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[bookmark: _Hlk219797875]Analysis of taVNS Effects on Baroreflex Sensitivity and 
Autonomic Nervous System Regulation During Head-up Tilt Test
Geonhee Lee, Donghun Kang, Jiseok Lee, Jongshill Lee, Jeyeon Lee, and In Young Kim
This Supplementary Information presents detailed descriptive, secondary, sensitivity, and exploratory analyses. Detailed HRV results, including pre-stimulation and within-condition pre-to-post comparisons, are provided here. The primary treatment-specific BRS analysis is presented in the main manuscript, whereas the within-visit BRS comparisons reported there are descriptive. FDR-adjusted p-values are reported throughout, and all tests were two-sided.

Supplementary statistical methods
For paired comparisons, normality of the within-participant differences was assessed using the Shapiro–Wilk test, and paired t-tests or Wilcoxon signed-rank tests were applied as appropriate. Descriptive values are presented as mean ± SD. Direct crossover mixed-effects models included Condition (taVNS vs. sham; sham reference), Time (pre- vs. post-stimulation; pre reference), Condition × Time, Period (first vs. second intervention period), and Sequence (taVNS-first vs. sham-first), with participant as a random intercept. HRV, hemodynamic, and respiratory models additionally included analysis segment and the Condition × Time × analysis-segment interaction. Wald tests and model-based 95% confidence intervals are reported. Baseline-adjusted BRS models used post-stimulation BRS as the outcome and included the corresponding pre-stimulation BRS as a covariate. Respiratory rate was analyzed using synchronized recordings. Sex and baseline-dependency analyses were exploratory, and isolated findings were not interpreted as confirmatory. BH-FDR correction was applied within each corresponding outcome family. Unless otherwise specified, all reported p-values are FDR-adjusted.

[bookmark: _Hlk239318290]Table S1. Comparison of pre-stimulation BRS between the taVNS and sham sessions. Values are presented as mean ± SD (ms/mmHg).
	[bookmark: _Hlk239319017][bookmark: _Hlk239319673]Parameters
	Pre-taVNS
	Pre-sham
	p-value

	Up-slope
	[bookmark: _Hlk239318213]9.59 ± 2.94
	12.18 ± 4.70
	0.004

	Down-slope
	9.28 ± 3.57
	12.16 ± 4.13
	0.002

	All-slope
	9.43 ± 3.11
	12.17 ± 4.19
	0.002



Table S2. Baseline-adjusted comparison of post-stimulation BRS between the taVNS and sham sessions. The condition coefficient represents the adjusted between-session difference in post-stimulation BRS. Models included the corresponding pre-session BRS, Period, and Sequence, with participant included as a random intercept. This analysis was performed as a sensitivity analysis to address the pre-stimulation BRS imbalance shown in Table S1.
	Parameters
	Adjusted difference in post-stimulation BRS (taVNS relative to sham), ms/mmHg
	95% CI
	p-value

	[bookmark: _Hlk239320437]Up-slope
	0.69
	-1.82 to 3.20
	0.590

	Down-slope
	0.53
	-1.39 to 2.45
	0.590

	All-slope
	0.85
	-1.20 to 2.90
	0.590



Table S3. Comparison of Pre-stimulation S-baseline HRV Between the taVNS and Sham Conditions
	[bookmark: _Hlk216086900]Parameters
	Pre-taVNS S-baseline
	Pre-sham S-baseline
	p-value

	
	Mean
	SD
	Mean
	SD
	

	[bookmark: _Hlk239313246]SDNN
	49.85
	18.23
	55.77
	22.64
	0.328

	Mean HR
	70.72
	7.92
	69.34
	8.94
	0.377

	RMSSD
	37.07
	17.72
	44.38
	20.89
	0.101

	pNN30
	36.14
	19.92
	42.06
	21.45
	0.112

	pNN50
	16.77
	15.90
	22.39
	18.51
	0.143

	LF
	3525.04
	2376.18
	4761.75
	4933.88
	0.470

	HF
	2469.57
	2584.75
	3289.28
	2896.17
	0.163

	LF/HF ratio
	2.02
	1.87
	1.61
	1.02
	0.305




[bookmark: _Hlk239326785]Table S4. Overall and analysis-segment-specific differences in pre-to-post HRV changes between the taVNS and sham sessions. The overall effect represents the between-condition difference in pre-to-post change averaged across S-baseline, early-tilt, late-tilt, and recovery. Effects are reported in the units shown. The final column tests whether the between-condition difference varies across the four analysis segments. Positive values indicate a greater pre-to-post change in the taVNS session than in the sham session.
	Parameters
	Overall difference in pre-to-post change
	95% CI
	p-value
	Condition × Time × Analysis segment
interaction , χ² (df), p-value

	[bookmark: _Hlk239320427]SDNN, ms
	6.92
	1.55 to 12.29
	0.046
	[bookmark: _Hlk241042735]2.37 (3), p = 0.906

	Mean HR, bpm
	-1.35
	-3.22 to 0.51
	0.311
	0.56 (3), p = 0.906

	RMSSD, ms
	3.20
	-2.46 to 8.86
	0.358
	0.95 (3), p = 0.906

	pNN30, %
	6.83
	2.47 to 11.18
	0.017
	1.49 (3), p = 0.906

	pNN50, %
	3.71
	0.04 to 7.37
	0.126
	5.89 (3), p = 0.906

	LF, ms²
	477.30
	-599.89 to 1554.48
	0.385
	0.75 (3), p = 0.906

	HF, ms²
	414.39
	-448.08 to 1276.86
	0.385
	2.57 (3), p = 0.906

	LF/HF ratio
	-0.36
	-0.95 to 0.23
	0.358
	1.16 (3), p = 0.906





[bookmark: _Hlk239326817]Table S5. Differences in pre-to-post HRV changes between the taVNS and sham sessions across the four analysis segments. Differences in change represent the between-condition contrasts in pre-to-post change. These secondary contrasts should be interpreted together with the overall tests in Table S4.
	Parameters
	Analysis segment
	Difference in pre-to-post change
	95% CI
	p-value

	SDNN, ms
	S-baseline
	8.96
	-3.06 to 20.99
	0.461

	
	Early-tilt
	8.18
	-0.31 to 16.68
	0.353

	
	Late-tilt
	-0.21
	-8.32 to 7.90
	0.960

	
	Recovery
	10.75
	-0.72 to 22.21
	0.353

	Mean HR, bpm
	S-baseline
	-2.55
	-5.79 to 0.68
	0.461

	
	Early-tilt
	-0.80
	-4.81 to 3.21
	0.895

	
	Late-tilt
	-1.23
	-5.33 to 2.87
	0.865

	
	Recovery
	-0.83
	-4.15 to 2.48
	0.865

	RMSSD, ms
	S-baseline
	6.47
	-4.58 to 17.53
	0.624

	
	Early-tilt
	0.59
	-4.78 to 5.96
	0.914

	
	Late-tilt
	0.23
	-5.58 to 6.03
	0.960

	
	Recovery
	5.49
	-11.11 to 22.10
	0.865

	pNN30, %
	S-baseline
	8.96
	-0.15 to 18.07
	0.353

	
	Early-tilt
	4.05
	-2.70 to 10.81
	0.624

	
	Late-tilt
	4.22
	-3.02 to 11.47
	0.624

	
	Recovery
	10.06
	2.47 to 17.66
	0.301

	pNN50, %
	S-baseline
	8.12
	0.20 to 16.05
	0.353

	
	Early-tilt
	-0.49
	-4.46 to 3.49
	0.914

	
	Late-tilt
	-1.16
	-5.71 to 3.39
	0.865

	
	Recovery
	8.36
	0.59 to 16.12
	0.353

	[bookmark: _Hlk239319370]LF, ms²
	S-baseline
	882.78
	-1366.99 to 3132.55
	0.865

	
	Early-tilt
	539.20
	-1041.07 to 2119.47
	0.865

	
	Late-tilt
	-317.49
	-2102.54 to 1467.56
	0.895

	
	Recovery
	804.69
	-1708.56 to 3317.95
	0.865

	HF, ms²
	S-baseline
	513.42
	-1511.00 to 2537.84
	0.865

	
	Early-tilt
	-154.24
	-1145.42 to 836.95
	0.901

	
	Late-tilt
	-230.12
	-1014.57 to 554.34
	0.865

	
	Recovery
	1528.50
	-483.25 to 3540.26
	0.461

	LF/HF ratio
	S-baseline
	-0.61
	-1.29 to 0.08
	0.376

	
	Early-tilt
	0.06
	-1.33 to 1.44
	0.960

	
	Late-tilt
	-0.74
	-2.10 to 0.62
	0.654

	
	Recovery
	-0.15
	-0.93 to 0.64
	0.895





[bookmark: _Hlk239328770]Table S6. Comparisons of HRV from Pre- to Post-taVNS Across the Four Analysis Segments
	[bookmark: _Hlk239331760]Analysis
segment
	Parameters
	Pre-taVNS
	Post-taVNS
	p-value

	
	
	Mean
	SD
	Mean
	SD
	

	[bookmark: _Hlk239313547]S-baseline
	SDNN
	49.85
	18.23
	65.45
	28.75
	0.007

	
	Mean HR
	70.72
	7.92
	65.23
	5.66
	[bookmark: _Hlk239406403]< 0.001

	
	RMSSD
	37.07
	17.72
	51.33
	20.66
	0.004

	
	pNN30
	36.14
	19.92
	51.13
	18.96
	0.006

	
	pNN50 
	16.77
	15.90
	29.88
	17.66
	0.004

	
	LF
	3525.04
	2376.18
	5009.67
	4033.60
	0.342

	
	HF
	2469.57
	2584.75
	4647.38
	3488.43
	0.004

	
	LF/HF ratio
	2.02
	1.87
	1.31
	0.91
	0.014

	Early-tilt
	SDNN
	52.84
	12.00
	65.61
	16.81
	< 0.001

	
	Mean HR
	83.51
	9.57
	78.39
	7.75
	< 0.001

	
	RMSSD
	21.38
	7.81
	26.72
	8.77
	< 0.001

	
	pNN30
	14.03
	11.38
	21.25
	12.23
	0.007

	
	pNN50 
	4.23
	4.92
	7.11
	6.06
	0.012

	
	LF
	2883.04
	1477.37
	5027.09
	3564.67
	< 0.001

	
	HF
	761.54
	600.98
	1392.08
	1864.35
	0.003

	
	LF/HF ratio
	4.92
	3.00
	5.10
	3.11
	0.881

	Late-tilt
	SDNN
	42.06
	10.70
	48.05
	12.68
	0.041

	
	Mean HR
	83.64
	9.79
	78.71
	8.04
	< 0.001

	
	RMSSD
	20.36
	7.08
	24.54
	7.47
	0.003

	
	pNN30
	13.99
	11.04
	20.88
	12.96
	0.007

	
	pNN50 
	3.33
	4.30
	5.71
	5.32
	0.017

	
	LF
	2869.54
	1660.98
	3393.09
	1584.69
	0.101

	
	HF
	726.74
	528.87
	1065.63
	631.20
	0.007

	
	LF/HF ratio
	5.22
	3.06
	4.06
	2.55
	0.011

	Recovery
	SDNN
	53.48
	20.72
	66.66
	23.49
	0.004

	
	Mean HR
	68.78
	7.75
	65.83
	7.41
	0.003

	
	RMSSD
	40.63
	17.55
	51.06
	22.07
	0.006

	
	pNN30
	41.19
	20.72
	49.38
	18.73
	0.007

	
	pNN50 
	20.73
	16.75
	28.40
	17.21
	0.012

	
	LF
	4261.65
	4316.77
	5278.04
	3489.45
	0.020

	
	HF
	2654.83
	2072.13
	4448.16
	3831.88
	0.002

	
	LF/HF ratio
	1.81
	1.36
	1.61
	1.42
	0.440



Table S7. Comparisons of HRV from Pre- to Post-sham Across the Four Analysis Segments
	Analysis
segment
	Parameters
	Pre-sham
	Post-sham
	p-value

	
	
	Mean
	SD
	Mean
	SD
	

	S-baseline
	SDNN
	55.77
	22.64
	62.41
	23.21
	0.160

	
	Mean HR
	69.34
	8.94
	66.40
	8.32
	0.008

	
	RMSSD
	44.38
	20.89
	52.16
	26.72
	0.234

	
	pNN30
	42.06
	21.45
	48.09
	19.07
	0.166

	
	pNN50 
	22.39
	18.51
	27.38
	18.68
	0.169

	
	LF
	4761.75
	4933.88
	5363.60
	4474.74
	0.207

	
	HF
	3289.28
	2896.17
	4953.67
	5257.23
	0.246

	
	LF/HF ratio
	1.61
	1.02
	1.51
	0.91
	0.881

	Early-tilt
	SDNN
	60.09
	19.13
	64.68
	16.36
	0.160

	
	Mean HR
	81.77
	9.91
	77.45
	9.28
	0.002

	
	RMSSD
	25.65
	8.77
	30.40
	14.26
	0.059

	
	pNN30
	19.88
	11.94
	23.05
	15.45
	0.051

	
	pNN50 
	6.21
	6.23
	9.58
	11.26
	0.314

	
	LF
	3194.40
	2042.01
	4799.26
	3480.73
	0.008

	
	HF
	1125.69
	832.36
	1910.46
	2427.40
	0.337

	
	LF/HF ratio
	3.49
	2.38
	3.61
	1.98
	0.440

	Late-tilt
	SDNN
	47.68
	15.23
	53.89
	23.89
	0.052

	
	Mean HR
	81.81
	10.41
	78.10
	10.47
	0.028

	
	RMSSD
	24.65
	8.09
	28.60
	16.98
	0.314

	
	pNN30
	20.36
	12.62
	23.03
	18.68
	0.330

	
	pNN50 
	5.81
	6.00
	9.35
	13.75
	0.551

	
	LF
	3710.91
	3080.00
	4551.95
	5362.91
	0.789

	
	HF
	1154.42
	843.62
	1723.43
	2351.56
	0.357

	
	LF/HF ratio
	3.95
	2.66
	3.53
	2.21
	0.475

	Recovery
	SDNN
	65.53
	18.62
	67.97
	26.38
	0.545

	
	Mean HR
	67.18
	8.66
	65.06
	8.26
	0.122

	
	RMSSD
	54.97
	22.87
	59.91
	46.75
	0.867

	
	pNN30
	52.11
	19.81
	50.24
	22.36
	0.848

	
	pNN50 
	31.49
	18.40
	30.80
	22.07
	0.719

	
	LF
	5449.60
	3447.79
	5661.29
	6801.28
	0.770

	
	HF
	4901.47
	4153.25
	5166.30
	5767.14
	0.848

	
	LF/HF ratio
	1.70
	1.70
	1.64
	1.47
	0.881




Table S8. Hemodynamic responses during HUTT before and after taVNS and sham. Table S8A presents mean ± SD values across the four analysis segments. Table S8B presents the overall effect of analysis segment and tests whether the between-condition difference in pre-to-post response varies across these segments.
[bookmark: _Hlk239326874]Table S8A. Hemodynamic values by assessment and analysis segment
	Assessment
	Analysis segment
	SBP, mmHg
	DBP, mmHg
	MAP, mmHg
	HR, bpm

	Pre-taVNS
	S-baseline
	103.67 ± 10.36
	67.12 ± 9.51
	81.83 ± 10.11
	70.71 ± 7.91

	
	Early-tilt
	113.99 ± 8.50
	79.62 ± 8.56
	93.36 ± 8.59
	83.50 ± 9.56

	
	Late-tilt
	115.61 ± 8.36
	78.74 ± 8.16
	93.57 ± 8.27
	83.64 ± 9.78

	
	Recovery
	104.73 ± 7.61
	65.03 ± 7.84
	80.92 ± 7.70
	68.77 ± 7.72

	Post-taVNS
	S-baseline
	98.47 ± 10.48
	63.34 ± 8.29
	78.00 ± 8.81
	65.21 ± 5.68

	
	Early-tilt
	109.56 ± 8.59
	78.11 ± 9.06
	91.16 ± 8.36
	78.37 ± 7.74

	
	Late-tilt
	112.09 ± 8.64
	76.91 ± 8.82
	91.48 ± 8.45
	78.71 ± 8.01

	
	Recovery
	101.56 ± 8.60
	63.51 ± 7.08
	79.46 ± 7.70
	65.86 ± 7.42

	Pre-sham
	S-baseline
	97.45 ± 9.87
	61.49 ± 10.54
	76.02 ± 10.20
	69.28 ± 8.91

	
	Early-tilt
	107.27 ± 9.99
	75.57 ± 9.17
	88.48 ± 9.42
	81.76 ± 9.86

	
	Late-tilt
	108.93 ± 10.01
	74.48 ± 8.01
	88.52 ± 8.61
	81.82 ± 10.41

	
	Recovery
	100.29 ± 8.38
	61.89 ± 8.01
	77.61 ± 7.75
	67.23 ± 8.71

	Post-sham
	S-baseline
	100.50 ± 10.97
	65.29 ± 10.66
	79.75 ± 10.50
	66.64 ± 8.87

	
	Early-tilt
	112.96 ± 11.30
	80.22 ± 10.50
	93.55 ± 10.75
	77.45 ± 9.28

	
	Late-tilt
	114.53 ± 7.54
	78.72 ± 7.69
	93.35 ± 7.38
	78.11 ± 10.44

	
	Recovery
	102.53 ± 9.55
	64.24 ± 9.19
	79.94 ± 9.08
	65.04 ± 8.28


[bookmark: _Hlk239326879]Table S8B. Analysis-segment and intervention-response tests
	Measure
	[bookmark: _Hlk239327492]Effect of analysis segment,
χ² (df), p-value
	[bookmark: _Hlk239363559]Condition × Time × Analysis segment interaction,
χ² (df), p-value

	SBP
	52.46 (3), p < 0.001
	[bookmark: _Hlk241042813]1.78 (3), p = 0.849

	DBP
	131.43 (3), p < 0.001
	1.29 (3), p = 0.849

	MAP
	95.30 (3), p < 0.001
	1.59 (3), p = 0.849

	HR
	200.54 (3), p < 0.001
	0.80 (3), p = 0.849





Table S9. Respiratory-rate responses during HUTT before and after taVNS and sham. Tidal volume was not measured; therefore, residual respiratory influences on frequency-domain HRV cannot be excluded.
Table S9A. Respiratory-rate values by assessment and analysis segment
	Assessment
	Analysis segment
	Mean ± SD, breaths/min

	Pre-taVNS
	S-baseline
	16.64 ± 3.37

	
	Early-tilt
	15.55 ± 2.45

	
	Late-tilt
	15.86 ± 3.05

	
	Recovery
	17.18 ± 3.28

	Post-taVNS
	S-baseline
	16.29 ± 4.11

	
	Early-tilt
	14.09 ± 2.94

	
	Late-tilt
	15.50 ± 2.75

	
	Recovery
	17.04 ± 3.22

	Pre-sham
	S-baseline
	17.41 ± 3.23

	
	Early-tilt
	15.55 ± 3.45

	
	Late-tilt
	16.34 ± 3.61

	
	Recovery
	18.10 ± 3.03

	Post-sham
	S-baseline
	16.69 ± 4.11

	
	Early-tilt
	14.71 ± 3.75

	
	Late-tilt
	15.87 ± 3.52

	
	Recovery
	16.74 ± 3.15


Table S9B. Analysis-segment and intervention-response tests
	Model effect
	χ²
	df
	p-value

	Analysis segment
	18.21
	3
	< 0.001

	Condition × Time × Analysis segment interaction
	3.66
	3
	0.300





Table S10. Exploratory sex differences in BRS and HRV responses. For BRS, the test evaluates whether the between-condition difference in pre-to-post change varies by sex. For HRV, the test evaluates whether this sex-related variation in the between-condition response differs across the four analysis segments (S-baseline, early-tilt, late-tilt, and recovery). These exploratory analyses were not powered to establish sex-specific differences or equivalence between sexes.
Table S10A. Exploratory sex-related variation in BRS responses
	[bookmark: _Hlk239363951][bookmark: _Hlk239320596]Parameters
	[bookmark: _Hlk239363896]Condition × Time × Sex interaction, χ² (df), p-value

	BRS
	[bookmark: _Hlk239364092]Up-slope, ms/mmHg
	0.16 (1), p = 0.693

	
	Down-slope, ms/mmHg
	0.90 (1), p = 0.693

	
	All-slope, ms/mmHg
	0.49 (1), p = 0.693


Table S10B. Exploratory sex-related variation in HRV responses
	Parameters
	Condition × Time × Sex × Analysis segment interaction, χ² (df), p-value

	HRV
	SDNN, ms
	[bookmark: _Hlk241042868]2.76 (3), p = 0.984

	
	Mean HR, bpm
	0.16 (3), p = 0.984

	
	RMSSD, ms
	1.85 (3), p = 0.984

	
	pNN30, %
	2.97 (3), p = 0.984

	
	pNN50, %
	1.18 (3), p = 0.984

	
	LF, ms²
	2.77 (3), p = 0.984

	
	HF, ms²
	0.26 (3), p = 0.984

	
	LF/HF ratio
	1.23 (3), p = 0.984





Table S11. Exploratory associations between baseline autonomic measures and intervention-related changes. Change was defined as the difference between post- and pre-stimulation values. Models included Baseline, Condition, Baseline × Condition, Period, and Sequence, with participant included as a random intercept. The estimate represents the between-condition difference in the association between baseline values and pre-to-post changes. Positive estimates indicate a more positive baseline–change association in the taVNS session relative to the sham session. Because baseline values contribute to the calculated changes, these exploratory associations may be influenced by mathematical coupling or regression to the mean and should not be interpreted as validated predictors of taVNS responsiveness. Isolated significant findings should therefore be considered hypothesis generating rather than confirmatory.
	Parameters
	Baseline × Condition interaction
	95% CI
	p-value

	BRS
	Up-slope, ms/mmHg
	-0.30
	-1.03 to 0.44
	0.744

	
	Down-slope, ms/mmHg
	-0.01
	-0.53 to 0.50
	0.960

	
	All-slope, ms/mmHg
	-0.21
	-0.80 to 0.39
	0.744

	HRV
	SDNN, ms
	0.08
	-0.44 to 0.61
	0.872

	
	Mean HR, bpm
	-0.29
	-0.58 to -0.01
	0.185

	
	RMSSD, ms
	-0.21
	-0.72 to 0.30
	0.561

	
	pNN30, %
	-0.32
	-0.68 to 0.04
	0.221

	
	pNN50, %
	-0.29
	-0.69 to 0.11
	0.321

	
	LF, ms²
	-0.25
	-0.84 to 0.35
	0.561

	
	HF, ms²
	0.05
	-0.66 to 0.75
	0.901

	
	LF/HF ratio
	-0.59
	-0.83 to -0.34
	< 0.001





[image: ]
[image: ]
[bookmark: _Hlk239327024]Figure S1. Sex-coded exploratory associations between baseline values and within-taVNS changes. Individual data points show the association between pre-taVNS values and pre-to-post changes. The upper panels present S-baseline HRV measures, whereas the lower panels present tilt-phase BRS measures. Male participants are shown as blue circles and female participants as orange circles. The red dashed line indicates the pooled ordinary least-squares regression line, and the horizontal gray line indicates no within-taVNS change. R2 and p-values are derived from the pooled exploratory model. Sex-specific regression lines were not fitted or interpreted because the study was not powered for sex-stratified regression analyses. Each panel includes data from 32 participants (17 female and 15 male). As with the corresponding baseline–change analyses, these associations may be influenced by mathematical coupling or regression to the mean and should be interpreted as exploratory.
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