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Abstract
Purpose  To test the hypothesis that training with reduced carbohydrate (CHO) availability increases bone resorption in 
adolescent soccer players.
Methods  In a randomised crossover design, ten male players (age: 17.4 ± 0.8 years) from an English Premier League acad-
emy completed an acute 90-min field-based training session (occurring between 10:30–12:00) in conditions of high (TRAIN 
HIGH; 1.5 g.kg−1, 60 g, 1.5 g.kg−1 and 1.5 g.kg−1 consumed at 08:00, during training, 12:30 and 13:30, respectively) or low 
CHO availability (TRAIN LOW; 0 g.kg−1). Participants also completed a non-exercise trial (REST) under identical dietary 
conditions to TRAIN LOW. Venous blood samples were obtained at 08:30, 10:30, 12:30 and 14:30 for assessment of bone 
resorption (βCTX), bone formation (PINP) and calcium metabolism (PTH and ACa).
Results  External training load did not differ (all P > 0.05) between TRAIN HIGH and TRAIN LOW, as evident for total 
distance (5.6 ± 0.8; 5.5 ± 0.1 km), average speed (81 ± 9; 85 ± 12 m.min−1) and high-speed running (350 ± 239; 270 ± 89 m). 
Area under the curve for both βCTX and PINP was significantly greater (P < 0.01 and P = 0.03) in TRAIN LOW versus 
TRAIN HIGH, whilst no differences in PTH or ACa (P = 0.11 and P = 0.89) were observed between all three trials.
Conclusion  CHO restriction before, during and after an acute soccer training session increased bone (re)modelling markers 
in academy players. Despite acute anabolic effects of bone formation, the long-term consequence of bone resorption may 
impair skeletal development and increase injury risk during growth and maturation.
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IL-6	� Interleukin-6
LEA	� Low energy availability
PTH	� Parathyroid hormone
P1NP	� Procollagen-1 N-terminal peptide
PDP	� Professional development phase
YDP	� Youth development phase

Introduction

The purpose of soccer academies is to develop the techni-
cal, tactical, physical, and psychosocial capabilities of young 
players (Wrigley et al. 2012). Within the English academy 
system, players are exposed to a formalised and structured 
coaching programme whereby they transition through dis-
tinct development phases, that is, the Foundation Phase (FP: 
under 9–11 years old), Youth Development Phase (YDP: 
under 12–16  years old) and Professional Development 
Phase (PDP: under 17–23 years old). In relation to physical 
development, the typical weekly training volume (e.g. total 
weekly duration of activity and distance covered) that play-
ers are exposed to increases as they progress through each 
development phase (Hannon et al. 2021a). In addition, acad-
emy players experience similar absolute training volumes 
(Brownlee et al. 2018; Hannon et al. 2021a; Stables et al. 
2023) as their adult counterparts from the English Premier 
League (EPL) (Anderson et al. 2016a), albeit it a time when 
they are not yet fully mature. In using the doubly labelled 
water method, we also reported that individual players across 
the academy pathway (i.e., from U12 to U18) may present 
with an absolute total daily energy expenditure (i.e., 3000 
– 5000 kcal.day−1) that is comparable to, or exceeds (Han-
non et al. 2021b; Stables et al. 2023), our previous observa-
tions from adult players of the EPL (Anderson et al. 2017).

Despite such high training volumes and energetic 
demands, it is often reported that academy players “under-
fuel” (i.e., fail to consume sufficient energy and carbo-
hydrate intake), especially in relation to the acute period 
before, during and after training sessions (Hannon et al. 
2021b; Naughton et al. 2016; Stables et al. 2022). Although 
the negative outcomes associated with “under-fuelling” are 
often considered from a performance perspective, a more 
concerning outcome for adolescent athletes is the potential 
impact upon risk of injury to skeletal structures (Goulding 
2007), especially when considering that adolescence is a 
critical time for bone development (Zhang et al. 2023). In 
this regard, failing to increase daily energy intake in consid-
eration of the increased resting metabolic rate that accom-
panies growth and maturation (Hannon et al. 2020) along-
side the enhanced energetic cost that is inherent to academy 
coaching programmes (Stables et al. 2023), may increase 
the risk of players with presenting chronically low energy 
availability (LEA) (Mountjoy et  al. 2023). In this way, 

players may subsequently present with negative symptoms 
associated with LEA, where such symptoms could include 
reductions in bone accrual. While such conditions may not 
directly lead to stress fractures alone, under a state of imbal-
ance between microdamage to skeletal tissue formation and 
breakdown, bone stress injuries may occur. The continual 
substantial loading to microcracks in the bone under stress 
therefore presents an increase in stress fracture risk (Hoenig 
et al. 2023). This is of critical importance for academy soc-
cer players given the prevalence of growth-related injuries 
to the knee, lower back, sacrum and pelvis, as reported in 
academy players from England, Europe and South America 
(Hall et al. 2020).

A growing of body of literature now demonstrates the 
complex interplay between exercise, nutrient availability, 
and bone (re)modelling (Dolan et al. 2020). Indeed, we 
(Hammond et al. 2019) and others (Sale et al. 2015; de 
Sousa et al. 2014) observed that the mechanical and/or met-
abolic stress associated with running exercise is sufficient 
to increase bone resorption in male adults (as evidenced by 
acute changes in β-carboxyterminal telopeptide, βCTX). 
Although the greater rates of bone resorption (especially at 
bony sites) within the adolescent compared to adult popula-
tion are considered essential to facilitate skeletal develop-
ment (Zhang et al. 2023), it is noteworthy that the exercise-
induced increases in βCTX in adults is significantly reduced 
if carbohydrate (CHO) has been consumed before, during 
and/or after exercise (Townsend et al. 2017; Sale et al. 2015; 
Hammond et al. 2019; de Sousa et al. 2014). Furthermore, 
when a cohort of male adult racewalkers (Fensham et al. 
2022) adhered to a short-term six-day dietary interven-
tion comprising reduced daily CHO intake (i.e., 0.5 g.kg−1 
CHO, energy availability of 41 kcal·kg FFM−1·day−1), con-
centrations of procollagen-1 N-terminal peptide (PINP; a 
marker of bone formation) were significantly reduced when 
compared to a control diet matched for energy availability 
but higher daily CHO intake (i.e., 41 kcal·kg FFM−1·day−1 
and 9.8 g.kg−1 CHO) or a diet representative of LEA and 
moderate daily CHO intake (i.e., 15 kcal·kg FFM−1·day−1 
and 5 g.kg−1 CHO per day). When taken together, such 
data suggest that reductions in both acute (i.e., CHO con-
sumed within several hours of training) and chronic daily 
CHO intake increases bone resorption the result of which, 
if persistent over time, might contribute to compromised 
skeletal development. However, despite the observation that 
soccer training is considered anabolic to bone (Varley et al. 
2023), the acute effects of the habitual soccer training ses-
sions completed by academy players, and the context of such 
effects within the wider process of acute bone resorption and 
formation has not yet been evaluated, let alone any potential 
modulatory role of CHO availability.

With this in mind, the aims of this present study were 
two-fold. First, we sought to evaluate the effects of an acute 
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soccer training session on markers of bone resorption, bone 
formation and calcium metabolism in a cohort of male acad-
emy soccer players. Second, we also aimed to evaluate the 
effects of training with reduced CHO availability in modu-
lating markers associated with bone resorption, formation 
and calcium metabolism. We hypothesised that training 
with reduced CHO availability (i.e., under-fuelling) would 
increase markers of bone resorption and reduce markers of 
bone formation (effects occurring independent of alterations 
to calcium metabolism).

Methods

Participants

Twelve male outfield soccer players from an English Premier 
League academy volunteered to participate in this study. 
However, two participants had to withdraw from the study 
due to pitch-based injuries (not occurring during the training 
sessions completed as part of this study), leaving ten players 
who completed all experimental trials (age: 17.4 ± 0.8 yrs; 
body mass: 74.6 ± 9.1 kg; height: 1.8 ± 0.1 m). On the basis 
of previous assessments from our laboratory (albeit on adult 
males) using acute high-intensity intermittent running as an 
exercise stimulus and a CHO feeding intervention (Ham-
mond et al. 2019), sample size was estimated according to 
our primary outcome variable of βCTX assuming an effect 
of CHO availability of 0.3 ng·mL−1 and a group standard 
deviation of 0.2 ng·mL−1. These data would provide an 
effect size of dz = 1.5 where a sample size of 8 would pro-
vide an alpha value of 0.05 and statistical power of 0.95 
(G* Power, version 3.1). All procedures conformed to the 
standards of the Declaration of Helsinki, written informed 
parental / guardian consent and player assent was obtained, 
and ethical approval was granted by Liverpool John Moores 
University.

Study design

In a repeated measures (and crossover) design, participants 
completed three experimental trials that occurred over a 
3 week in-season period in April 2023. Trial 1 was a non-
exercise trial (REST) that occurred on the Wednesday of 
week 1 and represented a non-training day for the partici-
pants. Trial 2 was a training day that occurred on the Tues-
day of week 2 and took place 4 days before the players’ 
next game (referred to as match day minus 4, MD-4). In 
trial 2, players were randomised such that half of the sample 
(n = 5) completed the training session in conditions of high 
CHO availability (TRAIN HIGH) whilst the remaining par-
ticipants (n = 5) completed the session in conditions of low 
CHO availability (TRAIN LOW). Trial 3 occurred on the 

Tuesday of week 3 (i.e., MD-4) and on this occasion, par-
ticipants crossed over in trials such that those players who 
completed trial 2 with high CHO availability now adhered to 
the low CHO availability trial and vice versa. Players were 
blinded to CHO availability throughout all trials and com-
pleted an overnight fast prior to each trial. To examine the 
effects of CHO availability upon markers of bone resorption 
and formation, both REST and TRAIN LOW trials were 
CHO restricted. An unintended consequence of this is, of 
course, that these trials were also energy restricted in com-
parison to TRAIN HIGH. To alleviate this, an option would 
have been to manipulate the fat and/or protein contents of the 
dietary intake, but both of these are also known to have inde-
pendent effects on bone (Walsh and Henriksen 2010). The 
club coaching staff were instructed to replicate the session 
duration and content (i.e., training drill content, duration and 
sequence) during both trial 2 and trial 3 to match the exer-
cise stimulus as closely as possible, similarly all participants 
completed the same exercise stimulus the day before the 
TRAIN HIGH and TRAIN LOW trials, although this was 
not directly controlled within the study. An overview of the 
experimental design which details dietary intake of each trial 
is presented in Fig. 1. Further details of the dietary trials and 
experimental protocols are provided in Table 1.

Experimental protocols

For all trials, participants reported to the training ground 
of the host club at 08:00 in a fasted state. After baseline 
assessment of body mass, (SECA, Hamburg, Germany), par-
ticipants subsequently consumed breakfast (details for each 
trial provided below) and an initial venous blood sample 
was then obtained at 08:30. Due to limitations of the num-
ber of samples that could be taken and a lack prior access 
to participants, no fasted blood sample could be obtained. 
Further venous blood samples were collected at subsequent 
2-h intervals, corresponding to 10:30, 12:30 and 14:30.

REST trial

During the REST trial, participants remained at the host 
training ground and took part in light activities only (e.g. 
performance analysis education sessions, watching televi-
sion, playing video games and/or playing pool). Partici-
pants consumed a 750 mL placebo beverage at breakfast 
(150 mL of sugar free orange cordial (Robinsons, UK) 
diluted in 600 mL of water) and a portion of scrambled 
egg equivalent to approximately 20 g of protein and < 15 g 
fat. Participants also consumed 3 × 150 mL boluses of the 
placebo beverage (125 mL boluses of water mixed with 
25 ml of sugar free cordial) at 10:30, 10:50 and 11:10, to 
replicate the pattern of fluid ingestion that would occur 
during the training sessions to be completed in both the 
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TRAIN LOW and TRAIN HIGH trials. At 12:30, partici-
pants then consumed another 750 mL bolus of the placebo 
solution, a chicken breast (equivalent to approximately 
20 g of protein) and small mixed leaf salad (30 g portion 
with negligible energy). A final 750 mL bolus of the pla-
cebo beverage was consumed at 13:30.

TRAIN LOW trial

During the TRAIN LOW trial, participants adhered to the 
same dietary trial as that administered in the REST trial and 
participants took part in a 90-min field-based training ses-
sion occurring between 10:30 and 12:00.

TRAIN HIGH trial

During the TRAIN HIGH trial, participants adhered to the 
same order and timing of dietary intake and fluid ingestion 
(including the consumption of scrambled eggs and chicken 
/ salad at breakfast and post-training), though a high CHO 
availability trial now occurred. Carbohydrate was consumed 
at 08:00 (1.5 g.kg−1 of maltodextrin added to 600 mL of 
water and 150 mL of sugar free cordial during training) fol-
lowed by 60 g during training (equivalent to 3 × 20 g intakes 
of maltodextrin consumed at 10:30, 10:50 and 11:10, deliv-
ered as 3 × 125 mL boluses of water mixed with 25 mL 
of sugar free cordial). Carbohydrate was also consumed 
immediately post-training at 12:30 and again at 13:30 (both 
timepoints consisted of 1.5 g.kg−1 maltodextrin added to 
600 mL of water and 150 mL of sugar free cordial). In this 
way, the timing and total dietary intake of protein (40 g), fat 
(16 g) and fluid ingestion (2.7 L) was matched between all 
3 experimental trials though participants consumed a total 
of approximately 5–6 g.kg−1 CHO when completing the 
TRAIN HIGH trial (administered as maltodextrin, supplied 
by Science in Sport, UK; sugar free cordial was manufac-
tured by Robinsons, UK).

Quantification of training load

Pitch based training load was assessed using global posi-
tioning system (GPS) technology (Vector, Catapult, Mel-
bourne, Australia). Each player was provided with a GPS 

Week One Week Two Week Three

REST TRAI I G TRAI I G

n = 5 TRAIN HIGH n = 5 TRAIN HIGH

n = 5 TRAIN LOW

n = 10 REST

n = 5 TRAIN LOW

08:00 08:30

Blood 
Sample

20 g protein
1.5 g.kg-1 CHO

13 g fat
750 ml water

//

10:30 12:00

20 g protein
1.5 g.kg-1 CHO

4 g fat
750 ml water

12:30

1.5 g.kg-1 CHO
750 ml water

14:30

60 g CHO

13:30

Blood 
Sample

Blood 
Sample

Blood 
Sample

//

Blood 
Sample

// //

750 ml water Blood 
Sample

Blood 
Sample

Blood 
Sample450 ml water

08:00 08:30 10:30 12:00 12:30 14:3013:30

20 g protein
13 g fat

750 ml water

20 g protein
4 g fat

750 ml water

Blood 
Sample

// //

750 ml 
water

Blood 
Sample

Blood 
Sample

Blood 
Sample

450 ml
water

08:00 08:30 10:30 12:00 12:30 14:3013:30

20 g protein
13 g fat

750 ml water

20 g protein
4 g fat

750 ml water

Fig. 1   Schematic overview of the experimental design. Participants completed one rest day followed by two experimental trials separated by one 
week respectively

Table 1   Dietary protocol adhered to by participants during the 
TRAIN HIGH, TRAIN LOW and REST trials

Mean (± standard deviation)  energy (kcal) and carbohydrate (g) is 
reported alongside the standardised protein (g), fat (g), fluid (L) and 
calcium intake (mg). In relative terms, CHO intake corresponded to 
5.3 ± 0.1 g.kg−1 body mass

TRAIN HIGH TRAIN LOW REST

Energy (kcal) 1733 ± 163 380 380
Carbohydrate (g) 396 ± 41 0 0
Protein (g) 40 40 40
Fat (g) 17 17 17
Fluid (L) 2.7 2.7 2.7
Calcium (mg) 75 75 75
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unit (81 mm × 43 mm x 16 mm), accompanying heart rate 
monitor (Polar, UK) and custom-made manufacturer pro-
vided vest (Catapult, Melbourne, Australia) to wear on the 
upper back between both scapulae during each pitch-based 
training session. Each unit was alarmed to turn on thirty 
minutes prior to the start of each session to sample total 
distance (m), high speed running meters (> 5.5 m.s−1), 
meters per minute (m.min−1), accelerations (> 3 m.s−1), 
and decelerations (< 3 m.s−1) at 10 Hz providing a valid 
and reliable assessment of soccer specific movement (Coutts 
and Duffield 2010; Varley et al. 2012). To ascertain when 
academy soccer players are capable of achieving the training 
and match intensities of adult EPL players, absolute speed 
thresholds commonly used within the adult game were delib-
erately selected (Anderson et al. 2016b; Malone et al. 2015). 
Participants also reported their pre- and post-training assess-
ment of ratings of perceived exertion (RPE 6 – 20) (Borg 
1982), within minutes of the commencement and completion 
of the training sessions.

Blood collection and analysis

Five millilitres of venous blood was drawn into one ethyl-
enediaminetetraacetic acid (EDTA) tube (BD Vacutainer) 
and kept on ice until centrifugation at 1200 g for 10 min 
at 4 °C. A second five millilitre blood sample was col-
lected into a serum tube and allowed to clot at room tem-
perature for sixty minutes, before being centrifuged for 
10 min at 1200 g at 4 °C. Following centrifugation, aliquots 
of plasma and serum were stored in eppendorfs at − 80 °C 
for subsequent analysis of plasma C-terminal telopeptide of 
type 1  collagen  (βCTX),  procollagen type  I N Propep-
tide (PINP) and parathyroid hormone (PTH), and serum cal-
cium (Ca), albumin and albumin adjusted calcium (ACa). 
These markers of bone resorption and formation can be 
released during bone remodelling and are, therefore, thought 
to reflect bone remodelling activity, with some suggestions 
that their measurement in blood can be useful in assess-
ing bone turnover, and downstream prediction of bone loss 
(Vasikaran 2018). Fluctuations in protein concentrations, 
especially albumin, can cause total Ca concentrations to 
change independently of the ionized calcium concentra-
tion, as such Ca concentrations were adjusted against albu-
min concentrations to give an albumin-adjusted calcium 
(ACa) value using the following equation: ACa = [total 
calcium] + 0.02 × (40-[albumin]).  Analysis of βCTX, 
PINP, PTH, Ca and ACa were performed at the Bioana-
lytical Facility, University of East Anglia by on a fully 
automated COBAS e601 system (Roche Diagnostics, Man-
nheim, Germany). βCTX, PINP and PTH were measured 
using electro-chemiluminescence immunoassay (ECLIA); 
kit# 09005773190, 03141071190 and 11,972,103,122, 
respectively. Quality controls (QC) were tested with each 

batch of samples; the inter-assay coefficient of variation 
(CV) for βCTX (n = 8) was ≤ 3% between 0.2 and 1.5 μg/L 
with the sensitivity of 0.01 μg/L; Inter-assay CV for PINP 
(n = 8) was < 3% between 20–600 µg/L with a sensitivity 
of 8 µg/L. the inter-assay CV for PTH (n = 8) was ≤ 3.8% 
across the analytical range of 0.127–530 pmoL. Total cal-
cium and albumin were measured COBAS c501 system 
(Roche) by spectrophotometric methods; kit# 05061482190 
and 03183688, respectively. The inter-assay CV (n = 8) for 
Ca was ≤ 1.6%, albumin was ≤ 1.1%.βCTX, PINP, PTH, 
Ca and ACa were selected for use as they are the preferred 
markers to assess the calcium homeostasis and bone turno-
ver status in clinical studies (Vasikaran et al. 2011).

Statistical analysis

All data were initially assessed for normality of distribu-
tion using the Shapiro–Wilk test. Comparisons between 
trials in training load metrics between TRAIN HIGH and 
TRAIN LOW trials were assessed using students t-tests for 
paired samples, where ninety-five percent confidence inter-
vals (95% CI) for the differences are also presented. Com-
parisons of bone turnover markers and calcium metabolism 
between trials were assessed using a within subjects repeated 
measures general linear model where the within factors were 
time (i.e., blood samples collected at 08:30, 10:30, 12:30 
and 14:30) and trial (i.e., REST, TRAIN LOW and TRAIN 
HIGH). Where significant main effects were present, Bon-
ferroni post hoc analysis was conducted to locate specific 
differences and 95% CI for the differences are also presented 
where appropriate. All data in text, tables and figures are 
expressed as means and SD with P < 0.05 indicating statisti-
cal significance. Statistical tests were performed using SPSS 
for Windows (version 29, SPSS Inc, Chicago, IL).

Results

Training with reduced CHO availability does 
not affect training volume and intensity

The external and internal training load metrics of partici-
pants while training in TRAIN HIGH and TRAIN LOW con-
ditions are presented in Table 2. No significant differences 
were apparent for total distance (P = 0.88), average speed 
(P = 0.56), high speed running distance (P = 0.72), number 
of accelerations (P = 0.65) and decelerations (P = 0.72). 
There was also no significant difference for average heart 
rate (P = 0.62) or post-session RPE (P = 0.96). When taken 
together, such data demonstrate that CHO availability did 
not affect the intensity and volume of training, therefore 
confirming that the acute training stimulus was comparable 
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when players completed training in both TRAIN HIGH and 
TRAIN LOW conditions.

Completing an acute soccer‑specific training 
with reduced CHO availability increases markers 
of bone resorption and formation

βCTX

As a marker of bone resorption, βCTX displayed significant 
main effects for time (P = 0.02), condition (P < 0.01) and 
interaction (P = 0.03) (see Fig. 2A). In relation to effects 
of time, pairwise comparisons demonstrate βCTX was sig-
nificantly lower at 10:30 (P = 0.01) and 14:30 (P = 0.02) 
compared with 08:30. Such data suggest that nutrient inges-
tion in all three trials may have a role in reducing circulat-
ing βCTX. Furthermore, βCTX was significantly greater 
at 12:30 compared with both 10:30 (P = 0.018) and 14:30 
(P < 0.01), thus suggesting that the acute training session 
significantly increased βCTX.

When considering pairwise comparisons for main effects 
of condition, βCTX was significantly lower in TRAIN HIGH 
compared with both TRAIN LOW (P < 0.01; 95% CI: -0.32 
to -0.11 ng.mL−1) and REST (P = 0.04; 95% CI: -0.31 to 
-0.01 ng.mL−1), though no difference was apparent between 
TRAIN LOW and REST (P = 0.53; 95% CI: -0.06 to 0.17 ng.
mL−1). Accordingly, the AUC for βCTX (see Fig. 2B) was 
significantly greater in TRAIN LOW compared with TRAIN 
HIGH (P < 0.01) while differences between TRAIN HIGH 
and REST were not significantly different (P = 0.07).

PINP

As a marker of bone formation, PINP displayed significant 
main effects for time (P < 0.01), condition (P < 0.01) and 
interaction (P < 0.01) (see Fig. 2C). In relation to effects of 
time, pairwise comparisons demonstrate PINP was signifi-
cantly greater at 12:30 compared with both 10:30 (P = 0.01) 
and 14:30 (P < 0.01).

When considering pairwise comparisons for main effects 
of condition, TRAIN LOW was significantly greater than 

REST (P = 0.02; 95% CI: 2.8 to 30.3 ng.mL−1) yet there 
was no significant difference to TRAIN HIGH (P = 0.08; 
95% CI: -1.3 to 22.2 ng.mL−1) and no difference was appar-
ent between REST and TRAIN HIGH (P = 0.87; 95% CI: 
-21.9 to 9.8 ng.mL−1). In relation to AUC data (see Fig. 2D), 
TRAIN LOW was significantly greater than both TRAIN 
HIGH (P = 0.03) and REST (P = 0.01), though no difference 
was apparent between REST and TRAIN HIGH (P = 0.810).

Completing an acute soccer‑specific training 
with reduced CHO availability does not affect 
calcium metabolism

PTH

Changes in plasma PTH are presented in Fig. 2E. There was 
a significant main effect for time (P < 0.01), but no effect 
of condition (P = 0.14) or interaction effect (P = 0.32). In 
relation to pairwise comparisons for main effect of time, 
PTH was significantly greater at 10:30 (P = 0.02) and 12:30 
(P < 0.01) compared with 08:30. Differences between 12:30 
and 10:30 were not significantly different (P = 0.09). In 
accordance with no main effects for condition, the AUC also 
did not differ (P = 0.11) between trials (see Fig. 2F). These 
data suggest that the metabolic effects of acute feeding at 
breakfast and/or acute soccer-specific training is sufficient 
to increase PTH.

Calcium

Changes in serum calcium are presented in Fig. 3A. There 
were no main effects of time (P = 0.91), condition (P = 0.20), 
or interaction (P = 0.07). In accordance, the AUC (see 
Fig. 3B) was also not significantly different between condi-
tions (P = 0.30).

Albumin

Changes in serum albumin are presented in Fig. 3C. There 
was a significant main effect for time (P < 0.01), condition 
(P = 0.02) and an interaction effect (P < 0.01). In relation to 

Table 2   An overview of 
external and internal training 
metrics for the TRAIN HIGH 
and TRAIN LOW trials

Data are presented as means with ± SD with range displayed in parentheses

TRAIN HIGH TRAIN LOW 95% CI

Total distance (km) 5.6 ± 0.8 (4.2–6.8) 5.5 ± 1.1 (2.7–6.8) − 1012 to 1067
Average speed (m.min−1) 81 ± 9 (70–95) 85 ± 12 (59–99) − 15 to 9
High speed running (m) 350 ± 239 (33–533) 270 ± 89 (127–407) − 148 to 202
Accelerations (n) 40 ± 12 (18–58) 44 ± 13 (15–62) − 18 to 12
Decelerations (n) 38 ± 14 (7–55) 40 ± 12 (12–60) − 15 to 12
Heart rate (bpm) 139 ± 10 (127–158) 142 ± 10 (127–158) − 15 to 9
Post-session RPE 13 ± 3 (8–16) 14 ± 2 (10–16) − 3 to 0
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pairwise comparisons for main effect of time, serum albumin 
was significantly different at 12:30 and 14:30 compared with 
08:30 (both P < 0.01). In considering effects of condition, 
REST was significantly lower compared with TRAIN LOW 
(P = 0.03; 95% CI: -2.1 to – 0.1 g.L−1), though no differences 
were apparent between REST and TRAIN HIGH (P = 1.0; 
95% CI: -1.2 to 0.9 g.L−1) or between TRAIN LOW and 
TRAIN HIGH (P = 0.21; 95% CI: -0.4 to 2.3 g.L−1). In rela-
tion to AUC data (see Fig. 3D), differences between condi-
tions did not achieve statistical significance (P = 0.05).

Albumin adjusted calcium

Changes in albumin adjusted calcium are presented in 
Fig. 3E. There were no main effects for time (P = 0.59), 
condition (P = 0.67) or interaction (P = 0.23). In relation to 
AUC data (see Fig. 3F), there was no significant difference 
between conditions (P = 0.89).

Discussion

In confirming our hypothesis, the present data demonstrate 
that completing an acute soccer-specific training session 
with reduced CHO availability increases bone resorp-
tion in academy soccer players. However, in contrast with 
our hypothesis, we also report that training with reduced 
CHO availability increases bone formation markers. Such 
alterations to markers of bone remodelling also occurred 
independent to changes in markers of calcium metabolism. 
Although the chronic implications of such acute fluctuations 
in bone (re)modelling markers could not be determined, it is 
possible that the combination of sub-optimal CHO intakes 
and high daily training volumes may in part, contribute to 
an increased risk of bone stress related injury and com-
promise bone development during growth and maturation. 
This assertion is especially relevant to the present popula-
tion given the high daily energy demands associated with 
formalised training programmes, a culture of under-fuelling, 
and the prevalence of growth-related injuries.

Both longitudinal (Varley et al. 2023) and cross-sectional 
(Hagman et al. 2018) studies using bone imaging demon-
strate that the loading stimulus associated with soccer train-
ing is anabolic to bone. It has also been reported that the 
loading stimulus induced by 12 weeks of soccer-specific 
training in academy players (with similar chronological age 
as the present cohort) was sufficient to induce increased 
tibial bone mass and density (Varley et al. 2017), whereas 
the training stimulus completed by a control group of rec-
reational soccer players (i.e., not enrolled on a formalised 
academy coaching programme) did not induce any detect-
able changes in bone characteristics (Varley et al. 2023). The 
present study extends our understanding of bone responses 

to soccer training by representing the first attempt to evaluate 
the acute bone response of markers of bone resorption and 
formation and calcium metabolism responses induced by 
an acute soccer training session in male players. Indeed, the 
ecological validity of our experimental model is strength-
ened by utilising a “real world” training session involving a 
field-based training session, as opposed to laboratory-based 
exercise. We also evaluated the role of CHO availability in 
modulating bone resorption and formation markers by utilis-
ing a repeated measures crossover design whereby players 
completed the session in conditions considered as best prac-
tice nutrition (Collins et al. 2021) or those indicative of the 
sub-optimal fuelling practices (i.e., CHO restriction before, 
during and after training) previously reported by our group 
(Stables et al. 2022). Importantly, no significant differences 
were apparent in external and internal training load metrics 
between trials (see Table 1), thus suggesting that the training 
stimulus (i.e., mechanical load) was likely similar between 
TRAIN HIGH and TRAIN LOW trials.

As an accepted marker of bone resorption, it is now well 
documented that βCTX is sensitive to the acute effects of 
both feeding and exercise (Walsh and Henriksen 2010). Not-
withstanding the circadian variation of this marker (Bjarna-
son et al. 2002; Christgau 2000), the data presented here is 
in agreement with previous literature (Clowes et al. 2002) in 
considering that we observed that consumption of “break-
fast” in all three trials significantly reduced βCTX concen-
trations in the two-hour postprandial period (see Fig. 2A), 
where the magnitude of reduction was more pronounced 
when CHO had been consumed in the TRAIN HIGH trial. 
In accordance with the effects of acute exercise (Dolan et al. 
2022), completion of the acute soccer training session subse-
quently increased βCTX, although the effects of CHO feed-
ing before and during the TRAIN HIGH trial ensured that 
absolute βCTX concentrations remained suppressed when 
compared with the TRAIN LOW trial. Similar to the effects 
of feeding at breakfast, post-training nutrient intake (i.e., 
lunch) also caused a reduction in βCTX where again, the 
consumption of CHO in the TRAIN HIGH trial caused a 
greater magnitude of reduction. When taken together, such 
data clearly demonstrate that CHO feeding reduces βCTX 
concentrations (even in the presence of a high-intensity 
training stimulus) compared to training without CHO intake 
pre-, during and post training. We acknowledge, however, 
that future studies with greater access to elite participants 
and the potential for a greater sampling frequency should 
also obtain a fasted true baseline blood sample with addi-
tional sampling in the hours post-training to better under-
stand changes in bone (re)modelling markers in the hours 
after pitch-based training. The relatively small number of 
samples which were obtained due to the nature of partici-
pants in this study may be considered a limitation to this 
study.
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As a marker of bone formation, exercise-induced changes 
in PINP are less responsive than changes in βCTX, owing 
to the temporal processes underpinning bone resorption and 
formation whereby the basic multicellular unit is activated 
by an initial increase in bone resorption such that changes 
in bone formation would lag that of bone resorption (Dolan 
et al. 2020). Given the greater degree of uncoupled and site-
specific bone modelling that occurs in adolescence (in addi-
tion to (re)modelling during skeletal growth in adolescence), 
it should also be noted that bone formation markers will 
be higher within this population as players develop peak 
bone mass (Seeman and Delmas 2006). The compounding 
impact upon these acute changes however would likely be 
negated given that the average age of participants in this 
study (17.4 ± 0.8 years) would be at the time whereby acad-
emy soccer players typically approach full skeletal maturity 
(Johnson et al. 2017) and a number of years post-PHV when 
growth rate would be highest during adolescence (Philip-
paerts et al. 2006). Previous research showed significant 
increases in PINP in adult males immediately after 60 min 
of treadmill running at 65% VO2max (Scott et al. 2012), the 
magnitude of which was not affected if the exercise was 
performed fasted or fed (as achieved by a standardised 
breakfast of approximately 80 g CHO, 20 g fat, 10 g protein 
and 116 mg calcium). In contrast, Sale et al. (2015) later 
reported that the exercise-induced increases in PINP (also 
in adult males) immediately after 120 min of running at 70% 
VO2max was significantly reduced when CHO was ingested 
during exercise at a rate of 0.7 g.kg−1 per hour (equivalent 
to approximately 50 g.h−1). Such data appear to agree with 
the present study given that we also observed significant 
increases in PINP at 12:30 (i.e., post-training) when com-
pared with the baseline sample at 08:30 (see Fig. 2C) and 
also when considering the fact that the AUC for PINP was 
significantly greater in TRAIN LOW versus both TRAIN 
HIGH and REST (see Fig. 2D). Although there is debate 
within the literature (Dolan et al. 2022) as to the physiologi-
cal significance of such small and transient increases in PINP 
(i.e., such short-term timescales may not be representative 
of true exercise-induced increase in collagen deposition), it 
is noteworthy that the model of acute CHO restriction used 
here increased both bone (re)modelling markers βCTX and 

PINP. In this way, evaluation of the temporal responses of 
PINP across the sampling period are suggestive of the pos-
sibility that such elevated PINP responses in TRAIN LOW 
may occur as a compensatory response to the earlier chal-
lenge of CHO (and energy) restriction at breakfast and dur-
ing exercise that has already presented as acute increases in 
bone resorption markers, which would otherwise be atten-
uated in the TRAIN HIGH trial due to greater CHO and 
energy availability. As such, the early and later responses of 
βCTX and PINP, may indeed represent an acute physiologi-
cal adjustment to rates of bone remodelling markers to try 
and maintain the dynamic balance between bone resorption 
and formation in the face of the physiological challenge of 
both CHO restriction and high-intensity exercise. Such data 
suggest that under conditions of low CHO availability, acute 
soccer-specific training significantly increases PINP, yet it 
was not possible to determine the physiological relevance of 
such an acute change to bone tissue. To that end, it should 
be noted that βCTX and PINP are not specific to bone tissue 
and the increase observed here could also reflect leakage 
from connective tissue or collagen metabolism from other 
tissues (Vasikaran et al. 2011).

The mechanisms by which manipulation of CHO avail-
ability before, during and after exercise affects exercise-
induced alterations in markers of bone resorption and forma-
tion are not yet well understood. However, in agreement with 
previous researchers (Scott et al. 2012; Sale et al. 2015), 
we also observed that CHO restriction did not affect albu-
min adjusted calcium (see Fig. 3A, B, E and F) or exercise-
induced increases in PTH (see Fig. 2E and F). Although we 
acknowledge that our frequency of sampling did not allow 
for evaluation of calcium metabolism during exercise (nor 
the ability to measure free calcium due to the limitations of 
testing in the elite athlete environment, particularly as this 
pertains to the required timeframe of sampling), our data 
are in support of the hypothesis that CHO likely regulates 
exercise-induced bone resorption and formation through 
pathways not related to calcium metabolism. Rather, it is 
possible that the provision of nutrient intake before exer-
cise causes an initial reduction in bone resorption that is 
mediated, in part, through the gut derived incretin hormones 
of glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide 1 (GLP-1) (Bergmann et al. 2019). 
The combination of CHO restriction before and during high-
intensity exercise may also facilitate cross-talk between 
muscle, adipocytes and bone (Kirk et al. 2020), as facili-
tated through the action of key myokine and adipokines 
such as interleukin 6 and leptin. While outside the scope 
of this work, evidence in support for a modulatory role of 
interleukin-6 (IL-6) in regulation of acute markers of bone 
metabolism is provided from several studies. For example, 
when exercising in conditions of CHO restriction (Hei-
kura et al. 2019) or with low muscle glycogen (Keller et al. 

Fig. 2   Plasma βCTX (A), PINP (C), PTH (E) concentrations before, 
during and after training. Shaded grey area denotes pitch-based train-
ing, downward arrows denote timing of feeding. Total area under the 
curve (AUC) for βCTX (B), PINP (D) and PTH (F) is also shown. 
* Denotes significant main effect for difference between conditions, 
adenotes significant pairwise comparison difference from 08:30, bde-
notes significant difference from 10:30 and cdenotes significant differ-
ence from 12:30, all P < 0.05; ^denotes significant difference in AUC 
between TRAIN LOW and TRAIN HIGH, # denotes significant dif-
ference in AUC between TRAIN LOW and REST, all P < 0.05. Grey, 
white and black bars represent mean data, individual data points are 
shown by white circles

◂
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2001; Steensberg et al. 2001), release of muscle derived IL-6 
(Febbraio and Pedersen 2002) and circulating IL-6 concen-
trations (Starkie et al. 2001) are augmented compared to 
when CHO has been ingested before and/or during exercise. 
In such situations, IL-6 is thought to act in an endocrine 
like action upon the liver to maintain glucose homeostasis 
(Pedersen and Febbraio 2008). However, its effect on bone 
may be less favourable and indeed, evidence from in vitro 
and animal models collectively demonstrate that IL-6, in 
the presence of soluble IL-6 receptors, can stimulate osteo-
clastogenesis and a net resorptive effect (Kirk et al. 2020). 
Interestingly, Sale et al. (2015) previously observed a signifi-
cant correlation between exercise-induced changes in IL-6 
and βCTX, thus providing further evidence in support of a 
mechanistic link between muscle and bone under the physi-
ological stress of CHO restriction and exercise. In addition, 
we previously observed in a similar model of CHO (and 
energy) restriction to that studied here (i.e., restriction of 
CHO intake before, during and after 1 h of high-intensity 
intermittent running) that exercise completed with reduced 
CHO availability significantly augmented both IL-6 and lep-
tin concentrations immediately post- and at 3 h post-exercise 
compared with exercise completed in conditions where CHO 
had been fed before (3 g.kg−1), during (60 g) and after (4 g.
kg−1) exercise (Hammond et al. 2019). Nonetheless, we 
acknowledge the limitation that our sampling volume and 
frequency did not allow us to assess a broader range of bone 
markers alongside myokine, osteokine and adipokine related 
signalling, including both blood glucose and insulin. Nota-
bly glucose and insulin have been shown to acutely attenu-
ate bone resorption (Sherk et al. 2020), which may provide 
further context for the results of this study. Indeed while 
the bone resorption and formation markers employed within 
this study are reference bone markers and biochemical by-
products of osteoblast activity (Vasikaran et al. 2011), there 
remains no bone marker that reflects the bone remodelling 
process with perfect specificity and sensitivity (Vasikaran 
2018). Further studies are now required to provide a more 
rigorous assessment of the mechanisms by which CHO 
restriction and exercise may regulate bone resorption.

It is thought that an initial transient period of bone catab-
olism is necessary to stimulate the bone remodelling cycle 
(Robling et al. 2006; Dolan et al. 2020) and hence, an initial 
increase in exercise-induced bone resorption provides the 

stimulus to subsequently increase bone formation. In this 
regard, our data could be interpreted to support the ana-
bolic potential of soccer training for bone, given that the 
training session completed here was sufficient to initiate the 
acute bone remodelling process. However, if the process 
of resorption is left unchecked (as stimulated by high daily 
training volumes and sub-optimal CHO and energy intake 
i.e., TRAIN LOW conditions), this may favour bone resorp-
tion. Such a model has been suggested to play a contribu-
tory role in mediating the low bone mineral density in road 
cyclists (Hilkens et al. 2023) and of note, most prevalent 
injury that occurs in academy players during the times of 
peak height velocity has been reported as growth related 
injuries to the lower back, sacrum, pelvis, and knee (Hall 
et al. 2020). Although there is a potential theoretical benefits 
(e.g. cell signalling regulating oxidative adaptions) for con-
suming reduced CHO intake in relation to aerobic type train-
ing (Bartlett et al. 2015; Impey et al. 2016), our data further 
demonstrate that athletes who wish to regularly train in a 
state of reduced CHO availability should be aware of poten-
tial negative effects upon bone. This of specific relevance 
to adolescent athletes and the present data provide further 
justification that CHO restriction should not be practiced in 
athletic populations who are not yet physically mature.

In summary, the present study provides the first report to 
characterise the effects of an acute soccer-specific training 
session on markers of bone resorption, bone formation and 
calcium metabolism in male academy soccer players. Impor-
tantly, our data demonstrate that soccer training increases 
bone (re)modelling makers and that training with reduced 
CHO availability augments bone resorption and formation 
markers. While an increase in bone formation markers may 
be seen as anabolic to bone, it is suggested that the com-
monly reported sub-optimal fuelling practices of academy 
players (as replicated in the present experimental design) 
and apparent increase in bone resorption markers may 
impair skeletal development during growth and matura-
tion as players transition through the academy development 
pathway. Further studies are now required to ascertain the 
mechanisms by which training with CHO availability regu-
lates bone resorption. Given the growing body of literature 
demonstrating that CHO availability affects exercise-induced 
bone remodelling markers, our data also suggest that the 
benefits of CHO should be communicated to players and 
stakeholders over and above that of physical and technical 
performance.
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