain patients[22], changes in neurites must also occur after surgery, at least in these
patients. To clarify the speci�c microstructural differences following revascularization surgery, we applied two analytical methods, NODDI
and free water imaging, to patients with MMD before and after revascularization surgery, as well as normal controls. We also investigated
whether any of the microstructural parameters were related to postoperative cognitive improvement in patients with MMD to assess the
effect of extracellular free water and neuronal structure on cognitive improvement.

Results
The parametric maps of a representative patient are shown in Fig. 1. Preoperative magnetic resonance imaging (MRI) and cognitive tests
were performed 67±105 days before surgery and 419±98 days after surgery. Overall, the number of transient ischemic attacks (TIAs)
diminished in patients who presented with TIA, and no patient had novel stroke events during the follow-up period. By visual assessment of
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r (p ACA GM MCA GM PCA GM ACA WM MCA WM PCA WM

ΔVic -0.04 (.90) -0.03 (.92) 0.03 (.94) 0.35 (.62) 0.09 (.77) 0.11 (.71)

ΔOD -0.55 (.05) -0.44 (.14) -0.11 (.71) -0.75 (.004*) -0.27 (.38) -0.24 (.43)

ΔViso 0.22 (.31) -0.01 (.97) 0.15 (.62) 0.27 (.37) 0.19 (.54) 0.27 (.36)

ΔFW 0.40 (.14) 0.30 (.27) 0.56 (.03) 0.43 (.11) -0.33 (.23) 0.32 (.25)

ΔFAt 0.23 (.39) 0.28 (.32) 0.08 (.78) 0.40 (.14) 0.18 (.52) 0.07 (.80)

ΔFA 0.26 (.35) 0.28 (.32) 0.42 (.12) 0.16 (.58) -0.16 (.59) 0.26 (.36)

MRA, all operated hemispheres revealed the development of extracranial arteries (middle meningeal artery, 80%; super�cial temporal artery,
73%; occipital artery, 47%; and posterior auricular artery, 7%). The visual assessment scale of arterial spin labeling MRI
(ASL) was also signi�cant after the surgery (P<0.001); the average (standard deviation) of the visual scale was 0.6 (0.6) and 1.9 (0.7) before
the surgery and 1.3 (0.6) and 2.5 (0.6) after the surgery with PLDs of 1525 ms and 2525 ms, respectively.

Comparison of the patient preoperative regional values with the postoperative patient and control regional values

Compared with the regional values of the normal controls, most of the gray matter (GM) and white matter (WM) regions in the preoperative
hemispheres of patients with MMD showed signi�cantly higher Viso and FW values (Fig. 2; P≤.007; exact P values are presented in Online
Supplementary Information). In the WM of the anterior cerebral artery (ACA) region and posterior cerebral artery (PCA) region, the
preoperative OD values were signi�cantly higher in patients than in normal controls, and the preoperative FAt values were signi�cantly lower
in patients than in normal controls (P≤.002). The conventional preoperative FA values in the WM of the ACA and MCA were signi�cantly
lower than those of the normal controls (P≤.003).

After revascularization surgery, the values of Viso and FW in most regions showed signi�cant decreases (P≤.008), and FA
showed a signi�cant increase in the WM of the MCA (P=.002). However, no signi�cant difference was observed between the other
parameters.

Postoperative parameter changes and cognitive improvement

Correlation analysis between the postoperative changes in parameters and the Working Memory Index was only signi�cant in the OD value in
the WM of the ACA (Fig. 3 and Table 2).Additionally, patients with signi�cant improvement of Working Memory Index showed increased OD
after the surgery (average (SD), 0.0028 (0.0027) and that was signi�cantly higher than patients without signi�cant improvement of Working
Memory Index (-0.0057 (0.004), P<0.001; Online Supplementary Figure 2). No signi�cant correlation was observed between other parameters,
including Viso, FW, and FA, or in other areas.

Table 2. Correlation analysis between the postoperative parameter difference and postoperative difference in the Working Memory Index. 

*P<.0083 (P<.05 after Bonferroni correction for
comparing six parameters).

Discussion
In this study, evaluating patients with MMD
treated with revascularization surgery and
normal controls, parametric changes before
surgery were most frequently observed in the
parameters representing extracellular free water
rather than free water-eliminated neuronal

parameters. These results suggest that altered parenchymal free water may largely contribute to alterations in conventional diffusion
parameters rather than the change in neurites in patients with MMD, as well as other neurological diseases[4, 8, 7]. This result is consistent
with a previous study using NODDI and showed increased extracellular free water (Viso) in patients with MMD[14]. Previous studies reported
increased perivascular spaces in patients with moyamoya disease[23, 24] and suggested that the increased free water may result from an
impaired glymphatic system that uses arterial input as the driving force[25, 26]. Disruption of the glymphatic system is also suggested in
some studies evaluating acute ischemic stroke[27]. Another possible reason for the increased free water in MMD is the disruption of the
blood–brain barrier induced by chronic hemodynamic impairment[3]. Previous studies using �uorescent dyes and serum biomarkers revealed
blood–brain barrier dysfunction in patients with MMD[28–31], and chronic hemodynamic impairment itself is known to cause blood–brain
barrier dysfunction[3]. A study evaluating acute ischemic stroke patients using MRI also suggested blood–brain barrier dysfunction under
cerebral ischemia[32]. Dysfunction of the blood–brain barrier may lead to the leakage of plasma proteins and thus pathologically
accumulated extracellular free water in patients with MMD[24]. However, these assumptions are just hypotheses, and the mechanism
underlying free water accumulation and decrease after revascularization surgery in MMD should be clari�ed in the future by evaluating the
blood–brain barrier and glymphatic system in this disease population.

Our results also suggest that increased parenchymal free water may be decreased after revascularization surgery in patients with MMD and
may explain, at least in part, the postoperative increase in FA. Previous studies reported the regression of WM hyperintensity after
revascularization surgery[33, 34] and a postoperative decrease in parenchymal volume[8] in patients with MMD; these phenomena might be
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explained by the decrease in parenchymal free water after surgery. The postoperative decrease in free water was not accompanied by an
increased number of neurites (i.e., increased Vic or FAt), suggesting that increased parenchymal free water is not a mere re�ection of the
decreased number of neurites accompanying chronic ischemic damage[3, 14]. A postoperative decrease in free water may suggest
improvement of the disrupted glymphatic system and/or blood–brain barrier; however again, this assumption must be evaluated in the
future. Widespread changes throughout the vascular territories might be obtained because the effect of indirect revascularization surgery
sometimes extends outside the bone windows and improves hemodynamic disturbance in the entire hemisphere [35]; this point should be
clari�ed in the future by concomitantly evaluating perfusion studies with reliable quantitative parameters such as 15O-gas positron emission
tomography[22].

We found no direct relationship between postoperative changes in conventional FA and postoperative cognitive improvement, as in previous
studies[8, 4, 7], and found no direct relationship between the postoperative reduction in free water and cognitive improvement. It is
reasonable to assume that the postoperative cognitive improvement resulting from neuronal alterations causes functional and metabolic
improvement[36, 8, 22] and that cognition is unrelated to the amount of extracellular free water[14]. The lack of a direct relationship between
conventional diffusion parameters and cognitive performance may be explained by extracellular free water affecting conventional diffusion
parameters. Additionally, we observed a signi�cant difference between preoperative and postoperative FAt in GM regions that were not
observed for conventional FA. This �nding might be explained by the improved test-retest reproducibility for free water elimination[12] and
improved sensitivity of gray matter abnormality[19, 37] with respect to conventional DTI. However, the clinical signi�cance of this �nding
remains unclear regarding the lack of correlation between cognitive performance and FAt in GM regions.

Among our patients, the postoperative decrease in the OD value in the WM of the ACA was signi�cantly correlated with the postoperative
improvement in the working memory index, likely re�ecting frontal lobe function. This �nding was somewhat unexpected because our
surgical treatment did not directly target the ACA area. Revascularization surgery may affect remote regions via WM �bers, such as the
superior longitudinal fasciculus and superior and inferior fronto-occipital fasciculus [38], as opposed to the ischemic damage affecting
remote regions[39, 40]. Previous studies evaluating patients with MMD at a single point found no signi�cant correlation between OD values
and the Working Memory Index[14, 13], which is attributed to the relatively uniform decrease in the Working Memory Index in this disease
population[14]. These studies have also reported that the correlation between the hemodynamic parameters and difference between normal
controls of the OD values in the WM are not as prominent as other parameters (Vic and Viso). Although these studies reported a decrease in
the OD values in the WM in patients with MMD, increased OD values have been reported under mild pathological conditions, such as
preclinical Huntington disease[41] and normal aging[42]. We believe the change in the OD values in the WM may be more complex than the
other parameters. The tortuous axons and disrupted networks may cause a high dispersion, while the reduced number of axons caused by
neuronal death and loss of �bers could simultaneously decrease the number of axonal networks, leading to low dispersion. The
postoperative increase in the OD value is in accordance with the increase in FA reported in a previous study[8], suggesting modi�cation of
tortuous axons and disrupted networks that lead to cognitive improvement. When evaluating all the patients, the OD values were not
signi�cantly different before and after surgery, indicating that decreased OD values after the surgery may identify patients with postoperative
cognitive improvement. These results must be interpreted cautiously because of the mixed laterality and surgical procedure, small sample
size and patients with preexisting brain lesions. However, free water elimination analysis may detect neurite changes related to postoperative
cognitive improvement, unlike conventional diffusion MRI.

The limitations of this study include the small sample size, heterogeneous patient backgrounds and surgical procedures. To improve the
reliability of the results, we recruited age- and sex-matched normal controls, performed longitudinal analysis of the same patients, and used P
values corrected for multiple comparisons, but substantial bias still exists. We did not perform quantitative analysis of perfusion study (ASL)
together because quantitative value of ASL acquired in a clinical scanner is not always reliable, especially in patients with moyamoya
disease whose arterial transit time is elongated[43]. We are planning to perform quantitative analysis between diffusion MRI and quantitative
parametric values of 15O-gas positron emission tomography in the future after the accumulation of cases. As we stated above, the results
regarding cognitive improvement should be considered preliminary because of the heterogeneity of revascularization procedures, laterality,
and patients with preexisting brain lesions. Although a study reported histological correlations with neurite parameters of NODDI[44],
histological validation does not exist regarding bitensor DTI and extracellular free water in any imaging modality[3], likely because evaluating
free water components in �xed samples cannot be performed[45]. Despite these limitations, this study is the �rst to indicate altered
extracellular free water before and after revascularization surgery in adult patients with MMD. A larger sample size is warranted to elucidate
the microstructural parameters related to postoperative cognitive improvement in this disease population.

Methods

Study protocol
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This prospective observational study was approved by the ethics committees of Tokyo Medical and Dental University (M2000-2302) and
Juntendo University (16–100), registered in the University Hospital Medical Information Network Clinical Trials Registry (UMIN-CTR ID:
000027949) and have been in accordance with the Declaration of Helsinki. Written informed consent was obtained from all the participants.
The inclusion criteria were as follows: 1) a diagnosis of MMD according to the diagnostic guidelines[1], 2) adult patients (16–64 years old)
who could undergo MRI without sedative agents, and 3) a modi�ed Rankin scale score of 0 to 2. Patients with moyamoya syndrome[1] were
not included. Between May 2017 and Dec 2019, 13 patients (11 females; aged 16–55 years (average 37.9 years)) participated in this study.
Patients were evaluated using MRI and a cognitive test (Weschler Adult Intelligence Scale [WAIS] version III or IV) before and approximately
one year after surgery. The details, including clinical presentation, RNF213 p.4810K gene[1] variant and magnetic resonance angiography
[MRA] stage[46], are provided in Table 1. Revascularization surgery was performed in 15 hemispheres (7 on the right side and 8 on the left
side) of the 13 patients. During the same period, 13 age- and sex-matched normal subjects (11 females, aged 17–56 years (average 38.4
years)) were also evaluated using the same MRI protocol, and 15 hemispheres were selected to match the laterality of the hemispheres of the
patients.

Surgical treatment
At our institute, not all patients with MMD are surgically treated because surgery is indicated only when the following parameters are met: 1)
hemodynamic disturbance measured by perfusion MRI[47, 48] or 15O-gas positron emission tomography[49, 36] exists; or 2) recurrent
intracerebral hemorrhage must be prevented for patients with hemorrhagic presentation[50]. Most adult patients with MMD are medically
treated at our institute, and patients with posterior cerebral artery (PCA) lesions are more likely to have hemodynamic disturbance[51]; thus,
they are more likely to be surgically treated. Indirect revascularization surgery targeting the frontoparietal lobe and/or parieto-occipital lobe
was selected for patients with hemodynamic disturbance to induce neovascularization[52] (encephalo-duro-arterio-synangiosis and/or
encephalo-duro-pericranial-synangiosis; representative bone windows are presented in Supplementary Fig. 1). For patients with hemorrhage,
direct revascularization surgery targeting the frontoparietal lobe (super�cial temporal artery-MCA anastomosis) was selected to prevent
rehemorrhage[50]. Among the 15 hemispheres evaluated in this study, 14 received indirect revascularization, and 1 received direct
revascularization; 8 hemispheres received surgery targeting the frontoparietal lobe, 1 hemisphere received surgery targeting the parieto-
occipital lobe, and 6 hemispheres received both (Table 1).

Table 1
Patient background details

Age at Sex Clinical RNF213 MRA
stage

PCA
lesion

Preexisting Preexisting Preexisting Target of

surgery   presentation p.R4810K

variant

Rt Lt Rt Lt infarction white matter

hyperintensity

hemorrhage Revascularization

40 F Infarction Hetero 4 2 Yes   Rt O, GM     Rt/I (FP + PO)

43 M TIA→IVH Hetero 4 3 Yes   Lt F, WM   Lt T Lt/D (FP)

16 F TIA Hetero 2 3           Lt/I (FP)

27 F TIA Hetero 3 2 Yes         Rt/I (FP + PO)

45 F Infarction Hetero 4 4 Yes Yes Rt TPO,
GM

    Lt/I (FP + PO)

41 M Infarction Hetero 4 3 Yes Yes Lt O, GM     Lt/I (PO)

19 F TIA Hetero 2 3   Yes       Lt/I (FP + PO)

42 F TIA Hetero 1 3   Yes   Lt F   Lt/I (FP + PO)

41 F TIA Hetero 2 1           Rt/I (FP)

42 F TIA Wild 3 3       Lt F   Lt + Rt/I (FP)

33 F Infarction Hetero 2 2       Lt + Rt F   Rt/I (FP)

49 F TIA Wild 4 4 Yes Yes       Lt + Rt/I (FP)

55 F ICH Hetero 4 3 Yes         Rt/I (FP + PO)

F, female; M, male; TIA, transient ischemic attack; IVH, intraventricular hemorrhage; Rt, right; Lt, left; MRA, magnetic resonance imaging;
PCA, posterior cerebral artery; O, occipital; F, frontal; T, temporal; P, parietal; GM, gray matter; I, indirect; D, direct; FP, revascularization
surgery targeting fronto-parietal lobe; PO, revascularization surgery targeting parieto-occipital lobe.
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Cognitive test
The Working Memory Index measured by the WAIS, which assesses frontal lobe functional decline in adult patients with MMD[14, 53], was
used to de�ne cognitive decline and improvement in patients. This index had an average value of 100 and a standard deviation of 15 after
adjusting for age. A signi�cant decrease was de�ned as a standard deviation < 1 (i.e., a score < 85), and signi�cant postoperative
improvement was de�ned as a score change greater than the 90% con�dence interval (CI)[54, 55].

MRI acquisition
Most of the MRI data were acquired using a 3 T system (MAGNEOM Skyra; Siemens, Germany) equipped with a 32-multichannel receiver
head coil. The total acquisition time of the entire protocol was approximately 30 min, which is clinically feasible.

Diffusion-weighted images were acquired using a fat-saturated single-shot echo planar imaging sequence with the following parameters: b
values = 0, 700 (with 30 axes) and 2850 (with 60 axes); repetition time (TR) = 4500 ms; echo time (TE) = 105 ms; �ip angle = 90°; matrix = 
100×90, number of slices = 90; voxel size = 2×2×2 mm3; multiband factor = 2. The data were collected as reversed-phase-encoded blips,
resulting in pairs of images with distortions in opposite directions. The acquisition times for the main sequence and reversed-phase-encode
blips were approximately 8 min 38 sec and 1 min 37 sec, respectively.

Three-dimensional T1WI was acquired by rapid acquisition with a gradient echo sequence and the following parameters: TR = 1700 ms; TE = 
2.61 ms; �ip angle = 10°; inversion time (TI) = 800 ms; voxel size = 1×1×1 mm; parallel acquisition technique = GeneRalized Autocalibrating
Partially Parallel Acquisition; and acceleration factor = 2. Fluid attenuated inversion recovery was acquired using the following parameters:
TR = 12000 ms; TE = 96 ms; �ip angle = 150°; TI = 2750 ms; slice thickness = 3 mm; gap = 0.6 mm. Susceptibility-weighted imaging was
performed using the following parameters: TR = 27 ms; TE = 20 ms; �ip angle = 15°; slice thickness = 1.6 mm; gap = 0 mm. MRA was
performed using the following parameters: TR = 24 mm; TE = 3.69 mm; �ip angle = 18°; slice thickness = 0.70 mm; and �eld of view = 190
mm.

In addition to the research protocol described above, ASL was acquired on a different date to assess preoperative and postoperative
perfusion status as we performed for clinical purposes[56]. Three-dimensional pseudocontinuous ASL was acquired using a 3 MR scanner
(GE Signa HDxt; GE Healthcare, Waukesha, WI) equipped with an eight-channel head coil with the following parameters: TR = 4521 ms; TE = 
9.812 ms; �eld of view = 24 cm; matrix size = 512×8); voxel size = 1.88 x 1.88 x 4.0 mm3; number of slices = 30; number of excitations = 3;
bandwidth = 62.50 Hz; labeling time = 1.5 sec; and postlabeling delay = 1525 ms and 2525 ms.

Postprocessing of MRI data
MRI data were postprocessed using MATLAB 2016a (MathWorks Inc., Natick, MA, USA) and SPM12
(http://www.�l.ion.ucl.ac.uk/spm/software/spm12/). The data were exported from the scanner in DICOM format and converted to Nifti
format using dcm2nii (https://people.cas.sc.edu/rorden/mricron/dcm2nii.html). From the paired diffusion images, the two images were
combined into a single corrected image after estimating the susceptibility-induced off-resonance �eld using the function implemented in
FMRIB Software Library version 5.0.9 (FSL)[57, 58]. Next, the data were �tted to the NODDI model using the NODDI MATLAB toolbox version
0.9[9] and converted to obtain the Vic, OD, and Viso. The same multishell data (b = 0, 700 and 2850) were also �tted to a regularized bitensor
model[11] using an in-house script to generate the FW and FAt[59]. The conventional FA was also obtained from the single-shell data (b = 0
and 700) using the DTIFIT tool implemented in FSL[57].

Signals outside the brain parenchyma (including cerebrospinal �uid signals in the ventricles and artifacts at the frontotemporal base) in all
maps were deleted using a mask created from the Viso map of each patient. All the maps were normalized to the Montreal Neurological
Institute space using the same transformation matrix of the T1WI after coregistration to the T1WI of each patient[14]. The quality of each
normalized map was visually inspected before region of interest (ROI) analysis.

Calculation of regional values
Because some patients harbored preexisting brain infarctions and visible WM hyperintensities on conventional MRI (details in Table 1), we
performed ROI analysis to eliminate the effect of the brain lesions rather than performing whole-brain analysis. Parenchymal lesions visible
on FLAIR and b0 images and hemorrhagic lesions visible on susceptibility-weighted imaging were manually deleted from each map to
calculate the parameters of the normal-appearing brain parenchyma alone. The hemispheric cortex and WM from the Harvard-Oxford cortical
and subcortical probabilistic structural atlases[60] (threshold 25%) distributed with FSL were divided into six vascular regions (GM and WM
of the anterior, middle, and posterior cerebral arteries (ACAs, MCAs, and PCAs) of the right and left sides) using the vascular territorial atlas
as a reference[61]. Regional values were calculated using the FSLSTATS function implemented in FSL[57].
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Visual assessment of postoperative collateral development
Postoperative collateral development was performed by visual assessment of MRA and ASL based on the agreement between the attending
neurosurgeon (T.N.) and the �rst author (S.H.). By comparing preoperative and postoperative MRA, whether extracranial arteries (super�cial
temporal artery, middle meningeal artery, occipital artery and posterior auricular artery) developed was assessed for each surgically treated
hemisphere[62]. Visual assessment of preoperative and postoperative ASL was performed using the four-point scale as described
previously[63]: 0, no or minimal ASL signal; 1, moderate ASL signal with arterial transit artifact (ATA); 2, high ASL signal with ATA; and 3,
normal perfusion without ATA.

Statistical analysis
All statistical analyses were performed using JMP ver. 12.0.1 (SAS Institute, Cary, NC), and P < .0083 (P < .05 after Bonferroni correction for
the comparison of 6 parameters) was regarded as statistically signi�cant.

An unpaired T test was performed to compare the parameters from the 15 operated hemispheres obtained preoperatively for patients with
MMD and normal controls, and a paired T test was used to compare the preoperative/postoperative patient parameters from each region and
visual assessment scale of ASL.

The Pearson’s correlation coe�cient between the postoperative parameter changes and postoperative change in the Working Memory Index
was evaluated. When analyzing cognitive improvement, the average of the right and left hemispheres was used for two patients treated with
bilateral surgery. This is because both the right and left hemispheres were related to cognitive performance in MMD[64, 65, 8, 66], and we
were unsure about which hemisphere is more closely related to cognitive improvement and we believed that including two plots of the same
patient was inappropriate.
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Figures

Figure 1

A 19-year-old female patient presented with recurrent transient right hemiparesis and was diagnosed with moyamoya disease. Preoperative
images (upper panels) show an occluded left internal cerebral artery (arrow in MRA image) and increased values of the isotropic volume
fraction (Viso) of NODDI and free water fraction (FW) of the regularized bitensor model. Following indirect revascularization surgery on the
left side (bottom panels), the dilated extracranial arteries suggest the development of a transdural anastomosis (arrowhead in the MRA
image). The increase in Viso and FW was attenuated in the operated hemispheres (arrowhead in the Viso and FW maps).



Page 12/13

Figure 2

Parameter values for normal controls (Normal) and patients obtained preoperatively (Pre) and postoperatively (Post). Compared with those
of the controls, most regions showed higher values of the isotropic volume fraction (Viso) and free water fraction (FW) preoperatively and
subsequently showed signi�cantly decreased values after surgery. In the WM of the anterior cerebral artery (ACA) and posterior cerebral
artery (PCA) areas, the orientation dispersion (OD) index was higher for patients than for normal controls, and the FW-corrected fractional
anisotropy (FAt) was lower for patients than for normal controls. After surgery, FAt was signi�cantly decreased in all gray matter (GM) areas.
Fractional anisotropy (FA) in the WM of the ACA and MCA was signi�cantly lower than that in normal controls, and FA in the WM of the MCA
showed a signi�cant increase after surgery. Vic, intracellular volume fraction. *P<.0083 (unpaired T test; P<.05 after Bonferroni correction for
six parameters) and †P<.0083 (paired T test; P<.05 after Bonferroni correction for six parameters).
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Figure 3

Postoperative differences (Post-Pre, Δ) in the parameter values and cognitive improvement of the Working Memory Index (Post-Pre, Δ) in the
white matter (WM) of anterior cerebral artery (ACA) areas. Only the orientation dispersion index (OD) showed a signi�cant correlation with
cognitive improvement. Vic, intracellular volume fraction; Viso, isotropic volume fraction; FW, free water fraction; FA, fractional anisotropy; FAt,
free water-corrected FA; *P<.0083 (P<.05 after Bonferroni correction for six parameters).
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