European Journal of Applied Physiology
https://doi.org/10.1007/s00421-018-3846-7

ORIGINAL ARTICLE

Collision activity during training increases total energy expenditure
measured via doubly labelled water
Nessan Costello1,2 · Kevin Deighton1 · Thomas Preston3 · Jamie Matu1
Matt Halkier2 · Dale B. Read1,5 · Daniel Weaving1,2 · Ben Jones1,5,6

· Joshua Rowe1 · Thomas Sawczuk1,4 ·

Received: 23 October 2017 / Accepted: 13 March 2018
© The Author(s) 2018

Abstract
Purpose Collision sports are characterised by frequent high-intensity collisions that induce substantial muscle damage,
potentially increasing the energetic cost of recovery. Therefore, this study investigated the energetic cost of collision-based
activity for the first time across any sport.
Methods Using a randomised crossover design, six professional young male rugby league players completed two different
5-day pre-season training microcycles. Players completed either a collision (COLL; 20 competitive one-on-one collisions)
or non-collision (nCOLL; matched for kinematic demands, excluding collisions) training session on the first day of each
microcycle, exactly 7 days apart. All remaining training sessions were matched and did not involve any collision-based
activity. Total energy expenditure was measured using doubly labelled water, the literature gold standard.
Results Collisions resulted in a very likely higher (4.96 ± 0.97 MJ; ES = 0.30 ± 0.07; p = 0.0021) total energy expenditure across the 5-day COLL training microcycle (95.07 ± 16.66 MJ) compared with the nCOLL training microcycle
(90.34 ± 16.97 MJ). The COLL training session also resulted in a very likely higher (200 ± 102 AU; ES = 1.43 ± 0.74;
p = 0.007) session rating of perceived exertion and a very likely greater (− 14.6 ± 3.3%; ES = − 1.60 ± 0.51; p = 0.002)
decrease in wellbeing 24 h later.
Conclusions A single collision training session considerably increased total energy expenditure. This may explain the
large energy expenditures of collision-sport athletes, which appear to exceed kinematic training and match demands. These
findings suggest fuelling professional collision-sport athletes appropriately for the “muscle damage caused” alongside the
kinematic “work required”.
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Introduction
Team-based collision sports such as rugby league, rugby
union, rugby sevens, American Football and Australian
Football are defined by frequent high-intensity collisions
(Clarke et al. 2017; Edwards et al. 2017; Gray and Jenkins 2010; Hausler et al. 2016; Quarrie et al. 2013). Collision events include tackling, isometric holding, blocking,
wrestling, hit-ups and impacts with the playing surface
(Naughton et al. 2017). Both collision frequency and
magnitude are sport, match and position specific; however, typically reflect increases in physical fitness, anthropometric quality and playing ability within professional
athlete cohorts (Clarke et al. 2017; Hausler et al. 2016).
Accordingly, high-intensity collisions peak at nearly three
events per minute within professional match play (Hausler
et al. 2016), producing impacts that often exceed ‘severe’
gravitational forces (> 10 G; Edwards et al. 2017; Hausler
et al. 2016). Unsurprisingly, collision event success has
been associated with both increased performance (Tim
and Peter 2009) and a decreased injury risk (Tucker et al.
2017), defining training preparation, match performance
and subsequent recovery of collision-based sports (Clarke
et al. 2017; Edwards et al. 2017; Gray and Jenkins 2010;
Hausler et al. 2016; Quarrie et al. 2013).
Collisions induce substantial muscle damage (collisioninduced muscle damage; CIMD; Naughton et al. 2017),
which may increase the energetic cost of recovery. Both
collision frequency and magnitude strongly correlate with
the muscle damage response following training and match
play (Roe et al. 2017). Repeated, high-impact collisions
impair muscle integrity (Tavares et al. 2017), disturbing
biochemical (Hoffman et al. 2002) and endocrine homeostasis (McLellan et al. 2011). Subsequently, an acute phase
inflammatory response and tissue remodelling period are
initiated (Hyldahl and Hubal 2014), substantially upregulating whole body protein turnover (Peake et al. 2017).
Such dramatic perturbations of homeostasis are likely to
be energetically expensive (Welle and Nair 1990), potentially increasing post-exercise metabolism (Burt et al.
2014) and the energetic cost of recovery for up to 120 h
after competitive match play (McLellan et al. 2011),
throughout the season (Fletcher et al. 2016).
To safeguard the energy availability of professional
collision-sport athletes, it is vital to quantify the energetic
costs of collision-based activity. Professional collisionsport athletes have distinct total energy expenditures
(TEE) (Morehen et al. 2016), which appear to exceed the
energetic demands of similar professional, non-collision
sports (i.e. soccer; Anderson et al. 2017). These energetic
differences have been observed despite non-collision
athletes competing in additional match play across data
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collection periods (Anderson et al. 2017). This suggests
that the unique TEEs of professional collision-sport athletes may exceed the kinematic demands of both training
and match play (Morehen et al. 2016), possibly a result of
substantial CIMD. Successively, to maximise the health,
development and performance of professional collisionsport athletes, investigation into the energetic costs of collisions is required (Mountjoy et al. 2014).
Therefore, this study investigated the energetic cost of
collisions for the first time across any sport. Total energy
expenditure was measured via doubly labelled water (DLW),
the literature gold standard (Westerterp 2017). We hypothesised that the inclusion of 20 competitive collisions would
increase TEE across otherwise matched 5-day training
microcycles.

Methods
Participants
Six healthy, professional young (age range 16–18 years)
male RL players [mean ± SD, age; 17.2 ± 0.7 years, height;
178.2 ± 9.4 cm, body mass (BM); 87.3 ± 14.9 kg] completed
the study. Eight participants were originally recruited; however, two participants were excluded from analysis because
they sustained injuries outside of the COLL or nCOLL training intervention. Participants were chosen from a range of
playing positions including Loose Forward, Prop Forward,
Half Back, Hooker and Wing. All participants provided written informed consent, prior to volunteering. Ethics approval
was granted by the Carnegie Faculty Research Ethics Committee (Leeds Beckett University, UK).

Design
A randomised crossover design was utilised to assess the
magnitude of change in TEE across two different 5-day
pre-season training microcycles. Each microcycle included
the COLL or nCOLL training intervention, four matched
resistance-training sessions, three field sessions and one
rest day (Table 1). The COLL and nCOLL training sessions
took place on the morning of the first day of both training
microcycles, exactly 7 days apart (06:30–07:15). The crossover design was not counterbalanced due to two participant
injuries, which resulted in four participants completing the
COLL training intervention first and two participants completing the nCOLL training intervention first. The resting
metabolic rate (RMR) of participants was assessed 1 day
prior to the start of each training microcycle. Internal, external and home-based loads were recorded throughout each
assessment microcycle. The study was conducted during the
sixth and seventh week of a pre-season period to ensure that
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Table 1  Training schedule and data collection protocol across training microcycles
− 24 h
AM RMR (06:30–11:00)
Baseline urine (06:30–11:00)
Anthropometric height and
weight (06:30–11:00)
DLW dose (06:30–11:00)
Urine sample (07:30–11:00)
PM Rest

Wellbeing and urine sample
(22:00)

Intervention

+ 24 h

+ 48 h

+ 72 h

+ 96 h

Resistance training and intervention (06:30–07:30)

Rest

Rest

Rest

Resistance
training and
field (06:30–
07:30)

Rest

Rest
Resistance
training
and field
(16:00–
18:30)
Wellbeing and Wellbeing and
urine sample
urine sam(22:00)
ple (22:00)

Wellbeing and urine sample
(22:00)

Rest
Resistance
training
and field
(16:00–
18:30)
Wellbeing and Wellbeing and
urine sample
urine sam(22:00)
ple (22:00)

Training days are shown in relation to the COLL training intervention rather than days of the week. Times in parentheses represent length of the
training session or data collection period. The training schedule represents a typical 5-day pre-season training microcycle

participants were adequately conditioned, preventing a possible exaggerated fatigue or energetic response. Pre-existing
muscle damage was minimised by avoiding collisions in
the week prior to the first training microcycle. Participants
abstained from exercise on the day prior to each assessment
period.

Collision training session intervention
The COLL session was comprised of 20 full contact collisions divided into 10 one-on-one tackles (i.e. tackling an
opponent) and 10 one-on-one hit-ups (i.e. being tackled by
an opponent). Twenty collisions represent match demands
similar to those reported for professional RL (Hausler et al.
2016), rugby union (Quarrie et al. 2013), rugby sevens
(Clarke et al. 2017), Australian football (Gray and Jenkins
2010) and American football (Edwards et al. 2017). The
corresponding nCOLL session replicated the COLL session
exactly, however, without collisions. Participants performed
the same drill but accelerated past each other without making contact, thus replicating kinematic demands between
groups (supplementary material, Table 2). Prior to either
session, participants performed a standardised warm-up
overseen by the lead strength and conditioning coach, which
included two submaximal shoulder bag tackles on each
shoulder to prepare participants for collision.
The COLL session replicated a typical collision-based
training session (Fig. 1). The drill utilised a 20 m × 5 m
grid area (length × width). A grid width of 5 m was chosen
so that participants could not avoid collision. The offensive participant started on cone ‘A’ (Fig. 1) with the ball in
hand. On the blow of the coach’s whistle, the participant

Fig. 1  COLL training session intervention

accelerated forward and tried to score over the try line of
the opposing defensive participant (dashed line; Fig. 1).
The defensive participant started on cone ‘B’, and on the
same starting whistle accelerated forward and tried to
tackle the offensive participant, driving them back onto the
mats on either side or behind the offensive participant. The
drill was repeated until all participants had completed 10
tackles and 10 hit-ups, as recorded by the lead researcher.
The tackle count included ineffective tackles, as long as
participants made contact. The drill was competitive,
with participants verbally encouraged to try and beat their
opposing participant. Professional coaches directed both
sessions to ensure session safety and ecological validity.
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Doubly labelled water
Stable isotope doses
Two bolus doses consisting of deuterium (2H) and oxygen
(18O) stable isotopes were prepared for each participant.
Doses were calculated relative to the largest BM of any participant included in the study (Schoeller et al. 1980). Specifically, this included 2H2O (99 atom%) based on 0.14 g kg−1
and H218O (10 atom%) based on 0.90 g kg−1 of BM.
DLW administration, urine collections and analyses
Dose administrations were made under close supervision
1 day prior to the start of either trial period, after morning
RMR assessment. Participants were weighed wearing shorts
only to the nearest 0.1 kg (SECA, Birmingham, UK). A
baseline urine sample was provided before oral consumption
of a single bolus of DLW (2H218O). To ensure consumption
of the whole bolus, the dose bottles were washed twice with
additional water that participants also consumed. Baseline
enrichment was determined from a later urine sample provided by participants at 22:00, allowing for total body water
(TBW) equilibrium (Schoeller et al. 1980). This protocol
was repeated exactly for the second dose 7 days later.
Participants provided daily urine samples at 22:00 across
the entire data collection period. Samples were collected
directly into two date-, time- and participant ID-registered
5-mL cryovials. Cryovials were then immediately placed in
date- and participant ID-labelled ziplock bags and stored
in the home fridges of participants. The following morning, participants provided the lead researcher with the vials,
which were then filtered in compliance with the Human Tissue Act, frozen at − 40 °C and stored. Analysis of 2H and 18O
abundance was performed following gas exchange (HYDRA
20–22 IRMS, SerCon, Crewe UK). Urine and standards were
analysed with two measurements of duplicate samples. All
data were imported into a Microsoft Excel template where
the calculation of TBW, TEE and quality control parameters
could be performed.
Total body water and total energy expenditure calculations
Participant TBW and TEE were calculated specifically for
each 5-day assessment microcycle. Participant TBW was
calculated from stable isotope dilution spaces based on the
intercept of the elimination plot of deuterium and TEE was
determined from the stable isotope elimination rate constants and “pool space” (IAEA 2009). Specific TEE values
were then calculated (Goran et al. 1994). The average pool
space ratio was 1.043 and the average tracer elimination rate
ratio (kO/kD) was 1.348. Tracer enrichment in body water
remained above the minimum recommendation throughout

13

the study (IAEA 2009). The average resampling error on
TBW and TEE was 1.4 and 6.8%, respectively. The Pearson
product moment correlation of the tracer elimination plots
was greater than 0.99 in all cases. A respiratory quotient of
0.85 was assumed.

Resting metabolic rate
The RMR of participants was assessed 1 day prior to the
start of each training microcycle. Participants underwent an
overnight fast and 15-min enforced rest period before the
beginning of a 15-min assessment. The assessment occurred
within a mildly lit and temperate room (21–23 °C) with participants lying quietly in a supine position (Compher et al.
2006). Expired gas was analysed using an online gas analyser (Metalyzer 3BR3, Cortex, Leipzig, Germany). The gas
analyser was calibrated as per the manufacturer’s guidelines
using two known concentrations of each gas (ambient and
 O2), daily barometric pressure
15% O2 and ambient and 5% C
and a 3-L volume syringe. Participants wore a facemask connected to a gas analyser for online breath-by-breath analysis.
Data were subsequently averaged every 30 s to remove artefacts and exported to Microsoft Excel (2016, Seattle, USA).
The respiratory exchange ratio was determined from V̇O2
and V̇CO2 measurements (Frayn 1983). Energy expenditure
was estimated from substrate oxidation rates and expressed
per 24 h, using an energy value for carbohydrate and fat of
3.75 and 9 kcal, respectively (Southgate and Durnin 1970).

Training and home‑based loads
Six training and eight home-based load variables were collected throughout each assessment microcycle and are presented in the supplementary material (Tables 2–4). The six
training loads included one internal and five external loads
and were collected via sessional ratings of perceived exertion (sRPE) and micro-technological units, respectively.
The eight home-based loads were collected via SenseWear
Armbands (SWA). Collisions during the COLL and nCOLL
training sessions were also filmed (video camera; SONY
HVR-HD1000) and coded into tackles and hit-ups by an
expert analyst using Sportscode (Sportec, NSW). This
ensured that each participant performed the required number of collisions.
Internal loads were assessed by sRPE. Participants
reported their RPE 15 min after the completion of each training session using a modified Borg scale, in isolation from
other participants (Foster et al. 2001). RPE was multiplied
by the duration of the training session to calculate the training load in arbitrary units (sRPE; AU) (Foster et al. 2001).
Individual training session sRPE were then summated to
provide an overall weekly load across COLL and nCOLL
microcycles, due to the inability of micro-technological units
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or SWA to capture the entire weekly training load (Foster
et al. 2001).
External training demands were assessed across all training sessions via micro-technological units. Units housed a
global positioning system (GPS) and accelerometer (Optimeye S5, Catapult Innovations, Melbourne, Australia) sampling at 10 and 100 Hz, respectively. All units were turned
on prior to session warm-ups and turned off immediately
following session completion. Data were then downloaded
and analysed using Catapult Sprint software [Catapult
Innovations, Melbourne, Australia; number of satellites,
version 5.1.7, 15 (3); horizontal dilution of precision 0.8
(0.6)]. 10 Hz GPS units have been shown to provide accurate
assessment of total distance and high-intensity activity for
team sport athletes (Rampinini et al. 2015).
Training loads accumulated away from the club (i.e.
home-based loads) were quantified using SWA (SenseWear
Professional version 6.1; BodyMedia, Pittsburgh, PA, USA).
These were worn at all times by participants except for
training sessions and any periods spent submerged in water
(i.e. showers, baths). Data were downloaded and analysed
using SenseWear computer software (BodyMedia, USA).
SenseWear armbands provide valid energetic assessments of
low-intensity exercise, such as home-based loads accumulated outside of training sessions (Drenowatz and Eisenmann
2011).

Wellbeing
A six-item adapted questionnaire (McLean et al. 2010) was
used to rate the sleep quality, fatigue, muscle soreness (upper
and lower body), stress and mood of participants on a fivepoint Likert scale. Each item was rated from one to five in
one score increment and overall wellbeing was assessed by
adding up all six scores. The questionnaire was administered
in isolation to prevent peer influence and has been previously
used to assess the wellbeing of professional collision-sport
athletes (McLean et al. 2010; Fletcher et al. 2016; Roe et al.
2017).

Statistical analyses
Both null-hypothesis significance testing and magnitude-based
inferences (MBI) were used to analyse all trial-based differences. In particular, MBI were included to promote direct interpretation of observed changes and whether observed changes
were meaningful (Hopkins et al. 2009). For null-hypothesis
significance testing, statistical significance was assumed at 5%
(p < 0.05). For MBI, the threshold for a change to be considered practically important (the smallest worthwhile change)
was set at 0.2 × between subject SD, based on Cohen’s d effect
size (ES) principle (Hopkins et al. 2009). Thresholds for ES
were set as < 0.2 trivial, 0.2–0.59 small, 0.6–1.19 moderate,

and 1.2–2.0 large (Hopkins et al. 2009). The probability that
the magnitude of difference was greater than the practically
important threshold was rated as < 0.5%, almost certainly
not; 0.5–4.9%, very unlikely; 5–24.9%, unlikely; 25–74.9%,
possibly; 75–94.9%, likely; 95–99.5%, very likely; > 99.5%,
almost certainly (Hopkins et al. 2009). Where the 90% CI
crossed both the upper and lower boundaries of the practically important threshold (ES ± 0.2), the magnitude of change
was described as unclear. Paired t test analyses were carried
out in IBM SPSS statistics for Windows version 24 (SPSS Inc,
Chicago, USA). All MBI calculations were completed using a
predesigned spreadsheet (Hopkins 2006).
A linear mixed model was used to analyse differences in
TEE in SAS University Edition (SAS Institute Inc., Cary, NC).
The linear mixed model incorporated training and home-based
loads accumulated outside of the COLL or nCOLL training
session intervention as covariates, thus statistically accounting for differences between microcycles. To reduce the number of covariates and multicollinearity between variables,
two separate principle component analyses were performed
to determine which of the six training and eight home-based
loads accounted for the largest variance outside of the COLL
or nCOLL training intervention. Analyses identified PlayerLoad 2D and METSAVG as the predominant training and homebased load variables, respectively. Consequently, PlayerLoad
2D and M
 ETSAVG were added to the linear mixed model as
training and home-based load covariates. The training intervention (COLL or nCOLL) was added as a fixed effect and
participant was added as a random effect. Least squared mean
differences were used to quantify the difference between training microcycles. Addition of covariates was evaluated as a two
SD difference in the mean effect. Covariate-adjusted TEE data
are presented in the manuscript, whereas raw TEE data are
presented in supplementary material (Table 1). The inclusion
of covariates did not alter the interpretation of the findings.
To calculate power, the expected difference in TEE was
based on previous findings from a comparable field study
utilising DLW in senior professional RL players (Morehen et al. 2016). Based on this and an alpha value of 5%,
a sample size of six participants provides > 93% power to
detect a difference in TEE between sessions. Consequently,
the sample size employed was deemed sufficient to detect
a significant difference. All calculations were performed
using G*power (Faul et al. 2007). Data are presented as
mean ± standard deviation.

Results
Energy expenditure
Individual and mean TEE data are presented in Fig. 2.
Differences in RMR 1 day prior to the nCOLL training
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period (11.11 ± 2.16 MJ) were unclear (0.18 ± 0.84 MJ;
ES = 0.03 ± 1.08; p = 0.622) compared with the COLL training period (11.29 ± 2.25 MJ). There was a very likely higher
(4.96 ± 0.97 MJ; ES = 0.30 ± 0.07; p = 0.0021) TEE across
the 5-day training period including the COLL training session (95.07 ± 16.66 MJ) compared with the nCOLL training session (90.34 ± 16.97 MJ). Differences in total distance
during the COLL intervention (1069 ± 61 m) were unclear
(47 ± 159 m; ES = − 0.50 ± 1.55; p = 0.315; supplementary
material, Table 2) compared with the nCOLL intervention
(1022 ± 95 m). Differences in total distance accumulated
across the 5-day COLL microcycle (9513 ± 640 m) were
unclear (305 ± 573 m; ES = 0.39 ± 0.72; p = 0.105; supplementary material, Table 3) compared with the 5-day nCOLL
microcycle (9818 ± 439 m).

sRPE and wellbeing
Participant sRPE and wellbeing data are presented in Figs. 3
and 4, respectively. There was a very likely higher (200 ± 102
AU; ES = 1.43 ± 0.74; p = 0.007) sRPE during the COLL
training session and a very likely greater (− 14.6 ± 3.3%;
ES = − 1.60 ± 0.51; p = 0.002) decrease in wellbeing 24 h
after the COLL training session compared with the nCOLL
training session. Differences in accumulated sRPE across the
COLL training microcycle (1785 ± 236 AU) were unclear
(89 ± 327 AU; ES = 0.30 ± 0.84; p = 0.533; supplementary
material, Table 3) compared with the nCOLL training microcycle (1696 ± 253 AU).

Fig. 2  Summated TEE across nCOLL and COLL training microcycles. Bar charts and dashed lines represent mean and individual TEE
changes, respectively. Above graph, ratings of probability refer to
within-group changes: VL, very likely and ↑, increase. Asterisk indicates a statistically significant difference (p < 0.05)
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Fig. 3  Mean and standard deviation sRPE for individual training days
across nCOLL and COLL training microcycles. Above graph, ratings of probability refer to within-group changes: L, likely; VL, very
likely; ↑, increase and ↓, decrease. Asterisk indicates a statistically
significant difference (p < 0.05)

Discussion
This is the first study to investigate the energetic cost of
collisions across any sport. The findings demonstrate that
twenty competitive one-on-one collisions resulted in a very
likely higher TEE across otherwise matched 5-day training
microcycles. The COLL training session also resulted in a
very likely higher sRPE and very likely greater decrease in
wellbeing 24 h after session completion. This study provides
novel evidence that collisions increase DLW-assessed TEE
and may explain the large TEE of collision-sport athletes,

Fig. 4  Mean changes in subjective wellbeing across nCOLL and
COLL training microcycles. Change data are percentage change with
90% confidence interval bars. Above graph, ratings of probability
refer to within-group changes: VL, very likely and ↓, decrease. Asterisk indicates a statistically significant difference p < 0.05)
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which appear to exceed kinematic demands of training
and match play. Practically, these findings have immediate
implications for coaches, practitioners and athletes operating
within collision-based sports.
Twenty competitive one-on-one collisions resulted in
a very likely higher TEE, representing a meaningful 5%
increase across the 5-day training microcycle. Practically, it
is important to consider that professional collision athletes
typically experience two collision sessions each week (i.e.
two training sessions or one training session plus a match)
across pre- and in-season periods (Roe et al. 2017). Therefore, the increased energetic cost of collisions evidenced in
this study are likely modest, compared to what collision athletes are actually exposed to across the season. Accordingly,
coaches and practitioners should ensure sufficient energy
intake following challenging collision-based activity to
safeguard the energy availability of professional collision
athletes (Mountjoy et al. 2014) across the season (Fletcher
et al. 2016).
This study provides novel evidence that the increased
energetic costs of collisions may be responsible for the distinct TEEs of professional collision-sport athletes (Morehen
et al. 2016), which appear to exceed the kinematic demands
of training or match play (Anderson et al. 2017). Despite
competing in one less competitive match across the data
collection period, professional senior collision athletes (e.g.
rugby players) report substantially higher DLW assessed
TEEs (5780 kcal day−1; Morehen et al. 2016) than professional senior non-collision field-based athletes (e.g. soccer
players; 3566 kcal day−1; Anderson et al. 2017). This conclusion is strengthened in this study by matching training
sessions across microcycles and statistically controlling for
training and home-based loads as covariates within the analyses. The results challenge previous research suggestions
that potential increases in non-exercise activity thermogenesis or internal training loads (sRPE) could be responsible
for the unique TEEs of collision-sport athletes (Morehen
et al. 2016).
We propose that recovery from CIMD drives observed
increases in TEE, rather than collision-based kinematic
demands. Morehen et al. (2016) quantified the TEE of professional senior collision-sport athletes across a 2-week
period, observing a very likely 35.3% increase in TEE from
week 1 to week 2. Participants competed in two competitive matches across the data collection period, on the final
day of both weeks (Sunday). Consequently, TEE measured within week 1 would have included kinematic collision demands from the match on day 7 and recovery costs
accrued until 12:00 p.m on Sunday night. In contrast, the
very likely higher TEE measured within week 2 would have
included kinematic collision demands from the match on day
14, on top of nearly all of the hypothesised recovery costs
from the match in week 1. Accordingly, it seems likely that

the observed 35.3% increase in TEE during week 2 (Morehen et al. 2016) represents the increased energetic cost of
recovery from CIMD sustained during the match in week 1.
Interestingly, the observed increase in TEE is considerably
larger than the 5% observed in this study. This could possibly represent the higher metabolic cost of recovery from
CIMD sustained during competitive match play within a senior population, compared to training-based activity within
an adolescent population.
The increased energetic cost of collisions observed in this
study could be caused by increases in whole body protein
turnover in response to CIMD (Damas et al. 2016), suggesting that professional collision-sport athletes should fuel
appropriately for the “muscle damage caused” alongside the
kinematic “work required” (Impey et al. 2016). The COLL
training session resulted in a very likely greater reduction
in self-perceived wellbeing compared to the nCOLL training session, suggesting that substantial CIMD occurred
(McLean et al. 2010; Fletcher et al. 2016; Roe et al. 2017).
Muscle damage disturbs homeostasis initiating an inflammatory response (Hyldahl and Hubal 2014), which significantly increases whole body protein turnover (Peake et al.
2017) above that observed via muscular hypertrophy alone
(Damas et al. 2016). Protein metabolism is an energetically
expensive process (Welle and Nair 1990), elevating RMR
(Welle and Nair 1990) for up to 48 h after muscle damaging exercise (Burt et al. 2014). Interestingly, muscle damage
follows a similar trajectory for up to 120 h after strenuous
collision-based activity (McLellan et al. 2011), possibly
highlighting a mirrored energetic response. Such a relationship is commonly reported in the literature (McLellan et al.
2011; Naughton et al. 2017; Roe et al. 2017; Tavares et al.
2017) and could provide practitioners with a practical dayby-day surrogate measure of increased energetic demands in
response to CIMD (McLean et al. 2010).
Future research should seek to progress these initial findings by establishing the causal mechanism for the observed
increase in TEE. Likewise, determining the sensitivity of
standardised changes in self-perceived wellbeing in relation
to increased energetic demands, alongside specific macronutrient requirements in response to CIMD (e.g. protein),
would be of great benefit to practitioners. Such research
would likely benefit from a larger sample size, despite six
participants providing sufficient power to detect significant
differences in TEE in this study. Moreover, combined utilisation of objective and subjective markers of muscle damage
would increase confidence in outcome measures and overall
study conclusions.
In conclusion, this study provides novel insights into
the energetic costs of collisions for the first time across
any sport. Study findings demonstrate that a single COLL
training session resulted in a very likely higher TEE
across an otherwise matched 5-day training microcycle.
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The utilisation of gold standard assessment techniques
and inclusion of training and home-based load covariates
within a mixed model analysis represents unique control of
extraneous variables within an ecologically valid research
protocol. These findings elucidate the distinct TEE of professional collision athletes for the first time, which appears
to exceed the kinematic demands of training or match play.
Accordingly, coaches and practitioners should ensure
appropriate energy intake following challenging collisionbased activity to safeguard the energy availability of professional collision athletes across the season.
Availability of data and materials Results are presented
clearly, honestly, and without fabrication, falsification, or
inappropriate data manipulation.
Acknowledgements The authors would like to thank Chris Shipman,
Elliot Tarrant, Jonny Wainhouse, Matt Ireton, Louis Fawl, Emma Kellett, Ellen Gregson and Gregory Lound for their efforts during data
collection, and all players for their participation in this study.
Author contributions All authors contributed to the study design, data
collection, data analysis and writing of the manuscript. Specifically,
NC, KD, TP and BJ conceived and designed the research. NC, JR, JM,
DR and MH conducted data collection. TP, TS and DW contributed
expertise regarding doubly labelled water and statistical analysis. NC
wrote the manuscript. All authors read and approved the manuscript.
Funding The authors have no professional relationship with a for-profit
organization that would benefit from this study. Research was partfunded by Leeds Rhinos as part of the Carnegie Adolescent Rugby
Research (CARR) project.

Compliance with ethical standards
Conflict of interest The authors have no competing interests to declare.
Ethical approval Ethics approval was granted by the Carnegie Faculty
Research Ethics Committee (Leeds Beckett University, UK).
Informed consent Prior to volunteering, all participants signed a written statement of consent.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
Anderson L, Orme P, Naughton RJ, Close GL, Milsom J, Rydings
D, O’Boyle A, Michele RD, Louis J, Hambley C, Speakman
JR, Morgans R, Drust B, Morton JP (2017) Energy intake and

13

expenditure of professional soccer players of the english premier league: evidence of carbohydrate periodization. Int J Sport
Nutr Exerc Metab 0(0):1–25
Burt DG, Lamb K, Nicholas C, Twist C (2014) Effects of exerciseinduced muscle damage on resting metabolic rate, sub-maximal
running and post-exercise oxygen consumption. Eur J Sport Sci
14(4):337–344
Clarke AC, Anson JM, Pyne DB (2017) Game movement demands and
physical profiles of junior, senior and elite male and female rugby
sevens players. J Sports Sci 35(8):727–733
Compher C, Frankenfield D, Keim N, Roth-Yousey L (2006) Best practice methods to apply to measurement of resting metabolic rate
in adults: a systematic review. J Am Diet Assoc 106(6):881–903
Damas F, Phillips SM, Libardi CA, Vechin FC, Lixandrão ME, Jannig PR, Costa LAR, Bacurau AV, Snijders T, Parise G, Tricoli V,
Roschel H, Ugrinowitsch C (2016) Resistance training-induced
changes in integrated myofibrillar protein synthesis are related to
hypertrophy only after attenuation of muscle damage. J Physiol
594(18):5209–5222
Drenowatz C, Eisenmann JC (2011) Validation of the SenseWear
Armband at high intensity exercise. Eur J Appl Physiol
111(5):883–887
Edwards T, Spiteri T, Piggott B, Haff GG, Joyce C (2017) A narrative
review of the physical demands and injury incidence in american
football: application of current knowledge and practices in workload management. Sports Med 48(1):45–55
Faul F, Erdfelder E, Lang AG, Buchner A (2007) G*Power 3: a flexible
statistical power analysis program for the social, behavioral, and
biomedical sciences. Behav Res Methods 39(2):175–191
Fletcher BD, Twist C, Haigh JD, Brewer C, Morton JP, Close GL
(2016) Season-long increases in perceived muscle soreness in professional rugby league players: role of player position, match characteristics and playing surface. J Sports Sci 34(11):1067–1072
Foster C, Florhaug JA, Franklin J, Gottschall L, Hrovatin LA, Parker
S, Doleshal P, Dodge C (2001) A new approach to monitoring
exercise training. J Strength Cond Res 15(1):109–115
Frayn KN (1983) Calculation of substrate oxidation rates in vivo from
gaseous exchange. J Appl Physiol Respir Environ Exerc Physiol
55(2):628–634
Goran MI, Poehlman ET, Danforth E Jr (1994) Experimental reliability
of the doubly labeled water technique. The Am J Physiol 266(3
Pt 1):E510-515
Gray AJ, Jenkins DG (2010) Match analysis and the physiological
demands of Australian football. Sports Med 40(4):347–360
Hausler J, Halaki M, Orr R (2016) Application of global positioning
system and microsensor technology in competitive rugby league
match-play: a systematic review and meta-analysis. Sports Med
46(4):559–588
Hoffman JR, Maresh CM, Newton RU, Rubin MR, French DN, Volek
JS, Sutherland J, Robertson M, Gomez AL, Ratamess NA, Kang
J, Kraemer WJ (2002) Performance, biochemical, and endocrine
changes during a competitive football game. Med Sci Sports Exerc
34(11):1845–1853
Hopkins WG (2006) Spreadsheets for analysis of controlled trials, with
adjustment for a subject characteristic. Sport Sci 10:46–50
Hopkins WG, Marshall SW, Batterham AM, Hanin J (2009) Progressive statistics for studies in sports medicine and exercise science.
Med Sci Sports Exerc 41(1):3–13
Hyldahl RD, Hubal MJ (2014) Lengthening our perspective: morphological, cellular, and molecular responses to eccentric exercise.
Muscle Nerve 49(2):155–170
Impey SG, Hammond KM, Shepherd SO, Sharples AP, Stewart C,
Limb M, Smith K, Philp A, Jeromson S, Hamilton DL, Close
GL, Morton JP (2016) Fuel for the work required: a practical
approach to amalgamating train-low paradigms for endurance
athletes. Physiol Rep 4:(10)

European Journal of Applied Physiology
International Atomic Energy Agency (2009) Assessment of body
composition and total energy expenditure in humans using stable
isotope techniques. In: Human Health Series No. 3. IAEA, Vienna
McLean BD, Coutts AJ, Kelly V, McGuigan MR, Cormack SJ (2010)
Neuromuscular, endocrine, and perceptual fatigue responses during different length between-match microcycles in professional
rugby league players. Int J Sports Physiol Perform 5(3):367–383
McLellan CP, Lovell DI, Gass GC (2011) Biochemical and endocrine
responses to impact and collision during elite Rugby League
match play. J Strength Cond Res 25(6):1553–1562
Morehen JC, Bradley WJ, Clarke J, Twist C, Hambly C, Speakman
JR, Morton JP, Close GL (2016) The assessment of total energy
expenditure during a 14-day in-season period of professional
rugby league players using the doubly labelled water method. Int
J Sport Nutr Exerc Metab 26(5):464–472
Mountjoy M, Sundgot-Borgen J, Burke L, Carter S, Constantini N,
Lebrun C, Meyer N, Sherman R, Steffen K, Budgett R, Ljungqvist
A (2014) The IOC consensus statement: beyond the female athlete
triad-relative energy deficiency in sport (RED-S). Br J Sports Med
48(7):491–497
Naughton M, Miller J, Slater GJ (2017) Impact-induced muscle damage and contact-sport: aetiology, effects on neuromuscular function and recovery, and the modulating effects of adaptation and
recovery strategies. Int J Sports Physiol Perform. https://doi.
org/10.1123/ijspp.2017-0268
Peake JM, Neubauer O, Della Gatta PA, Nosaka K (2017) Muscle
damage and inflammation during recovery from exercise. J Appl
Physiol 122(3):559–570
Quarrie KL, Hopkins WG, Anthony MJ, Gill ND (2013) Positional
demands of international rugby union: evaluation of player actions
and movements. J Sci Med Sport 16(4):353–359

Rampinini E, Alberti G, Fiorenza M, Riggio M, Sassi R, Borges TO,
Coutts AJ (2015) Accuracy of GPS devices for measuring highintensity running in field-based team sports. Int J Sports Med
36(1):49–53
Roe G, Darrall-Jones J, Till K, Phibbs P, Read D, Weakley J, Rock
A, Jones B (2017) The effect of physical contact on changes in
fatigue markers following rugby union field-based training. Eur J
Sport Sci 17(6):647–655
Schoeller DA, van Santen E, Peterson DW, Dietz W, Jaspan J, Klein PD
(1980) Total body water measurement in humans with 18O and
2H labeled water. Am J Clin Nutr 33(12):2686–2693
Southgate DA, Durnin JV (1970) Calorie conversion factors. An experimental reassessment of the factors used in the calculation of the
energy value of human diets. Br J Nutr 24(2):517–535
Tavares F, Smith TB, Driller M (2017) Fatigue and recovery in Rugby:
a review. Sports Med 47(8):1515–1530
Tim G, Peter R (2009) Tackling technique, injury risk, and playing
performance in high-performance collision sport athletes. Int J
Sport Sci Coach 4(4):521–533
Tucker R, Raftery M, Kemp S, Brown J, Fuller G, Hester B, Cross M,
Quarrie K (2017) Risk factors for head injury events in professional rugby union: a video analysis of 464 head injury events to
inform proposed injury prevention strategies. Br J Sports Med
51(15):1152–1157
Welle S, Nair KS (1990) Relationship of resting metabolic rate to
body composition and protein turnover. Am J Physiol 258(6 Pt
1):E990–E998
Westerterp KR (2017) Doubly labelled water assessment of energy
expenditure: principle, practice, and promise. Eur J Appl Physiol
117(7):1277–1285

Affiliations
Nessan Costello1,2 · Kevin Deighton1 · Thomas Preston3 · Jamie Matu1
Matt Halkier2 · Dale B. Read1,5 · Daniel Weaving1,2 · Ben Jones1,5,6

· Joshua Rowe1 · Thomas Sawczuk1,4 ·

Kevin Deighton
K.Deighton@leedsbeckett.ac.uk

Daniel Weaving
D.A.Weaving@leedsbeckett.ac.uk

Thomas Preston
Tom.Preston@glasgow.ac.uk

Ben Jones
B.Jones@leedsbeckett.ac.uk

Jamie Matu
J.Matu@leedsbeckett.ac.uk

1

Joshua Rowe
Joshua.Rowe@leedsbeckett.ac.uk

Carnegie School of Sport, Institute for Sport, Physical
Activity and Leisure, Leeds Beckett University, Leeds, UK

2

Leeds Rhinos RLFC, Leeds, UK

3

Matt Halkier
Matt.halkier@leedsrugby.com

Stable Isotope Biochemistry Laboratory, Scottish Universities
Environmental Research Centre, Rankine Avenue, Scottish
Enterprise Technology Park, East Kilbride, Scotland, UK

4

Queen Ethelburga’s School, York, UK

Dale B. Read
D.Read@leedsbeckett.ac.uk

5

Yorkshire Carnegie RUFC, Leeds, UK

6

The Rugby Football League, Leeds, UK

Thomas Sawczuk
T.Sawczuk@leedsbeckett.ac.uk

13

