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Supplementary Figure 1 | Examples and quantitative metrics of the ablation study. a, b, 
Representative cerebrovascular reactivity (CVR) and bolus arrival time (BAT) images of a 
healthy volunteer (a), and a Moyamoya disease patient (b). From left to right, the images are 
T1-weighted images, hypercapnic (HC) CVR, deep-learning resting-state (DLRS) CVR, 
DLRS CVR without cross-correlation inputs, DLRS CVR without global-regression inputs, 
global-regression resting-state (GRRS) CVR, HC BAT, DLRS BAT, DLRS BAT without 
cross-correlation inputs, DLRS BAT without GRRS inputs, and GRRS BAT. c, Boxplots 
denote Pearson cross-correlation between RS CVR images and HC CVR images in healthy 
and Moyamoya disease participants. The ablated parametric maps revealed a lower 
correlation with the reference HC maps. The line, box, and whiskers in the boxplots represent 
the median, the interquartile range (IQR), and 1.5 times the IQR, respectively. d, Boxplots 
denote Pearson cross-correlation between RS BAT images and HC BAT images. 
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Supplementary Figure 2 | The performance of deep-learning network trained 
exclusively on healthy group. a-c, Representative cerebrovascular reactivity (CVR) and 
bolus arrival time (BAT) images of a healthy volunteer (a), Moyamoya disease patient (b), 
and brain tumor patient (c). From left to right, the images are T1-weighted images, raw 
BOLD images, hypercapnic (HC) CVR and BAT images, as well as deep-learning resting-
state (DLRS) CVR and BAT images trained on all groups and healthy group. d-g, The 
boxplots display the similarity between deep-learning resting-state CVR maps and ground-
truth HC CVR maps. Two types of resting-state CVR maps are studied: those trained on all 
groups and those specifically trained on the healthy group. Four similarity indices are studied, 
including Pearson cross-correlation (d), structure similarity index metric (SSIM) (e), peak 
signal-to-noise ratio (PSNR) (f), root-mean-square error (RMSE) (g). The line within the 
boxplots represents the median, the box represents the interquartile range (IQR), and the 
whiskers are 1.5 times the IQR. h-k, the boxplots display the similarity between deep-
learning resting-state BAT maps and ground-truth HC BAT maps. 
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Supplementary Figure 3 | Bland-Altman plots comparing the results of deep-learning 
resting-state (DLRS) and global-regression resting-state (GRRS) approaches to 
hypercapnic (HC) results. Top row: DLRS results. Bottom row: GRRS results. Left half: 
CVR results. Right half: BAT results.  
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Supplementary Figure 4 | Associations between cerebrovascular physiological maps and 
clinical variables. a, Scatter plots between regional CVR and arterial stenosis grade in 
Moyamoya patients, as rated in the middle cerebral artery (MCA). Plots are shown for 
hypercapnic cerebrovascular reactivity (HC CVR, left), deep-learning resting-state (DLRS 
CVR, middle) and global-regression resting-state (GRRS CVR, right). More severe stenosis 
is associated with lower CVR. b, Scatter plot between BAT and arterial stenosis grade. More 
severe stenosis is associated with longer BAT. c, Scatter plots between regional CVR and 
WHO tumor grade. d, Scatter plots between regional BAT and WHO tumor grade. 
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Supplementary Figure 5 | Age-related differences in deep-learning resting-state 
cerebrovascular reactivity (DLRS CVR) and bolus arrival time (DLRS BAT) across the 
lifespan. From left to right, the heat maps represent the age differences associated with 



Page 7 of 15 
 

hypercapnic (HC) CVR, DLRS CVR, global-regression resting-state (GRRS) CVR, HC 
BAT, DLRS BAT and GRRS BAT. Cell color denotes model type: linear increasing (Red) 
and linear decreasing (Blue). All models are added gender as covariate and controlled the 
false discovery rate (FDR, q<0.05).  
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Supplementary Figure 6 | Illustration of the analysis pipelines of deep-learning resting-
state cerebrovascular reactivity (DLRS CVR) and bolus arrival time (DLRS BAT) using 
resting-state fMRI data.  
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Supplementary Figure 7 | Illustration of the analysis pipelines of hypercapnic 
cerebrovascular reactivity (HC CVR) and bolus arrival time (HC BAT).  
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Supplementary Figure 8 | Histograms of cerebrovascular reactivity (CVR) and bolus 
arrival time (BAT) after imaging clipping to a range of less than ±5. a, Clipped 
distribution of hypercapnic (HC) CVR voxel-wise values after conversion to z-score. b, 
Clipped distribution of HC BAT voxel-wise values after conversion to z-score. c, Clipped 
distribution of global-regression resting-state (GRRS) CVR. d, Clipped distribution of GRRS 
BAT.  
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Supplementary Table 1 | Demographic and clinical data of Moyamoya patients. 
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Supplementary Table 2 | Demographic and clinical data of brain tumor patients. 
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Supplementary Table 3 | Demographic and clinical data of stroke patients used for clinical 
test.  
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Supplementary Table 4 | Demographic and clinical data of stroke patients used for 
reproducibility test.  
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Supplementary Table 5 | Architectural details of the deep-learning network used in this 
work. 


