Matching mechanical load removes sex differences in creatine kinase response to intense eccentric exercise: a comparative study
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Supplementary Methods S1. Exclusion procedures based on inadequate recovery prior to blood sampling
Participants who met any of the following criteria were considered to have insufficient recovery before the first blood draw and were therefore excluded from the analyses: i) baseline CK activity > 300 U/l and CK activity at 72 h < 95% of baseline CK activity, ii) baseline CK activity > 800 U/l, or iii) baseline CK activity < 280 U/l and post-exercise CK activity > CK activity at 24 h, with CK activity at 24, 48, and 72 h below baseline CK activity.
Supplementary Methods S2. Matching procedures
To investigate the influence of applied resistance independently of muscle mass and sex, matched-pair analyses were performed. Matched pairs were generated using a custom R script implementing the predefined matching algorithm. The algorithm ensured that each participant could only be included in one pair while maximizing the total number of eligible pairs.
Men with high- vs. low-applied resistance
Men were matched according to estimated muscle mass while maximizing the difference in applied resistance. Pairs were created by matching the participant with the highest applied resistance to the participant with the lowest applied resistance, provided that: i) applied resistance differed by at least 20%, estimated muscle mass differed by no more than 5%. This procedure yielded 30 matched pairs (60 participants), forming High- and low-applied resistance groups.
Men vs. women matched for applied resistance
Men and women were matched according to equivalent applied resistance. Pairs were retained when applied resistance differed by no more than 5%. When several women fulfilled this criterion, the participant with the closest estimated muscle mass was selected. This procedure yielded 27 matched pairs (54 participants), forming men and women matched groups.
Hormonal contraception
Women using and not using contraception were matched according to equivalent applied resistance. Pairs were retained when applied resistance differed by no more than 5%.
Supplementary Methods S3. Detailed statistical procedures
Continuous variables are presented as mean ± standard deviation (SD) or mean with 95% confidence interval (95% CI), as appropriate. Because max_∆CK exhibited a non-normal distribution, median and geometric mean values were also reported to facilitate interpretation.
Effect sizes for group comparisons were expressed as Hedges’ g or eta squared (η²). Hedges’ g values of < 0.20, 0.20-0.49, 0.50-0.79, and ≥ 0.80 were interpreted as negligible, small, moderate, and large, respectively. η² values of < 0.01, 0.01-0.05, 0.06-0.13, and ≥ 0.14 were considered as negligible, small, moderate, and large, respectively. Associations between continuous variables were assessed using Spearman’s rank correlation coefficient (ρ). Correlations were interpreted as negligible (< 0.10), weak (0.10-0.29), moderate (0.30-0.49), or strong (≥ 0.50).
Depending on data distribution and the number of groups compared, Welch’s t-tests, Mann-Whitney U tests, Welch’s ANOVA, or Kruskal-Wallis tests were performed. Following significant Kruskal-Wallis tests, pairwise comparisons were performed using Dunn’s test with Holm adjustment. Hormonal concentrations between menstrual cycle phases were analyzed using this procedure. Qualitative data were compared using the Chi² test. In case of multiple comparisons, p-values were adjusted with the Benjamini-Hochberg procedure.
Supplementary Methods S4. Linear mixed-effects model
Longitudinal changes in CK activity were analyzed using a linear mixed model (LMM) fitted on the logarithm of CK fold change from baseline:

Where CKtime represents CK activity measured immediately after exercise, at + 24, + 48, and + 72 h. Time, group, and their interaction between time and group (time x group) were included as fixed effects, whereas participant identity was entered as a random intercept to account for repeated measurements within individuals. Estimated marginal means were calculated for all combinations of time and group. Within-group comparisons between each post-exercise time point and baseline were performed using Holm-adjusted t-tests. Between-group comparisons at each time point were adjusted using Tukey’s method. LMM effect sizes are presented as fold changes relative to baseline.
Supplementary Methods S5. Principal component analysis
Principal component analysis was performed to explore the multivariate determinants of interindividual variability in max_∆CK. The following quantitative variables were included: baseline CK, baseline myoglobin level, age, height, body mass, estimated body mass, body fat percentage, weekly training volume, weekly training frequency, applied resistance, applied resistance normalized to estimated muscle mass, rating of perceived exertion. Sex and primary sport activity were projected as supplementary qualitative variables and were graphically represented; therefore, they did not contribute to principal component construction. Principal components with eigenvalues greater than 1 were retained according to the Kaiser-Guttman criterion. Variable contribution (%) was used to quantify the influence of each variable on a given principal component. Squared cosine values (cos2) were used to assess the quality of variable representation on each component. Pearson’s correlation coefficients were calculated between components and max_∆CK to identify the component explaining CK variability.
Supplementary Table S1. Principal component analysis, main variables contribution to the first four principal components.
	Principal component
	Main variables
	Pearson's r
	Contribution (%)
	cos²

	PC1
	Applied resistance (N)
	0.88
	19.1
	0.78

	
	Estimated muscle mass (kg)
	0.85
	17.7
	0.72

	PC2
	Weekly training time (h)
	0.88
	43.7
	0.78

	
	Weekly sport activity sessions (n)
	0.87
	42.1
	0.75

	PC3
	AR normalized to eMM (N/kg)
	− 0.58
	24.1
	0.33

	
	Rate of perceived exertion (score)
	− 0.55
	21.9
	0.30

	PC4
	AR normalized to eMM (N/kg)
	0.62
	35.9
	0.43

	
	Age (years)
	0.50
	20.7
	0.25


PC1 primarily separated men and women, with men tending to cluster on the positive side of the axis and women on the negative side. PC2 did not contribute to the separation between sexes.


Supplementary Table S2. CK activity fold change from baseline in high-AR and low-AR groups.
	
	Measure
	Fold-change [95% CI]
	p-value adjusted vs. Pre

	High-AR (n =30)

	Pre (baseline)
	1.00 [0.87, 1.15]
	Na

	
	Post
	1.28 [1.11, 1.47]
	**

	
	+ 24 h
	2.89 [2.51, 3.33]
	***

	
	+ 48 h
	2.09 [1.81, 2.41]
	***

	
	+ 72 h
	1.61 [1.40, 1.89]
	***

	Low-AR (n = 30)
	Pre (baseline)
	1.00 [0.87, 1.15]
	Na

	
	Post
	1.16 [1.01, 1.34]
	0.08

	
	+ 24 h
	2.01 [1.75, 2.32]
	***

	
	+ 48 h
	1.52 [1.32, 1.75]
	***

	
	+ 72 h
	1.22 [1.06, 1.40]
	0.02


AR, applied resistance during the IEE; Na, not applicable. p-values were adjusted with the Holm correction: **, p-adjusted < 0.01; ***, p-adjusted < 0.001.


Supplementary Table S3. Complementary matched analysis in women and men matched for equivalent applied resistance normalized to estimated muscle mass.
	
	Men
	Women
	Effect size (Hedges' g)
	p-value adjusted

	AR normalized to eMM (N/kg)
	106 ± 14
	109 ± 17
	− 0.16
	0.65

	max_∆CK normalized to eMM (U/l/kg)
	18.5 ± 17.4
	16.7 ± 20.5
	0.09
	0.54


Data are presented as mean ± SD. Participants were matched for equivalent applied resistance normalized to estimated muscle mass (eMM), yielding 31 men–women pairs. max_∆CK, peak blood – basal CK activity; eMM, estimated muscle mass of the dominant lower limb.


Supplementary Table S4. Characteristics of women included to analyze the influence of the menstrual cycle phases in CK response to the IEE
	
	Follicular
(n = 13)
	Peri-ovulatory
(n = 8)
	Luteal
(n = 14)
	p-value adjusted 
	Effect size
(ε² or η²)

	
	
	Anthropometry and body composition
	

	Age (years)
	23.2 ± 4.3
	20.6 ± 1.6
	22.8 ± 4.0
	0.64
	0.03

	Height (cm)
	166.5 ± 6.2
	166.7 ± 9.4
	166.0 ± 5.9
	0.97
	< 0.01

	Body mass (kg)
	65.9 ± 7.2
	63.2 ± 8.8
	65.8 ± 12.7
	0.86
	< 0.01

	eMM (kg)
	8.1 ± 0.6
	8.1 ± 0.8
	8.7 ± 2.6
	0.97
	< 0.01

	Body fat (%)
	29.7 ± 4.8
	26.8 ± 5.6
	27.7 ± 6.4
	0.71
	0.05

	
	
	Basal level of biological variables
	

	Basal CK (U/l)
	127 ± 77 
	134 ± 72 
	98 ± 37
	0.70
	< 0.01

	Basal Mb (µg/l)
	27 ± 10
	27 ± 9
	26 ± 7
	0.97
	< 0.01

	Estradiol (pg/ml)
	63 ± 57
	184 ± 106
	112 ± 60
	0.01
	0.37

	Progesterone (ng/ml)
	0.3 ± 0.3
	1.3 ± 2.8
	6.5 ± 6.3
	0.01
	0.36

	
	
	Training load and sport activity characteristics
	

	Weekly sport activity sessions (n)
	4.2 ± 1.7
	4.6 ± 2.5
	4.8 ± 1.6
	0.86
	0.02

	Weekly training time (h)
	6.3 ± 3.2
	6.6 ± 3.0
	9.8 ± 5.7
	0.46
	0.07

	Strength-based activity (n, % per group)
	6 (46.2)
	1 (12.5)
	3 (21.4)
	0.69
	Na

	Endurance-based activity (n, % per group)
	3 (23.1)
	3 (37.5)
	4 (28.6)
	
	

	Mixed activity (n, % per group)
	4 (30.8)
	2 (25.0)
	3 (21.4)
	
	

	Other activity (n, % per group)
	0 (0.0)
	2 (25.0)
	4 (28.6)
	
	

	
	
	IEE characteristics
	

	AR (N)
	807 ± 127
	778 ± 85
	915 ± 132
	0.13
	0.21

	AR normalized to eMM (N/kg)
	99.7 ± 15.4
	96.4 ± 12.2
	110.5 ± 24.9
	0.64
	0.10

	RPE (score)
	5.5 ± 1.7
	4.9 ± 2.4
	6.3 ± 1.9
	0.69
	0.08

	Max_∆CK (U/l)
	154 ± 230
	62 ± 52
	68 ± 59
	0.86
	< 0.01


AR, applied resistance during the IEE; CK, creatine kinase; eMM, estimated muscle mass of the dominant lower limb; IEE, intense eccentric exercise; max_∆CK, peak blood – basal CK activity; Mb, myoglobin; Na, not applicable; RPE, rate of perceived exertion from 0 to 10, based on the Foster method. When the three groups followed a normal distribution, the Welch ANOVA was used for comparisons with an ε² calculation for effect size; otherwise, the Kruskal-Wallis test and η² were used. p-values were adjusted with the Benjamini-Hochberg procedure. Effects were interpreted as negligible, small, medium, and large effects for both ε² and η², < 0.01, < 0.06, < 0.14, and ≥ 0.14, respectively. Descriptive data are presented as mean ± SD. 


Supplementary Table S5. CK activity fold change from baseline in women included to analyze the influence of the menstrual cycle phases in CK response to the IEE
	
	Measure
	Fold-change [95% CI]
	p-value vs. Pre

	Follicular group
 (n = 13)

	Pre (baseline)
	1.00 [0.84, 1.18]
	Na

	
	Post
	1.08 [0.91, 1.28]
	0.72

	
	+ 24 h
	1.57 [1.32, 1.86]
	***

	
	+ 48 h
	1.49 [1.26, 1.77]
	***

	
	+ 72 h
	1.16 [0.98, 1.37]
	0.27

	Pre-ovulatory group 
(n = 8)
	Pre (baseline)
	1.00 [0.81, 1.24]
	Na

	
	Post
	1.16 [0.94, 1.44]
	0.50

	
	+ 24 h
	1.51 [1.21, 1.87]
	**

	
	+ 48 h
	1.22 [0.98, 1.51]
	0.30

	
	+ 72 h
	1.10 [0.89, 1.37]
	0.77

	Luteal group
(n = 14)
	Pre (baseline)
	1.00 [0.85, 1.18]
	Na

	
	Post
	1.15 [0.98, 1.36]
	0.18

	
	+ 24 h
	1.66 [1.41, 1.96]
	***

	
	+ 48 h
	1.34 [1.14, 1.58]
	**

	
	+ 72 h
	1.18 [1.00, 1.39]
	0.14


IEE, intense eccentric exercise; Na, not applicable. p-values were adjusted with the Holm correction: **, p < 0.01; ***, p < 0.001.


Supplementary Table S6. Complementary matched analysis in women using and not using contraception, paired for equivalent applied resistance
	
	Contraception
	No contraception
	p-value

	Peak CK fold change from baseline
	1.91 [1.71, 2.13]
	1.69 [1.52, 1.89]
	0.13

	max_∆CK normalized to eMM (U/l/kg)
	18.5 ± 17.4
	16.7 ± 20.5
	0.54


Data are presented as mean and 95% CI. Participants were matched for equivalent applied resistance, yielding 29 female pairs. max_∆CK, peak blood – basal CK activity; eMM, estimated muscle mass of the dominant lower limb.

