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Abstract

Background Circulating biomarkers of bone formation and resorption are widely used in exercise metabolism
research, but their responses to exercise are not clear. This study aimed to quantify group responses and inter-indi-
vidual variability of PINP and B-CTX-1 after prolonged, continuous running (60-120 min at 65-75% VO,,,,,) in young
healthy adult males using individual participant data (IPD) meta-analysis.

Methods The protocol was designed following PRISMA-IPD guidelines and was pre-registered on the Open Sci-
ence Framework prior to implementation (https://osf.io/y69nd). Changes in PTNP and 3-CTX-1 relative to baseline
were measured during, immediately after, and in the hours and days following exercise. Typical hourly and daily
variations were estimated from PTNP and 3-CTX-1 changes relative to baseline in non-exercise (control) conditions.
Group responses and inter-individual variability were quantified with estimates of the mean and standard devia-
tion of the difference, and the proportion of participants exhibiting an increased response. Models were conducted
within a Bayesian framework with random intercepts to account for systematic variation across studies.

Results P1NP levels increased during and immediately after running, when the proportion of response was close
to 100% (75% Crl: 99 to 100%). PTNP levels returned to baseline levels within 1 h and over the next 4 days, show-
ing comparable mean and standard deviation of the difference with typical hourly (0.1+7.6 ng-mL™") and daily
(—0.4+5.7 ng-mL™") variation values. 3-CTX-1 levels decreased during and up to 4 h after running with distributions
comparable to typical hourly variation (=0.13+0.11 ng-mL™"). There was no evidence of changes in 3-CTX-1 levels
during the 4 days after the running bout, when distributions were also similar between the running data and typical
daily variation (—=0.03+0.10 ng-mL™").

Conclusion Transient increases in P1NP were likely biological artefacts (e.g., connective tissue leakage)
and not reflective of bone formation. Comparable small decreases in 3-CTX-1 identified in both control and running
data, suggested that these changes were due to the markers'circadian rhythm and not the running intervention.
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Hence, prolonged continuous treadmill running did not elicit bone responses, as determined by P1NP and 3-CTX-1,

in this population.

Key Points

. Itis unclear whether a single running bout produces bone adaptations, but these potential responses were
not captured by bone (re)modelling markers PINP and 3-CTX-1.

+ There is a need for studies that investigate the acute responses of bone (re)modelling markers to different types
of exercise interventions and across different populations, which include a control (non-exercise) group.

Keywords Bone remodelling, Bone markers, Exercise, Running, Inter-individual variability, Proportion of response

Introduction

Weight-bearing exercise is generally considered to be
beneficial for bone health and is associated with long-
term (i.e., months, years) improvements in bone mineral
density (BMD) and bone architecture, particularly at load
bearing sites [1-4]. Although the best exercise regimen
(i.e., type, intensity, duration, and frequency) to optimise
bone responses is still not well defined, research sug-
gests that dynamic, high-impact, rapid, multi-directional
movement patterns and unaccustomed loads, with a suf-
ficient load intensity, are likely to produce the largest
osteogenic stimulus [5-8]. The effects of endurance run-
ning exercise on bone are interesting because, although
running produces greater gravitational loading compared
to other low-impact activities, such as cycling [9], it also
has a repetitive loading cycle and has been associated
with a relatively high prevalence of stress fracture injury
[10, 11]. Low BMD is prevalent in endurance runners,
particularly at non-loaded sites [12], and it seems that
beneficial effects of mechanical loading may not coun-
teract the potential negative influences associated with
endurance exercise [11], such as micro-damage accumu-
lation and low energy availability [13].

Examining the dynamic bone response to acute run-
ning exercise bouts is a logical approach to further inves-
tigate the effects of this exercise type on bone, which
can be done by measuring changes in bone (re)model-
ling markers, measured in blood, before and after a run-
ning intervention. Almost all studies that have included
these measurements, however, were not designed to
directly answer this question and did not include a con-
trol (non-exercise) group, which makes it difficult to
separate running-induced responses from circadian vari-
ation [14]. Furthermore, the results from the few studies
that have included a running intervention and a control
group are inconsistent. Two studies reported no signifi-
cant differences in bone formation marker PINP levels
1-24 h hours after an intermittent [15] or a continuous
[16] bout of running compared to a non-exercise control

condition, but Alkahtani et al. [17] reported increases in
PINP immediately and 24 h after intermittent running.
In terms of bone resorption, increases in B-CTX-1 have
been shown 1 h, but not 24 h, after intermittent running
[15] and 24-96 h after continuous running [16]. Poten-
tial explanations for these discrepant results include dif-
ferences in exercise regimen (i.e., duration, intensity,
intermittent/continuous) and measurement error (i.e.,
instrumentation and biological noise), and lack of stand-
ardisation of factors such as sleep, diet, physical activity
prior to and following the running bout. It is also possible
that different individuals respond differently to the exer-
cise intervention itself (inter-individual variability).

The extent of inter-individual variation in the bone
biomarker response to prolonged continuous running
is unknown. The estimation of the typical variation in
observed scores derived from measurement or biological
noise can be quantified through the variation in scores
in control conditions (by including a control group) [18].
For example, when investigating the responses of bone
(re)modelling markers to an exercise intervention, the
estimation of typical variation would allow quantifica-
tion of the degree to which the observed changes were
affected by factors external to the intervention itself, such
as circadian rhythms, and, therefore, would allow quanti-
fication of the degree to which the intervention itself may
contribute toward the observed variation. Whilst obtain-
ing accurate estimates of these variability assessments
is difficult for single studies, individual participant data
(IPD) meta-analytic approaches provide better estimates
of mean responses with larger sample sizes and allow for
the assessment of effects at the participant level by using
the raw data from selected studies [19, 20], and, thus, can
determine inter-individual variability.

To better understand bone responses to acute bouts
of running, the aims of this study were to (i) evaluate the
mean responses of PINP and B-CTX-1 to a prolonged,
continuous running exercise bout in young healthy adult
males, (ii) estimate the inter-individual variability in bone
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(re)modelling marker responses, and (iii) determine to
what degree any inter-individual variability was associ-
ated with the prolonged, continuous running bout itself
(herein termed the intervention response), versus those
related to external factors such as circadian variation.

Methods

The protocol for this review included all items described
in the checklist of Preferred Reporting Items for System-
atic Review and Meta-Analysis of Individual Participant
Data (PRISMA-IPD) [20, 21]. The protocol for this review
was pre-registered on the Open Science Framework prior
to implementation (https://osf.io/y69nd).

Updates on the Pre-registered Protocol

In the pre-registered protocol, a combined approach
of aggregate data and individual participant data meta-
analyses was proposed. Because individual participant
data were obtained from all running studies, however,
the aggregate analysis was deemed unnecessary for the
purpose of this investigation. The pre-registered proto-
col indicated that the statistical model would include the
estimation of variability ratio (ratio of standard deviation
of inter-individual difference scores relative to meas-
urement error values); this estimation was not included
in the statistical approach due to the fact that measure-
ment error values were often as large as variation in the
intervention.

Eligibility Criteria

The PICOS (Population, Intervention, Comparator, Out-
comes and Study Design) approach was used to guide the
determination of eligibility criteria for this study.

Population

Studies that included young (18-35 years old), healthy
(i.e., non-smokers, injury free and not taking medica-
tion from any condition known to affect bone metabo-
lism), active males (VO,,,, ~50 mL-kg~":min~') were
considered for inclusion. Differences in training status
are unlikely to influence the responses of bone (re)mod-
elling markers after a running exercise bout [16] and,
therefore, participants included young healthy males
who were active (i.e., recreationally) or endurance trained
(e.g., runners, triathletes). Only male participants were
included because most studies in this area have focused
upon young, healthy, adult male populations. Studies in
healthy active females are lacking on this topic, a dispar-
ity that is considered in the discussion.

Intervention
The term ‘intervention” was taken to mean a prolonged,
continuous running bout, regardless of whether or not
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this was the focus of the original studies from which the
data were extracted. Studies were considered for inclu-
sion if they included blood sample collections at baseline,
before, during, and after prolonged, continuous treadmill
running at an intensity of > 65% VO, . and with a dura-
tion of 60—120 min. In order to reduce variation due to
circadian rhythms [14, 22] and feeding [23-25], studies
were only included if they were conducted in the morn-
ing with a baseline sample collected after an overnight
fast and the rest of the samples collected in a fasted state
or after consuming a non-caloric placebo. Studies were
only included in this review if they involved a continu-
ous treadmill running-based exercise bout to control for
mechanical loading across studies.

Comparator

Bone (re)modelling marker responses to running were
measured by comparing changes in markers during and
post-running (i.e., from blood samples taken during and
in the hours and days after the running bout) relative to
the baseline sample.

To quantify typical variation, data from control con-
ditions (resting/non-exercise) were required; however,
most of the selected running studies did not include a
non-exercise control group, which limited the available
data to quantify the typical variation of these markers in
resting conditions. For this reason, studies that did not
fulfil the exercise intervention criteria but fulfilled the
rest of the inclusion criteria (e.g., population, outcomes)
and included a control/non-exercise group (with fasted
samples collected during the hours and days after base-
line) were also used to quantify typical variation.

Outcomes and Prioritisation

PINP and B-CTX-1 were the primary outcomes of inter-
est for this study as these are the reference markers for
bone formation and resorption [26].

Study Design

Any experimental study design that reported the relevant
data pre and post a prolonged, continuous running bout
or at rest was considered for inclusion, including cross-
over or parallel group, controlled or uncontrolled, and
randomised or non-randomised trials.

Search Strategy and Study Selection

Studies were identified directly from the list of included
articles in a recent systematic review and meta-analysis
on the bone (re)modelling marker response to acute exer-
cise interventions [27, 28]. For further details of the pro-
tocol, including eligibility criteria, search strategy, study
selection and data extraction, of this meta-analysis please
refer to Dolan et al. [27]. In summary, seven electronic


https://osf.io/y69nd

Civil et al. Sports Medicine - Open (2023) 9:85

databases were used to source the material: MEDLINE,
Embase, Cochrane CENTRAL, SPORTDiscus, PEDro,
LILACS, and IBEC, and were supplemented by citation
screening of all selected studies and relevant reviews and
book chapters. This search was last updated in May 2022.
Additionally, data from a study included in a PhD the-
sis from the university’s research group that fulfilled the
inclusion criteria were included [29].

The list of articles selected for inclusion in the inves-
tigation by Dolan et al. [28] was subsequently screened
to identify studies that met the eligibility criteria for the
current study. The search strategy and study selection
process are illustrated using a modified version of the
PRISMA-IPD search flow diagram (Fig. 1).

Data Extraction and Items

Data from selected studies were first extracted into a
custom and pre-piloted spreadsheet (Additional file 1)
including: study details (authors; year; study design);
participant characteristics (final #; training status; age;
height; weight; BMI); exercise characteristics (duration;
intensity; total work [duration*intensity]); sampling con-
ditions (time of day; diet and exercise standardisation/
control before, during and after the intervention, sample
handling, assay type); and, if appropriate, intervention
group (e.g., trained/recreational participants, placebo).

Studies from
research thesis
n=1

Running

v

Studies screened
n=11

Studies excluded

n = 3 (exercise intervention
not fulfilling inclusion criteria)
n =1 (not fasted)

n =1 (timing of blood samples
not suitable)

Studies with available individual participant data

| |

Studies included by Dolan et al. [28]

n=99
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Anonymised, individual participant raw data were
collected from each publication when available (e.g.,
Additional file 1), or directly from study authors, who
were contacted via email, with a maximum of two email
attempts made over a period of one month. Individual
participant data were entered into codebooks (Addi-
tional file 1) and transformed to the same units when
included in the codebook (i.e., for PINP and f-CTX-1
data ng-mL™! was used).

Risk of Bias Assessment in Individual Studies

The risk of bias for each study was independently
assessed in duplicate by two members of the research
team using a modified version of the Downs and Black
[30] checklist (Additional file 2). This tool was selected
because it provides a comprehensive assessment of the
methodological quality of both randomised and non-
randomised trials in healthcare research and has been
validated as a tool to evaluate the quality of reporting
as well as internal and external validity [30]. The modi-
fied checklist had a total of 16 items, a maximum score
of 20 and was tailored to identify the methodological
concerns relevant for this analysis. This tool was not
used to exclude any eligible studies.

Control

Studies screened
n=3

Studies excluded
n =1 (unable to obtain
individual participant data)

Studies with available individual participant data
n=2

Studies included

n=6 n=2

Studies with control data

Studies included
n=4

Fig. 1 Selection of studies flow diagram. Studies including running data (grey) and studies including control data (white)
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Statistical Analysis and Calculations
Individual participant data meta-analyses were con-
ducted to quantify the responses of PINP and 3-CTX-1
for all available time-points during, immediately after,
and following exercise. Responses were quantified
based upon estimates of the mean difference (by sub-
tracting each time-point from baseline), the standard
deviation (SD) of the difference, and the proportion
of participants exhibiting an increased response. All
models were conducted within a Bayesian framework
with random intercepts to account for systematic vari-
ation across individual studies. Change scores relative
to baseline were calculated for each participant on an
absolute scale (ng-mL™') with distributional models
used to estimate both the mean difference and stand-
ard deviation of the difference. Visual exploration of
the data identified the existence of heteroscedasticity,
with a positive relationship between baseline values
and residuals from change scores. Therefore, the base-
line value was entered as a predictor of the standard
deviation of the difference. Default priors were used for
all parameters, including weakly informative Student-t
and half Student-t distributions with 3 degrees of free-
dom for location and variance parameters (Figs. 2, 3).
Where estimates showed a mean difference and
greater standard deviation of change scores for the
exercise group, proportion of positive response was
estimated by calculating the amount of the distribution
(mean difference plus additional standard deviation of
the difference) above zero. Inferences from all analyses
were performed on posterior samples generated using
the Hamiltonian Markov Chain Monte Carlo method
(five chains, 100,000 iterations and 50,000 warm-
up). Interpretations were based on the median value
(0.5-quantile), credible intervals (Crls) and subjective
probabilities calculated from the proportion of the pos-
terior sample that exceeded the relevant value selected.
Analyses were performed using the R wrapper package
brms [31] interfaced with Stan to perform sampling.

Estimations of Typical Variation

With the control data, hourly typical variation of PINP
and B-CTX-1 markers was assessed by estimating the
mean difference and SD of difference of blood samples
taken at rest before a running bout [23, 32] or in a con-
trol group [15] compared to baseline. The typical daily
variation of PINP and B-CTX-1 markers was assessed
by estimating the mean difference and SD of differ-
ence of blood samples taken 24-96 h post-baseline in
control (non-exercise) groups [15, 16] compared to the
baseline collected on day 1.
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Results

Data Collection

Running Data

From the selected studies by Dolan et al. [28], five studies
were subsequently selected for inclusion in the analysis of
the current study [23-25, 32, 33]. One study from a PhD
thesis of the university’s group was also included [29].
In total, six studies, with a total of 87 individuals, were
included in the analysis for the running data (Table 1).
Individual participant data were collected from blood
samples measuring PINP and B-CTX-1 markers at base-
line and at all available time-points for each study during
and after the running bout (i.e., 20 min during running,
30-40 min during running, 30 min post-running, imme-
diately after, 1 h post-running, 2 h post-running, 3 h
post-running, 4 h post-running, 24 h post-running, 48 h
post-running, 72 h post-running, and 96 h post-running).
For time-points 30 min and 4 h post-running, data were
only available from one study and, therefore, were not
included in the analyses.

Control Data

From the six studies included for the running data, two
[23, 32] collected blood samples (i.e., 1-3 samples) in
resting (control) conditions before the running bout.
Three additional studies [15—17], which fulfilled all inclu-
sion criteria except the intervention characteristics, but
included a non-exercise control group were also iden-
tified. However, individual participant data were only
obtained, and thereby included, from two of these stud-
ies [15, 16] for the control data (Table 1). For these four
studies [15, 16, 23, 32], individual participant data were
obtained from blood samples collected at baseline and
during a 1-2.5 h period (hourly) and 24-96 h (daily)
after the baseline sample in the control conditions/group.
These data were used to estimate the hourly and daily
PINP and B-CTX-1 mean difference and SD of the differ-
ence in control (resting) conditions.

Typical Hourly and Daily Variation of PINP and B-CTX-1

The typical hourly and daily variation in PINP and
B-CTX-1 was determined by the mean difference and
SD of the difference in control conditions (Table 2).
There was limited evidence of a mean difference for
hourly (0.06 [95% CrI—7.5 to 5.5] ng-mL™!) and daily
(-0.39 [95% Crl—4.3 to 2.9] ng-mL™") PINP changes
based on median estimates being close to zero and wide
Crls. Slightly higher variation in the hourly changes
(+7.6 [95% Crl 6.8 to 8.5] ng-mL~!) was estimated com-
pared with the daily changes (5.7 [95% Crl 5.1 to 6.5]
ng-mL™!). Stronger evidence was obtained for a mean
difference for hourly B-CTX-1 changes, with the median
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30-40 min during running
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Fig. 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. [33]; blue: Lehrskov et al. [32]; green: Scott et al. [23]; red: Sale et al. [24]; yellow: Townsend et al. [25].
The grey shaded area represents 95% Crl of the mean difference in control conditions (typical hourly variation)

and majority of the Crl indicating a decrease (-0.13 [95%
CrI-0.34 to 0.06] ng:mL™). A wide Crl with median
close to zero provided limited evidence of a mean differ-
ence for daily p-CTX-1 changes (-0.03 [95% CrI—0.54 to
0.30] ng-mL~1). The SD of the difference was consistent
between hourly (+0.11 [95% CrI 0.11 to 0.12] ng-mL™)
and daily (+0.10 [95% Crl 0.09 to 0.11] ng-mL™?)
changes of f-CTX-1. There was consistent evidence of

heteroscedasticity with greater change score magnitudes
for those with higher baselines.

P1NP and 3-CTX-1 Responses to a Prolonged, Continuous
Running Bout

Bone Formation

In contrast to the control condition (0.06 [95% CrI—7.5
to 5.5] ng-mL7!), there was clear evidence that the
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Fig. 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. [33]; green: Scott et al. [23]; red: Sale et al. [24]; yellow: Townsend et al. [25]. The grey shaded area represents 95% Crl of the mean
difference in control conditions (typical daily variation)

Table 1 List of studies included in the analysis

Study Running/control data Bone (re)modelling Assay used Exercise duration/intensity
markers

Evans et al. [15] Control B-CTX-1 CLIA (IDS) -
PINP CLIA (IDS)

Lehrskov et al. [32] Running and control B-CTX-1 CLIA (IDS) 60 min at 75% VYO, .
PINP CLIA (IDS)

Sale et al. [24] Running B-CTX-1 ECLIA (Roche) 120 min at 70% VO, .
PINP ECLIA (Roche)

Scott et al. [16] Control B-CTX-1 ECLIA (Roche) -
PINP RIA (Orion)

Scott et al. [33] Running B-CTX-1 ECLIA (Roche) 60 min at 65% or
PINP RIA (Orion) 75% YO,y

Scott et al. [23] Running and control B-CTX-1 ECLIA (Roche) 60 min at 65% VO,
PINP RIA (Orion)

Townsend et al. [25] Running B-CTX-1 ECLIA (Roche) ~75min at 75% VO, .
PINP ECLIA (Roche)

Varley [29] Running B-CTX-1 ELISA (IDS) 120 min at 70% VO, .

CLIA chemiluminescence immunoassay; ECLIA electro-chemiluminescence assay; ELISA Enzyme-linked immunosorbent assay; PTNP amino-terminal propeptide of

type 1 procollagen; RIA radioimmunoassay; 8-CTX-1 carboxy-terminal telopeptide of type 1 collagen
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Table 2 Hourly and daily typical variation of PINP and 3-CTX-1 in control conditions

Marker Studies Number of Mean difference [95% Crl] SD of difference [95% Crl]
participants and
observations
Hourly
PINP Lehrskov et al. [32], Scott et al. [23], Evans et al.  Participants n=27 0.06[-75t05.5] 76 [6.81t08.5]°
(ngmL™) [15] Observations n=58
B-CTX-1 Lehrskov et al. [32], Scott et al. [23], Evans et al.  Participants n=27 —0.13[-0.34 t0 0.06] 0.11[0.11t00.12]2
(ngmL™) [15] Observations n=58
Daily
PINP Evans et al. [15], Scott et al. [16] Participants n=22 —039[-431t029] 5.7 [5.1 to 6.5)°
(ngmL™) Observations n=52

B-CTX-1 (ngmL™") Evansetal. [15], Scott et al. [16]

Participants n=22

—0.03 [-0.54 t0 0.30] 0.10[0.09 to 0.11]*

Observations n=52

? Evidence of heteroscedasticity

levels of circulating PINP increased during and imme-
diately after the running bout with mean differences
of 4.2 [95% Crl 0.2 to 8.8] ngmL™" at 20 min during
the running bout, 9.2 [95% Crl 5.3 to 14.3] ng-mL™*
at 30-40 min during the running bout, and 12.0 [95%
CrI 8.4 to 16.0] ng'mL™" immediately after the running
bout (Table 3). Greater SD of the difference was identi-
fied only at 30-40 min during (+8.1 [95% Crl 7.1 to 9.4]
ng-mL™!) and immediately (+10.2 [95% Crl 9.3 to 11.3]
ng-mL™") after the running bout (Table 3) compared to

the typical hourly variation (+7.6 [95% Crl 6.8 to 8.5]
ng-mL~! (Table 2). For these three time-points (20 min
during, 30-40 min during and immediately after) the
proportion of response was estimated as close to 100%
(Table 3), indicating that close to all participants would
be expected to demonstrate an increase in PINP levels.
From one hour after finishing the running bout and for
the next three hours, PINP returned to “normal” lev-
els, with comparable mean differences and SD of differ-
ence (Table 3) than the typical hourly variation (Table 2).

Table 3 Responses of PINP bone formation marker to a prolonged, continuous running bout

PINP (ng-mL™") Mean difference [95% Crl]

SD of difference [95% Crl]

P of increased Proportion of response

variation
Hourly
20 min during running 4.210.2t08.8] 6.1 [5.2t07.3)° 0.088 1.0 75% Crl [0.99 to 1.0]
(25 observations / 2 studies)
30-40 during running 92[5.3t014.3] 8.1[7.1t094]° 0.700 1.0 75% Crl [0.99 to 1.0]
(35 observations / 3 studies)
Immediately after 12084 t0 16.0] 10.2[93t0 11.3]° >0.999 1.0 75% Crl [0.90 to 1.0]
(75 observations / 5 studies)
1 h post-running 1.1[=3.1t052] 50[4.5to 5.6)° <0.001 -
(75 observations / 5 studies)
2 h post-running 06[-3.1t04.3] 6.1[5.5106.8] 0.016 -
(60 observations / 4 studies)
3 h post-running 0.6 [-46105.7] 46[38t05.17)° <0.001 -
(40 observations / 3 studies)
Daily
24 h post-running 14[-0.51t03.5] 52[4.81t05.8]° 0.172 -
(70 observations / 4 studies)
48 h post-running 06[-23t03.7] 59[5.2t0 7.17° 0612 -
(40 observations / 3 studies)
72 h post-running 0.5[-281t03.9] 7.8 [6.910 9.0] 0.999 -
(40 observations / 3 studies)
96 h post-running —04[-39t03.0] 541[4.7 to 6.4]° 0.349 -

(30 observations / 2 studies)

? Evidence of heteroscedasticity. Proportion of response was only calculated where there was strong evidence of a mean difference
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Likewise, for the four days (24—96 h) after the baseline in
the running conditions, PINP mean differences and SD
of the difference (Table 3) were comparable with the typi-
cal daily variation (Table 2). The proportion of response
was not estimated for these time-points due to these
similarities and, therefore, there was a lack of evidence of
inter-individual response. There was evidence of hetero-
scedasticity across all time-points except at 2 h and 72 h
post-running.

Bone Resorption

Although B-CTX-1 blood levels showed a small decrease
in mean differences during the running bout and for the
four hours after finishing the running bout, the mean
and SD of the differences (Table 4) were similar to the
B-CTX-1 typical hourly variation (-0.13+0.11 ng-mL™")
(Table 2). For the four days (24—96 h) after the baseline in
the running conditions, the distribution of the B-CTX-1
differences (Table 4) were similar to the B-CTX-1 typi-
cal daily variation (-0.03+0.10 ng-mL™" (Table 2). The
proportion of response was not estimated for any time-
points due to the small mean differences in the running
conditions and the similarities in the SD of the difference
between running and control conditions. There was evi-
dence of heteroscedasticity across all time-points except
for 72 h and 96 h post-running time-points.
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Risk of Bias Assessment

The application of the modified Downs and Black [30]
checklist (Additional file 2) resulted in the classification
of seven studies as high quality and two studies as mod-
erate 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 stand-
ardisation of the exact time of the day when the fasted
morning baseline was collected [15, 32], and the inade-
quate or absent standardisation/monitoring of important
nutrition and diet variables [15, 29, 32]. All running stud-
ies [23-25, 29, 32, 33] were downgraded because the dur-
ing and post running data were not corrected for shifts in
plasma volume.

Discussion

The key findings of the study were that: (i) PINP
increased exclusively during and immediately after run-
ning, and there was a lack of evidence of changes in
B-CTX-1 linked to running, (ii) the inter-individual vari-
ability of PINP and B-CTX-1 change scores were similar
between resting (control) conditions and during and after
running, except for PINP levels during and immediately
after the running bout, and, therefore, (iii) there was an
overall lack of inter-individual response in PINP and
B-CTX-I linked to running, with reported decreases in

Table 4 Responses of 3-CTX-1 bone resorption marker to a prolonged, continuous running bout

B-CTX-1 (ng-mL™") Mean difference [95% Crl] SD of difference [95% Crl] P of increased Proportion
variation of response

Hourly

20 min during running —0.09 [-0.55 t0 0.37] 0.04 [0.03 to 0.05]2 <0.001 -

(25 observations / 2 studies)

30-40 during running —0.06 [-0.29t0 0.14] 0.10[0.08t0 0.11]° 0.563 -

(35 observations / 3 studies)

Immediately after —0.01 [-0.09 to 0.06] 0.13[0.12t0 0.14]2 0.996 -

(116 observations / 6 studies)

1 h post-running —0.02 [-0.13 to 0.08] 0.10[0.09 t0 0.12]° 0.244 -

(60 observations / 4 studies)

2 h post-running —0.08 [-0.18 t0 0.01] 0.10[0.09t0 0.117° 0.109 -

(60 observations / 4 studies)

3 h post-running —0.13[-0.36t0 0.03] 0.11[0.10t0 0.13)° 0.576 -

(40 observations / 3 studies)

Daily

24 h post-running 0.01 [-0.02 t0 0.04] 0.12[0.11t00.13]2 >0.999 -

(111 observations / 5 studies)

48 h post-running 0.01 [-0.06 t0 0.07] 0.15[0.14t0 0.16]% >0.999 -

(81 observations / 4 studies)

72 h post-running 0.06 [-0.09 to 0.19] 0.32[0.29t0 0.35] >0.999 -

(81 observations / 4 studies)

96 h post-running —0.03[-0.27 to 0.24] 0.09[0.08t0 0.11] 0311 -

(30 observations / 2 studies)

? Evidence of heteroscedasticity. Proportion of response was only calculated where there was strong evidence of a mean difference
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Table 5 Risk of bias in individual studies

Study Score Quality
Evans et al. [15] 17/20 I
Lehrskov et al. [32] 16/20 I
Sale et al. [24] 19/20

+
Scott et al. [16] 19/20

+
Scott et al. [33] 18/20

+
Scott et al. [23] 19/20

+
Townsend et al. [25] 19/20 .
Varley [29] 18/20

+

Green circle, high quality; yellow circle, moderate quality

B-CTX during the hours after running not being attribut-
able to the running intervention.

Increases in PINP levels were limited to during
and immediately after exercise, and this consistently
occurred within all participants (estimated proportion
of response ~100%). Because these changes were sud-
den and transient, however, it seems unlikely that they
reflect any meaningful increase in bone formation.
Similar results were reported in the recent meta-anal-
ysis by Dolan et al. [28], where they pooled the acute
responses of bone (re)modelling markers after differ-
ent exercise interventions, showing increases in PINP
within 15 min of the cessation of exercise. It is pos-
sible that this transient increase in circulating PINP
could be due to leakage of PINP from the connective
tissue into the circulation or due to haemodynamic
shifts. PINP is not a bone-specific marker and can be
affected by the metabolism of collagen from other tis-
sues [26]. Although fluids were provided during the
running bout in two studies [24, 33], shifts in plasma
volume were not accounted for in any of the running
studies included in this review, which could contribute
toward explaining the transiently higher concentra-
tions. Brahm et al. [34] reported similar, sudden and
transient, increases in C-terminal propeptide of type
1 procollagen (P1CP) in young individuals after a run-
ning to exhaustion intervention with a total duration
of ~35 min, which mirrored changes in plasma vol-
ume (showing decreases following the same pattern)
and corresponded to increases in haematocrit. They
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reported no significant changes in P1CP when correct-
ing for plasma volume shifts [34]. As such, it seems
plausible that the increases observed herein are due to
biological artefact, rather than representing an actual
increase in bone formative processes.

The stimulation of bone formation in response to exer-
cise may require a longer period, although how long
exactly may be required is currently unknown. Our statis-
tical model based on available data led to the conclusion
of no change in PINP levels in the 1-3 h and 1-4 days
post-running, which indicates that a single prolonged,
continuous running bout did not stimulate bone forma-
tion, at least up until the fourth day after the running
bout. Most studies that have measured bone (re)mod-
elling markers after an acute exercise intervention have
only done so for a few days (1-3 days) after the interven-
tion [35-40] and, therefore, there are no data available
on longer-term changes of bone formation markers in
response to a single exercise session. In contrast, longi-
tudinal studies in healthy adult populations evaluating at
the chronic responses of bone (re)modelling markers to
repeated exercise training of various types have consist-
ently shown increased resting levels of bone formation
markers, including PINP [41-50]. Therefore, bone for-
mation responses measured by changes in PINP levels
might take longer than the 4 days used in studies thus far.

For circulating levels of B-CTX-1, despite showing
small decreases during and in the hours after running,
there is no evidence that these changes were caused by
the running intervention, given that they were similar in
magnitude to the reductions shown in the non-exercise
control data. Together, these results suggest that the
small decreases in circulating B-CTX-1 shown during
and in the hours after running were caused by measure-
ment error rather than as a result of the running inter-
vention. These reductions in -CTX-1 coincide with the
circadian rhythm of this biomarker under fasting condi-
tions [14], peaking in the early morning and declining in
the later morning hours [51, 52].

Furthermore, aggregate meta-analytic evidence [28]
suggests that p-CTX-1 responses to exercise are influ-
enced by the type of exercise, with moderate to large
increases shown from 15 min to 2 h after long-duration
cycling. Increases in B-CTX-1 could be explained by
increases in parathyroid hormone (PTH), triggered by
reductions in serum calcium, that subsequently stimu-
lates osteoclastic bone resorption [53]. Although this
mechanism seems to agree with the B-CTX-1 increases
with cycling interventions [54], it does not explain the
lack of a response reported herein, given that increased
PTH has also been observed in response to similar run-
ning bouts as were investigated herein [23-25, 33].
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For the 1-4 days after the running bout, p-CTX-1
blood levels were also similar to the daily typical vari-
ation determined by the control data, indicating that
the running intervention did not result in significant
responses to B-CTX-1 circulating levels. Similar results
were reported by the Dolan et al. [28] meta-analysis,
which included studies with different designs and exer-
cise interventions, although they showed some evidence
of increases in B-CTX-1 at 72 h post-exercise. The lack
of a response (i.e., increase) in f-CTX-1 shown herein,
could be considered as a beneficial outcome for bone
adaptations if it is interpreted as the lack of resorption
activity that can lead to bone loss. In contrast, the initial
increase in bone resorption markers could be indicative
of the activation of the bone (re)modelling cycle [55].
In this case, it could be concluded that a single running
bout does not stimulate bone remodelling, at least within
the next four days. Bone (re)modelling is, however, a
nuanced process that is continuously ongoing at differ-
ent stages across different skeletal sites and site-specific
bone adaptations to exercise interventions might not be
reflected in systemic bone (re)modelling markers.

Strengths and Limitations

Studies included in this meta-analysis were classified as
high quality (n=8) overall. It should be noted, however,
that the inclusion criteria applied herein were thorough
and delimited, meaning low quality studies would likely
not have met this criterion. In the Dolan et al. [28] meta-
analysis, which had less restricted inclusion criteria and
included a larger number of studies (n=99), the general
quality of the studies was reported as moderate. While
more inclusive criteria would have allowed the inclu-
sion of a greater number of studies and, thereby, more
data points, this would have also added more variabil-
ity. The aim of this meta-analysis was to investigate the
responses of PINP and B-CTX-1 in very specific condi-
tions by reducing potential sources of variability, such as
the type of exercise intervention (i.e., impact level, dura-
tion, and intensity, intermittent/continuous), participant
characteristics (i.e., age, sex, and health status) and study
design (i.e., feeding/fasting conditions, time of the day).
Removing these sources of variability allowed for a better
understanding of the inter-individual variability caused
by factors external to the intervention itself, such as cir-
cadian variation.

This systematic review with individual participant data
meta-analysis was not without limitations, including
those inherited from the included studies. Although all
included studies collected a baseline sample in the morn-
ing, the exact time of the day when the fasted baseline
sample was taken only varied from 0800-0840 but was
not specified in two studies [15, 32]. Similarly, the exact
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time of the day when the running bout began was dif-
ferent across studies. These factors could have impacted
the changes in bone (re)modelling markers; particularly
B-CTX-1, which has a more pronounced variation due
to its circadian rhythm [14]. Additionally, habitual die-
tary and nutritional factors, such as energy availability,
macronutrient composition of the diet and vitamin D and
calcium intakes, were not controlled in the included stud-
ies, and could have affected PINP and f-CTX-1 baseline
levels (for a review please see [56]). The baseline level of
a marker might be an important variable determining the
subsequent response to exercise, and potentially to other
interventions as well, as the heteroscedasticity shown
in the participant data of this meta-analysis suggested
that those participants with higher baselines had greater
changes in both markers and across time-points, which
requires further investigation.

Only two studies included a non-exercise control
group, which means that the control data used to esti-
mate the typical variation of PINP and B-CTX-1 in
resting conditions were predominantly from different
participants (although with similar characteristics). It is
possible that the inter-individual variability was greater
than if all participant control data had been obtained
from the same running participants. Nonetheless, the
mean differences and variability (i.e., SD of the differ-
ence) in PINP and B-CTX-1 were similar between the
control and running data. For the running data, the run-
ning interventions of the included studies had a relatively
limited range of durations and intensities, which could
have added variability in our results. While exercise
duration, intensity, and total work done might modulate
bone (re)modelling markers responses [28, 33], the con-
sistency and relevance of these effects are unclear from
the current evidence. Nonetheless, the mean differences
and variability (i.e., SD of the difference) in PINP and
B-CTX-1 were similar between the control and running
data. Another factor that could have increased variability
in all data is the measurement error from the instrumen-
tation (e.g., variation of analytical assays used to measure
bone biomarkers in the included studies). Various types
of assays were used across studies, which have different
intra- and inter-assay coefficients of variation, generally
ranging from 1.4-4.9% (P1NP) and 2.1-5.3% (B-CTX-1)
[57]. This variation can be critical for exercise research
given the overall small responses that bone (re)modelling
markers exhibit after acute exercise interventions [28].
For example, B-CTX-1 samples analysed using ELISA
methods, as in the Varley [29] study, seemed to yield
higher variability in the data (Figs. 4 and 5, pink dots)
compared to others.

The current meta-analysis only included studies with
a running intervention in young healthy adult males
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During running 30-40 min
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Fig. 4 (3-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. [33]; blue: Lehrskov et al. [32]; green: Scott et al. [23]; red: Sale et al. [24]; yellow: Townsend et al. [25]
pink: Varley [29]. The grey shaded area represents 95% Crl of mean difference in control

because similar studies in female populations are lacking.
Available literature on PINP and/or B-CTX-1 responses
to exercise in females usually involves post-menopausal
populations [40, 58, 59]. Only a limited number of stud-
ies have investigated the acute responses of reference
markers PINP and/or B-CTX-1 to exercise (e.g., jogging,
brisk walking with resistance training, football) in young
females [40, 60, 61]. No studies have directly compared

these responses between males and females; however, in
their meta-analysis, Dolan and colleagues [28] showed
that sex did not influence exercise-associated changes of
markers PINP and B-CTX-1. In addition, studies in older
male populations in this area are also lacking, and older
adults might have different p-CTX-1 responses to aerobic
exercise as highlighted in a recent systematic review [62];
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48 h post-running
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Fig. 5 (3-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. [33]; green: Scott et al. [23]; red: Sale et al. [24]; yellow: Townsend et al. [25]; pink: Varley [29]. The grey shaded area represents 95%

Crl of mean difference in control conditions (typical daily variation)

hence, results from the current analysis might not trans-
late to older populations.

Implications for Future Research

The majority of studies included in this meta-analysis did
not include a control (non-exercise) group because they
were designed to investigate how various factors (e.g.,
nutrition, exercise intensity) may moderate the bone (re)
modelling marker responses to a running bout. Indeed,
this study design is commonly used within exercise
research and only about a quarter of studies assessing
acute exercise responses of bone (re)modelling mark-
ers included a control group [28]. It is recommended
that non-exercise control groups are included in future
studies to quantify the variability of the instrumentation
noise (i.e., from assays) and biological noise (e.g., from
circadian rhythms) [18], and to establish if exercise inter-
ventions of different kinds produce an effect on bone (re)
modelling markers.

Bone (re)modelling markers have not yet been vali-
dated or linked to a primary reference measurement
because there is no alternative reference measurement
system available that can act as a higher order standard

or gold standard [57], and it is not clear whether they can
predict changes detected by imaging techniques, such as
dual-energy X-ray absorptiometry (DXA) or peripheral
quantitative computed tomography (pQCT) [26]. Bone
(re)modelling markers are systemic and do not necessar-
ily represent local bone adaptations/changes. Therefore,
studies utilising bone (re)modelling markers to investi-
gate the bone responses to acute or short-term exercise
interventions will likely be missing key information about
the local effects that loading has on the skeleton and
they need to be interpreted with understanding of this
limitation.

It is important that studies including bone (re)model-
ling markers adhere to the recommended standardisa-
tion guidelines [26, 57, 63], control important factors
before the intervention (e.g., nutrition, sleep, physical
activity), clearly report the time of the day of all meas-
ures, sampling timing, storage, and handling of the
samples, and report assay quality control information,
which would reduce inter-individual variability and help
when making comparisons with other studies. Given
the potentially misleading increases in PINP during
and immediately post-running reported herein, studies
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should also consider shifts in plasma volume and fluid
lost or report both adjusted and unadjusted data for
changes in plasma volume.

Summary and Conclusions

This individual participant data meta-analysis deter-
mined that a prolonged, continuous bout of treadmill
running (60-120 min at 65-75% VO, .,) does not
result in changes in bone (re)modelling, as determined
by PINP and B-CTX-1, in young healthy adult males.
Whilst there was evidence of a transient increase of
PINP during and immediately after running, this
response was likely caused by biological aspects (e.g.,
shifts in plasma volume, leakage from other connec-
tive tissues) rather than being reflective of bone forma-
tion. Similar small decreases in B-CTX-1 were shown
in control and running data, suggesting that these
changes were due to the marker’s circadian rhythm and
not the running intervention. Hence, it remains unclear
whether a single running bout produces bone adapta-
tions, but indirect bone (re)modelling markers P1NP
and B-CTX-1 markers failed to capture any potential
responses. There is a need for individual studies that
investigate the acute responses of bone (re)modelling
markers to different types of exercise and across differ-
ent populations, which include a control (non-exercise)

group.
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