Reduced sensorimotor lactate concentration and improved sleep efficiency following resistance training in older adults
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Supplementary material
Participants
Twenty volunteers aged 66 to 79 years were recruited through newspaper advertisements and a subsequent information session. Included participants were free of any known neurological and orthopaedic diseases or injuries and contradictions to MRS measurements. Participants were financially compensated in accordance with the guidelines of the ethics commission. Two participants dropped out before POST tests due to injuries.
Balance training 
[bookmark: _Hlk198635045]Eighteen participants (10 females, 71.2 ± 4.1 years old) completed three supervised group training sessions each week over a 12-week period, resulting in a minimum of 30 sessions. The structure of the balance program followed the recommendations of Lesinski et al. [1], whose meta-analysis indicated that the most substantial improvements in balance among adults aged 65 years and older occur with training durations of 11-12 weeks, a frequency of three sessions per week, and session lengths of 31-45 minutes.
In our study, each training session lasted one hour and consisted of a warm-up, a 45-minute main segment with various balance exercises, and a cool-down. Example exercises included single-leg stance on mobile or uneven surfaces, standing or walking on narrow bases of support, and maintaining stability on wobble boards. The difficulty of the exercises was progressively increased, whenever possible, activities were presented in a playful format. Exercises were modified where needed to provide additional support for easier execution or, alternatively, made more challenging by narrowing the base of support or incorporating a secondary task, such as catching and throwing a ball with a partner.
Balance performance assessment: sway area on wobble board
To evaluate balance performance, participants stood on a wobble board with both feet placed on the surface and their hands positioned on their hips. The wobble boards featured a rounded bottom to crease instability, and participants were instructed to maintain the most stable position possible for 20 seconds. Each wobble board was positioned on a force plate (508 x 464 mm; OR 6-7, Advanced Mechanical Technology Inc., Watertown, MA, USA) to record centre of pressure (COP) displacement. Force plate data were sampled at 4 kHz and amplified 4000-fold. The assessment included four difficulty levels that progressively reduced the base of support. Before each level, participants were given time to find a stable stance and perform a familiarization trial. They then completed two 20-second trials at the easiest level. If at least one trial was performed without toughing the safety rail, they advanced to the next level, again completing a familiarization trial followed by two recorded attempts. Data processing was performed in MATLAB (Version 2012b, The MathWorks, Inc.). Sway area was calculated as the area of the smallest ellipse enclosing 95% of the COP data points, using the formula:
Area = π × 2.4478 × √(eigenvalues of the COP covariance matrix)
Smaller sway area reflects better balance control. This measure has been used previously as an indicator of postural stability [2]. For both the PRE and POST assessments, the mean sway area (cm2) was computed from the two trials completed at the highest wobble board level achieved during PRE testing.
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Figure S1. Representative LCModel fit for MRS spectra




Supplementary Tables
Table S1. Analyzable sample size by outcome, group, and reasons for exclusion

	Parameter
	Group
	N randomized
	N completed PRE/POST
	N excluded
	Reason for exclusion
	N analyzed

	RTD
	RT
	20
	18
	4
	Changed technique from pre to post (countermovement, upper body movement)
	14

	RTD
	CON
	20
	18
	2
	Changed technique from pre to post (countermovement, upper body movement)
	16

	Lactate
	RT
	20
	18
	6
	Absent from MRS session (n=2), CRLB > 30% (n=4)
	12

	Lactate
	CON
	20
	18
	6
	Heavy head motion (n=1), absent from MRS session (n=1), CRLB > 30% (n=4)
	12

	NAA
	RT
	20
	18
	2
	absent from MRS session (n=2)
	16

	NAA
	CON
	20
	18
	2
	Heavy head motion (n=1), absent from MRS session (n=1)
	16

	Objective sleep
	RT
	20
	18
	1
	Lost electrodes during recording
	17

	Objective sleep
	CON
	20
	18
	1
	Lost electrodes during recording
	17

	SF-A/R
	RT
	20
	18
	6
	Incomplete paper questionnaire
	12

	SF-A/R
	CON
	20
	18
	5
	Incomplete paper questionnaire
	13

	PSQI
	RT
	20
	18
	0
	NA
	18

	PSQI
	CON
	20
	18
	0
	NA
	18


Note: CON, control group; RT, resistance training group; RTD, rate of torque development; NAA, N-acetylaspartate; SF-A/R, one-night subjective sleep quality questionnaire; PSQI, Pittsburgh Sleep Quality Index.




Supplementary Table S2. Within-group time differences and between-group baseline differences
	
Parameter
	RT 
Mean Difference
	RT 
paired t-test
	CON 
Mean Difference
	CON 
paired t-test
	Baseline
(RT-CON)
unpaired
t-test

	RTDt
(Nm/s)
	21.11 ± 35.19
	t(13) = 2.75, pbonf = .034, d = 0.73 [0.13; 1.32]
	-14.78 ± 25.68
	t(15) = -1.90, pbonf = .152, d = -0.48 [-0.99; 0.05]
	Δ = 25.19
p = .557

	Lactate
(mmol/L)
	-0.36 ± 0.46
	t(11) = -2.70, pbonf = .042, d = -0.78 [-1.42; -0.11]
	0.06 ± 0.42
	t(11) = 0.49, pbonf = .99, d = 0.14 
[-0.43; 0.71]
	Δ = 0.30
p = .102

	NAAt
(mmol/L)
	0.11 ± 0.78
	t(15) = -0.59, pbonf = .99, d = -0.15 
[-0.64; 0.35]
	-0.22 ± 0.68
	t(15) = 1.54, pbonf = .290, d = 0.38 
[ -0.13; 0.89]
	Δ = -0.40
p = .037

	SOLt
(min)
	-1.29 ± 17.83
	t(16) = -0.58, pbonf = .99, d = -0.14 
[-0.62; 0.34]
	-10.82 ± 24.35
	t(16) = -1.49, pbonf = .310, d = -0.36 [-0.85; 0.13]
	Δ = -12.53
p = .212

	WASOt
(%)
	-6.45 ± 10.34
	t(16) = 3.02, pbonf = .016, d = 0.73 [0.19; 1.26]
	0.87 ± 11.03
	t(16) = -0.04, pbonf = .99, d < 0.01 
[-0.48; 0.47]
	Δ = 4.74
p = .125

	N1
(%)
	0.13 ± 2.07
	t(16) = 0.25, pbonf = .99, d = 0.06 
[-0.42; 0.54]
	-0.27 ± 1.82
	t(16) = -0.62, pbonf = .99, d = -0.15 
[-0.63; 0.33]
	Δ = -0.44
p = .556

	N2
(%)
	3.37 ± 10.02
	t(16) = 1.39, pbonf = .370, d = 0.34 
[-0.16; 0.82]
	-1.67 ± 8.54
	t(16) = -0.81, pbonf = .864, d = -0.20 [-0.67; 0.29]
	Δ = -2.70
p = .446

	SWS
(%)
	-0.66 ± 5.03
	t(16) = -0.54, pbonf = .99, d = -0.13 
[-0.61; 0.35]
	0.43 ± 4.24
	t(16) = 0.42, pbonf = .99, d = 0.10 
[-0.38; 0.58]
	Δ = -0.80
p = .678

	REMt
(%)
	3.62 ± 6.00
	t(16) = 2.49, pbonf = .049, d = 0.60 [0.08; 1.11]
	0.64 ± 4.39
	t(16) = 0.60, pbonf = .99, d = 0.15 
[-0.33; 0.62]
	Δ = -0.81
p = .616

	TST
(min)
	32.09 ± 52.72
	t(16) = 2.51, pbonf = .046, d = 0.61 [0.08; 1.12]
	-3.59 ± 51.19
	t(16) = -0.29, pbonf = .99, d = -0.07 
[-0.54; 0.41]
	Δ = -38.12
p = .067

	TIB
(min)
	-3.94 ± 49.19
	t(16) = -0.33, pbonf = .99, d = 0.08 
[-0.56; 0.40]
	-7.53 ± 22.87
	t(16) = -1.36, pbonf = .28, d = -0.33 
[-0.81; 0.16]
	Δ = -29.29
p = .120

	SEt
(%)
	7.55 ± 10.28
	t(16) = 3.10, pbonf = .014, d = 0.75 [0.20; 1.29]
	0.73 ± 9.95
	t(16) = 0.23, pbonf = .99, d = 0.06 
[-0.42; 0.53]
	Δ = -0.03
p = .390

	SF-A/R
(1-5)
	0.53 ± 0.93
	t(11) = 1.96, pbonf = .150, d = 0.57 
[-0.06; 1.17]
	0.20 ± 0.62
	t(12) = 1.13, pbonf = .560, d = 0.31 
[-0.25; 0.87]
	Δ = 0.10
p = .778

	PSQI
(0 – 21)
	-0.56 ± 1.69
	t(17) = -1.40, pbonf = .362, d = -0.33 [-0.80; 0.15]
	-0.28 ± 1.71
	t(17) = -0.69, pbonf = .99, d = -0.16 
[-0.63; 0.30]
	Δ = -0.33
p = .797



Note: Mean difference ± SD and paired t-test statistics per group. All p-values are Bonferroni corrected for two groups. Bold numbers highlight parameters with significant paired t-tests.
t Data was Box-Cox transformed to ensure normality of residuals for ANCOVA.
Abbreviations: SOL, sleep onset latency; WASO, wake after sleep onset; N1 and N2, Non-REM sleep stages N1 and N2; SWS, slow-wave sleep; REM, rapid eye movement sleep; TST, total sleep time; TIB, time in bed; SE, sleep efficiency; SF-A/R, one-night subjective sleep quality questionnaire; PSQI, Pittsburgh Sleep Quality Index.



Supplementary Table S3. MRS quality metrics
	
	
	Linewidth
	SNR
	Lactate CRLB
	NAA CRLB
	Grey Matter Fractions
	White Matter Fractions
	CSF Fractions

	
	Group
	Pre
	Post
	Pre
	Post
	Pre
	Post
	Pre
	Post
	Pre
	Post
	Pre
	Post
	Pre
	Post

	BS53
	RT
	12.6303
	12.9884
	289.79
	449.48
	7
	9
	1
	1
	0.10510571
	0.15187553
	0.7888636
	0.74929088
	0.10510002
	0.09845238

	BS55
	RT
	11.6212
	12.2722
	422.78
	336.86
	4
	4
	1
	1
	0.28274486
	0.19266444
	0.63492696
	0.72361264
	0.08210518
	0.08357457

	BS60
	RT
	12.0118
	14.1603
	288.29
	402.98
	3
	6
	1
	1
	0.30173722
	0.26269827
	0.60195229
	0.67383915
	0.09625397
	0.06325272

	BS62
	RT
	12.2397
	11.9142
	323.13
	369.52
	6
	9
	1
	1
	0.23800443
	0.24077236
	0.66516343
	0.67812923
	0.09677207
	0.08105539

	BS63
	RT
	10.6121
	13.9650
	367.58
	357.85
	5
	5
	1
	1
	0.23798001
	0.21575238
	0.64529055
	0.67546449
	0.11569353
	0.1083896

	BS64
	RT
	12.9884
	12.5001
	278.12
	253.93
	5
	9
	1
	1
	0.207645
	0.21578137
	0.66519778
	0.65805262
	0.12701034
	0.1261472

	BS65
	RT
	11.5886
	9.8634
	335.31
	317.75
	4
	12
	1
	1
	0.21952369
	0.2563878
	0.70104205
	0.60582175
	0.0792275
	0.13706312

	BS70
	RT
	11.9467
	12.0444
	403.85
	458.11
	8
	4
	1
	1
	0.18901923
	0.2184722
	0.76353345
	0.69447076
	0.04735214
	0.08699804

	BS72
	RT
	11.6212
	10.8074
	346.94
	348.62
	4
	4
	1
	1
	0.24580685
	0.25350291
	0.69240484
	0.68272249
	0.06178256
	0.0637672

	BS73
	RT
	9.8308
	12.2722
	520.13
	364.90
	3
	9
	1
	1
	0.16629616
	0.16634274
	0.65127196
	0.70534171
	0.18242971
	0.12831381

	BS75
	RT
	13.9324
	13.9324
	497.33
	573.23
	5
	8
	1
	1
	0.31326413
	0.30326374
	0.64559617
	0.66074197
	0.0410195
	0.03587088

	BS76
	RT
	11.6212
	12.9558
	242.93
	419.00
	5
	5
	1
	1
	0.16242559
	0.14482081
	0.73296962
	0.80814969
	0.10446531
	0.04695482

	P value (RT)
	0.197
	0.339
	0.044
	/
	0.718
	0.540
	0.504

	BS14
	CON
	9.9610
	7.4219
	432.69
	335.45
	22
	6
	1
	1
	0.0809033
	0.06055015
	0.71107806
	0.73012159
	0.20793756
	0.20914819

	BS27
	CON
	12.9884
	9.9610
	260.84
	476.56
	10
	10
	1
	1
	0.22857348
	0.19553411
	0.66774375
	0.68189088
	0.10341756
	0.12246745

	BS30
	CON
	9.6355
	11.5235
	498.74
	462.61
	5
	6
	1
	1
	0.29002262
	0.25455966
	0.58553524
	0.6389425
	0.12438322
	0.10643067

	BS32
	CON
	15.1043
	11.0678
	293.07
	348.99
	3
	3
	1
	1
	0.13297367
	0.16875993
	0.8010384
	0.76827207
	0.06598475
	0.06296404

	BS37
	CON
	12.4350
	19.0431
	335.86
	273.62
	11
	10
	1
	1
	0.22708663
	0.26298924
	0.65981117
	0.56413814
	0.1128664
	0.17263528

	BS38
	CON
	11.2631
	12.4675
	425.32
	399.97
	5
	7
	1
	1
	0.21934077
	0.18479484
	0.52789205
	0.60153619
	0.252383
	0.2134428

	BS42
	CON
	13.6069
	10.9701
	399.32
	428.55
	5
	7
	1
	1
	0.26624792
	0.18135369
	0.68540449
	0.74936159
	0.04824902
	0.06928399

	BS44
	CON
	12.3699
	15.5600
	447.35
	412.02
	5
	4
	1
	1
	0.33560003
	0.34297169
	0.56588247
	0.54121118
	0.09810483
	0.11500629

	BS46
	CON
	12.1095
	6.1198
	295.15
	331.35
	6
	5
	1
	1
	0.18285955
	0.16869866
	0.62572645
	0.68084125
	0.19095276
	0.15045944

	BS50
	CON
	7.0639
	11.7840
	450.00
	321.91
	5
	6
	1
	1
	0.22992047
	0.24194601
	0.66224961
	0.64564613
	0.10768032
	0.11236867

	BS51
	CON
	12.1420
	9.7006
	352.37
	407.64
	6
	6
	1
	1
	0.22330984
	0.20080439
	0.6010528
	0.70914815
	0.1756087
	0.09000759

	BS57
	CON
	11.7514
	10.7097
	274.85
	379.82
	7
	5
	1
	1
	0.2368423
	0.24858343
	0.67345034
	0.6710814
	0.08965601
	0.08024741

	P value (CON)
	0.763
	0.736
	0.387
	/
	0.259
	0.293
	0.583



Supplementary Table S4. Changes in balance group
	Parameter
	PRE
Mean ± SD
	POST
Mean ± SD
	Paired t-test
Balance group
	Independent t-test
Baseline BAL - RT

	RTD (Nm/s)
	175.27 ± 68.20
	174.98 ± 70.55
	t(15) = -0.04, p = .968, d = -0.01 [-0.50; 0.48]
	t(24.94) = 0.43, p = .670, d = 0.16

	Sway area (cm2)
	127.95 ± 69.11
	90.11 ± 45.76
	t(17) = -3.39, p = .004, d = -0.80 [-1.32; -0.26]
	t(37.50) = 0.67, p = .509, d = 0.21

	Lactate (mmol / L)
	0.97 ± 0.46
	0.77 ± 0.39
	t(11) = -1.34, p = .206, d = -0.39 [-0.97; 0.21]
	t(24.12) = -0.90, p = .375, d = -0.33

	NAA (mmol/L)
	8.22 ± 0.71
	8.10 ± 0.86
	t(14) = -0.57, p = .579, d = -0.15 [-0.65; 0.36]
	t(33.29) = 3.76, p < .001, d = 1.25

	SOL (min)
	13.53 ± 8.38
	17.35 ± 9.91
	t(14) = 1.58, p = .135, d = 0.41 [-0.13; 0.93]
	t(26.75) = -1.25, p = .223, d = -0.41

	WASO (%)
	11.55 ± 7.69
	14.36 ± 8.75
	t(14) = 1.05, p = .314, d = 0.27 [-0.25; 0.78]
	t(29.96) = -1.16, p = .254, d = -0.38

	N1 (%)
	5.19 ± 2.40
	5.86 ± 2.00
	t(14) = 1.10, p = .288, d = 0.28 [-0.24; 0.80]
	t(27.41) = 0.30, p = .763, d = 0.11

	N2 (%)
	54.09 ± 6.72 
	51.60 ± 8.34
	t(14) = -0.77, p = .455, d = -0.20 [-0.71; 0.32]
	t(27.87) = 0.88, p = .388, d = 0.29

	SWS (%)
	12.58 ± 7.39
	12.43 ± 6.38
	t(14) = -1.20, p = .249, d = -0.31 [-0.82; 0.21]
	t(26.69) = 0.19, p = .849, d = 0.07

	REM (%)
	16.59 ± 2.21
	15.75 ± 4.56
	t(14) = -0.88, p = .396, d = -0.23 [-0.74; 0.29]
	t(26.52) = 0.27, p = .789, d = 0.09

	TST (min)
	389.90 ± 41.31
	364.94 ± 69.11
	t(14) = -1.35, p = .198, d = -0.35 [-0.87; 0.18]
	t(30.04) = 1.57, p = .127, d = 0.53

	TIB (min)
	468.53 ± 54.33
	457.76 ± 76.84
	t(14) = -0.52, p = .609, d = -0.14 [-0.64; 0.38]
	t(28.12) = 0.13, p = .899, d = 0.04

	SE (%)
	84.58 ± 7.06
	80.41 ± 8.37
	t(14) = -1.52, p = .150, d = -0.39 [-0.91; 0.14]
	t(28.40) = 1.84, p = .077, d = 0.61

	SF-A/R (0 – 5) 
	2.97 ± 0.90
	2.63 ± 0.90
	t(14) = -1.85, p = .086, d = -0.48 [-1.01; 0.07]
	t(27.79) = 0.04, p = .972, d = 0.01

	PSQI (0 – 21) 
	5.80 ± 3.22 
	4.53 ± 2.87
	t(16) = -2.63, p = .018, d = -0.64 [-1.15; -0.11]
	t(36.05) = 0.13, p = .898, d = 0.04



Note: Mean ± SD per timepoint and paired t-test statistics for the balance group. Independent t-tests comparing baseline values of the BAL and the RT group. Only NAA values were lower in the RT group compared to the BAL group. Bold numbers highlight parameters with significant paired t-tests.
Abbreviations: BAL, balance group; RTD, rate of torque development; NAA, N-acetylaspartate; SOL, sleep onset latency; WASO, wake after sleep onset; N1 and N2, Non-REM sleep stages N1 and N2; SWS, slow-wave sleep; REM, rapid eye movement sleep; RT, resistance training; TST, total sleep time; TIB, time in bed; SE, sleep efficiency; SF-A/R, one-night subjective sleep quality questionnaire; PSQI, Pittsburgh Sleep Quality Index.
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