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25 Abstract 
 

26 BACKGROUND: Circulating biomarkers of bone formation and resorption are widely used in exercise 

27 metabolism research, but their responses to exercise are not clear. PURPOSE: To quantify group 

28 responses and inter-individual variability of P1NP and β-CTX-1 after prolonged, continuous running 

29 (60-120 min at 65-75% VO2max) in young healthy adult males using individual participant data (IPD) 

30 meta-analysis. METHODS: The protocol was designed following PRISMA-IPD guidelines. Changes 

31 in P1NP and β-CTX-1 relative to baseline were measured during, immediately after, and in the hours 

32 and days following exercise. Typical hourly and daily variations were estimated from P1NP and β- 

33 CTX-1 changes relative to baseline in non-exercise (control) conditions. Group responses and inter- 

34 individual variability  were quantified with estimates of the mean and standard deviation of the 

35 difference, and the proportion of participants exhibiting an increased response. Models were conducted 

36 within a Bayesian framework with random intercepts to account for systematic variation across studies. 

37 RESULTS: P1NP levels increased during and immediately after running, where the proportion of 

38 response was close to 100% (75% CrI: 99 to 100%). P1NP levels returned to baseline levels within 1 

39 hour and over the next 4 days, showing comparable mean and standard deviation of the difference with 

40 typical hourly (0.1 ± 7.6 ng·ml-1) and daily (-0.4 ± 5.7 ng·ml-1) variation values. β-CTX-1 levels 

41 decreased during and up to 4 hours after running with distributions comparable to typical hourly 

42 variation (-0.13 ± 0.11 ng·ml-1). There was no evidence of changes in β-CTX-1 levels during the 4 days 

43 after the running bout, where distributions were also similar between the running data and typical daily 

44 variation and (-0.03 ± 0.10 ng·ml-1). CONCLUSION: Transient increases in P1NP were likely 

45 biological artefacts (e.g., connective tissue leakage) and not reflective of bone formation. Comparable 

46 small decreases in β-CTX-1 identified in both control and running data, suggested that these changes 

47 were due to the markers’ circadian rhythm  and not  the running intervention. Hence, prolonged 

48 continuous treadmill running did not elicit bone responses, as determined by P1NP and β-CTX-1, in 

49 this population. REGISTRATION: The protocol for this review was pre-registered on the Open Science 

50 Framework prior to implementation (https://osf.io/y69nd). 

51 

https://osf.io/y69nd
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52 Key words: bone remodelling, bone markers, exercise, running, inter-individual variability, proportion 

53 of response. 
 

54 Key points: 
 

55 • It is unclear whether a single running bout produces bone adaptations, but these potential 

56 responses were not captured by bone (re)modelling markers P1NP and β-CTX-1. 
 

57 • There is a need for studies that investigate the acute responses of bone (re)modelling markers 

58 to different types of exercise interventions and across different populations, which include a 

59 control (non-exercise) group. 

60 

61 Abbreviations 
 

62 BMD Bone mineral density 

63 CLIA Chemiluminescence immunoassay 

64 CrI Credible intervals 

65 DXA Dual-energy X-ray absorptiometry 

66 ECLIA Electro-chemiluminescence assay 

67 ELISA Enzyme-linked immunosorbent assay 

68 IPD Individual participant data 

69 P1NP N-terminal propeptide of type 1 procollagen 

70 PICOS Population, Intervention, Comparator, Outcomes and Study Design 

71 pQCT Peripheral quantitative computed tomography 

72 PRISMA Preferred Reporting Items for Systematic Review and Meta-Analysis 

73 PTH Parathyroid hormone 

74 RIA Radioimmunoassay 

75 SD Standard deviation 

76 VO2max Maximum rate of oxygen consumption 

77 β-CTX-1 C-terminal telopeptide of type 1 collagen 

78 
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79 1. Introduction 
 

80 Weight-bearing exercise is generally considered to be beneficial for bone health and is associated with 

81 long-term (i.e., months, years) improvements in bone mineral density (BMD) and bone architecture, 

82 particularly at load bearing sites [1, 2, 3, 4]. Although the best exercise regimen (i.e., type, intensity, 

83 duration, and frequency) to optimise bone responses is still not well defined, research suggests that 

84 dynamic, high-impact, rapid, multi-directional movement patterns and unaccustomed loads, with a 

85 sufficient load intensity, are likely to produce the largest osteogenic stimulus [5, 6, 7, 8]. The effects of 

86 endurance running exercise on bone are interesting because, although running produces greater 

87 gravitational loading compared to other low-impact activities, such as cycling [9], it also has a repetitive 

88 loading cycle and has been associated with a relatively high prevalence of stress fracture injury [10, 

89 11]. Low BMD is prevalent in endurance runners, particularly at non-loaded sites [12], and it seems 

90 that beneficial effects of mechanical loading may not counteract the potential negative influences 

91 associated with endurance exercise [11], such as micro-damage accumulation and low energy 

92 availability [13]. 

93 

94 Examining the dynamic bone response to acute running exercise bouts is a logical approach to further 

95 investigate the effects of this exercise type on bone, which can be done by measuring changes in bone 

96 (re)modelling markers, measured in blood, before and after a running intervention. Almost all studies 

97 that have included these measurements, however, were not designed to directly answer this question 

98 and did not include a control (non-exercise) group, which makes it difficult to separate running-induced 

99 responses from circadian variation [14]. Furthermore, the results from the few studies that have included 

100 a running intervention and a control group are inconsistent. Two studies reported no significant 

101 differences in bone formation marker P1NP levels 1-24h hours after an intermittent [15] or a continuous 

102 [16] bout of running compared to a non-exercise control condition, but Alkahtani et al. [17] reported 

103 increases in P1NP immediately and 24h after intermittetnt running. In terms of bone resorption, 

104 increases in β-CTX-1 have been shown 1h, but not 24h, after intermittent running [15] and 24-96h after 

105 continous running [16]. Potential explanations for these discrepant results include differences in 
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106 exercise regimen (i.e., duration, intensity, intermittent/continuous) and measurement error (i.e., 

107 instrumentation and biological noise), and lack of standardisation of factors such as sleep, diet, physical 

108 activity prior and following the running bout. It is also possible that different individuals respond 

109 differently to the exercise intervention itself (inter-individual variability). 

110 

111 The extent of inter-individual variation in the bone biomarker response to prolonged continuous running 

112 is unknown. The estimation of the typical variation in observed scores derived from measurement or 

113 biological noise can be quantified through the variation in scores in control conditions (by including a 

114 control group) [18]. For example, when investigating the responses of bone (re)modelling markers to 

115 an exercise intervention, the estimation of typical variation would allow quantification of the degree to 

116 which the observed changes were affected by factors external to the intervention itself, such as circadian 

117 rhythms; and, therefore, would allow quantification of the degree to which the intervention itself may 

118 contribute toward the observed variation. Whilst obtaining accurate estimates of these variability 

119 assessments is difficult for single studies, individual participant data (IPD) meta-analytic approaches 

120 provide better estimates of mean responses with bigger sample sizes and allow for the assessment of 

121 effects at the participant level by using the raw data from selected studies [19, 20], and, thus, can 

122 determine inter-individual variability. 

123 

124 To better understand bone responses to acute bouts of running, the aims of this study were to (i) evaluate 

125 the mean responses of P1NP and β-CTX-1 to a prolonged, continuous running exercise bout in young 

126 healthy adult males, (ii) estimate the inter-individual variability in bone (re)modelling marker 

127 responses, and (iii) determine to what degree any inter-individual variability was associated with the 

128 prolonged, continuous running bout itself (herein termed the intervention response), versus those related 

129 to external factors such as circadian variation. 

130 
 
131 

 
132 
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133 2. Methods 
 

134 The protocol for this review included all items described in the checklist of Preferred Reporting Items 

135 for Systematic Review and Meta-Analysis of Individual Participant Data (PRISMA-IPD) [20, 21]. The 

136 protocol for this review was pre-registered on the Open Science Framework prior to implementation 

137 (https://osf.io/y69nd). 

138 
 

139 2.1. Updates from the pre-registered protocol 

140 In the pre-registered protocol, a combined approach of aggregate data and individual participant data 

141 meta-analyses was proposed. Because individual participant data were obtained from all running 

142 studies, however, the aggregate analysis was deemed unnecessary for the purpose of this investigation. 

143 The pre-registered protocol indicated that the statistical model would include the estimation of 

144 variability ratio (ratio of standard deviation of inter-individual difference scores relative to measurement 

145 error values); this estimation was not included in the statistical approach due to the fact that 

146 measurement error values were often as large as variation in the intervention. 

147 
 

148 2.2. Eligibility Criteria 

149 The PICOS (Population, Intervention, Comparator, Outcomes and Study Design) approach was used to 

150 guide the determination of eligibility criteria for this study. 
 
151 

 

152 2.2.1. Population 

153 Studies that included young (18-35 years old), healthy (i.e., non-smokers, injury free and not taking 

154 medication from any condition known to affect bone metabolism), active males (VO2max ~50 mL·kg- 

155 1·min-1) were considered for inclusion. Differences in training status are unlikely to influence the 

156 responses of bone (re)modelling markers after a running exercise bout [16] and, therefore, participants 

157 included young healthy males who were active (i.e., recreationally) or endurance trained (e.g., runners, 

158 triathletes). Only male participants were included because most studies in this area have focused upon 

https://osf.io/y69nd
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159 young, healthy, adult male populations. Studies in healthy active females are lacking on this topic, a 

160 disparity that is considered in the discussion. 
 
161 

 

162 2.2.2. Intervention 

163 The term ‘intervention’ was taken to mean a prolonged, continuous running bout, regardless of whether 

164 or not this was the focus of the original studies from which the data were extracted. Studies were 

165 considered for inclusion if they included blood sample collections at baseline, before, during, and after 

166 prolonged, continuous treadmill running at an intensity of ≥65% VO2max and with a duration of 60-120 

167 min. In order to reduce variation due to circadian rhythms [14, 22] and feeding [23, 24, 25], studies 

168 were only included if they were conducted in the morning with a baseline sample collected after an 

169 overnight fast and the rest of the samples collected in a fasted state or consuming a non-caloric placebo. 

170 Studies were only included in this review if they involved a continuous treadmill running-based exercise 

171 bout to control for mechanical loading across studies. 

172 
 

173 2.2.3. Comparator 

174 Bone (re)modelling marker responses to running were measured by comparing changes in markers 

175 during and post-running (i.e., from blood samples taken during and in the hours and days after the 

176 running bout) relative to the baseline sample. 

177 

178 To quantify typical variation data from control conditions (resting/non-exercise) were required, 

179 however, most of the selected running studies did not include a non-exercise control group, which 

180 limited the available data to quantify the typical variation of these markers in resting conditions. For 

181 this reason, studies that did not fulfil the exercise intervention criteria but fulfilled the rest of the 

182 inclusion criteria (e.g., population, outcomes) and included a control/non-exercise group (with fasted 

183 samples collected during the hours and days after baseline) were also used to quantify typical variation. 

184 
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185 2.2.4. Outcomes and Prioritisation 

186 P1NP and β-CTX-1 were the primary outcomes of interest for this study as these are the reference 

187 markers for bone formation and resorption [26]. 
 
188 

 

189 2.3. Study design 

190 Any experimental study design that reported the relevant data pre and post a prolonged, continuous 

191 running bout or at rest was considered for inclusion, including crossover or parallel group, controlled 

192 or uncontrolled, and randomised or non-randomised trials. 

193 
 

194 2.4. Search strategy and study selection 

195 Studies were identified directly from the list of included articles in a recent systematic review and meta- 

196 analysis on the bone (re)modelling marker response to acute exercise interventions [27, 28]. For further 

197 details of the protocol, including eligibility criteria, search strategy, study selection and data extraction, 

198 of this meta-analysis please refer to Dolan et al., [27]. In summary, seven electronic databases were 

199 used to source the material: MEDLINE, Embase, Cochrante CENTRAL, Sport Discus, PEDro, 

200 LILACS, and IBEC; and were supplemented by citation screening of all selected studies and relevant 

201 reviews and book chapters. This search was last updated in May 2022. Additionally, data from a study 

202 included in a PhD thesis from the university’s research group that fulfilled the inclusion criteria was 

203 included [29]. 

204 

205 The list of articles selected for inclusion in the investigation by Dolan et al. [28], was subsequently 

206 screened to identify studies that met the eligibility criteria for the current study. The search strategy and 

207 study selection process are illustrated using a modified version of the PRISMA-IPD search flow 

208 diagram (Figure 1). 
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209 
 
210 

 
211 

 
212 

 
213 

 
214 

 
215 

 
216 

 
217 

 
218 

 
219 

 
 

Figure 1. Selection of studies flow diagram. Studies including running data (grey) and studies including control 
data (white). 

 

220 

221 
 

222 2.5. Data extraction and items 

223 Data from selected studies were first extracted into a custom and pre-piloted spreadsheet 

224 (Supplementary file 1) including: study details (authors; year; study design); participant characteristics 

225 (final n; training status; age; height; weight; BMI); exercise characteristics (duration; intensity; total 

226 work [duration*intensity]); sampling conditions (time of day; diet and exercise standardisation/control 

227 before, during and after the intervention, sample handling, assay type); and, if appropriate, intervention 

228 group (e.g., trained/recreational participants, placebo). 

229 

230 Anonymised, individual participant raw data were collected from each publication when available (e.g., 

231 supplemental material), or directly from study authors, who were contacted via email, with a maximum 

232 of two email attempts made over a period of one month. Individual participant data were entered into 
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233 codebooks (Supplementary file 1) and transformed to the same units when included in the codebook 

234 (i.e., for P1NP and β-CTX-1 data ng·ml-1 was used). 

235 
 

236 2.6. Risk of bias assessment in individual studies 

237 The risk of bias for each study was independently assessed in duplicate by two members of the research 

238 team using a modified version of the Downs and Black [30] checklist (Supplementary file 2). This tool 

239 was selected because it provides a comprehensive assessment of the methodological quality of both 

240 randomised and non-randomised trials in healthcare research and has been validated as a tool to evaluate 

241 the quality of reporting as well as internal and external validity [30]. The modified checklist had a total 

242 of 16 items, a maximum score of 20 and was tailored to identify the methodological concerns relevant 

243 for this analysis. This tool was not used to exclude any eligible studies. 

244 
 

245 2.7. Statistical analysis and calculations 

246 Individual participant data meta-analyses were conducted to quantify the responses of P1NP and β- 

247 CTX-1 for all available time-points during, immediately after, and following exercise. Responses were 

248 quantified based upon estimates of the mean difference (by subtracting each time-point from baseline), 

249 the standard deviation (SD) of the difference, and the proportion of participants exhibiting an increased 

250 response. All models were conducted within a Bayesian framework with random intercepts to account 

251 for systematic variation across individual studies. Change scores relative to baseline were calculated 

252 for each participant on an absolute scale (ng·mL-1) with distributional models used to estimate both the 

253 mean difference and standard deviation of the difference. Visual exploration of the data identified the 

254 existence of heteroscedasticity, with a positive relationship between baseline values and residuals from 

255 change scores. Therefore, the baseline value was entered as a predictor of the standard deviation of the 

256 difference. Default priors were used for all parameters, including weakly informative Student-t and half 

257 Student-t distributions with 3 degrees of freedom for location and variance parameters. 

258 
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259 Where estimates showed a mean difference and greater standard deviation of change scores for the 

260 exercise group, proportion of positive response was estimated by calculating the amount of the 

261 distribution (mean difference plus additional standard deviation of the difference) above zero. 

262 Inferences from all analyses were performed on posterior samples generated using the Hamiltonian 

263 Markov Chain Monte Carlo method (five chains, 100,000 iterations and 50,000 warmup). 

264 Interpretations were based on the median value (0.5-quantile), credible intervals (CrIs) and subjective 

265 probabilities calculated from the proportion of the posterior sample that exceeded the relevant value 

266 selected. Analyses were performed using the R wrapper package brms [31] interfaced with Stan to 

267 perform sampling. 

268 
 

269 2.7.1. Estimations of typical variation 

270 With the control data, hourly typical variation of P1NP and β-CTX-1 markers was assessed by 

271 estimating the mean difference and SD of difference of blood samples taken at rest before a running 

272 bout [23, 32] or in a control group [15] compared to baseline. The typical daily variation of P1NP and 

273 β-CTX-1 markers was assessed by estimating the mean difference and SD of difference of blood 

274 samples taken 24-96 h post-baseline in control (non-exercise) groups [15, 16] compared to the baseline 

275 collected on day 1. 

276 
 

277 3. Results 
 

278 3.1. Data collection 
 

279 3.1.1. Running data 

280 From the selected studies by Dolan et al. [28], five studies were subsequently selected for inclusion in 

281 the analysis of the current study [23, 24, 25, 32, 33]. One study from a PhD thesis of the university’s 

282 group was also included [29]. In total, six studies, with a total of 87 individuals, were included in the 

283 analysis for the running data (Table 1). Individual participant data were collected from blood samples 

284 measuring P1NP and β-CTX-1 markers at baseline and at all available time-points on each study during 

285 and after the running bout (i.e., 20 min during running, 30-40 min during running, 30 min post-running, 
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286 immediately after, 1 h post-running, 2 h post-running, 3 h post-running, 4 h post-running, 24 h post- 

287 running, 48 h post-running, 72 h post-running, and 96 h post-running). For time-points 30 min and 4h 

288 post-running, data were only available from one study and, therefore, were not included in the analyses. 

289 

290 Table 1. List of studies included in the analysis. 
 

 
Study Running/control 

data 

Bone 
(re)modelling 
markers 

 
Assay used Exercise 

duration/intensity 

Evans et al., 2020 [15] Control 
β-CTX-1 
P1NP 

CLIA (IDS) 
CLIA (IDS) - 

Lehrskov et al., 2020 [32] Running and control 
β-CTX-1 
P1NP 

CLIA (IDS) 
CLIA (IDS) 60 min at 75% VO2max 

Sale et al., 2015 [24] Running 
β-CTX-1 
P1NP 

ECLIA (Roche) 
ECLIA (Roche) 120 min at 70% VO2max 

Scott et al., 2010 [16] Control 
β-CTX-1 
P1NP 

ECLIA (Roche) 
RIA (Orion) - 

Scott et al., 2011 [33] Running 
β-CTX-1 
P1NP 

ECLIA (Roche) 
RIA (Orion) 

60 min at 65% or 
75% VO2max 

Scott et al., 2012 [23] Running and control 
β-CTX-1 
P1NP 

ECLIA (Roche) 
RIA (Orion) 60 min at 65% VO2max 

Townsend et al., 2017 [25] Running 
β-CTX-1 
P1NP 

ECLIA (Roche) 
ECLIA (Roche) ∼75 min at 75% VO2max 

Varley, 2014 [29] Running β-CTX-1 ELISA (IDS) 120 min at 70% VO2max 

291 CLIA, chemiluminescence immunoassay; ECLIA, electro-chemiluminescence assay; ELISA, Enzyme-linked 
292 immunosorbent assay; P1NP, amino-terminal propeptide of type 1 procollagen; RIA, radioimmunoassay; β-CTX- 

293 1, carboxy-terminal telopeptide of type 1 collagen. 

294 
 

295 3.1.2. Control data 

296 From the six studies included for the running data, two [23, 32] collected blood samples (i.e., 1-3 

297 samples) in resting (control) conditions before the running bout. Three additional studies [15, 16, 17], 

298 which fulfilled all inclusion criteria except the intervention characteristics, but included a non-exercise 

299 control group were also identified. However, individual participant data were only obtained, and thereby 

300 included, from two of these studies [15, 16] for the control data (Table 1). For these four studies [15, 

301 16, 23, 32], individual participant data were obtained from blood samples collected at baseline and 

302 during a 1-2.5 h period (hourly) and 24-96 h (daily) after the baseline sample in the control 

303 conditions/group. These data were used to estimate the hourly and daily P1NP and β-CTX-1 mean 

304 difference and SD of the difference in control (resting) conditions. 

305 
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306 3.2. Typical hourly and daily variation of P1NP and β-CTX-1 

307 The typical hourly and daily variation in P1NP and β-CTX-1 was determined by the mean difference 

308 and SD of the difference in control conditions (Table 2). There was limited evidence of a mean 

309 difference for hourly (0.06 [95% CrI -7.5 to 5.5] ng·mL-1) and daily (-0.39 [95% CrI -4.3 to 2.9] ng·mL- 

310 1) P1NP changes based on median estimates being close to zero and wide CrIs. Slightly higher variation 

311 in the hourly changes (±7.6 [95% CrI 6.8 to 8.5] ng·mL-1) were estimated compared with the daily 

312 changes (±5.7 [95% CrI 5.1 to 6.5] ng·mL-1). Stronger evidence was obtained for a mean difference for 

313 hourly β-CTX-1 changes, with the median and majority of the CrI indicating a decrease (-0.13 [95% 

314 CrI -0.34 to 0.06] ng·mL-1). A wide CrI with median close to zero provided limited evidence of a mean 

315 difference for daily β-CTX-1 changes (-0.03 [95% CrI -0.54 to 0.30] ng·mL-1). The SD of the difference 

316 was consistent between hourly (±0.11 [95% CrI 0.11 to 0.12] ng·mL-1) and daily (±0.10 [95% CrI 0.09 

317 to 0.11] ng·mL-1) changes of β-CTX-1. There was consistent evidence of heteroscedasticity with greater 

318 change score magnitudes for those with higher baselines. 

319 

320 
321 Table 2. Hourly and daily typical variation of P1NP and β-CTX-1 in control conditions. 

 

Marker Studies 
Number of participants 
and observations 

Mean difference 
[95% CrI] 

SD of difference 
[95% CrI] 

Hourly     

 
P1NP 
(ng·mL-1) 

Lehrskov et al., 2020 [32]; 
Scott et al., 2012 [23]; 
Evans et al., 2020 [15] 

 
Participants n = 27 
Observations n = 58 

 
0.06 [-7.5 to 5.5] 

 
7.6 [6.8 to 8.5] a 

 
β-CTX-1 
(ng·mL-1) 

Lehrskov et al., 2020 [32]; 
Scott et al., 2012 [23]; 
Evans et al., 2020 [15] 

 
Participants n = 27 
Observations n = 58 

 
-0.13 [-0.34 to 0.06] 

 
0.11 [0.11 to 0.12] a 

Daily     

P1NP 
(ng·mL-1) 

Evans et al., 2020 [15]; 
Scott et al., 2010 [16] 

Participants n = 22 
Observations n = 52 

 
-0.39 [-4.3 to 2.9] 

 
5.7 [5.1 to 6.5] a 

β-CTX-1 
(ng·mL-1) 

Evans et al., 2020 [15]; 
Scott et al., 2010 [16] 

Participants n = 22 
Observations n = 52 

 
-0.03 [-0.54 to 0.30] 

 
0.10 [0.09 to 0.11] a 

322 a Evidence of heteroscedasticity 

323 
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324 3.3. P1NP and β-CTX-1 responses to a prolonged, continuous running bout 
 

325 3.3.1. Bone formation 

326 In contrast to the control condition (0.06 [95% CrI -7.5 to 5.5] ng·mL-1), there was clear evidence that 

327 the levels of circulating P1NP increased during and immediately after the running bout with mean 

328 differences of 4.2 [95% CrI 0.2 to 8.8] ng·mL-1 at 20 min during the running bout, 9.2 [95% CrI 5.3 to 

329 14.3] ng·mL-1  at 30-40  min during  the  running bout,  and  12.0 [95%  CrI 8.4 to  16.0]  ng·mL-1 

330 immediately after the running bout (Table 3). Greater SD of the difference was identified only at 30- 

331 40 min during (±8.1 [95% CrI 7.1 to 9.4] ng·mL-1) and immediately (±10.2 [95% CrI 9.3 to 11.3] ng·mL- 

332 1) after the running bout (Table 3) compared to the typical hourly variation (±7.6 [95% CrI 6.8 to 8.5] 

333 ng·mL-1 (Table 2). For these three time-points (20 min during, 30-40 min during and immediately after) 

334 the proportion of response was estimated as close to 100% (Table 3), indicating that close to all 

335 participants would be expected to demonstrate an increase in P1NP levels. From one hour after finishing 

336 the running bout and for the next three hours, P1NP returned to “normal” levels, with comparable mean 

337 differences and SD of difference (Table 3) than the typical hourly variation (Table 2). Likewise, for 

338 the four days (24-96 h) after the baseline in the running conditions, P1NP mean differences and SD of 

339 the difference (Table 3) were comparable with the typical daily variation (Table 2). The proportion of 

340 response was not estimated for these time-points due to these similarities and, therefore, there was a 

341 lack of evidence of inter-individual response. There was evidence of heteroscedasticity across all time- 

342 points except at 2 h and 72 h post-running. 

343 

344 

345 

346 

347 

348 
 
349 
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350 Table 3. Responses of P1NP bone formation marker to a prolonged, continuous running bout. 
 
 
 
 
 

20 min during running 
 
 

30-40 during running 
 
 
 
 

1 hour post-running 
(75 observations / 5 studies) 

2 hours post-running 
(60 observations / 4 studies) 

 

(40 observations / 3 studies) 

 
- 

 
 
 
 

- 
<0.001 

 
 
 

(70 observations / 4 studies) 
 

(40 observations / 3 studies) 
 

(40 observations / 3 studies) 
 
 
351 
352 
353 

354 

(30 observations / 2 studies) 
a Evidence of heteroscedasticity. Proportion of response was only calculated where there was strong evidence of 
a mean difference. 

 

355 3.3.2. Bone resorption 

356 Although β-CTX-1 blood levels showed a small decrease in mean differences during the running bout 

357 and for the four hours after finishing the running bout, the mean and SD of the differences (Table 4) 

358 were similar to the β-CTX-1 typical hourly variation (-0.13 ± 0.11 ng·ml-1) (Table 2). For the four days 

359 (24-96 h) after the baseline in the running conditions, the distribution of the β-CTX-1 differences (Table 

360 4) were similar to the β-CTX-1 typical daily variation (-0.03 ± 0.10 ng·ml-1 (Table 2). The proportion 

361 of response was not estimated for any time-points due to the small mean differences in the running 

362 conditions and the similarities in the SD of the difference between running and control conditions. There 

1.1 [-3.1 to 5.2] 5.0 [4.5 to 5.6] a < 0.001  

- 
0.6 [-3.1 to 4.3] 6.1 [5.5 to 6.8] 0.016  

 

P1NP Mean difference SD of difference P of 
(ng·mL-1) [95% CrI] [95% CrI] increased 

variation 
Proportion of response 

Hourly 

4.2 [0.2 to 8.8] 

 
 

6.1 [5.2 to 7.3] a 

 
 

0.088 

 
 

1.0 75% CrI [0.99 to 1.0] 

(25 observations / 2 studies)    

9.2 [5.3 to 14.3] 8.1 [7.1 to 9.4] a 0.700 1.0 75% CrI [0.99 to 1.0] 

(35 observations / 3 studies)    

Immediately after 12.0 [8.4 to 16.0] 10.2 [9.3 to 11.3] a >0.999 1.0 75% CrI [0.90 to 1.0] 
(75 observations / 5 studies) 

 

3 hours post-running 0.6 [-4.6 to 5.7] 4.6 [3.8 to 5.1] a  

Daily  

24 hours post-running 1.4 [-0.5 to 3.5] 
 

5.2 [4.8 to 5.8] a 
 

0.172 
 

- 

48 hours post-running 0.6 [-2.3 to 3.7] 
 

5.9 [5.2 to 7.1] a 
 

0.612 
 

- 

72 hours post-running 0.5 [-2.8 to 3.9] 7.8 [6.9 to 9.0] 0.999 - 

96 hours post-running -0.4 [-3.9 to 3.0] 5.4 [4.7 to 6.4] a 0.349 - 
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363 was evidence of heteroscedasticity across all time-points except for 72 h and 96 h post-running time- 

364 points. 
 
365 

 

 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 

380 

Table 4. Responses of β-CTX-1 bone resorption marker to a prolonged, continuous running bout. 
 

β-CTX-1 
(ng·mL-1) 

Mean difference 
[95% CrI] 

SD of difference 
[95% CrI] 

P of increased 
variation 

Proportion of 
response 

Hourly     

20 min during running 
(25 observations / 2 studies) 

 
-0.09 [-0.55 to 0.37] 

 
0.04 [0.03 to 0.05] a 

 
< 0.001 

 
- 

30-40 during running 
(35 observations / 3 studies) 

 
-0.06 [-0.29 to 0.14] 

 
0.10 [0.08 to 0.11] a 

 
0.563 

 
- 

Immediately after 
(116 observations / 6 studies) 

 
-0.01 [-0.09 to 0.06] 

 
0.13 [0.12 to 0.14] a 

 
0.996 

 
- 

1 hour post-running 
(60 observations / 4 studies) 

 
-0.02 [-0.13 to 0.08] 

 
0.10 [0.09 to 0.12] a 

 
0.244 

 
- 

2 hours post-running 
(60 observations / 4 studies) 

 
-0.08 [-0.18 to 0.01] 

 
0.10 [0.09 to 0.11] a 

 
0.109 

 
- 

3 hours post-running 
(40 observations / 3 studies) 

 
-0.13 [-0.36 to 0.03] 

 
0.11 [0.10 to 0.13] a 

 
0.576 

 
- 

Daily     

24 hours post-running 
(111 observations / 5 studies) 

 
0.01 [-0.02 to 0.04] 

 
0.12 [0.11 to 0.13] a 

 
> 0.999 

 
- 

48 hours post-running 
(81 observations / 4 studies) 

 
0.01 [-0.06 to 0.07] 

 
0.15 [0.14 to 0.16] a 

 
> 0.999 

 
- 

72 hours post-running 
(81 observations / 4 studies) 

 
0.06 [-0.09 to 0.19] 

 
0.32 [0.29 to 0.35] 

 
> 0.999 

 
- 

96 hours post-running 
(30 observations / 2 studies) 

 
-0.03 [-0.27 to 0.24] 

 
0.09 [0.08 to 0.11] 

 
0.311 

 
- 

a Evidence of heteroscedasticity. Proportion of response was only calculated where there was strong evidence of 
a mean difference. 

 
 
 
 
 

3.4. Risk of bias assessment 
 
The application of the modified Downs and Black [30] checklist (Supplementary file 2) resulted in the 

classification of seven studies as high quality and two studies as moderate quality (Table 5). The most 

common reasons why studies were downgraded were because of lack of details provided regarding the 

storage and handling of the blood samples [15, 16], the lack of specification of the standardisation of 

the exact time of the day when the fasted morning baseline was collected [15, 32], and the inadequate 
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381 or absent standardisation/monitoring of important nutrition and diet variables [15, 29, 32]. All running 

382 studies [23, 24, 25, 29, 32, 33] were downgraded because the during and post running data were not 

383 corrected for shifts in plasma volume. 

384 

385 Table 5. Risk of bias in individual studies. 
 

Study Score Quality 

 
Evans et al., 2020 [15] 

 
17/20 ! 

Lehrskov et al., 2020 [32] 16/20 ! 

Sale et al., 2015 [24] 19/20 + 
 

Scott et al., 2010 [16] 
 

19/20 + 
 

Scott et al., 2011 [33] 
 

18/20 + 
 

Scott et al., 2012 [23] 
 

19/20 + 
 

Townsend et al., 2017 [25] 
 

19/20 + 
 

Varley, 2014 [29] 
 

18/20 + 
386 
387 Green circle, high quality; yellow circle, moderate quality 

388 

389 

390 

391 

392 

393 

394 

395 

396 

397 

398 

399 
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400 

401 

402 
403 
404 
405 
406 
407 
408 
409 
410 
411 
412 
413 
414 
415 
416 
417 
418 
419 
420 
421 
422 
423 
424 
425 
426 
427 
428 
429 
430 
431 
432 
433 
434 
435 
436 
437 
438 
439 
440 
441 

 

Figure 2. P1NP differences (y axis) from baseline (x axis) during 20 min, 30-40 min, immediately post, 1 h post, 
2 h post, and 3 h post a continuous, prolonged running bout. Orange: Scott et al., 2011 [33]; blue: Lehrskov et 
al., 2020 [32]; green: Scott et al., 2012 [23]; red: Sale et al., 2015 [24]; yellow: Townsend et al., 2017 [25]. The 
grey shaded area represents 95% CrI of the mean difference in control conditions (typical hourly variation). 

 

442 
443 
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444 
445 
446 
447 
448 
449 
450 
451 
452 
453 
454 
455 
456 
457 
458 
459 
460 
461 
462 
463 
464 
465 
466 
467 
468 
469 
470 
471 
472 
473 

 

Figure 3. P1NP differences (y axis) from baseline (x axis) 24 h post, 48 h post, 72 h post, and 96 h post a 
continuous, prolonged running bout. Orange: Scott et al., 2011 [33]; green: Scott et al., 2012 [23]; red: Sale et 
al., 2015 [24]; yellow: Townsend et al., 2017 [25]. The grey shaded area represents 95% CrI of the mean 
difference in control conditions (typical daily variation). 
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489 
490 
491 
492 
493 
494 
495 
496 
497 
498 
499 
500 
501 
502 
503 
504 
505 
506 
507 
508 
509 
510 
511 
512 
513 
514 
515 
516 
517 
518 
519 
520 
521 
522 
523 
524 
525 
526 
527 
528 
529 
530 
531 
532 

 

Figure 4. β-CTX-1 differences (y axis) from baseline (x axis) during 20 min, 30-40 min, immediately post, 1 
h post, 2 h post, and 3 h post a continuous, prolonged running bout. Orange: Scott et al., 2011 [33]; blue: 
Lehrskov et al., 2020 [32]; green: Scott et al., 2012 [23]; red: Sale et al., 2015 [24]; yellow: Townsend et al., 
2017 [25] pink: Varley, 2014 [29]. The grey shaded area represents 95% CrI of mean difference in control 
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533 
534 
535 
536 
537 
538 
539 
540 
541 
542 
543 
544 
545 
546 
547 
548 
549 
550 
551 
552 
553 
554 
555 
556 
557 
558 
559 
560 
561 
562 
563 

 

Figure 5. β-CTX-1 differences (y axis) from baseline (x axis) 24 h post, 48 h post, 72 h post, and 96 h post a 
continuous, prolonged running bout. Orange: Scott et al., 2011 [33]; green: Scott et al., 2012 [23]; red: Sale et 
al., 2015 [24]; yellow: Townsend et al., 2017 [25]; pink: Varley, 2014 [29]. The grey shaded area represents 
95% CrI of mean difference in control conditions (typical daily variation). 
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568 4. Discussion 
 

569 The key findings of the study were that: (i) P1NP increased exclusively during and immediately after 

570 running, and there was a lack of evidence of changes in β-CTX-1 linked to running, (ii) the inter- 

571 individual variability of P1NP and β-CTX-1 change scores were similar between resting (control) 

572 conditions and during and after running, except for P1NP levels during and immediately after the 

573 running bout, and, therefore, (iii) there was an overall lack of inter-individual response in P1NP and β- 

574 CTX-l linked to running, with reported decreases in β-CTX during the hours after running not being 

575 attributable to the running intervention. 

576 

577 Increases in P1NP levels were limited to during and immediately after exercise, and this consistently 

578 occured within all participants (estimated proportion of response ~100%). Because these changes were 

579 sudden and transient, however, it seems unlikely that they reflect any meaningful increase in bone 

580 formation. Similar results were reported in the recent meta-analysis by Dolan et al., [28], where they 

581 pooled the acute responses of bone (re)modelling markers after different exercise interventions, 

582 showing increases in P1NP within 15 minutes of the cessation of exercise. It is possible that this 

583 transient increase in circulating P1NP could be due to leakage of P1NP from the connective tissue into 

584 the circulation or due to haemodynamic shifts. P1NP is not a bone-specific marker and can be affected 

585 by the metabolism of collagen from other tissues [26]. Although fluids were provided during the running 

586 bout in two studies [24, 33]; shifts in plasma volume were not accounted for in any of the running 

587 studies included in this review, which could contribute toward explaining the transiently higher 

588 concentrations. Brahm et al. [34] reported similar, sudden and transient, increases in C-terminal 

589 propeptide of type 1 procollagen (P1CP) in young individuals after a running to exhaustion intervention 

590 with a total duration of ~35 minutes, which mirrored changes in plasma volume (showing decreases 

591 following the same pattern) and corresponded to increases in haematocrit. They reported no significant 

592 changes in P1CP when correcting for plasma volume shifts [34]. As such, it seems plausible that the 

593 increases observed herein are due to biological artefact, rather than as representing an actual increase 

594 in bone formative processes. 
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595      The stimulation of bone formation in response to exercise may require a longer period, although how 

596 long exactly may be required is currently unknown. Our statistical model based on available data led to 

597 the conclusion of no change in P1NP levels in the 1-3 hours and 1-4 days post-running, which indicates 

598 that a single prolonged, continuous running bout did not stimulate bone formation, at least up until the 

600   fourth day after the running bout. Most studies that have measured bone (re)modelling markers after an 

601      acute exercise intervention have only done so for a few days (1-3 days) after the intervention [35, 36, 

602   37, 38, 39, 40] and, therefore, there is no data available on longer-term changes of bone formation 

603      markers in response to a single exercise session. In contrast, longitudinal studies in healthy adult 

604     populations looking at the chronic responses of bone (re)modelling markers to repeated exercise 

605   training of various types have consistently shown increased resting levels of bone formation markers, 

606     including P1NP [41, 42, 43, 44, 45, 46, 47, 48, 49, 50]. Therefore, bone formation responses measured 

607     by changes in P1NP levels might take longer than the 4 days used in studies thus far. 

608 

609    For circulating levels of β-CTX-1, despite showing small decreases during and in the hours after 

610    running, there is no evidence that these changes were caused by the running intervention, given that 

611   they were similar in magnitude to the reductions shown in the non-exercise control data. Together, these 

612    results suggest that the small decreases in circulating β-CTX-1 shown during and in the hours after 

613    running were caused by measurement error rather than as a result of the running intervention. These 

614   reductions in β-CTX-1 coincide with the circadian rhythm of this biomarker under fasting conditions 

615  [14], peaking in the early morning and declining in the later morning hours [51, 52]. 

616 

617   Furthermore, aggregate meta-analytic evidence [28] suggests that β-CTX-1 responses to exercise are 

618   influenced by the type of exercise, with moderate to large increases shown from 15 minutes to 2 hours 

619   after long-duration cycling. Increases in β-CTX-1 could be explained by increases in parathyroid 

620     hormone (PTH), triggered by reductions in serum calcium, that subsequently stimulates osteoclastic 

621    bone resorption [53]. Although this mechanism seems to agree with the β-CTX-1 increases to cycling 
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622  interventions [54], it does not explain the lack of a response reported herein, given that increased  

623 PTH has also been observed in response to similar running bouts as were investigated herein [23, 24, 25, 

624  33]. 

625 For the 1-4 days after the running bout, β-CTX-1 blood levels were also similar to the daily typical 

626 variation determined by the control data, indicating that the running intervention did not yield 

627 significant responses to β-CTX-1 circulating levels. Similar results were reported by the Dolan et al. 

628 [28] meta-analysis, which included studies with different designs and exercise interventions, although

629 they showed some evidence of increases in β-CTX-1 at 72 hours post-exercise. The lack of a response 

630 (i.e., increase) in β-CTX-1 shown herein, could be considered as a beneficial outcome for bone 

631 adaptations if it is interpreted as the lack of resorption activity that can lead to bone loss. In contrast, 

632 the initial increase in bone resorption markers could be indicative of the activation of the bone 

633 (re)modelling cycle [55]. In this case, it could be concluded that a single running bout does not stimulate 

634 bone remodelling, at least within the next four days. Bone (re)modelling is, however, a nuanced process 

635 that is continuously ongoing at different stages across different skeletal sites and site-specific bone 

636 adaptations to exercise interventions might not be reflected by systemic bone (re)modelling markers. 

637 

638   4.1. Strengths and limitations 

639  Studies included in this meta-analysis were classified as high quality (n = 8) overall. It should be noted, 

640  however, that the inclusion criteria applied herein was thorough and delimited; and, therefore, low 

641    quality studies would likely not have met this criterion. In the Dolan et al. [28] meta-analysis, which 

642  had a less restricted inclusion criteria and included a larger number of studies (n = 99), the general 

643  quality of the studies was reported as moderate. While a more inclusive criteria would have allowed the 

644   inclusion of a greater number of studies and, thereby, more data points; it would have also added more 

645    variability. The aim of this meta-analysis was to investigate the responses of P1NP and β-CTX-1 in 

646   very specific conditions by reducing potential sources of variability, such as the type of exercise 

647   intervention   (i.e.,   impact   level,   duration,   and   intensity,   intermittent/continuous),   participant 

648  characteristics (i.e., age, sex, and health status) and study design (i.e., feeding/fasting conditions, time 
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649 of the day). Removing these sources of variability allowed for a better understanding of the inter- 

650 individual variability caused by factors external to the intervention itself, such as circadian variation. 

651 

652      This systematic review with individual participant data meta-analysis was not without limitations, 

653 including those inherited from the included studies. Although all included studies collected a baseline 

654 sample in the morning, the exact time of the day when the fasted baseline sample was taken only varied 

655 from 0800-0840 but was not specified in two studies [15, 32]. Similarly, the exact time of the day when 

656 the running bout began was different across studies. These factors could have impacted the changes in 

657   bone (re)modelling markers; particularly β-CTX-1, which has a more pronounced variation due to its 

658 circadian rhythm [14]. Additionally, habitual dietary and nutritional factors, such as energy availability, 

659     macronutrient composition of the diet and vitamin D and calcium intakes were not controlled in the 

660   included studies, and could have affected P1NP and β-CTX-1 baseline levels (for a review please see 

661      [56]). The baseline level of a marker might be an important variable determining the subsequent 

662   response to exercise, and potentially to other interventions as well, as the heteroscedasticity shown in 

663     the participant data of this meta-analysis suggested that those participants with higher baselines had 

664 greater changes for both markers and across time-points and requires further investigation. 

665 

666      Only two studies included a non-exercise control group, which means that the control data used to 

667      estimate the typical variation of P1NP and β-CTX-1 in resting conditions was predominantly from 

668 different participants (although with similar characteristics). It is possible that the inter-individual 

669 variability was greater than if all participant control data had been obtained from the same running 

670 participants. Nonetheless, the mean differences and variability (i.e., SD of the difference) in P1NP and 

671 β-CTX-1 were similar between the control and running data. For the running data, the running 

672   interventions of the included studies had a relatively limited range of durations and intensities, which 

673 could have added variability in our results. While exercise duration, intensity, and total work done might 

674 modulate bone (re)modelling markers responses [28, 33], the consistency and relevance of these effects 

675 is unclear with the current evidence. Nonetheless, the mean differences and variability (i.e., SD of the 

676 difference) in P1NP and β-CTX-1 were similar between the control and running data. Another factor 
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677  that could have increased variability in all data is the measurement error from the instrumentation (e.g., 

678  variation of analytical assays used to measure bone biomarkers in the included studies). Various types 

679  of assays were used across studies, which have different intra- and inter-assay coefficients of variation, 

680   generally ranging from 1.4-4.9% (P1NP) and 2.1-5.3% (β-CTX-1) [57]. This variation can be critical 

681    for exercise research given the overall small responses that bone (re)modelling markers exhibit after 

682   acute exercise interventions [28]. For example, β-CTX-1 samples analysed using ELISA methods, as 

683      in the Varley [29] study, seem to yield higher variability in the data (Figures 4 and 5, pink dots) 

684   compared to others. 

685 

686      The current meta-analysis only included studies with a running intervention in young healthy adult 

687   males because similar studies in female populations are lacking. Available literature on P1NP and/or β- 

688    CTX-1 responses to exercise in females usually involves post-menopausal populations [40, 58, 59]. 

689      Only a limited number of studies have investigated the acute responses of reference markers P1NP 

690     and/or β-CTX-1 to exercise (e.g., jogging, brisk walking with resistance training, football) in young 

691   females [40, 60, 61]. No studies have directly compared these responses between males and females; 

692 however, in their meta-analysis, Dolan and colleagues [28] showed that sex did not influence exercise- 

693     associated changes of markers P1NP and β-CTX-1. In addition, studies in older male populations in 

694  this area are also lacking, and older-adults might have different β-CTX-1 responses to aerobic exercise 

695 as highlighted in a recent systematic review [62], hence, results from the current study might not 

696  translate to older populations. 

697 

698   4.2. Implications for future research 

699    The majority of studies included in this meta-analysis did not include a control (non-exercise) group 

700 because they were designed to investigate how various factors (e.g., nutrition, exercise intensity) may 

701 moderate the bone (re)modelling marker responses to a running bout. Indeed, this study design is 

702   commonly used within exercise research and only about a quarter of studies looking at acute exercise 

703    responses of bone (re)modelling markers included a control group [28]. It is recommended that non- 

704  exercise control groups are included in future studies to quantify the variability of the instrumentation 
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705 noise (i.e., from assays) and biological noise (e.g., from circadian rhythms) [18], and to establish if 

706 exercise interventions of different kinds produce an effect on bone (re)modelling markers. 

707 

708  Bone (re)modelling markers have not yet been validated or linked to a primary reference measurement 

709    because there is no alternative reference measurement system available that can act as a higher order 

710 standard or gold standard [57]; and it is not clear whether they can predict changes detected by imaging 

711 techniques, such as dual-energy X-ray absorptiometry (DXA) or peripheral quantitative computed 

712   tomography (pQCT) [26]. Bone (re)modelling markers are systemic and do not necessarily represent 

713 local bone adaptations/changes. Therefore, studies utilising bone (re)modelling markers to investigate 

714 the bone responses to acute or short-term exercise interventions will likely be missing key information 

715   about the local effects that loading has on the skeleton and they need to be interpreted with 

716  understanding of this limitation. 

717 

718    It is important that studies including bone (re)modelling markers adhere to the recommended 

719   standardisation guidelines [26, 57, 63], control important factors before the intervention (e.g., nutrition, 

720    sleep, physical activity), clearly report the time of the day of all measures, sampling timing, storage, 

721   and handling of the samples, and report assay quality control information, which would reduce inter- 

722   individual variability and help when making comparisons with other studies. Given the potentially 

723 misleading increases in P1NP during and immediately post-running reported herein, studies should also 

724 consider shifts in plasma volume and fluid lost or report both adjusted and unadjusted data for changes 

725  in plasma volume. 

726 

727     4.3. Summary and conclusions 

728  This individual participant data meta-analysis determined that a prolonged, continuous bout o  f treadmill 

729   running (60-120 min at 65-75% VO2max) does not result in changes in bone (re)modelling, as determined 

730   by P1NP and β-CTX-1, in young healthy adult males. Whilst there was evidence of a transient increase 

731  of P1NP during and immediately after running, this response was likely caused by biological aspects     

732 (e.g., shifts in plasma volume, leakage from other connective tissues) rather than being reflective of 
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733 bone formation. Similar small decreases in β-CTX-1 were shown in control and running data, 

734 suggesting that these changes were due to the marker’s circadian rhythm and not the running 

735   intervention. Hence, it remains unclear whether a single running bout produces bone adaptations, but 

736      indirect bone (re)modelling markers P1NP and β-CTX-1 markers failed to capture any potential 

737   responses. There is a need for individual studies that investigate the acute responses of bone 

738 (re)modelling markers to different types of exercise and across different populations, which include a 

739  control (non-exercise) group. 

740 
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