Supplemental Materials

Supplemental Methods
S1. Study participants
 Of 45 patients, 13 patients had received indirect revascularization surgery (3 left, 2 right and 8 bilateral) more than 2 years before inclusion and were clinically stable. All patients completed a series of MRI scans and cognitive tests within an interval (median ± interquartile range) of 8 ± 8 days. The interval between the PET and MRI examinations was 35 ± 26 days; the patients’ symptoms were unchanged during that interval, and no new lesions appeared on the second imaging examination.
On the basis of clinical information, the two hemispheres of each participant were categorized into the following four groups by the consensus of two authors (S.H. and T.N.)(1): “Normal”, hemispheres of all healthy subjects and healthy hemispheres (i.e., no vascular lesions) of patients with unilateral disease; “Asymptomatic”, hemispheres with mild hemodynamic changes and postoperative hemispheres; “Symptomatic”, hemispheres with focal ischemic symptoms and/or hemodynamic impairment; and “Infarcted”, all hemispheres harboring cortical infarctions or large (>10 mm) white matter infarctions.

S2. MRI acquisition
The MRI data, including diffusion-weighted imaging (DWI) data, were acquired using a 3 T system (MAGNETOM Skyra, Siemens Healthineers, Erlangen, Germany) equipped with a 32-channel multichannel receiver head coil. The total acquisition time of the entire protocol was approximately 30 min, which is clinically feasible.
Three-dimensional T1-weighted imaging (3DT1) was acquired by rapid acquisition with a gradient-echo sequence and the following parameters: repetition time (TR)=1700 msec; echo time (TE)=2.61 msec; flip angle=10°; inversion time (TI)=800 msec; voxel size=1×1×1 mm; parallel acquisition technique=generalized autocalibrating partially parallel acquisitions (GRAPPA); and acceleration factor=2. Fluid-attenuated inversion recovery (FLAIR) was acquired using the following parameters: TR=12 sec; TE=96 msec; flip angle=150°; TI=2750 msec; slice thickness=3 mm; and gap=0.6 mm. Susceptibility-weighted imaging was performed using the following parameters: TR=27 msec; TE=20 msec; flip angle=15°; slice thickness=1.6 mm; and gap=0 mm. Magnetic resonance angiography (MRA) was performed using the following parameters: TR=24 msec; TE=3.69 msec; flip angle=18°; slice thickness=0.70 mm; and field of view=190 × 172 mm.

S3. PET acquisition
PET data were acquired using a Discovery 710 PET/computed tomography (CT) scanner (GE Healthcare, Milwaukee, WI, U.S.A.). After a low-dose CT scan for attenuation correction, three sequential emission scans of inhaled C15O2 (2000 MBq/min), 15O2 (3000 MBq/min) and C15O (2000 MBq/min) were conducted using a neck shield. The 3.5-min acquisition in the C15O2 and 15O2 scans was initiated simultaneously with 1.5 min of inhalation of these gases(2). Then, the participants inhaled C15O gas for 3 min and were scanned for 4 min. The amounts of radioactivity in the arterial whole blood were manually collected at 0, 2 and 4 min, while images of inhaled C15O2 and 15O2 were acquired (3).
  The PET images were reconstructed under the following conditions: three-dimensional ordered subset expectation maximization algorithm, matrix=128×128, number of slices=47, voxel size=2.0×2.0×3.27. iteration=4, subset=16, and Gaussian filter=3.0 mm. The clinical C15O2 and 15O2 images consisted of 12 frames of 5 sec each and 10 frames of 15 sec each, and the attenuation was corrected using the corresponding CT image. The scatter correction algorithm used a scatter limitation correction (4). Cerebral blood flow (CBF), cerebral blood volume (CBV), cerebral metabolic ratio of oxygen (CMRO2) and oxygen extraction fraction (OEF) were calculated according to the functional images and amounts of radioactivity in the arterial blood using the PET autoradiographic method with Xeleris software (GE Healthcare, Milwaukee, WI) (5). The mean transit time (MTT) was calculated as CBV/CBF on a voxel-by-voxel basis. The final spatial resolution of each map was 5.78 mm.

S4. Pre- & postprocessing of DWI data
The DWI data from each participant were corrected for susceptibility-induced geometric distortions, eddy current distortions, and intervolume subject motion using the “eddy” and “topup” toolboxes implemented in the FMRIB Software Library version 6.0 (FSL; Oxford Centre for Functional MRI of the Brain, Oxford, UK; https://www.fmrib.ox.ac.uk/fsl) (7, 8) After preprocessing, neurite orientation dispersion and density imaging (NODDI) analysis (https://github.com/daducci/AMICO)(9) was performed using multishell DWI data (b=0, 700, 2850) to generate a Viso map of each patient.
Using single-shell DWI data (b=0 and 700 or 2850), color-coded fractional anisotropy maps and diffusivity maps for each subject were acquired in the directions of the x- (right-left, Dxx), y- (anterior-posterior, Dyy), and z-axes (inferior-superior, Dzz) using the “dtifit” tool implemented in FSL. Dxx corresponds to the direction of the deep white matter vessels in the periventricular white matter. We used the ALPS index created from the DWI data at b=0 and 700 for the main analysis rather than the ALPS index created from the DWI data at b=0 and 2850 because the data were susceptible to noise at b values higher than 2000  (10).

S5. Regional value analysis of MRI and PET
Hemispheric cortical and white matter values of each patient were calculated using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) in the MATLAB 2016a (MathWorks Inc., Natick, MA, USA) environment. First, the 3DT1 data of each patient were segmented into gray matter and white matter and divided into the left and right cerebral hemispheres. A cortical segment was created from the gray matter segment by eliminating the deep gray matter. Then, Viso and PET parametric maps of each patient were coregistered to 3DT1 data of the patient.
For the calculation of Viso values, thresholds of 0.95 were applied to mitigate the partial volume effect of the gray and white matter(11). Cerebrospinal fluid signals outside the brain parenchyma (Viso values higher than 0.5) and parenchymal lesions visible on FLAIR and b0 images (manually drawn on the FLAIR and/or b0 images on each patient using MRIcron   (https://www.nitrc.org/projects/mricron)) were excluded from the ROIs.
For the calculation of PET values, a 2D Gaussian smoothing operator of full width at half maximum=5.69 mm was applied to gray and white matter segments created from 3DT1 to match the spatial resolution of PET, and then thresholds of 0.6 for the gray matter and 0.9 for the white matter were applied to mitigate the partial volume effect(1). To eliminate the extremely high signals produced by the large veins and sinuses in the CBV map, the top 30% of all values in each map were deleted to exclude them from the subsequent regional value analysis(1). A log transformation was applied to CBV values measured with PET because raw CBV values showed skewed distribution due to the augumentation of the vasculature by moyamoya vessels(2, 6).
After the left and right hemispheric ROIs were created, all ROIs were overlaid on Viso and PET parametric maps of each patient and visually inspected to ensure appropriate calculation of regional values.

Supplemental Results
The ALPS index (b=2850) showed significant positive correlation between the ALPS index (b=700, r=0.59–0.89, P<.001 for patients and controls, Supplemental Fig.1). The ALPS index (b=2850) tended to be smaller than the ALPS index (b=700, average difference ranges from -0.51 to -0.30), and the difference became larger when the value became larger. The difference between patients and controls, or the correlation between Viso, PET parameters and cognitive function was similar, but relatively weak, compared to the ALPS index measured with b=700 (Supplemental Table 1, 2, Fig. 2 and 3).

Supplemental Discussion
    Although both the left and the right ALPS index of patients was lower than controls, significant correlation between perfusion, freewater and cognitive function was found only between the left ALPS index. Because no significant difference was observed between the left and the right side regarding clinical status, the ALPS index, Viso, or PET parameters, we believe the lack of correlation in the right ALPS index is due to the right ALPS index calculated by our method itself. Because the asymmetry of the fiber component exists between the right and the left superior longitudinal fasciculus(31, 32) where the ROIs are placed, the laterality of the fiber components might affect the diffusivity along each direction and calculated values of ALPS index. Previous studies using the same 5-mm-ROI method also found difference between the left and the right ALPS index. In hypertensive patients and elderly subjects with history of contact sports, no significant difference between the patients and controls were observed in the right ALPS index measured while the left ALPS index showed significant difference(15, 16). On the other hand, a study using 3-mm ROIs reported significant correlation between the right ALPS index and cognitive function, but not between the left ALPS index, in patients with Alzheimer’s disease(33). Because the clinical or perfusion asymmetry between the right and the left hemispheres is common in patients with moyamoya disease, it is meaningful if the ALPS index of both hemispheres can be effectively assessed. Optimal method to evaluate the ALPS index in both sides, including the size of ROIs(13), still need to be evaluated in future. 
    Compared to the ALPS index calculated from b=0 and 700, the ALPS index calculated from b=0 and 2850 showed smaller values and the correlation between the freewater and perfusion parameters was relatively weak. The original study of the ALPS index also showed smaller values using high b values (b=2000) compared to low b values (b=1000)(12). While diffusion signal of small b values such as ≤200 is affected by the perfusion effects (intravoxel incoherent motion), large b values (≥2000) is susceptible to noise(34). Although the b value of 700 we used is smaller than the original study, theoretically, the diffusion signal at b=700 must come from parenchymal microstructure rather than the perfusion effects. On the other hand, b=2850 is free from the perfusion effects but may be too large to evaluate the ALPS index considering the noise effect. The noise effect might explain relatively small difference between the patients and controls, as well as relatively weak correlation between the perfusion, freewater parameters and cognitive tests.
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Supplemental Figure 1. Comparison of the ALPS index at b=700 and the ALPS index at b=2850 using Bland‒Altman analysis. While the ALPS index values at b=700 and b=2850 were significantly correlated with each other, the values at b=700 were significantly larger than those at b=2850.
*P<.05 (Pearson’s correlation analysis).



	
	Left
	Right

	Average (SD)
	Normal
	Moyamoya
	P value
	Normal
	Moyamoya
	P value

	ALPS index  
  (b=700)
	1.94 (0.27)
	1.65 (0.25)
	<.001*
	1.93 (0.22)
	1.65 (0.19)
	<.001*

	ALPS index 
  (b=2850)
	1.44 (0.13)
	1.34 (0.15)
	.004*
	1.48 (0.12)
	1.33 (0.18)
	<.001*


Supplemental Table 1. Right and left ALPS index values at b=700 and b=2850 in patients and controls.
*P<.05 (unpaired t test comparing patients and controls).
SD, standard deviation.
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Supplemental Figure 2. Correlation between the ALPS index (at b=2850) and Viso of cortical tissue and white matter in patients with moyamoya disease and controls. Significant correlation between Viso and the ALPS index was observed between the left cortex, but the correlation was relatively weak compared to the ALPS index (at b=700, Figure 4).
*P<.05 (Spearman's rank correlation coefficient).




	
	Left
	
	Right
	

	ρ (P)
	Cortex
	White matter
	Cortex
	White matter

	CBF
	0.72 (<.001*)
	0.58 (.003*)
	0.30 (.16)
	0.06 (.80)

	CBV
	0.18 (.42)
	0.16 (.48)
	-0.01 (.97)
	-0.06 (.78)

	MTT
	-0.43 (.04*)
	-0.42 (.048*)
	-0.20 (.36)
	-0.12 (.59)

	OEF
	-0.63 (.001*)
	-0.65 (<.001*)
	-0.04 (.86)
	0.10 (.64)

	CMRO2
	0.29 (.19)
	0.09 (.70)
	0.25 (.25)
	0.15 (.51)


Supplemental Table 2. Correlation between the left and right ALPS index values (at b=2850) and hemispheric hemodynamic parameters measured by 15O-gas PET.
CBF, cerebral blood flow; CBV, cerebral blood volume; MTT, mean transit time; OEF, oxygen extraction fraction; CMRO2, cerebral metabolic rate of oxygen.
*P<.05 (Spearman's rank correlation coefficient).
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Supplemental Figure 3. Correlation between the left and right ALPS index values and scores on the TMT. No significant correlation was observed between ALPS index and TMT. *P<.05 (Spearman's rank correlation coefficient).
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