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Abstract:

The study aimed to investigate the effects of exercise‐induced muscle 
damage on muscle and cerebral oxygenation. Twelve healthy men 
performed eccentric exercise on a leg press machine at an intensity 
corresponding to their concentric one-repetition maximum. Muscle 
damage indices, muscle and cerebral oxygenation, and vastus lateralis 
architecture were evaluated at baseline and 48 hours post-exercise. At 48 
hours post-exercise, delayed onset muscle soreness significantly 
increased (1.0±0.3 to 4.2±2.8; p<0.01), while concentric one-repetition 
maximum, maximal isometric force, and rate of force development 
decreased (p<0.01). The quadriceps’ cross-sectional area and muscle 
thickness significantly increased (p<0.05). During a 5-second maximal 
isometric contraction, the tissue oxygen saturation index (TSI) of the 
vastus lateralis (63±3 to 61±4 %; p>0.05) and the prefrontal cortex 
(68±2 to 67±1 %; p>0.05) did not change significantly. 
Deoxyhemoglobin showed a marginally significant decrease (1.16±1.14 
to 0.06±1.10 μM; p=0.049). No significant changes were observed in 
muscle and cerebral oxygenation parameters during the 30 s maximal 
isometric contraction. The eccentric exercise protocol induced muscle 
damage and altered muscle architecture. However, these changes were 
not sufficient to affect muscle or cerebral TSI during either short- or long-
duration maximal isometric contraction. Eccentric exercise-induced 
muscle damage was not found to induce changes in cerebral oxygenation.
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4 Abstract

5 The study aimed to investigate the effects of exercise‐induced muscle damage on muscle and cerebral 

6 oxygenation. Twelve healthy men performed eccentric exercise on a leg press machine at an intensity 

7 corresponding to their concentric one-repetition maximum. Muscle damage indices, muscle and cerebral 

8 oxygenation, and vastus lateralis architecture were evaluated at baseline and 48 hours post-exercise. At 

9 48 hours post-exercise, delayed onset muscle soreness significantly increased (1.0±0.3 to 4.2±2.8; 

10 p<0.01), while concentric one-repetition maximum, maximal isometric force, and rate of force 

11 development decreased (p<0.01). The quadriceps’ cross-sectional area and muscle thickness significantly 

12 increased (p<0.05). During a 5-second maximal isometric contraction, the tissue oxygen saturation index 

13 (TSI) of the vastus lateralis (63±3 to 61±4 %; p>0.05) and the prefrontal cortex (68±2 to 67±1 %; p>0.05) 

14 did not change significantly. Deoxyhemoglobin showed a marginally significant decrease (1.16±1.14 to 

15 0.06±1.10 μM; p=0.049). No significant changes were observed in muscle and cerebral oxygenation 

16 parameters during the 30 s maximal isometric contraction. The eccentric exercise protocol induced muscle 

17 damage and altered muscle architecture. However, these changes were not sufficient to affect muscle or 

18 cerebral TSI during either short- or long-duration maximal isometric contraction. Eccentric exercise-

19 induced muscle damage was not found to induce changes in cerebral oxygenation.

20 Key words: Cerebral oxygenation, Cross sectional area, Delayed onset muscle soreness, Eccentric 

21 exercise, Oxyhemoglobin, Ultrasound
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28 Introduction

29 Eccentric muscle contraction is defined as the active lengthening of a muscle in response to an external 

30 load. The growing popularity of eccentric exercise is based on its unique physiological (e.g., lower 

31 metabolic demands compared to concentric exercise) and mechanical characteristics (e.g., activation of 

32 the structural protein titin) [1, 2]. However, exercise with pure eccentric contractions is not common in 

33 everyday or sports activities. Due to its unaccustomed nature, eccentric exercise may significantly affect 

34 muscle function and performance, a condition known as exercise-induced muscle damage [3-5]. Exercise-

35 induced muscle damage decreases muscle strength and pain-free range of movement, increases delayed 

36 onset muscle soreness and muscle swelling/stiffness, and increases the levels of inflammation and 

37 oxidative stress indicators in the blood [6, 7]. These indicators usually peak between 12 and 48 h post 

38 eccentric exercise and typically diminish after 5-7 days [3-5, 8].

39

40 In the days following unaccustomed exercise, resting metabolic rate is increased to meet the metabolic 

41 demands of muscle regeneration and due to repair processes [9-11]. Moreover, the days post eccentric 

42 exercise ultrasound assessments reveal significant increase in muscle thickness and fascicle length [12, 

43 13]. Disruption of skeletal muscle structure due to exercise-induced muscle damage may impair the 

44 microvascular network [14, 15], which is accompanied with increased blood flow during exercise [16, 

45 17]. It has been suggested that following eccentric exercise-induced muscle damage, muscle oxygenation 

46 is maintained through increased local blood flow, which likely compensates the microcirculatory 

47 dysfunction [18, 19]. Furthermore, muscle damage may impair the rate of force development – the ability 

48 to rapidly generate muscular force [20] – which can significantly affect short and high-intensity isometric 

49 contractions [21]. 

50

51 Eccentric exercise-induced muscle damage has been shown to affect both the peripheral and central 

52 nervous systems. Peripheral mechanisms may contribute to neuromuscular dysfunction observed after 

53 eccentric exercise, as evidenced by the immediate and prolonged loss of isometric strength [22]. This loss 
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54 is primarily attributed to factors located at or beyond the neuromuscular junction [22]. Central fatigue, 

55 defined as the central nervous system’s reduced ability to fully activate motor neurons, may result from 

56 decreased cerebral oxygenation, which compromises the oxidative metabolism of brain cells [23]. It is 

57 plausible that following muscle-damaging eccentric exercise, increased cortical activation may be 

58 necessary to maintain a given force output due to impaired muscle function. However, this should not be 

59 interpreted as evidence of central fatigue. This central mechanism may serve to limit force production and 

60 prevent further injury [24]. 

61

62 It can also be hypothesized that, since muscle damage from eccentric exercise may impair proprioceptive 

63 feedback [5, 25, 26], the central nervus system may face increased demands in organizing motor synergies. 

64 This would likely require greater involvement of higher cerebral centers to manage the additional 

65 challenges of motor control [27]. Furthermore, coordination leg movements after exercise-induced muscle 

66 damage may demand increased cortical engagement to ensure effective motor execution and heightened 

67 attentional focus [28]. To the best of our knowledge, no study has yet examined cerebral oxygenation 

68 following eccentric exercise-induced muscle damage. Based on the considerations above, it is reasonable 

69 to hypothesize that cerebral oxygenation may be compromised in the days after such muscle damage. 

70 However, the rationale for potential changes in cerebral oxygenation during exercise performed after 

71 eccentric muscle-damaging task remains unclear and insufficiently supported. While cerebral oxygenation 

72 is often used as a proxy for neural activation, the presence of muscle (motor unit) damage and the 

73 increased effort required to produce maximal force do not consistently or conclusively explain possible 

74 impairments in cerebral oxygenation.

75

76 To the best of our knowledge, no studies have measured cerebral oxygenation following eccentric 

77 exercise-induced muscle damage. Moreover, despite extensive research on exercise-induced muscle 

78 damage, there is a significant gap in understanding how this condition affects muscle and cerebral 

79 oxygenation during intense muscle actions. The aim of the present study was to investigate the effect of 
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80 eccentric exercise-induced muscle damage on muscle and cerebral oxygenation, during short and long 

81 duration isometric maximal voluntary muscle contractions (lasting 5 and 30 seconds, respectively), as 

82 well as on muscle architecture during intense muscle actions following a muscle damaging bout of 

83 eccentric exercise. It was hypothesized that both muscle and cerebral oxygenation could be significantly 

84 affected by eccentric exercise-induced muscle damage, measured during exercise. 

85

86 Methods

87 Subjects

88 Twelve, healthy young men [n=12, age 25.2 ± 4.8 years, body mass 79.4 ± 10.2 kg, height 180 ± 10 cm, 

89 and body mass index (BMI) 24.5 ± 2.2 kg/m2] volunteered to participate in the present investigation. Body 

90 mass was measured to the nearest 0.05 kg (Beam Balance 710, Seca, UK), with participants lightly dressed 

91 and barefoot. Standing height was measured to the nearest 1 cm (Stadiometer 208, Seca, UK). Participants 

92 were students from the Department of Sport Science who attended practical classes as part of their 

93 academic program, averaging approximately 4 hours per week. Apart from these classes, they did not 

94 engage in any structured training and had no experience with high-intensity unaccustomed exercise for at 

95 least six months prior to enrolling in the study. Additionally, participants were not taking any anti-

96 inflammatory, analgesic medications or nutritional supplements during the study period and one month 

97 before the initiation of the experiment. Volunteers were also instructed to abstain from any strenuous 

98 exercise during their participation in the study. All procedures were conducted in accordance with the 

99 Declaration of Helsinki and were reviewed and approved by the institutional’s Ethics Committee (Protocol 

100 Record #1099/13-02-2019). All participants signed a written informed consent before entering in the 

101 study. 

102

103 Study design

104 Volunteers visited the laboratory and completed a weekly self-reported physical activity questionnaire. 

105 Participants underwent a medical examination, anthropometric assessment and evaluation of lower 
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106 extremity dominance using the revised Waterloo Footedness Questionnaire [WFQ-R, intraclass 

107 correlation coefficient (ICC) = 0.92]. Subsequently, the maximum single-leg press strength of both lower 

108 extremities was evaluated. To minimize the potential influence of limb dominance on the outcomes, we 

109 employed a counterbalanced, randomized assignment of dominant and non-dominant limbs among 

110 participants, where one limb was selected as the experimental limb, while the other served as the control 

111 limb, to exploit the methodological and statistical advantages of the single-limb exercise model [29]. 

112

113 During the second visit, all participants performed a unilateral leg press eccentric exercise session with 

114 the experimental limb. For both legs, a single-leg concentric and isometric maximal voluntary contraction 

115 (MVC), DOMS, rate of force development (RFD) were assessed immediately before and 48 h post 

116 eccentric exercise. During isometric MVC, muscle and cerebral oxygenation were measured via near 

117 infrared spectroscopy (NIRS) and muscle morphology was assessed through ultrasonography [1, 30]. 

118

119 Procedures

120 A warm-up session was performed at both visits and was included 5 min on a cycle ergometer at 50 Watts 

121 (Monark ergomedic 834E, Vansbro, Sweden) followed by 5 min stretching exercises.

122

123 Leg Press Maximum Strength

124 Maximal single-leg concentric strength (one repetition maximum; 1RM) was assessed separately for each 

125 leg before and 48 h after the eccentric exercise using a leg press machine with a 45° inclination [the same 

126 machine used for the eccentric exercise session]. Participants performed 2-3 warm-up sets of 6-8 

127 repetitions with increasing loads. Subsequently, they determined their 1RM, defined as the last successful 

128 lifting effort with gradually increased loads with knee joint angle reaching 90°. A 3 min rest interval was 

129 maintained between efforts. In all cases, two trained experimenters were present to provide vocal 

130 encouragement during each trial. The ICC for 1RM testing was ICC = 0.96 (95% CI: lower = 0.81, upper 

131 = 0.94, n = 13). 

Page 6 of 59

Georg Thieme Verlag KG, Oswald-Hesse-Straße 50, 70469 Stuttgart, Germany

Manuscript Submitted to International Journal of Sports Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

7
132

133 Eccentric Exercise Protocol

134 Participants performed a single-leg eccentric exercise session using the same leg press machine. This leg 

135 press machine, commonly found in gyms, allows for the downward phase (eccentric muscle contraction) 

136 to occur in a diagonal trajectory. Each participant performed only the downward movement (eccentric 

137 contraction), and was instructed to lower the leg-press platform in a constant, controlled tempo, 

138 completing each eccentric phase in 2 s, and were guided by a metronome. The starting position was set at 

139 a knee angle of 175o (180o being full knee extension). To stop the downward movement of the leg press 

140 platform at the correct position, a block was placed 1 cm beneath each individual’s point of full knee 

141 flexion. To avoid the concentric phase of the contraction, the ascent of the leg press platform back to the 

142 initial position was performed with an electric motor, and the next repetition was started 5 s after the 

143 completion of the previous one. Given that eccentric muscle contractions produce higher force outputs 

144 than concentric contractions and considering that the eccentric exercise was performed using a standard 

145 leg press machine, the external load was set to 100% of the participant’s maximum concentric strength 

146 for safety reasons. Each participant performed 5 set of 10 repetition, with 3 min interval between sets. 

147

148 Delayed onset of muscle soreness

149 Before and 48 h after the eccentric exercise, participants assessed their perceived level of muscle soreness 

150 using a visual analog scale ranging from 1 (normal) to 10 (very, very sore) as previously described [26]. 

151 Each participant evaluated soreness in each leg by self-palpation of the muscle belly at the distal region 

152 of the vastus lateralis, both in a seated position with relaxed muscles and in a semi-squat position. 

153

154 Isometric Force and Rate of Force Development

155 Isometric force was measured using a force platform positioned perpendicular on a concrete laboratory 

156 wall (Applied Measurements Ltd Co. UK, WP800, 1000kg weighting platform, 80x80 cm, sampling 

157 frequency 1000 Hz). Participants were seated on a custom-made steel leg press chair, with each foot placed 
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158 separately on the force platform. The knee angle was set at 120° and the hip angle was set at 100º, as 

159 previously described [31]. Two isometric tests were conducted: one consisted of two efforts lasted 5s 

160 each, and the other was consisted of a single effort lasting 30 s, with 5 min interval between efforts. 

161 Participants were instructed to apply maximum force as fast as possible and maintain the force until the 

162 end of the test. Before both tests, two 3 s efforts of increasingly intensity were performed. Participants 

163 were vocally encouraged to perform their best. Real-time visual feedback of the force applied was 

164 provided for each effort via a computer monitor placed just above the force platform. 

165

166 For the 5 s effort, the variables calculated from the force-time curve were the maximum isometric force 

167 (MIF; as the highest peak on the curve) and the RFD [RFD (N∙s-1) = ΔForce ∙ ΔTime-1] at 80, 150 and 200 

168 ms. During the 30 s effort, the fatigue index (FI) was calculated using of the formula: FI (%) = [(MIF30sec 

169 - LIF30sec)/ MIF30sec] x 100 (LIF: lowest isometric force) [32]. The ICC for MIF and RFD were: ICC 

170 = 0.90, (95% CI: Lower = 0.86, Upper = 0.96) and ICC = 0.92, (95% CI: Lower = 0.80, Upper = 0.98) 

171 respectively.

172

173 Evaluation of Vastus Lateralis Cross-Sectional Area and Architecture

174 Vastus lateralis cross sectional area, muscle thickness, pennation angle and fascicle length of both legs 

175 were assessed in a prone position using B-mode ultrasonography (Product model Z5, Shenzhen Mindray 

176 Bio-Medical Electronics Co., Ltd, Shenzhen, China) with a 10 MHz linear array probe (38mm width). 

177 The vastus lateralis was selected as it has been reported to be a good surrogate for whole quadriceps 

178 exercise-induced changes [33]. To determine the vastus lateralis cross sectional area (CSA), the point at 

179 40% (proximal to the knee) of two locations was marked: a) the center of the patella and b) the medial 

180 aspect of the anterior superior iliac spine. This point was chosen because it represents the largest cross-

181 sectional area along the thigh [34]. A perpendicular guideline was then draw along the thigh with an 

182 indelible marker and the probe was drawn transversely across the thigh. Full visualization of quadriceps 

183 was achieved using a panoramic picture method, specifically the extended-field-of-view mode [33, 34]. 
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184 Two images were taken and analyzed for each participant per leg and mean values were used for statistical 

185 analysis. To determine muscle thickness, pennation angle and fascicle length a continuous single view 

186 was taken from ~40 mm before, to ~40 mm after the same marked point (40% of the thick proximal to the 

187 knee), by moving the probe along the fascicles [34]. All images were analyzed using image analysis 

188 software (ImageJ; U.S. National Institutes of Health, Bethesda, MD, USA). The ICC for vastus lateralis 

189 CSA is 0.962 (95%CI: 0.835-0.991) (n = 36; P < 0.001). The ICC for vastus lateralis muscle thickness, 

190 fascicle angle, and fascicle length was 0.970 (95% CI: lower = 0.856, upper = 0.987), 0.880 (95% CI: 

191 lower = 0.609, upper = 0.965) and 0.840 (95% CI: lower = 0.470, upper = 0.955), respectively.

192

193 Muscle and cerebral oxygenation

194 Muscle and cerebral oxygenation were assessed before and 48 h after eccentric exercise during 5 and 30 

195 s of maximum isometric contraction. Muscle and cerebral oxygenation were assessed non-invasively 

196 using the continuous wave NIRS, employing two wavelengths of near-infrared light (760 and 850 nm) 

197 (Artinis Medical System, PortaMon/PortaLite, Zetten, The Netherlands) as previously described [1, 35]. 

198 The NIRS units (i.e., PortaMon and PortaLite) are equipped with multi-distance optical probes configured 

199 with one optical receiver and three optical source emitters, allowing simultaneous monitoring of three 

200 separate tissue regions. The three source emitters are aligned on the same line as the detector. The inter-

201 optode spacing between emitters and receiver was 30, 35, and 40 mm, with a penetration depth of 

202 approximately one-half of the distance between the emitter and the receiver (i.e., 15, 17.5, and 20 mm). 

203 NIRS data were collected at a frequency of 10 Hz, and the average values of the three optical signals were 

204 used for data analysis, while, for the analyses, the average value of all parameters recorded during the 5-

205 second maximal isometric contraction was used. While NIRS devices cannot differentiate between 

206 chromophores (such as haemoglobin and myoglobin) within the muscle, it is noted that myoglobin content 

207 tends to remain constant during exercise. Thus, changes in NIRS signals can be attributed to changes in 

208 hemoglobin levels [36].

209
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210 PortaMon and Portalite NIRS units, using spatial resolved spectroscopy, provide the tissue saturation 

211 index (TSI), which reflects the balance between oxygen supply and demand, and is expressed as a 

212 percentage at absolute values [37]. Tissue saturation index is a more robust indicator of muscle 

213 oxygenation, as it is less sensitive to motion artifacts and provides absolute values that are independent of 

214 blood volume changes. Moreover, the NIRS system provided concentration changes of muscle and 

215 cerebral microvascular of deoxyhaemoglobin (Δ[HHb]), which reflect the dynamic balance between 

216 muscle oxygen delivery and extraction in the underlying tissue [36]. During exercise, there is an alteration 

217 in muscle’s haemodynamic response, characterized by an increase in Δ[HHb] [38]. Finally, total 

218 haemoglobin [tHb] concentration changes may be an indirect index of microvascular blood volume 

219 changes in response to exercise [39]. The NIRS technique and the units used in the present investigation 

220 have been validated in similar research [40]. 

221

222 Muscle oxygenation was assessed by placing the NIRS unit (PortaMon) at the lower third of the vastus 

223 lateralis muscle (approximately 12 cm above the patella and 5 cm lateral to the midline) after shaving and 

224 cleaning the site with an alcohol swab. The vastus lateralis muscle was chosen for its accessibility and 

225 because it exhibits substantially faster deoxyhemoglobin kinetics compared to the deep and superficial 

226 rectus femoris muscle [41]. The skinfold thickness of vastus lateralis was measured using a skinfold 

227 caliper (Harpenden, John Bull, St. Albans, England) to determine adipose tissue thickness (i.e., skinfold 

228 thickness/2), as it can influence the amplitude of the NIRS signal [42]. In this study, NIRS measurements 

229 were not influenced by adipose tissue for all participants, since the average adipose tissue thickness for 

230 the left and the right vastus lateralis muscles were 11.6 ± 5.2 and 11.7 ± 5.2 mm, respectively, both below 

231 the minimum NIRS light penetration depth (i.e., 15 mm). Considering that tissue oxygenation and blood 

232 flow responses can vary between different muscles and regions of the same muscle, the probes were 

233 always positioned by the same experimenter to ensure reproducibility of NIRS placement as much as 

234 possible. 

235
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236 Cerebral oxygenation was assessed by attaching the NIRS unit (PortaLite) on the surface of the left 

237 prefrontal cortex. Participants were instructed to keep their heads as still as possible during exercise to 

238 minimize motion artifacts in the cerebral NIRS signal. Both muscle and cerebral NIRS units and probes 

239 were covered with a black bandage and secured with tape on the cleaned skin to minimize external light 

240 intrusion and prevent movement. Notably, no sliding of the NIRS systems was observed at the end of the 

241 exercise sessions in all participants.

242

243 Statistical Analyses 

244 The sample size was determined to achieve 85% statistical power (effect size 0.90) using G*Power 

245 software (ver. 3.1.9.6), based on data from previous measurements of the same nature conducted by our 

246 group. Shapiro-Wilks test was used to assess the normality of our data and no violation of normality was 

247 found (p > 0.05). All data are presented as mean and standard deviation (mean ± SD). A two-way repeated 

248 analysis of variance [2 x 2 ANOVA; condition (experimental and control limb) x time (pre- and post-

249 intervention) in all measures. Bonferroni corrections were applied, when necessary, in the post-hoc 

250 comparisons. Effect sizes were calculated using Pearson equation where 0.1-0.3, 0.3-0.5 and higher than 

251 0.5 were considered to be small, moderate and high, respectively. Statistical analyses were performed 

252 with SPSS Statistics v.20 (IBM Corporation, USA) with two-tailed significance was accepted at p ≤ 0.05.

253

254 Results

255 Baseline measurements revealed no significant differences between the two lower limbs across all 

256 examined parameters (p > 0.250 in all cases). 

257 Muscle damage

258 Eccentric exercise on the experimental limb caused muscle damage, evidenced by significant alterations 

259 on the muscle damage indicators. Specifically, 48 h post eccentric exercise, there were significant changes 

260 in concentric 1RM (206 ± 38 kg vs. 175 ± 33 kg; p = 0.001, effect size (ES) = 0.763; Fig. 1, panel A), 

261 DOMS during squat of the muscle belly (1 ± 0 vs. 4.3 ± 2.5; p < 0.001, ES = 0.886; Fig. 1, panel B), 

262 DOMS during palpation the movement (1.2 ± 0.4 vs. 4 ± 2; p < 0.001, ES = 0.741; Fig. 1, panel C). These 
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263 parameters showed significant differences between the control and experimental limb at 48 h post 

264 eccentric exercise (concentric 1RM 205 ± 47 kg vs. 175 ± 33 kg; DOMS during palpation 1 ± 0 vs. 4.3 ± 

265 2.5; DOMS during squat movement 1.2 ± 0.4 vs. 4.0 ± 2.0; p = 0.001 – 0.032, ES = 0.490 – 0.752; Fig. 1, 

266 panels A-C).

267

268 Maximal isometric force during the 5 s effort, fatigue index and average force production during the 30 s 

269 isometric maximal contraction were significantly reduced only in the experimental limb 48 h post 

270 eccentric exercise (1,924 ± 475 N vs. 1,509 ± 439 N, 23.1 ± 6.5 % vs. 30.0 ± 6.5 % and 1,409 ± 418 N vs. 

271 1,060 ± 277 N, respectively; p = 0.001 – 0.023, ES = 0.613 – 0.887; Fig. 2, panels A-C). The same 

272 parameters showed significant differences between the control and experimental limb at 48 h post 

273 eccentric exercise (1,703 ± 326 N vs. 1,509 ± 439 N, 25.6 ± 6.7 % vs. 30.0 ± 6.5 %, 1,353 ± 373 N vs. 

274 1,060 ± 277 N, respectively; p = 0.001 – 0.032, ES = 0.442 – 0.984; Fig. 2, panels A-C).

275

276 Similarly, the RFD measured at 80, 150 and 250 ms were significantly reduced only in the experimental 

277 limb 48 h post eccentric exercise (7,278 ± 2,521 N/s vs. 5,199 ± 2,323 N/s, 6,902 ± 2,044 N/s vs. 4,685 ± 

278 2,194 N/s, 6,071 ± 1,658 N/s vs. 4,240 ± 1,796 N/s, respectively; p = 0.005- 0.023, ES = 0.702 – 0.817; 

279 Fig. 3, panels A-C). These parameters also exhibited significant differences between the control and 

280 experimental limb at 48 h post eccentric exercise (6,393 ± 2,315 N/s vs. 5,199 ± 2,323 N/s, 6,044 ± 1,860 

281 N/s vs. 4,685 ± 2,194 N/s, 5,310 ± 1,411 N/s vs. 4,240 ± 1,796 N/s, respectively; p = 0.001 – 0.005, ES = 

282 0.756 – 0.806; Fig. 3, panels A-C).

283

284 Muscle architecture

285 The cross-sectional area of the vastus lateralis significantly increased 48 h after eccentric exercise only 

286 for the experimental limb (24.4 ± 6.3 cm2 vs. 27.7 ± 6.9 cm2; p = 0.001, ES = 0.989) while at the same 

287 time point there was a significant difference between conditions (25.6 ± 6.3 cm2 vs. 27.7 ± 6.9 cm2; p = 

288 0.042, ES = 0.906) (Fig. 4, panel A). Muscle thickness of the vastus lateralis also increased 48 h post 
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289 eccentric exercise only in the experimental limb (2.4 ± 0.4 cm vs. 2.5 ± 0.2 cm; p = 0.001, ES = 0.983), 

290 with no difference observed between the two conditions (Fig. 4, panel B). Pennation angle and fascicle 

291 length did not change significantly over time or between limbs (p = 0.737 – 0.808, ES = 0.444 – 0.821) 

292 (Fig. 4, panels C and D, respectively).

293

294 Muscle and cerebral oxygenation 

295 Muscle and cerebral TSI during 5 s (Fig. 5, panels A1 and A2) and 30 s (Fig. 5, panels B1 and B2) maximal 

296 isometric contraction showed no significant differences either over time (p = 0.247 – 0.633, ES = 0.408 – 

297 0.854) or between limbs (p = 0.298 – 0.788, ES = 0.201 – 0.921). Collectively, there was no effect of time 

298 and condition on TSI during the 5 s and 30 s maximal isometric efforts.

299

300 In experimental vastus lateralis Δ[HHb] there was a significant alteration over time during the 5 s of 

301 maximal isometric contraction (1.16 ± 1.83 μM vs. 0.06 ± 1.93 μM; p = 0.049, ES = 0.577; Fig. 6, panel 

302 A1). However, for the same parameter (i.e., 5s of maximal isometric contraction), there was no significant 

303 interaction in vastus lateralis Δ[tHb] (p = 0.449; Fig. 6, panel A2). Muscle Δ[HHb], and Δ[tHb] during 30 

304 s of maximal isometric contraction (Fig. 6, panels B1-B2) showed no significant differences either over 

305 time or between limbs in Δ[HHb], and Δ[tHb] (p = 0.301 – 0.854, ES = -0.225 – 0.777). 

306

307 No significant differences were found in cerebral Δ[HHb], and Δ[tHb] at 5 s (Fig. 7, panels A1-A2) or at 

308 30 s (Fig. 7, panels B1-B2) during maximal isometric contraction either over time (p = 0.353 – 0.917, ES 

309 = 0.130 – 0.601) or between limbs (p = 0.326 – 0.878, ES = 0.347 – 0.679). 

310

311

312

313

314 Discussion 
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315 The aim of the present investigation was to explore the potential effects of eccentric-induced muscle 

316 damage on muscle architecture, as well as muscle and cerebral oxygenation. To the best of our knowledge, 

317 this is the first study to concurrently investigate the effects of exercise-induced muscle damage on both 

318 muscle and cerebral oxygenation. Based on our findings, oxygenation of the vastus lateralis and the 

319 prefrontal cortex – as primarily assessed by the TSI – was not affected by eccentric exercise-induced 

320 muscle damage during maximal isometric contraction of either short or long duration. Unilateral eccentric 

321 exercise performed in a leg press machine at a 45° inclination induced muscle damage, as evidenced by 

322 significant alterations in several indirect indicators of muscle damage. Additionally, significant changes 

323 were observed in the cross-sectional area and muscle thickness of the vastus lateralis, as assess via 

324 ultrasonography 48 h post eccentric exercise. 

325

326 One of the most valid and reliable indirect measures of muscle damage in humans is a prolonged decrease 

327 in muscle force output after exercise [43]. The eccentric exercise protocol applied in the present study 

328 caused a 16% reduction in MVC assessed in the knee extensors of the experimental limb, indicating 

329 muscle damage [44]. Furthermore, significant reductions in RFD at 80, 150 and 250 ms were observed 

330 which are in accordance with previous data [45]. The reduction in RFD observed in this study may be 

331 attributed to impaired recruitment of type II motor units following eccentric exercise [46], along with a 

332 greater reliance on type I motor units, which contributes to the slower RFD post eccentric exercise [47]. 

333 The RFD is not only considered a valid additional indirect marker of muscle damage but also a more 

334 specific and sensitive indicator of eccentric exercise-induced muscle damage than MVC [48]. Another 

335 important biomarker supporting the induction of muscle damage was the increase in CSA and muscle 

336 thickness 48 h after eccentric exercise, indicating the occurrence of edema in the affected muscle. Indeed, 

337 it has been previously observed that the days post eccentric exercise ultrasound assessments reveal 

338 significant increase in muscle thickness and fascicle length [30]. Several studies suggest that muscle 

339 swelling after eccentric exercise occurs due to fluid penetration into the interstitial space of the cells [49]. 

340 It has been proposed that unaccustomed eccentric exercise may lead to sarcomere disruption by opening 
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341 the mechanosensitive stretch channels of cell membranes, resulting in the intracellular influx of Ca2+ and 

342 Na+ ions, which may cause cell damage, swelling, inflammation, and a transient reduction in force 

343 production [50]. However, in the present study we did not use techniques such as muscle needle biopsy 

344 and magnetic resonance imaging, that may provide more direct measurements muscle damage. 

345

346 A slight decrease in deoxyhemoglobin was observed in the experimental limb 48 h after eccentric exercise, 

347 but only during the 5 s maximal isometric contraction – not during the 30 s effort. This reduction may be 

348 related to the concurrent decrease in the RFD. It can be hypothesized that the lower rate of force generation 

349 after eccentric muscle-damaging exercise results from increased reliance on type I muscle fibers, which 

350 are intrinsically slower at producing force. This shift may occur because type II motor units are 

351 predominantly damaged after eccentric exercise [46]. This hypotheses align with our findings, as muscle 

352 damage was associated with reduced force output 48 h post eccentric exercise – likely indicating greater 

353 recruitment of type I muscle fibers – which may, in turn, explain the unexpected reduction in muscle 

354 deoxyhaemoglobin. 

355

356 During the prolonged maximal isometric contraction – which places greater demand on oxidative 

357 metabolism – no disturbances in muscle oxygenation were observed, despite the presence of exercise-

358 induced muscle damage [17]. This preservation of oxygenation may be attributed to an increase in local 

359 muscle blood flow, potentially serving to compensate for microcirculatory dysfunction [18, 19]. The 

360 absence of changes in muscle oxygenation parameters could also be explained by the lower absolute force 

361 output following eccentric exercise-induced muscle damage, likely due to greater reliance on type I 

362 muscle fibers, which are more metabolically oxidative. These conditions may have masked potential 

363 effects of muscle damage on muscle oxygenation, as such effects are influenced by the metabolic demands 

364 of the task. Indeed, the reduced force output during the 30 s of maximal isometric contraction at 48 h post 

365 eccentric exercise could have resulted in decreased muscle compression and intramuscular pressure. This, 
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366 in turn, may have helped preserve blood flow, oxygen delivery, muscle oxygenation status, and oxygen 

367 extraction. 

368

369 The lower [HHb] values observed during the 5 s trial after eccentric exercise could be related to the 

370 reduction in maximal isometric force, resulting in lower intramuscular pressure and, consequently, greater 

371 blood flow and enhanced oxygen delivery. Deoxyhemoglobin has been reported to be an indirect index 

372 of oxygen extraction during exercise [41]. Previous studies have found that severe eccentric exercise 

373 muscle damage can significantly impact the microvascular response during exercise initiation [14, 18, 

374 19]. Indeed, 48 h after eccentric exercise-induced muscle damage, slow [HHb] responses to severe-

375 intensity exercise were observed [18]. High intensity muscle contractions (i.e., 5 - 20 s in duration, 

376 comparable duration used in the present investigation) were also found to slow microvascular reactivity, 

377 causing a mismatch between the delivery of oxygen and its utilization in the muscle tissue [14]. Similarly, 

378 in rat spinotrapezius muscle, which provides a close analog to human quadriceps muscle (e.g., muscle 

379 fibre type, oxidative capacity), eccentric exercise was found to disrupt capillary geometry by increasing 

380 the capillary luminal shape and area (i.e., luminal ellipticity), which was suggested to impair muscle 

381 microcirculatory flow and the balance between oxygen delivery and consumption at the onset of 

382 electrically stimulated contractions [19]. 

383

384 To the best of our knowledge, this is the first study to examine the effect of eccentric-induced muscle 

385 damage on cerebral oxygenation. Based on our results, eccentric muscle damaging exercise did not affect 

386 cerebral oxygenation, as assessed during maximal intensity exercise. In previous investigations by our 

387 group, no differences were found in cerebral oxygenation between eccentric and concentric isokinetic 

388 exercise, whether assessed during continuous submaximal exercise [1] or during high intensity interval 

389 training [35]. These similar findings on cerebral oxygenation contradict the differences in cortical 

390 activation between conditions. Eccentric exercise requires advanced cortical control and recruitment of 

391 brain areas to activate high-threshold motor units while lowering the discharge rate of activated motor 
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392 units [51]. Similarly, the absence of alterations in cerebral oxygenation found in the present study 

393 contradicted the initial hypothesis, since it was expected that after eccentric muscle damaging exercise, 

394 higher brain function would be required to control muscle effort as a central protective mechanism to 

395 regulate force generation to prevent further injury [24]. Additionally, it can be hypothesized that 

396 incorporating a submaximal, long duration isokinetic assessment after exercise-induced muscle damage 

397 might have elicited a more pronounced cerebral oxygenation response, due to the increased effort required 

398 to sustain the predetermined force. Moreover, it was expected that the sensation of pain in response to 

399 eccentric exercise-induced muscle damage could have interfered with cerebral oxygenation. 

400

401 Regarding cerebral oxygenation, it can be hypothesized that a higher volume of eccentric exercise (> 200-

402 300 repetitions) may be necessary to elicit detectable changes, which could reflect increased cortical 

403 activation. In such conditions, greater cortical involvement might be required to maintain a given force 

404 output due to impaired muscle function resulting from the higher degree of muscle damage. This 

405 activation likely promotes cerebral vasodilation, thereby helping to maintain brain oxygen supply [52-

406 55]. 

407

408 This study provides novel insights in both muscle and cerebral oxygenation in response to muscle 

409 damaging eccentric exercise. The results of this study suggest, for the first time, that both short and a long 

410 duration maximal isometric contractions (i.e., 5 and 30 s, respectively) performed 48 h after eccentric 

411 exercise do not alter muscle or cerebral oxygenation, as measured by TSI, nor blood volume, as indicated 

412 by changes in total hemoglobin (Δ[tHb]). However, a marginal change in muscle O₂ extraction was 

413 observed during the 5 s maximal isometric contraction, evidenced by a decrease in Δ[HHb], which was 

414 unexpected at 48 h post eccentric exercise. No alterations were observed in prefrontal cortex oxygenation 

415 during 30 s maximal isometric contraction performed 48 h post eccentric exercise. The absence of 

416 alterations in cerebral oxygenation contradicts our initial hypothesis that muscle damage would require 

417 increased brain activity to control muscle effort as a central protective mechanism to regulate force 
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418 generation to prevent further injury [24]. Furthermore, the unexpected decrease in deoxyhemoglobin 

419 during the short (5 seconds) maximal isometric contraction may be linked to the reduced isometric force 

420 production observed following eccentric exercise-induced muscle damage. This reduction in force could 

421 result from a greater reliance on type I muscle fibers activation, as type II fibers are more susceptible to 

422 damage from eccentric exercise [46]. 

423

424 Limitations

425 In the present study, direct blood markers of inflammation and muscle damage (e.g., creatine kinase, 

426 myoglobin, C-reactive protein) were not measured, which could be considered a limitation, as the 

427 inclusion of such blood indicators might have strengthened the evidence that eccentric exercise induces 

428 not only local but also systemic disturbances. Furthermore, cerebral oxygenation was assessed only at a 

429 single site – the pre-frontal cortex – which may have restricted the detection of potential changes across 

430 other brain regions; the use of a multi-channel functional NIRS (fNIRS) system, specialized for assessing 

431 brain function, might have provided a more comprehensive picture of  cerebral oxygenation alterations 

432 [28]. Regarding muscle and cerebral oxygenation during the 30 s protocol, it is possible that the lower 

433 absolute force output following eccentric exercise-induced muscle damage masked any potential effects. 

434 This may be due to the fact that the impact of muscle damage on oxygenation is influenced by the 

435 metabolic demands of the task. The relatively small sample size, composed of recreationally trained 

436 individuals, also limits the generalizability of our findings, as the results may not extend to broader 

437 populations or specific groups such as athletes, highly trained individuals, or clinical populations.  

438 Additionally, although the single-limb model used in this study offers methodological advantages, it could 

439 also be seen as a limitation given that previous studies have reported cross-education effects of eccentric 

440 exercise, either providing a protective effect against contralateral muscle damage [56] or causing reduced 

441 neuromuscular activity and physical capacity in the unexercised limb [57]. 

442

443 Practical Applications
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444 In this study, a leg press machine was used to induce muscle damage, enhancing ecological validity since 

445 such equipment is widely available and commonly used by athletes at all levels, from recreational to elite. 

446 Many physical activities involve brief, high intensity muscle efforts, underscoring the physiological 

447 importance of the ability to rapidly increase blood flow to meet oxygen delivery demands. Our findings 

448 suggest that eccentric exercise-induced muscle damage does not appear to affect muscle oxygenation 

449 during either short (5 s) or longer (30 s) maximal isometric contractions. Similarly, no significant 

450 alterations were observed in cerebral oxygenation. Furthermore, the absence of changes in cerebral 

451 oxygenation suggests effective brain autoregulatory mechanisms that maintain oxygen supply despite the 

452 decreased muscle function, implying a potential mismatch between the athletes’ perceived willingness to 

453 perform and their actual physical capacity, thus increasing the risk of unintentional overexert during the 

454 recovery. 

455

456 Conclusion

457 Unilateral eccentric exercise performed in a leg press machine with a 45° inclination induced muscle 

458 damage and decreased muscle performance, that is, maximal strength and the rate of force development. 

459 Additionally, muscle damage induced alterations in muscle morphology, as measured via 

460 ultrasonography. Vastus lateralis CSA and muscle thickness are increased two days after the eccentric 

461 protocol, indicating the occurrence of muscle damage and the presence of edema. The structural 

462 impairments in skeletal muscle resulting from muscle damage were not sufficient to alter the muscle 

463 oxygenation levels during either short- or long- duration maximal isometric contraction tests. Similarly, 

464 cerebral oxygenation was not affected by the muscle damage as assessed two days after the eccentric 

465 protocol. 
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637 Figure Legends

638 Figure 1 Concentric 1 repetition maximum (A), DOMS during squat movement (B) and DOMS during 

639 palpation (C), pre and 48-h post eccentric exercise for the control (white bars) and the experimental (black 

640 bars) limb.  

641 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

642 # significant difference (p<0.05) between control and experimental limb at the same time point. 

643

644 Figure 2 Isometric peak force during a 5 s effort (A), Fatigue index (B) and Average force (C) during a 

645 30 s maximal isometric effort, pre and 48-h post eccentric exercise for the control (white bars) and the 

646 experimental (black bars) limb.  

647 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

648 # significant difference (p<0.05) between control and experimental limb at the same time point. 

649

650 Figure 3 Rate of force development at 80 ms (A) 150 ms (B) and 250 ms (C), pre and 48 h post eccentric 

651 exercise for the control (white bars) and the experimental (black bars) limb.  

652 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

653 # significant difference (p<0.05) between control and experimental limb at the same time point. 

654

655 Figure 4 Cross sectional area (A), muscle thickness (B), pennation angle (C) and fascicle length (D) of 

656 knee extensors, pre and 48 h post eccentric exercise for the control (white bars) and the experimental 

657 (black bars) limb.  

658 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

659 # denotes significant difference (p<0.05) between control and experimental limb at the same time point. 

660

661 Figure 5 Tissue saturation index (TSI) for muscle and cerebral tissue measured during 5s (A1-A2) and 

662 30s (B1-B2) isometric force, pre and 48 h post eccentric exercise.
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663 Figure 6 Muscle oxygenation parameters [i.e., deoxyhemoglobin (HHb) and total hemoglobin (tHb)] 

664 measured during 5s (A1-A2) and 30s (B1-B2) isometric force, pre and 48 h post eccentric exercise.    

665 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

666

667 Figure 7 Cerebral oxygenation parameters [i.e., deoxyhemoglobin (HHb) and total hemoglobin (tHb)] 

668 measured during 5s (A1-A2) and 30s (B1-B2) isometric force, pre and 48 h post eccentric exercise.

669

670
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1 Exercise-Induced Muscle Damage on Muscle and Cerebral Oxygenation and Performance

2
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4 Abstract

5 The study aimed to investigate the effects of exercise‐induced muscle damage on muscle and cerebral 

6 oxygenation. Twelve healthy men performed eccentric exercise on a leg press machine at an intensity 

7 corresponding to their concentric one-repetition maximum. Muscle damage indices, muscle and cerebral 

8 oxygenation, and vastus lateralis architecture were evaluated at baseline and 48 hours post-exercise. At 

9 48 hours post-exercise, delayed onset muscle soreness significantly increased (1.0±0.3 to 4.2±2.8; 

10 p<0.01), while concentric one-repetition maximum, maximal isometric force, and rate of force 

11 development decreased (p<0.01). The quadriceps’ cross-sectional area and muscle thickness significantly 

12 increased (p<0.05). During a 5-second maximal isometric contraction, the tissue oxygen saturation index 

13 (TSI) of the vastus lateralis (63±3 to 61±4 %; p>0.05) and the prefrontal cortex (68±2 to 67±1 %; p>0.05) 

14 did not change significantly. Deoxyhemoglobin showed a marginally significant decrease (1.16±1.14 to 

15 0.06±1.10 μM; p=0.049). No significant changes were observed in muscle and cerebral oxygenation 

16 parameters during the 30 s maximal isometric contraction. The eccentric exercise protocol induced muscle 

17 damage and altered muscle architecture. However, these changes were not sufficient to affect muscle or 

18 cerebral TSI during either short- or long-duration maximal isometric contraction. Eccentric exercise-

19 induced muscle damage was not found to induce changes in cerebral oxygenation.

20 Key words: Cerebral oxygenation, Cross sectional area, Delayed onset muscle soreness, Eccentric 

21 exercise, Oxyhemoglobin, Ultrasound

22

23

24

25

26
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28 Introduction

29 Eccentric muscle contraction is defined as the active lengthening of a muscle in response to an external 

30 load. The growing popularity of eccentric exercise is based on its unique physiological (e.g., lower 

31 metabolic demands compared to concentric exercise) and mechanical characteristics (e.g., activation of 

32 the structural protein titin) [1, 2]. However, exercise with pure eccentric contractions is not common in 

33 everyday or sports activities. Due to its unaccustomed nature, eccentric exercise may significantly affect 

34 muscle function and performance, a condition known as exercise-induced muscle damage [3-5]. Exercise-

35 induced muscle damage decreases muscle strength and pain-free range of movement, increases delayed 

36 onset muscle soreness and muscle swelling/stiffness, and increases the levels of inflammation and 

37 oxidative stress indicators in the blood [6, 7]. These indicators usually peak between 12 and 48 h post 

38 eccentric exercise and typically diminish after 5-7 days [3-5, 8].

39

40 In the days following unaccustomed exercise, resting metabolic rate is increased to meet the metabolic 

41 demands of muscle regeneration and due to repair processes [9-11]. Moreover, the days post eccentric 

42 exercise ultrasound assessments reveal significant increase in muscle thickness and fascicle length [12, 

43 13]. Disruption of skeletal muscle structure due to exercise-induced muscle damage may impair the 

44 microvascular network [14, 15], which is accompanied with increased blood flow during exercise [16, 

45 17]. It has been suggested that following eccentric exercise-induced muscle damage, muscle oxygenation 

46 is maintained through increased local blood flow, which likely compensates the microcirculatory 

47 dysfunction [18, 19]. Furthermore, muscle damage may impair the rate of force development – the ability 

48 to rapidly generate muscular force [20] – which can significantly affect short and high-intensity isometric 

49 contractions [21]. 

50

51 Eccentric exercise-induced muscle damage has been shown to affect both the peripheral and central 

52 nervous systems. Peripheral mechanisms may contribute to neuromuscular dysfunction observed after 

53 eccentric exercise, as evidenced by the immediate and prolonged loss of isometric strength [22]. This loss 
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54 is primarily attributed to factors located at or beyond the neuromuscular junction [22]. Central fatigue, 

55 defined as the central nervous system’s reduced ability to fully activate motor neurons, may result from 

56 decreased cerebral oxygenation, which compromises the oxidative metabolism of brain cells [23]. It is 

57 plausible that following muscle-damaging eccentric exercise, increased cortical activation may be 

58 necessary to maintain a given force output due to impaired muscle function. However, this should not be 

59 interpreted as evidence of central fatigue. This central mechanism may serve to limit force production and 

60 prevent further injury [24]. 

61

62 It can also be hypothesized that, since muscle damage from eccentric exercise may impair proprioceptive 

63 feedback [5, 25, 26], the central nervus system may face increased demands in organizing motor synergies. 

64 This would likely require greater involvement of higher cerebral centers to manage the additional 

65 challenges of motor control [27]. Furthermore, coordination leg movements after exercise-induced muscle 

66 damage may demand increased cortical engagement to ensure effective motor execution and heightened 

67 attentional focus [28]. To the best of our knowledge, no study has yet examined cerebral oxygenation 

68 following eccentric exercise-induced muscle damage. Based on the considerations above, it is reasonable 

69 to hypothesize that cerebral oxygenation may be compromised in the days after such muscle damage. 

70 However, the rationale for potential changes in cerebral oxygenation during exercise performed after 

71 eccentric muscle-damaging task remains unclear and insufficiently supported. While cerebral oxygenation 

72 is often used as a proxy for neural activation, the presence of muscle (motor unit) damage and the 

73 increased effort required to produce maximal force do not consistently or conclusively explain possible 

74 impairments in cerebral oxygenation.

75

76 To the best of our knowledge, no studies have measured cerebral oxygenation following eccentric 

77 exercise-induced muscle damage. Moreover, despite extensive research on exercise-induced muscle 

78 damage, there is a significant gap in understanding how this condition affects muscle and cerebral 

79 oxygenation during intense muscle actions. The aim of the present study was to investigate the effect of 
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80 eccentric exercise-induced muscle damage on muscle and cerebral oxygenation, during short and long 

81 duration isometric maximal voluntary muscle contractions (lasting 5 and 30 seconds, respectively), as 

82 well as on muscle architecture during intense muscle actions following a muscle damaging bout of 

83 eccentric exercise. It was hypothesized that both muscle and cerebral oxygenation could be significantly 

84 affected by eccentric exercise-induced muscle damage, measured during exercise. 

85

86 Methods

87 Subjects

88 Twelve, healthy young men [n=12, age 25.2 ± 4.8 years, body mass 79.4 ± 10.2 kg, height 180 ± 10 cm, 

89 and body mass index (BMI) 24.5 ± 2.2 kg/m2] volunteered to participate in the present investigation. Body 

90 mass was measured to the nearest 0.05 kg (Beam Balance 710, Seca, UK), with participants lightly dressed 

91 and barefoot. Standing height was measured to the nearest 1 cm (Stadiometer 208, Seca, UK). Participants 

92 were students from the Department of Sport Science who attended practical classes as part of their 

93 academic program, averaging approximately 4 hours per week. Apart from these classes, they did not 

94 engage in any structured training and had no experience with high-intensity unaccustomed exercise for at 

95 least six months prior to enrolling in the study. Additionally, participants were not taking any anti-

96 inflammatory, analgesic medications or nutritional supplements during the study period and one month 

97 before the initiation of the experiment. Volunteers were also instructed to abstain from any strenuous 

98 exercise during their participation in the study. All procedures were conducted in accordance with the 

99 Declaration of Helsinki and were reviewed and approved by the institutional’s Ethics Committee (Protocol 

100 Record #1099/13-02-2019). All participants signed a written informed consent before entering in the 

101 study. 

102

103 Study design

104 Volunteers visited the laboratory and completed a weekly self-reported physical activity questionnaire. 

105 Participants underwent a medical examination, anthropometric assessment and evaluation of lower 
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106 extremity dominance using the revised Waterloo Footedness Questionnaire [WFQ-R, intraclass 

107 correlation coefficient (ICC) = 0.92]. Subsequently, the maximum single-leg press strength of both lower 

108 extremities was evaluated. To minimize the potential influence of limb dominance on the outcomes, we 

109 employed a counterbalanced, randomized assignment of dominant and non-dominant limbs among 

110 participants, where one limb was selected as the experimental limb, while the other served as the control 

111 limb, to exploit the methodological and statistical advantages of the single-limb exercise model [29]. 

112

113 During the second visit, all participants performed a unilateral leg press eccentric exercise session with 

114 the experimental limb. For both legs, a single-leg concentric and isometric maximal voluntary contraction 

115 (MVC), DOMS, rate of force development (RFD) were assessed immediately before and 48 h post 

116 eccentric exercise. During isometric MVC, muscle and cerebral oxygenation were measured via near 

117 infrared spectroscopy (NIRS) and muscle morphology was assessed through ultrasonography [1, 30]. 

118

119 Procedures

120 A warm-up session was performed at both visits and was included 5 min on a cycle ergometer at 50 Watts 

121 (Monark ergomedic 834E, Vansbro, Sweden) followed by 5 min stretching exercises.

122

123 Leg Press Maximum Strength

124 Maximal single-leg concentric strength (one repetition maximum; 1RM) was assessed separately for each 

125 leg before and 48 h after the eccentric exercise using a leg press machine with a 45° inclination [the same 

126 machine used for the eccentric exercise session]. Participants performed 2-3 warm-up sets of 6-8 

127 repetitions with increasing loads. Subsequently, they determined their 1RM, defined as the last successful 

128 lifting effort with gradually increased loads with knee joint angle reaching 90°. A 3 min rest interval was 

129 maintained between efforts. In all cases, two trained experimenters were present to provide vocal 

130 encouragement during each trial. The ICC for 1RM testing was ICC = 0.96 (95% CI: lower = 0.81, upper 

131 = 0.94, n = 13). 
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132

133 Eccentric Exercise Protocol

134 Participants performed a single-leg eccentric exercise session using the same leg press machine. This leg 

135 press machine, commonly found in gyms, allows for the downward phase (eccentric muscle contraction) 

136 to occur in a diagonal trajectory. Each participant performed only the downward movement (eccentric 

137 contraction), and was instructed to lower the leg-press platform in a constant, controlled tempo, 

138 completing each eccentric phase in 2 s, and were guided by a metronome. The starting position was set at 

139 a knee angle of 175o (180o being full knee extension). To stop the downward movement of the leg press 

140 platform at the correct position, a block was placed 1 cm beneath each individual’s point of full knee 

141 flexion. To avoid the concentric phase of the contraction, the ascent of the leg press platform back to the 

142 initial position was performed with an electric motor, and the next repetition was started 5 s after the 

143 completion of the previous one. Given that eccentric muscle contractions produce higher force outputs 

144 than concentric contractions and considering that the eccentric exercise was performed using a standard 

145 leg press machine, the external load was set to 100% of the participant’s maximum concentric strength 

146 for safety reasons. Each participant performed 5 set of 10 repetition, with 3 min interval between sets. 

147

148 Delayed onset of muscle soreness

149 Before and 48 h after the eccentric exercise, participants assessed their perceived level of muscle soreness 

150 using a visual analog scale ranging from 1 (normal) to 10 (very, very sore) as previously described [26]. 

151 Each participant evaluated soreness in each leg by self-palpation of the muscle belly at the distal region 

152 of the vastus lateralis, both in a seated position with relaxed muscles and in a semi-squat position. 

153

154 Isometric Force and Rate of Force Development

155 Isometric force was measured using a force platform positioned perpendicular on a concrete laboratory 

156 wall (Applied Measurements Ltd Co. UK, WP800, 1000kg weighting platform, 80x80 cm, sampling 

157 frequency 1000 Hz). Participants were seated on a custom-made steel leg press chair, with each foot placed 
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158 separately on the force platform. The knee angle was set at 120° and the hip angle was set at 100º, as 

159 previously described [31]. Two isometric tests were conducted: one consisted of two efforts lasted 5s 

160 each, and the other was consisted of a single effort lasting 30 s, with 5 min interval between efforts. 

161 Participants were instructed to apply maximum force as fast as possible and maintain the force until the 

162 end of the test. Before both tests, two 3 s efforts of increasingly intensity were performed. Participants 

163 were vocally encouraged to perform their best. Real-time visual feedback of the force applied was 

164 provided for each effort via a computer monitor placed just above the force platform. 

165

166 For the 5 s effort, the variables calculated from the force-time curve were the maximum isometric force 

167 (MIF; as the highest peak on the curve) and the RFD [RFD (N∙s-1) = ΔForce ∙ ΔTime-1] at 80, 150 and 200 

168 ms. During the 30 s effort, the fatigue index (FI) was calculated using of the formula: FI (%) = [(MIF30sec 

169 - LIF30sec)/ MIF30sec] x 100 (LIF: lowest isometric force) [32]. The ICC for MIF and RFD were: ICC 

170 = 0.90, (95% CI: Lower = 0.86, Upper = 0.96) and ICC = 0.92, (95% CI: Lower = 0.80, Upper = 0.98) 

171 respectively.

172

173 Evaluation of Vastus Lateralis Cross-Sectional Area and Architecture

174 Vastus lateralis cross sectional area, muscle thickness, pennation angle and fascicle length of both legs 

175 were assessed in a prone position using B-mode ultrasonography (Product model Z5, Shenzhen Mindray 

176 Bio-Medical Electronics Co., Ltd, Shenzhen, China) with a 10 MHz linear array probe (38mm width). 

177 The vastus lateralis was selected as it has been reported to be a good surrogate for whole quadriceps 

178 exercise-induced changes [33]. To determine the vastus lateralis cross sectional area (CSA), the point at 

179 40% (proximal to the knee) of two locations was marked: a) the center of the patella and b) the medial 

180 aspect of the anterior superior iliac spine. This point was chosen because it represents the largest cross-

181 sectional area along the thigh [34]. A perpendicular guideline was then draw along the thigh with an 

182 indelible marker and the probe was drawn transversely across the thigh. Full visualization of quadriceps 

183 was achieved using a panoramic picture method, specifically the extended-field-of-view mode [33, 34]. 
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184 Two images were taken and analyzed for each participant per leg and mean values were used for statistical 

185 analysis. To determine muscle thickness, pennation angle and fascicle length a continuous single view 

186 was taken from ~40 mm before, to ~40 mm after the same marked point (40% of the thick proximal to the 

187 knee), by moving the probe along the fascicles [34]. All images were analyzed using image analysis 

188 software (ImageJ; U.S. National Institutes of Health, Bethesda, MD, USA). The ICC for vastus lateralis 

189 CSA is 0.962 (95%CI: 0.835-0.991) (n = 36; P < 0.001). The ICC for vastus lateralis muscle thickness, 

190 fascicle angle, and fascicle length was 0.970 (95% CI: lower = 0.856, upper = 0.987), 0.880 (95% CI: 

191 lower = 0.609, upper = 0.965) and 0.840 (95% CI: lower = 0.470, upper = 0.955), respectively.

192

193 Muscle and cerebral oxygenation

194 Muscle and cerebral oxygenation were assessed before and 48 h after eccentric exercise during 5 and 30 

195 s of maximum isometric contraction. Muscle and cerebral oxygenation were assessed non-invasively 

196 using the continuous wave NIRS, employing two wavelengths of near-infrared light (760 and 850 nm) 

197 (Artinis Medical System, PortaMon/PortaLite, Zetten, The Netherlands) as previously described [1, 35]. 

198 The NIRS units (i.e., PortaMon and PortaLite) are equipped with multi-distance optical probes configured 

199 with one optical receiver and three optical source emitters, allowing simultaneous monitoring of three 

200 separate tissue regions. The three source emitters are aligned on the same line as the detector. The inter-

201 optode spacing between emitters and receiver was 30, 35, and 40 mm, with a penetration depth of 

202 approximately one-half of the distance between the emitter and the receiver (i.e., 15, 17.5, and 20 mm). 

203 NIRS data were collected at a frequency of 10 Hz, and the average values of the three optical signals were 

204 used for data analysis, while, for the analyses, the average value of all parameters recorded during the 5-

205 second maximal isometric contraction was used. While NIRS devices cannot differentiate between 

206 chromophores (such as haemoglobin and myoglobin) within the muscle, it is noted that myoglobin content 

207 tends to remain constant during exercise. Thus, changes in NIRS signals can be attributed to changes in 

208 hemoglobin levels [36].

209
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210 PortaMon and Portalite NIRS units, using spatial resolved spectroscopy, provide the tissue saturation 

211 index (TSI), which reflects the balance between oxygen supply and demand, and is expressed as a 

212 percentage at absolute values [37]. Tissue saturation index is a more robust indicator of muscle 

213 oxygenation, as it is less sensitive to motion artifacts and provides absolute values that are independent of 

214 blood volume changes. Moreover, the NIRS system provided concentration changes of muscle and 

215 cerebral microvascular of deoxyhaemoglobin (Δ[HHb]), which reflect the dynamic balance between 

216 muscle oxygen delivery and extraction in the underlying tissue [36]. During exercise, there is an alteration 

217 in muscle’s haemodynamic response, characterized by an increase in Δ[HHb] [38]. Finally, total 

218 haemoglobin [tHb] concentration changes may be an indirect index of microvascular blood volume 

219 changes in response to exercise [39]. The NIRS technique and the units used in the present investigation 

220 have been validated in similar research [40]. 

221

222 Muscle oxygenation was assessed by placing the NIRS unit (PortaMon) at the lower third of the vastus 

223 lateralis muscle (approximately 12 cm above the patella and 5 cm lateral to the midline) after shaving and 

224 cleaning the site with an alcohol swab. The vastus lateralis muscle was chosen for its accessibility and 

225 because it exhibits substantially faster deoxyhemoglobin kinetics compared to the deep and superficial 

226 rectus femoris muscle [41]. The skinfold thickness of vastus lateralis was measured using a skinfold 

227 caliper (Harpenden, John Bull, St. Albans, England) to determine adipose tissue thickness (i.e., skinfold 

228 thickness/2), as it can influence the amplitude of the NIRS signal [42]. In this study, NIRS measurements 

229 were not influenced by adipose tissue for all participants, since the average adipose tissue thickness for 

230 the left and the right vastus lateralis muscles were 11.6 ± 5.2 and 11.7 ± 5.2 mm, respectively, both below 

231 the minimum NIRS light penetration depth (i.e., 15 mm). Considering that tissue oxygenation and blood 

232 flow responses can vary between different muscles and regions of the same muscle, the probes were 

233 always positioned by the same experimenter to ensure reproducibility of NIRS placement as much as 

234 possible. 

235
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236 Cerebral oxygenation was assessed by attaching the NIRS unit (PortaLite) on the surface of the left 

237 prefrontal cortex. Participants were instructed to keep their heads as still as possible during exercise to 

238 minimize motion artifacts in the cerebral NIRS signal. Both muscle and cerebral NIRS units and probes 

239 were covered with a black bandage and secured with tape on the cleaned skin to minimize external light 

240 intrusion and prevent movement. Notably, no sliding of the NIRS systems was observed at the end of the 

241 exercise sessions in all participants.

242

243 Statistical Analyses 

244 The sample size was determined to achieve 85% statistical power (effect size 0.90) using G*Power 

245 software (ver. 3.1.9.6), based on data from previous measurements of the same nature conducted by our 

246 group. Shapiro-Wilks test was used to assess the normality of our data and no violation of normality was 

247 found (p > 0.05). All data are presented as mean and standard deviation (mean ± SD). A two-way repeated 

248 analysis of variance [2 x 2 ANOVA; condition (experimental and control limb) x time (pre- and post-

249 intervention) in all measures. Bonferroni corrections were applied, when necessary, in the post-hoc 

250 comparisons. Effect sizes were calculated using Pearson equation where 0.1-0.3, 0.3-0.5 and higher than 

251 0.5 were considered to be small, moderate and high, respectively. Statistical analyses were performed 

252 with SPSS Statistics v.20 (IBM Corporation, USA) with two-tailed significance was accepted at p ≤ 0.05.

253

254 Results

255 Baseline measurements revealed no significant differences between the two lower limbs across all 

256 examined parameters (p > 0.250 in all cases). 

257 Muscle damage

258 Eccentric exercise on the experimental limb caused muscle damage, evidenced by significant alterations 

259 on the muscle damage indicators. Specifically, 48 h post eccentric exercise, there were significant changes 

260 in concentric 1RM (206 ± 38 kg vs. 175 ± 33 kg; p = 0.001, effect size (ES) = 0.763; Fig. 1, panel A), 

261 DOMS during squat of the muscle belly (1 ± 0 vs. 4.3 ± 2.5; p < 0.001, ES = 0.886; Fig. 1, panel B), 

262 DOMS during palpation the movement (1.2 ± 0.4 vs. 4 ± 2; p < 0.001, ES = 0.741; Fig. 1, panel C). These 
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263 parameters showed significant differences between the control and experimental limb at 48 h post 

264 eccentric exercise (concentric 1RM 205 ± 47 kg vs. 175 ± 33 kg; DOMS during palpation 1 ± 0 vs. 4.3 ± 

265 2.5; DOMS during squat movement 1.2 ± 0.4 vs. 4.0 ± 2.0; p = 0.001 – 0.032, ES = 0.490 – 0.752; Fig. 1, 

266 panels A-C).

267

268 Maximal isometric force during the 5 s effort, fatigue index and average force production during the 30 s 

269 isometric maximal contraction were significantly reduced only in the experimental limb 48 h post 

270 eccentric exercise (1,924 ± 475 N vs. 1,509 ± 439 N, 23.1 ± 6.5 % vs. 30.0 ± 6.5 % and 1,409 ± 418 N vs. 

271 1,060 ± 277 N, respectively; p = 0.001 – 0.023, ES = 0.613 – 0.887; Fig. 2, panels A-C). The same 

272 parameters showed significant differences between the control and experimental limb at 48 h post 

273 eccentric exercise (1,703 ± 326 N vs. 1,509 ± 439 N, 25.6 ± 6.7 % vs. 30.0 ± 6.5 %, 1,353 ± 373 N vs. 

274 1,060 ± 277 N, respectively; p = 0.001 – 0.032, ES = 0.442 – 0.984; Fig. 2, panels A-C).

275

276 Similarly, the RFD measured at 80, 150 and 250 ms were significantly reduced only in the experimental 

277 limb 48 h post eccentric exercise (7,278 ± 2,521 N/s vs. 5,199 ± 2,323 N/s, 6,902 ± 2,044 N/s vs. 4,685 ± 

278 2,194 N/s, 6,071 ± 1,658 N/s vs. 4,240 ± 1,796 N/s, respectively; p = 0.005- 0.023, ES = 0.702 – 0.817; 

279 Fig. 3, panels A-C). These parameters also exhibited significant differences between the control and 

280 experimental limb at 48 h post eccentric exercise (6,393 ± 2,315 N/s vs. 5,199 ± 2,323 N/s, 6,044 ± 1,860 

281 N/s vs. 4,685 ± 2,194 N/s, 5,310 ± 1,411 N/s vs. 4,240 ± 1,796 N/s, respectively; p = 0.001 – 0.005, ES = 

282 0.756 – 0.806; Fig. 3, panels A-C).

283

284 Muscle architecture

285 The cross-sectional area of the vastus lateralis significantly increased 48 h after eccentric exercise only 

286 for the experimental limb (24.4 ± 6.3 cm2 vs. 27.7 ± 6.9 cm2; p = 0.001, ES = 0.989) while at the same 

287 time point there was a significant difference between conditions (25.6 ± 6.3 cm2 vs. 27.7 ± 6.9 cm2; p = 

288 0.042, ES = 0.906) (Fig. 4, panel A). Muscle thickness of the vastus lateralis also increased 48 h post 
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289 eccentric exercise only in the experimental limb (2.4 ± 0.4 cm vs. 2.5 ± 0.2 cm; p = 0.001, ES = 0.983), 

290 with no difference observed between the two conditions (Fig. 4, panel B). Pennation angle and fascicle 

291 length did not change significantly over time or between limbs (p = 0.737 – 0.808, ES = 0.444 – 0.821) 

292 (Fig. 4, panels C and D, respectively).

293

294 Muscle and cerebral oxygenation 

295 Muscle and cerebral TSI during 5 s (Fig. 5, panels A1 and A2) and 30 s (Fig. 5, panels B1 and B2) maximal 

296 isometric contraction showed no significant differences either over time (p = 0.247 – 0.633, ES = 0.408 – 

297 0.854) or between limbs (p = 0.298 – 0.788, ES = 0.201 – 0.921). Collectively, there was no effect of time 

298 and condition on TSI during the 5 s and 30 s maximal isometric efforts.

299

300 In experimental vastus lateralis Δ[HHb] there was a significant alteration over time during the 5 s of 

301 maximal isometric contraction (1.16 ± 1.83 μM vs. 0.06 ± 1.93 μM; p = 0.049, ES = 0.577; Fig. 6, panel 

302 A1). However, for the same parameter (i.e., 5s of maximal isometric contraction), there was no significant 

303 interaction in vastus lateralis Δ[tHb] (p = 0.449; Fig. 6, panel A2). Muscle Δ[HHb], and Δ[tHb] during 30 

304 s of maximal isometric contraction (Fig. 6, panels B1-B2) showed no significant differences either over 

305 time or between limbs in Δ[HHb], and Δ[tHb] (p = 0.301 – 0.854, ES = -0.225 – 0.777). 

306

307 No significant differences were found in cerebral Δ[HHb], and Δ[tHb] at 5 s (Fig. 7, panels A1-A2) or at 

308 30 s (Fig. 7, panels B1-B2) during maximal isometric contraction either over time (p = 0.353 – 0.917, ES 

309 = 0.130 – 0.601) or between limbs (p = 0.326 – 0.878, ES = 0.347 – 0.679). 

310

311

312

313

314 Discussion 
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315 The aim of the present investigation was to explore the potential effects of eccentric-induced muscle 

316 damage on muscle architecture, as well as muscle and cerebral oxygenation. To the best of our knowledge, 

317 this is the first study to concurrently investigate the effects of exercise-induced muscle damage on both 

318 muscle and cerebral oxygenation. Based on our findings, oxygenation of the vastus lateralis and the 

319 prefrontal cortex – as primarily assessed by the TSI – was not affected by eccentric exercise-induced 

320 muscle damage during maximal isometric contraction of either short or long duration. Unilateral eccentric 

321 exercise performed in a leg press machine at a 45° inclination induced muscle damage, as evidenced by 

322 significant alterations in several indirect indicators of muscle damage. Additionally, significant changes 

323 were observed in the cross-sectional area and muscle thickness of the vastus lateralis, as assess via 

324 ultrasonography 48 h post eccentric exercise. 

325

326 One of the most valid and reliable indirect measures of muscle damage in humans is a prolonged decrease 

327 in muscle force output after exercise [43]. The eccentric exercise protocol applied in the present study 

328 caused a 16% reduction in MVC assessed in the knee extensors of the experimental limb, indicating 

329 muscle damage [44]. Furthermore, significant reductions in RFD at 80, 150 and 250 ms were observed 

330 which are in accordance with previous data [45]. The reduction in RFD observed in this study may be 

331 attributed to impaired recruitment of type II motor units following eccentric exercise [46], along with a 

332 greater reliance on type I motor units, which contributes to the slower RFD post eccentric exercise [47]. 

333 The RFD is not only considered a valid additional indirect marker of muscle damage but also a more 

334 specific and sensitive indicator of eccentric exercise-induced muscle damage than MVC [48]. Another 

335 important biomarker supporting the induction of muscle damage was the increase in CSA and muscle 

336 thickness 48 h after eccentric exercise, indicating the occurrence of edema in the affected muscle. Indeed, 

337 it has been previously observed that the days post eccentric exercise ultrasound assessments reveal 

338 significant increase in muscle thickness and fascicle length [30]. Several studies suggest that muscle 

339 swelling after eccentric exercise occurs due to fluid penetration into the interstitial space of the cells [49]. 

340 It has been proposed that unaccustomed eccentric exercise may lead to sarcomere disruption by opening 
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341 the mechanosensitive stretch channels of cell membranes, resulting in the intracellular influx of Ca2+ and 

342 Na+ ions, which may cause cell damage, swelling, inflammation, and a transient reduction in force 

343 production [50]. However, in the present study we did not use techniques such as muscle needle biopsy 

344 and magnetic resonance imaging, that may provide more direct measurements muscle damage. 

345

346 A slight decrease in deoxyhemoglobin was observed in the experimental limb 48 h after eccentric exercise, 

347 but only during the 5 s maximal isometric contraction – not during the 30 s effort. This reduction may be 

348 related to the concurrent decrease in the RFD. It can be hypothesized that the lower rate of force generation 

349 after eccentric muscle-damaging exercise results from increased reliance on type I muscle fibers, which 

350 are intrinsically slower at producing force. This shift may occur because type II motor units are 

351 predominantly damaged after eccentric exercise [46]. This hypotheses align with our findings, as muscle 

352 damage was associated with reduced force output 48 h post eccentric exercise – likely indicating greater 

353 recruitment of type I muscle fibers – which may, in turn, explain the unexpected reduction in muscle 

354 deoxyhaemoglobin. 

355

356 During the prolonged maximal isometric contraction – which places greater demand on oxidative 

357 metabolism – no disturbances in muscle oxygenation were observed, despite the presence of exercise-

358 induced muscle damage [17]. This preservation of oxygenation may be attributed to an increase in local 

359 muscle blood flow, potentially serving to compensate for microcirculatory dysfunction [18, 19]. The 

360 absence of changes in muscle oxygenation parameters could also be explained by the lower absolute force 

361 output following eccentric exercise-induced muscle damage, likely due to greater reliance on type I 

362 muscle fibers, which are more metabolically oxidative. These conditions may have masked potential 

363 effects of muscle damage on muscle oxygenation, as such effects are influenced by the metabolic demands 

364 of the task. Indeed, the reduced force output during the 30 s of maximal isometric contraction at 48 h post 

365 eccentric exercise could have resulted in decreased muscle compression and intramuscular pressure. This, 
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366 in turn, may have helped preserve blood flow, oxygen delivery, muscle oxygenation status, and oxygen 

367 extraction. 

368

369 The lower [HHb] values observed during the 5 s trial after eccentric exercise could be related to the 

370 reduction in maximal isometric force, resulting in lower intramuscular pressure and, consequently, greater 

371 blood flow and enhanced oxygen delivery. Deoxyhemoglobin has been reported to be an indirect index 

372 of oxygen extraction during exercise [41]. Previous studies have found that severe eccentric exercise 

373 muscle damage can significantly impact the microvascular response during exercise initiation [14, 18, 

374 19]. Indeed, 48 h after eccentric exercise-induced muscle damage, slow [HHb] responses to severe-

375 intensity exercise were observed [18]. High intensity muscle contractions (i.e., 5 - 20 s in duration, 

376 comparable duration used in the present investigation) were also found to slow microvascular reactivity, 

377 causing a mismatch between the delivery of oxygen and its utilization in the muscle tissue [14]. Similarly, 

378 in rat spinotrapezius muscle, which provides a close analog to human quadriceps muscle (e.g., muscle 

379 fibre type, oxidative capacity), eccentric exercise was found to disrupt capillary geometry by increasing 

380 the capillary luminal shape and area (i.e., luminal ellipticity), which was suggested to impair muscle 

381 microcirculatory flow and the balance between oxygen delivery and consumption at the onset of 

382 electrically stimulated contractions [19]. 

383

384 To the best of our knowledge, this is the first study to examine the effect of eccentric-induced muscle 

385 damage on cerebral oxygenation. Based on our results, eccentric muscle damaging exercise did not affect 

386 cerebral oxygenation, as assessed during maximal intensity exercise. In previous investigations by our 

387 group, no differences were found in cerebral oxygenation between eccentric and concentric isokinetic 

388 exercise, whether assessed during continuous submaximal exercise [1] or during high intensity interval 

389 training [35]. These similar findings on cerebral oxygenation contradict the differences in cortical 

390 activation between conditions. Eccentric exercise requires advanced cortical control and recruitment of 

391 brain areas to activate high-threshold motor units while lowering the discharge rate of activated motor 
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392 units [51]. Similarly, the absence of alterations in cerebral oxygenation found in the present study 

393 contradicted the initial hypothesis, since it was expected that after eccentric muscle damaging exercise, 

394 higher brain function would be required to control muscle effort as a central protective mechanism to 

395 regulate force generation to prevent further injury [24]. Additionally, it can be hypothesized that 

396 incorporating a submaximal, long duration isokinetic assessment after exercise-induced muscle damage 

397 might have elicited a more pronounced cerebral oxygenation response, due to the increased effort required 

398 to sustain the predetermined force. Moreover, it was expected that the sensation of pain in response to 

399 eccentric exercise-induced muscle damage could have interfered with cerebral oxygenation. 

400

401 Regarding cerebral oxygenation, it can be hypothesized that a higher volume of eccentric exercise (> 200-

402 300 repetitions) may be necessary to elicit detectable changes, which could reflect increased cortical 

403 activation. In such conditions, greater cortical involvement might be required to maintain a given force 

404 output due to impaired muscle function resulting from the higher degree of muscle damage. This 

405 activation likely promotes cerebral vasodilation, thereby helping to maintain brain oxygen supply [52-

406 55]. 

407

408 This study provides novel insights in both muscle and cerebral oxygenation in response to muscle 

409 damaging eccentric exercise. The results of this study suggest, for the first time, that both short and a long 

410 duration maximal isometric contractions (i.e., 5 and 30 s, respectively) performed 48 h after eccentric 

411 exercise do not alter muscle or cerebral oxygenation, as measured by TSI, nor blood volume, as indicated 

412 by changes in total hemoglobin (Δ[tHb]). However, a marginal change in muscle O₂ extraction was 

413 observed during the 5 s maximal isometric contraction, evidenced by a decrease in Δ[HHb], which was 

414 unexpected at 48 h post eccentric exercise. No alterations were observed in prefrontal cortex oxygenation 

415 during 30 s maximal isometric contraction performed 48 h post eccentric exercise. The absence of 

416 alterations in cerebral oxygenation contradicts our initial hypothesis that muscle damage would require 

417 increased brain activity to control muscle effort as a central protective mechanism to regulate force 
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418 generation to prevent further injury [24]. Furthermore, the unexpected decrease in deoxyhemoglobin 

419 during the short (5 seconds) maximal isometric contraction may be linked to the reduced isometric force 

420 production observed following eccentric exercise-induced muscle damage. This reduction in force could 

421 result from a greater reliance on type I muscle fibers activation, as type II fibers are more susceptible to 

422 damage from eccentric exercise [46]. 

423

424 Limitations

425 In the present study, direct blood markers of inflammation and muscle damage (e.g., creatine kinase, 

426 myoglobin, C-reactive protein) were not measured, which could be considered a limitation, as the 

427 inclusion of such blood indicators might have strengthened the evidence that eccentric exercise induces 

428 not only local but also systemic disturbances. Furthermore, cerebral oxygenation was assessed only at a 

429 single site – the pre-frontal cortex – which may have restricted the detection of potential changes across 

430 other brain regions; the use of a multi-channel functional NIRS (fNIRS) system, specialized for assessing 

431 brain function, might have provided a more comprehensive picture of  cerebral oxygenation alterations 

432 [28]. Regarding muscle and cerebral oxygenation during the 30 s protocol, it is possible that the lower 

433 absolute force output following eccentric exercise-induced muscle damage masked any potential effects. 

434 This may be due to the fact that the impact of muscle damage on oxygenation is influenced by the 

435 metabolic demands of the task. The relatively small sample size, composed of recreationally trained 

436 individuals, also limits the generalizability of our findings, as the results may not extend to broader 

437 populations or specific groups such as athletes, highly trained individuals, or clinical populations.  

438 Additionally, although the single-limb model used in this study offers methodological advantages, it could 

439 also be seen as a limitation given that previous studies have reported cross-education effects of eccentric 

440 exercise, either providing a protective effect against contralateral muscle damage [56] or causing reduced 

441 neuromuscular activity and physical capacity in the unexercised limb [57]. 

442

443 Practical Applications
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444 In this study, a leg press machine was used to induce muscle damage, enhancing ecological validity since 

445 such equipment is widely available and commonly used by athletes at all levels, from recreational to elite. 

446 Many physical activities involve brief, high intensity muscle efforts, underscoring the physiological 

447 importance of the ability to rapidly increase blood flow to meet oxygen delivery demands. Our findings 

448 suggest that eccentric exercise-induced muscle damage does not appear to affect muscle oxygenation 

449 during either short (5 s) or longer (30 s) maximal isometric contractions. Similarly, no significant 

450 alterations were observed in cerebral oxygenation. Furthermore, the absence of changes in cerebral 

451 oxygenation suggests effective brain autoregulatory mechanisms that maintain oxygen supply despite the 

452 decreased muscle function, implying a potential mismatch between the athletes’ perceived willingness to 

453 perform and their actual physical capacity, thus increasing the risk of unintentional overexert during the 

454 recovery. 

455

456 Conclusion

457 Unilateral eccentric exercise performed in a leg press machine with a 45° inclination induced muscle 

458 damage and decreased muscle performance, that is, maximal strength and the rate of force development. 

459 Additionally, muscle damage induced alterations in muscle morphology, as measured via 

460 ultrasonography. Vastus lateralis CSA and muscle thickness are increased two days after the eccentric 

461 protocol, indicating the occurrence of muscle damage and the presence of edema. The structural 

462 impairments in skeletal muscle resulting from muscle damage were not sufficient to alter the muscle 

463 oxygenation levels during either short- or long- duration maximal isometric contraction tests. Similarly, 

464 cerebral oxygenation was not affected by the muscle damage as assessed two days after the eccentric 

465 protocol. 
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637 Figure Legends

638 Figure 1 Concentric 1 repetition maximum (A), DOMS during squat movement (B) and DOMS during 

639 palpation (C), pre and 48-h post eccentric exercise for the control (white bars) and the experimental (black 

640 bars) limb.  

641 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

642 # significant difference (p<0.05) between control and experimental limb at the same time point. 

643

644 Figure 2 Isometric peak force during a 5 s effort (A), Fatigue index (B) and Average force (C) during a 

645 30 s maximal isometric effort, pre and 48-h post eccentric exercise for the control (white bars) and the 

646 experimental (black bars) limb.  

647 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

648 # significant difference (p<0.05) between control and experimental limb at the same time point. 

649

650 Figure 3 Rate of force development at 80 ms (A) 150 ms (B) and 250 ms (C), pre and 48 h post eccentric 

651 exercise for the control (white bars) and the experimental (black bars) limb.  

652 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

653 # significant difference (p<0.05) between control and experimental limb at the same time point. 

654

655 Figure 4 Cross sectional area (A), muscle thickness (B), pennation angle (C) and fascicle length (D) of 

656 knee extensors, pre and 48 h post eccentric exercise for the control (white bars) and the experimental 

657 (black bars) limb.  

658 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

659 # denotes significant difference (p<0.05) between control and experimental limb at the same time point. 

660

661 Figure 5 Tissue saturation index (TSI) for muscle and cerebral tissue measured during 5s (A1-A2) and 

662 30s (B1-B2) isometric force, pre and 48 h post eccentric exercise.
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663 Figure 6 Muscle oxygenation parameters [i.e., deoxyhemoglobin (HHb) and total hemoglobin (tHb)] 

664 measured during 5s (A1-A2) and 30s (B1-B2) isometric force, pre and 48 h post eccentric exercise.    

665 * Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

666

667 Figure 7 Cerebral oxygenation parameters [i.e., deoxyhemoglobin (HHb) and total hemoglobin (tHb)] 

668 measured during 5s (A1-A2) and 30s (B1-B2) isometric force, pre and 48 h post eccentric exercise.

669

670
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Figure 1: Concentric 1 repetition maximum (A), DOMS during squat movement (B) and DOMS during 
palpation (C), pre and 48-h post eccentric exercise for the control (white bars) and the experimental (black 

bars) limb.   
* Significant difference (p<0.05) between pre and post exercise condition for the same condition. 
# significant difference (p<0.05) between control and experimental limb at the same time point. 
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Figure 2: Isometric peak force during a 5 s effort (A), Fatigue index (B) and Average force (C) during a 30 s 
maximal isometric effort, pre and 48-h post eccentric exercise for the control (white bars) and the 

experimental (black bars) limb.   
* Significant difference (p<0.05) between pre and post exercise condition for the same condition. 
# significant difference (p<0.05) between control and experimental limb at the same time point. 
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Figure 3: Rate of force development at 80 ms (A) 150 ms (B) and 250 ms (C), pre and 48 h post eccentric 
exercise for the control (white bars) and the experimental (black bars) limb.   

* Significant difference (p<0.05) between pre and post exercise condition for the same condition. 
# significant difference (p<0.05) between control and experimental limb at the same time point. 
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Figure 4: Cross sectional area (A), muscle thickness (B), pennation angle (C) and fascicle length (D) of knee 
extensors, pre and 48 h post eccentric exercise for the control (white bars) and the experimental (black 

bars) limb.   
* Significant difference (p<0.05) between pre and post exercise condition for the same condition. 

# denotes significant difference (p<0.05) between control and experimental limb at the same time point. 
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Figure 5: Tissue saturation index (TSI) for muscle and cerebral tissue measured during 5s (A1-A2) and 30s 
(B1-B2) isometric force, pre and 48 h post eccentric exercise. 
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Figure 6: Muscle oxygenation parameters [i.e., deoxyhemoglobin (HHb) and total hemoglobin (tHb)] 
measured during 5s (A1-A2) and 30s (B1-B2) isometric force, pre and 48 h post eccentric exercise.     

* Significant difference (p<0.05) between pre and post exercise condition for the same condition. 
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Figure 7: Cerebral oxygenation parameters [i.e., deoxyhemoglobin (HHb) and total hemoglobin (tHb)] 
measured during 5s (A1-A2) and 30s (B1-B2) isometric force, pre and 48 h post eccentric exercise. 
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