[bookmark: OLE_LINK145][bookmark: OLE_LINK43]Supplementary materials:
[bookmark: _Hlk216095795]Table 1 Experimental protocol 
	Experimental Condition
	Name
	Description

	Condition 1
(Passive motion without VME)
	Task 1
	MS only applied to the wrist-hand in passive motions

	
	Task 2
	NMES only applied to the wrist-hand in passive motions

	
	Task 3
	MS and NMES together applied to the wrist-hand in passive motions

	Condition 2
(Active motion with VME)
	Task 4
	MS only applied to the wrist-hand when VME is required from the affected limb

	
	Task 5
	NMES only applied to the wrist-hand when VME is required from the affected limb

	
	Task 6
	MS and NMES applied together to the wrist-hand when VME is required from the affected limb

	Note: VME, voluntary motor effort; MS: mechanical stimulation; NMES: neuromuscular electrical stimulation.




Table 2 Features Measured by fNIRS
	[bookmark: _Hlk215475259]fNIRS measures
	Features
	Analysis methods
	[bookmark: OLE_LINK143]Corresponding to Physiological Implications

	[bookmark: OLE_LINK10]Cortical activation
	Cortical activation
	[bookmark: OLE_LINK138]GLM
	Task-related cortical activation

	Network connectivity
	[bookmark: OLE_LINK129]FC
	Pearson correlation
	Correlation between the time series of brain activity in spatially distinct regions

	
	[bookmark: OLE_LINK130]EC
	[bookmark: OLE_LINK139]GCA
	Directed interactions and causal relationships in information flow in neural network

	[bookmark: OLE_LINK2]Topological characteristics
	[bookmark: OLE_LINK133]CC
	[bookmark: OLE_LINK140]GTA
	Degree of clustering in a network

	
	[bookmark: OLE_LINK134]Eg
	
	Efficiency of a system transporting information in parallel

	
	[bookmark: OLE_LINK136]Dc
	
	Importance of an individual node in a network

	
	[bookmark: OLE_LINK137]NLe
	
	Fault tolerance level of a network in response to the removal of a node

	Note: FC: functional connectivity; EC: effective connectivity; CC: clustering coefficient; Eg: global efficiency; Dc: degree centrality; NLe: nodal local efficiency; GLM: general linear model; GCA: granger causality analysis; GTA: graph theoretical analysis.






[bookmark: OLE_LINK27]Table 3. Results of the Shapiro–Wilk Test for Normality and Levene’s Test for Homogeneity Across All Measured Variables
	[bookmark: OLE_LINK41]Measured variables 
	Normality 
[bookmark: OLE_LINK42](p-value)
	Homogeneity 
(p-value)
	Statistical methods

	Cortical activation
	[bookmark: OLE_LINK29][bookmark: OLE_LINK3]p = 0.28
	p = 0.44
	[bookmark: OLE_LINK30]Parametric 

	Network connectivity
	
	
	

	EC
	[bookmark: OLE_LINK4]p = 0.45
	p = 0.49
	[bookmark: OLE_LINK32]Parametric

	FC
	p = 0.01
	p = 0.34
	Nonparametric

	[bookmark: OLE_LINK106]Topological characteristics
	
	
	

	CC
	[bookmark: OLE_LINK5]p = 0.23
	p = 0.19
	Parametric

	Eg
	p = 0.46
	p = 0.33
	[bookmark: OLE_LINK33]Parametric

	Dc
	[bookmark: OLE_LINK34][bookmark: OLE_LINK6]p = 0.10
	p = 0.45
	Parametric

	NLe
	p = 0.00
	p = 0.34
	Nonparametric

	Notes: EC: Effective connectivity; FC: Functional connectivity; CC: Clustering coefficient; 
Eg: Global efficiency; Dc: Degree centrality; NLe: Nodal local efficiency



[bookmark: OLE_LINK1]

Table 4. Results of VME-induced cortical network connectivity
	
	[bookmark: _Hlk214738468]Task 4 compared with Task 1 (Paired samples t-test)
	

	
Significant EC (DIF)
	Unimpaired group 
	Stroke group 

	[bookmark: _Hlk215494057]
	[bookmark: OLE_LINK149]mean±SD
	p (t)
	Effect size (Cohen’s d)
	[bookmark: OLE_LINK153]mean±SD
	p (t)
	Effect size (Cohen’s d)

	
	[bookmark: OLE_LINK148]task4: 0.32±0.13
task1: 0.13±0.14
	0.03 (4.43)＊
	0.99
	
	
	

	
	task4: 0.25±0.28
task1: -0.10±0.24
	0.048 (3.85)＊
	0.86
	
	
	

	
	

	
	
	task4: 0.25±0.20 
task1: -0.10±0.27
	[bookmark: OLE_LINK7]0.03 (4.50)＊
	1.06

	
	

	
	
	task4: 0.21±0.10 
task1: -0.09±0.27
	[bookmark: OLE_LINK8]0.03 (4.14)＊
	0.97

	
	Task 5 compared with Task 2 (Paired samples t-test)
	

	
Significant EC (DIF)
	Unimpaired group
	Stroke group
	

	
	[bookmark: OLE_LINK157]mean±SD
	[bookmark: OLE_LINK155]p (t)
	[bookmark: OLE_LINK70]Effect size (Cohen’s d)
	mean±SD
	p (t)
	Effect size (Cohen’s d)

	
	task5: -0.02±0.36
task2: 0.29±0.21
	0.046 (3.88)＊
	0.87
	
	
	

	
	[bookmark: OLE_LINK167]task5: 0.32±0.16
task2: 0.04±0.27
	0.04 (4.20)＊
	0.94
	
	
	

	
	
	
	
	task5:0.34±0.25 task2:-0.09±0.32
	0.02 (4.31)＊
	1.02

	
	
	
	
	[bookmark: OLE_LINK172]task5:-0.07±0.25 task2:0.21±0.29
	0.04 (3.82)＊
	0.90

	
	
	
	
	task5:-0.20±0.33 task2:0.23±0.28
	0.02 (4.49)＊
	1.06

	
	Task 6 compared with Task 3
	

	Significant FC
	
	Wilcoxon test
	

	
	Unimpaired group
	
	Stroke group
	

	
	median (IQR)
	p (Z)
	[bookmark: OLE_LINK15]Effect size (r)
	median (IQR)
	p (Z)
	Effect size (r)

	LPFC-LSMC
	task6: 0.83 (0.29)
task3: 0.58 (0.65)
	0.02 (3.13)＊
	0.71
	
	
	

	RPFC-LPSC
	task6: 0.74 (0.44)
task3: 0.34 (1.13)
	0.02 (3.09)＊
	0.69
	

	
	

	RPFC-LPMC
	task6: 0.71 (0.69)
task3: 0.04 (0.82)
	0.03 (2.91)＊
	0.65
	

	
	

	RPFC-RPMC
	task6: 0.68 (0.35)
task3: 0.10 (0.98)
	0.03 (3.13)＊
	0.70
	
	
	

	RPFC-RPSC
	task6: 0.71 (0.61)
task3: 0.48 (0.82)
	0.03 (2.99)＊
	0.67
	

	
	

	RPFC-RSAC
	task6: 0.63 (0.61)
task3: 0.00 (0.77)
	0.02 (3.47)＊
	0.77
	
	
	

	iPFC-iSAC
	

	
	
	task6: 0.77 (0.60)
task3: 0.74 (0.43)
	0.02 (3.42)＊
	0.83

	cPFC-iSAC
	
	
	
	task6: 0.66 (0.27)
task3: 0.27 (0.60)
	0.03 (3.24)＊
	0.75

	cPSC-cSAC
	
	
	
	task6: 0.91 (0.11)
task3: 0.64 (0.35)
	0.047 (2.85)＊
	0.67

	cSMC-iPMC
	
	
	
	task6: 0.85 (0.30)
task3: 0.76 (0.31)
	0.03 (3.07)＊
	0.72

	Significant EC (DIF)
	
	Paired samples t-test
	

	
	mean±SD
	p (t)
	Effect size (Cohen’s d)
	mean±SD
	p (t)
	Effect size (Cohen’s d)

	
	task6: 0.29±0.19
task3: -0.08±0.33
	0.04 (4.20)＊
	0.94
	
	
	

	
	task6: 0.02±0.39
task3: 0.38±0.25
	0.046 (3.87)＊
	0.86
	
	
	

	Notes: ＊: p ＜0.05, ＊＊: p ＜0.01; VME: voluntary motor effort; EC: Effective connectivity; DIF: Dominant Direction of Information Flow; FC: Functional connectivity; PFC: prefrontal cortex; SMC: supplementary motor cortex; PSC: primary somatosensory cortex, PMC: primary motor cortex, SAC: somatosensory association cortex; IQR: Interquartile range. vs.: versus; 
In each of the three contrasts (task4 vs. task1, task5 vs. task2, and task6 vs. task3), 45 functional connectivity and 90 effective connectivity statistical comparisons were performed. The table only reports the connections that reached statistical significance, while those not listed are results that did not reach the statistical significance.





Table 5. Results of Responses in the prefrontal and somatosensory cortex during VME
	Table 5.1 Significant changes in cortical activation

	[bookmark: _Hlk215836066]Unimpaired
	One sample t-test

	
	Task4
	Task5
	Task6

	
	mean±SD
(mmol/L)
	p (t)
	Effect size (Cohen’s d)
	mean±SD (mmol/L)
	p (t)
	Effect size (Cohen’s d)
	mean±SD (mmol/L)
	p (t)
	[bookmark: OLE_LINK135]Effect size (Cohen’s d)

	LPFC
	
	
	
	
	
	
	0.04±0.05
	0.01 (3.58)＊
	0.80

	RPFC
	0.02±0.02
	0.04 (3.29)＊
	0.73
	
	
	
	0.03±0.05
	0.02 (2.75)＊
	0.64

	LSMC
	
	
	
	
	
	
	0.02±0.03
	0.01 (3.28)＊
	0.73

	LPSC
	
	
	
	
	
	
	0.02±0.04
	0.02 (2.67)＊
	0.60

	RPSC
	
	
	
	
	
	
	0.04±0.05
	0.01 (3.24)＊
	0.72

	LPMC
	
	
	
	
	
	
	0.03±0.05
	0.02 (2.93)＊
	0.66

	RPMC
	
	
	
	
	
	
	0.03±0.04
	0.02 (3.02)＊
	0.68

	LSAC
	
	
	
	0.03±0.03
	0.03 (3.38)＊
	0.76
	0.01±0.03
	[bookmark: OLE_LINK13]0.04 (2.38)＊
	0.53

	Stroke

	cPSC
	[bookmark: OLE_LINK12]0.02±0.03
	[bookmark: OLE_LINK17]0.04 (3.32)＊
	0.78
	
	
	
	0.02±0.03
	0.04 (2.97)＊
	

	cSAC
	[bookmark: OLE_LINK11]0.02±0.03
	0.04 (3.03)＊
	0.71
	
	
	
	
	
	

	iSAC
	0.03±0.04
	0.01 (3.54)＊
	0.83
	0.03±0.03
	0.03 (3.42)＊
	0.81
	
	
	

	iPMC
	
	
	
	
	
	
	0.02±0.02
	0.04 (2.95)＊
	0.70

	Significant changes in cortical activation among tasks (Task4 vs.5 vs.6) 
(one-way repeated-measures ANOVA)

	Unimpaired 
	Mean ±SD (mmol/L)
	p (F)
	Effect size (η²ₚ)

	LPFC
	task 4: 0.01±0.03; task5: 0.00±0.03; task6: 0.04±0.04
	0.00 (8.45)
＊＊
	0.51

	LSMC
	task 4: 0.01±0.03; task5: -0.01±0.03; task6: 0.02±0.03
	0.04 (5.31)＊
	0.34

	LPMC
	task4: 0.01±0.03; task5: -0.01±0.03; task6: 0.03±0.04
	0.04 (4.65)＊ 
	0.54

	LPSC
	task4: -0.00±0.03; task5: 0.00±0.04; task6: 0.02±0.03
	0.04 (4.12)＊ 
	0.13

	Stroke
	
	
	
	

	Note: ＊: p ＜0.05, ＊＊: p ＜0.01; VME: voluntary motor effort.
[bookmark: OLE_LINK24]Cortical activation was examined using 10 one‑sample tests per group under each task. Additionally, the among tasks comparison included 10 cortical activations. The table reports the cortical activation of ROIs that reached statistical significance, while those not listed are results that did not reach the statistical significance.




Table 5.2 Significant changes in cortical connectivity and topological characteristics
	Significant changes in cortical connectivity compared stroke with unimpaired group

	[bookmark: _Hlk215836097]FC
	Task4
	Task5
	Task6

	
	Mann-Whitney U test

	
	median (IQR)
	p (Z)
	Effect size (r)
	median (IQR)
	p (Z)
	Effect size (r)
	median (IQR)
	p (r)
	Effect size (r)

	iPFC-iPSC
	[bookmark: OLE_LINK14]S:0.43(0.45)
U:0.77(0.42)
	0.01 (3.41)＊
	0.55
	
	
	
	
	
	

	iPFC-cPSC
	S:0.26(0.77)
U:0.62(0.60)
	0.03 (3.17)＊
	0.51
	
	
	
	
	
	

	iPFC-cSAC
	S:0.29(0.63)
U:0.76(0.48)
	0.01 (3.55)＊
	0.58
	
	
	
	
	
	

	iSMC-iPSC
	

	
	
	S: 0.59±0.54
U:0.90±0.53
	0.04 (3.14)＊
	0.51
	S: 0.84(0.36)
U:0.96(0.23)
	0.04 (3.32)＊
	0.54

	iSMC-iPMC
	
	
	
	S: 0.63±0.55
U: 0.92±0.13
	0.02 (3.49)＊
	0.57
	
	
	

	EC(DIF)
	Independent samples t-test

	
	mean±SD
	p (t)
	[bookmark: OLE_LINK141]Effect size (Cohen’s d)
	mean±SD
	p (t)
	Effect size (Cohen’s d)
	mean±SD
	p (t)
	Effect size (Cohen’s d)

	
	S:-0.05±0.23
U:0.18±0.13
	0.03 (3.75)＊
	1.25
	
	
	
	

	
	

	
	S:0.28±0.20
U:-0.05±0.34
	0.04 (3.47)＊
	1.15
	
	
	
	
	
	

	
	S:0.21±0.14
U:-0.10±0.34
	0.03
(3.58)＊
	1.19
	
	
	
	
	
	

	
	
	
	
	S:-0.11±0.35
U:0.26±0.29
	0.04 (3.89)＊
	1.30
	

	
	

	
	
	
	
	S:0.36±0.22
U:0.02±0.31
	0.04 (3.72)＊
	1.24
	
	
	

	
	
	
	
	S:0.29±0.16
U:-0.04±0.38
	0.048 (3.40)＊
	1.13
	
	
	

	
	
	
	
	
	
	
	S:0.31±0.21
U:-0.04±0.33
	0.049 (3.79)＊
	1.26

	Significant changes in topological characteristics compared stroke with unimpaired group

	NLe
	Task4
	Task5
	Task6

	
	Mann-Whitney U test

	
	median (IQR)
	p (Z)
	[bookmark: OLE_LINK142]Effect size (r)
	median (IQR)
	p (r)
	Effect size (r)
	median (IQR)
	p (r)
	Effect size (r)

	iPMC
	S:0.91(0.17)
U:0.80(0.44)
	0.02 (3.14)＊
	0.51
	
	
	
	
	
	

	cPMC
	S:0.93(0.22)
U:0.75(0.93)
	0.03 (2.74)＊
	0.45
	
	
	
	
	
	

	Dc
	Independent samples t-test

	
	mean±SD
	p(t)
	Effect size (Cohen’s d)
	mean±SD
	p(t)
	Effect size (Cohen’s d)
	mean±SD
	p(t)
	Effect size (Cohen’s d)

	iSMC
	
	
	
	S: 3.33±1.73
U: 4.80±1.16
	0.04(3.00)＊
	1.00
	
	
	

	cSAC
	
	
	
	S: 5.17±1.07
U:3.90±1.61
	0.04(2.75)＊
	0.89
	
	
	

	[bookmark: OLE_LINK20]Note: ＊: p ＜0.05, ＊＊: p ＜0.01; IQR: Interquartile range; S: stroke group; U: unimpaired group.
The stroke–unimpaired comparison included 45 functional connectivity, 90 effective connectivity, 10 NLe, 10 Dc comparisons, 1 Eg and 1 CC. Significant results from these analyses are presented in the table, while those not listed are results that did not reach the statistical significance.





Table 6 Results of cortical sensitivity to somatosensory stimulation
	Table 6.1 Significant differences in cortical activation

	[bookmark: _Hlk215836331]One-sample t-test

	Unimpaired
	Task1
	
	Task2
	
	Task3
	

	
	mean±SD
(mmol/L)
	p (t)
	Effect size (Cohen’s d)
	mean±SD
(mmol/L)
	p (t)
	Effect size (Cohen’s d)
	mean±SD
(mmol/L)
	p (t)
	Effect size (Cohen’s d)

	LPFC
	0.01±0.02
	0.02 (2.53)＊
	0.57
	
	
	
	0.02±0.04
	0.02 (2.65)＊
	0.59

	RPFC
	
	
	
	
	
	
	0.03±0.03
	0.00 (4.30)＊
	0.96

	LSMC
	
	
	
	
	
	
	0.02±0.03
	0.03 (2.61)＊
	0.58

	RSMC
	
	
	
	
	
	
	0.03±0.01
	0.01 (3.77)＊
	0.84

	LPSC
	0.01±0.03
	0.03 (2.37)＊
	0.51
	
	
	
	0.03±0.03
	0.01 (3.11)＊
	0.69

	LPMC
	0.01±0.02
	0.01 (2.74)＊
	0.61
	
	
	
	0.02±0.03
	0.01 (3.34)＊
	0.75

	RPMC
	
	
	
	
	
	
	0.02±0.03
	0.01 (2.99)＊
	0.67

	LSAC
	
	
	
	
	
	
	0.02±0.04
	0.03 (2.39)＊
	0.53

	Stroke

	iSMC
	0.01±0.02
	0.03 (3.47)＊
	0.81
	0.02±0.02
	0.02(3.50)＊
	0.82
	0.02±0.02
	0.01 (3.67)＊
	0.86

	cPSC
	
	
	
	
	
	
	0.01±0.02
	0.04 (2.66)＊
	0.63

	iPMC
	0.01±0.02
	0.04 (3.03)＊
	0.71
	
	
	
	
	
	

	iSAC
	
	
	
	
	
	
	0.02±0.02
	0.01 (3.62)＊
	0.85

	cSAC
	
	
	
	
	
	
	0.01±0.01
	0.03 (3.04)＊
	0.72

	
MS vs. NMES vs. MS and NMES (among Task 1, 2 and 3)
(one-way repeated-measures ANOVA)

	Unimpaired
	
	mean±SD (mmol/L)
	
	p (F)
	[bookmark: OLE_LINK147]Effect size (η²ₚ)
	

	RSMC
	
	task1:0.01±0.03; task2:0.00±0.03; task3:0.03±0.01
	
	0.048 (4.71)＊
	0.20
	

	LPSC
	
	task1:0.01±0.03; task2:0.00±0.03; task3:0.03±0.03
	
	0.04 (5.75)＊
	0.23
	

	RPMC
	
	task1:0.01±0.02; task2:-0.01±0.03; task3:0.02±0.03
	
	0.04 (5.45)＊
	0.22
	

	LPMC
	
	task1:0.01±0.02; task2:-0.00±0.03; task3:0.02±0.03
	
	0.04 (5.39) ＊
	0.22
	

	Stroke

	
	
	
	
	
	
	

	[bookmark: OLE_LINK22]Note: ＊: p ＜0.05, ＊＊: p ＜0.01; MS: mechanical stimulation; NMES: neuromuscular electrical stimulation.
Cortical activation was examined using 10 one‑sample tests per group under each task. Additionally, the among tasks comparison included 10 cortical activations. The table reports the cortical activation of ROIs that reached statistical significance, while those not listed are results that did not reach the statistical significance.





Table 6.2 Significant differences in cortical connectivity and Topological characteristics
	[bookmark: _Hlk214822708][bookmark: _Hlk215480273]Significant differences in effective connectivity
(one-way repeated-measures ANOVA)

	Unimpaired 
	mean±SD
	p (F)
	Effect size (η²ₚ)

	
	task1:-0.09±0.36; task2:-0.16±0.32;task3: 0.21±0.20
	0.03(9.71)＊
	0.47

	
	task1:-0.18±0.33; task2:0.06±0.24;task3: 0.21±0.32 
	0.03(8.49)＊
	0.49

	
	task1:-0.08±0.34; task2:-0.07±0.31;task3: 0.27±0.28
	0.03(7.86)＊
	0.53

	
	task1:-0.21±0.28; task2:-0.13±0.39;task3: 0.16±0.30 
	0.02(8.72)＊
	0.34

	
	task1:-0.01±0.34; task2:0.08±0.37;task3: 0.32±0.22 
	0.04(6.94)＊
	0.31

	
	task1:0.01±0.40; task2:0.05±0.31;task3: 0.34±0.31
	0.04(7.12)＊
	0.29

	Stroke
	
	
	

	
	task1:-0.01±0.21; task2:0.09±0.41;task3: 0.36±0.17
	0.04(9.76)＊
	0.37

	Significant differences in Topological characteristics 
(one-way repeated-measures ANOVA)

	Unimpaired 
	median (IQR)
	p (χ²)
	Effect size (Kendall's W)

	NLe_LPSC
	task1:0.79 (0.33); task2: 0.87 (0.13); task3: 0.90 (0.17)
	0.03 (11.42)＊
	0.29

	[bookmark: OLE_LINK21]Note: ＊: p ＜0.05, ＊＊: p ＜0.01; IQR: Interquartile range;
[bookmark: _GoBack]The among tasks comparison included 45 functional connectivity, 90 effective connectivity, 10 NLe, 10 Dc, 1 Eg, and 1 CC. Significant results from these analyses are presented in the table, while those not listed are results that did not reach the statistical significance.



