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development of a novel training efficiency index
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Victoria, Australia; dUniversity of Canberra Research Institute for Sport and Exercise, Bruce, ACT, Australia; ePhysiology, Australian Institute of Sport,
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ABSTRACT
Objective: To establish whether a simple integration of selected internal and external training load (TL)
metrics is useful for tracking and assessing training outcomes during team-sport training.
Methods: Internal [heart rate training impulse (HR-TRIMP), session rating of perceived exertion (sRPE-TL)]
and selected external (global positioning systems; GPS) metrics were monitored over seven weeks in 38
professional male rugby league players. Relationships between internal and external measures of TL were
determined, and an integrated novel training efficiency index (TEI) was established. Changes in TEI were
compared to changes in both running performance (1.2 km shuttle test) and external TL completed.
Results:Moderate to almost perfect correlations (r = 0.35–0.96; ±~0.02; range ± 90% confidence limits) were
observed between external TL and each measure of internal TL. The integration of HR-TRIMP and external TL
measures incorporating both body mass and acceleration/deceleration were the most appropriate variables
for calculating TEI, exhibitingmoderate (ES= 0.87–0.89; ±~0.15) and small (ES = 0.29–0.33; ±~0.07) relationships
with changes in running performance and completed external TL respectively.
Conclusions: Combination of the TEI and an athlete monitoring system should reveal useful informa-
tion for continuous monitoring of team-sport athletes over several weeks.
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Introduction

Coaches and performance staff in team sports invest considerable
time and resources intomonitoring their athletes. Physical training
can be described in terms of external load completed (i.e., work),
and the acute responses and longer-term adaptions occurring as a
consequence of training (i.e., internal response) (Impellizzeri et al.
2005). Typically, the internal response to training is quantified
using a session rating of perceived exertion (sRPE), or a range of
heart rate (HR) indices (Akenhead and Nassis 2016). Global posi-
tioning system (GPS) technology provides valuable information on
the external demands imposed on the athletes, assessing adher-
ence to prescribed loads, or reducing the risk of overtraining and
soft-tissue injuries (Cummins et al. 2013). However, when used in
isolation, external load monitoring cannot indicate an individual’s
physiological responses to training. Although two athletes may
complete the same quantity of external work, their resulting inter-
nal response to that workmay differ substantially due to variability
in factors such as genetic background, or level of fitness (Bouchard
and Rankinen 2001). Consequently, the imposed internal load
differs between the two athletes (Impellizzeri et al. 2005). A solu-
tion for quantifying these differing responses would be the inte-
grationof both external training load (TL) and the concurrent acute
internal response, thus providing a more holistic and informative
approach tomonitoring the physical status and training outcomes
of team-sport athletes.

Maximal running tests are commonly utilised tomeasure team-
sport athletes’ adaptation to training. Although these tests provide
useful and accurate information, they are often time consuming,
and carry a substantial physical burden (Pyne et al. 2014). During
periods of heightened competition loads, opportunities to per-
form fitness tests become scarce, as the focus of training shifts to
the preparation for, and recovery from, scheduled matches.
Consequently, submaximal running tests are commonly employed
in a team-sport environment (Akenhead and Nassis 2016), as the
shorter duration and lower intensity of these tests overcomes
some of the limitations of maximal running protocols. As an
example, the HR of elite Australian football players during a 4-
min submaximal intermittent running test demonstrated a large
correlation (r = −0.58 to −0.61) with distance covered during the
Yo-Yo intermittent recovery 2 (YoYo IR2) test (Veugelers et al.
2016). More importantly, changes in the relationship between
external work performed and internal response may indicate an
athlete’s adaptation to training. Unfortunately, HR-based testing
may be influenced by factors as ambient conditions, running sur-
face, wind resistance or hydration status (Akenhead and Nassis
2016), therefore, identifying other more robust methods is
necessary.

The relationship between internal and external TL (i.e., HR
to running speed index) has been investigated in recreation-
ally trained endurance runners (Vesterinen et al. 2014), where
a HR-running speed index was determined using each
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athlete’s maximal HR, and running speed corresponding to
VO2max or HRmax during a baseline maximal running test.
Changes in this index following 28weeks of marathon training
had a moderate to large relationship

(r = 0.43–0.61) with changes in peak running speed during
a maximal incremental treadmill test. However, this relation-
ship in endurance athletes may lack specificity to the stochas-
tic, intermittent nature of running evident in team sports (F.
Hunter et al. 2015). In soccer players, a novel ratio of HR load
to external work performed (either total or high-speed
[>15 km∙h−1] running distance) using maximal treadmill run-
ning discriminated levels of fitness between players (Akubat
et al. 2014). This study assessed these athletes at a single time
point, and it remains unclear whether this metric can detect
changes in fitness over time. Such information would provide
deeper insight into the effectiveness of a prescribed training
programme, and potentially a more practical alternative to
maximal fitness testing. In team sports such as the football
codes, athletes are limited in their ability to generate high
running speeds, given a range of factors such as field dimen-
sions or presence of opposition players (Kempton et al. 2015),
and therefore acceleration abilities may be important to suc-
cessful performance (Lockie et al. 2011). It is likely that these
acceleration-based movements are predominant during train-
ing, contributing substantially to the load imposed on team-
sport athletes (Varley and Aughey 2013). Consequently, a
more global measure of external TL that incorporates both
speed- and acceleration-based running is likely more appro-
priate for assessing the relationship between internal and
external TL during training typical of team-sport athletes.

In tandem with advances in technology, sports scientists
and performance coaches are in continual pursuit of best
practice for monitoring their athletes’ adaptation to training
(Coutts 2014). While this search continues, high performance
staff are faced with the challenge of selecting the most suita-
ble variables to monitor. In a survey examining current prac-
tices in high-level soccer (football), all responders indicated
they routinely collect both GPS and HR monitoring during
sessions, and 68% of teams collected sRPE (Akenhead and
Nassis 2016). Appropriate integration of these methods may
reveal useful information regarding an individual’s adaptation
to a prescribed load, or their readiness to perform in upcom-
ing sessions or matches (Weaving et al. 2014, 2017). The aim of
the study was to establish a simple athlete tracking system for
tracking the internal response to a prescribed external load
during team-sport training, by integrating commonly used
player monitoring methodologies.

Methods

Participants

Thirty-eight professional rugby league players (23 ± 3 years;
1.87 ± 0.06 m; 99 ± 10 kg; mean ±SD) competing for the same
club in the Australian National Rugby League (NRL) competi-
tion participated in this study. Permission was granted from
the NRL club to perform analyses on training monitoring data
obtained during the 2016–2017 preseason period. Institutional
ethics approval for a retrospective analysis of TL data was

obtained prior to the commencement of the study, and all
athletes provided written informed consent (HRE17–012).

Experimental design

To identify the most appropriate variables for deriving a novel
Training Efficiency Index (TEI) that incorporates both external and
internal metrics, a range of external TL metrics were assessed for
collinearity withmeasures of internal load. Second, we compared
the changes in the TEI against changes in performance during a
commonly used field-based running test, to establish the con-
current validity of the metric. In addition, changes in the TEI were
assessed relative to the total external load completed during the
preseason period, further confirming the most appropriate
methods for calculating TEI. We expected that global measures
of running load incorporating the acceleration-based demands
of team-sports training would be most appropriate for assessing
relationships between internal and external TL.

Protocol

Training load data was collected during a 7-week general pre-
paration phase, which typically included 4–5 (2 × conditioning
and skills, 2 × speed, agility and skills and 0 or 1 skills-only) field-
based sessions (ambient temperature 22.2 ± 2.9ºC), 4 strength
sessions and 1–2 recovery and/or hydrotherapy sessions. For the
purposes of this study, only field-based sessions (25 ± 3 per
player) were included in the analyses. Prior to and following
this period, a subset of 21 participants (23 ± 3 years;
1.89 ± 0.06 m, 104 ± 11 kg) completed a 1.2 km shuttle test
(5 × 20–40–60 m shuttle runs) (Brew and Kelly 2014), from which
the mean speed (m∙s−1) was used to determine changes in
fitness. This test has been shown to exhibit strong test-retest
reliability (intraclass correlation coefficient [ICC] = 0.98) (Brew
and Kelly 2014). Movement data was recorded using GPS units
with a raw sampling rate of 5 Hz (SPI HPU, GPSports, Canberra,
Australia) fitted into a custom-made harness, located between
the scapulae. Each player was assigned the same unit for the
entirety of the collection period to minimise inter-unit variability
(Buchheit et al. 2014). These units also recorded heart rate data to
the device at 1 Hz, using a fitted chest strap worn beneath the
participants’ training garment (Polar T34, Kempele, Finland).
During each session, a member of the research team recorded
the details of each training drill completed by each participant,
including start time, time of completion, and whether the drill
included contact and/or wrestling. For the purposes of the pre-
sent study, all drills including contact, wrestling or a large pro-
portion (39% of all available drills) of other non-locomotor
activity (i.e., kicking or jumping) were excluded from the analysis,
due to the inability of GPS technology to accurately assess these
demands. As this study was investigating the relationship
between locomotor activity (i.e., external load) and the resulting
internal response, only running-based activities were included.
Last, within 30 min of the completion of each session, partici-
pants provided a rating of perceived exertion (sRPE), using Borg’s
CR-10 scale (Borg et al. 1985). All TL data were then downloaded
and databased for further analysis by the same member of the
research team.
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Internal load measures
Upon completion of each session, data were downloaded using
proprietary software (Team AMS v 2016.1., GPSports, Canberra,
Australia). Heart rate traces were checked for errors such as
drop out or losing contact with the skin, and where necessary
removed from further analysis (18% of dataset). Raw heart rate
data (b∙min−1) were reported relative to the participants’ peak
heart rate, taken as the highest heart-rate recorded throughout
all preseason testing and training. These values were then used
to calculate training impulse (HR-TRIMP) for each individual
training drill, using methods detailed previously (Banister,
1991). The duration of each drill was multiplied by the indivi-
dual’s sRPE to compute the training load (sRPE-TL).

External load measures
After the initial download of data by the proprietor’s software
(Team AMS v 2016.1., GPSports, Canberra, Australia), instanta-
neous speed data were imported into customised software (R
Studio, v 3.1.3.). This software assesses both the total and
high-speed running (HS, >5.5 m∙s−1) distances (Rampinini
et al. 2007). Acceleration demands were calculated by aver-
aging the absolute change in speed over the duration of a
drill, regardless of the direction of change (i.e., acceleration or
deceleration), and multiplying by that duration. This method
has been shown to be a valid and reliable marker of accelera-
tion-based load during team sports activity (J.A. Delaney et al.
2017). In addition, metabolic power (Pmet) was estimated,
using methods detailed previously (Osgnach et al. 2010). This
technique has been the topic of debate (Osgnach et al. 2016)
given its inability to accurately assess the metabolic demands
of activities such as kicking, jumping and tackling (Buchheit
et al. 2015). However, given the focus of this study on the
running demands of training, the theoretical basis of these
calculations, and the accuracy (Rampinini et al. 2015) and
reliability (Buchheit et al. 2015) of this metric, the Pmet techni-
que was deemed appropriate for this analysis. The distance
covered over a predefined high-metabolic-power threshold
(HP, >20 W∙kg−1) was included to quantify high-intensity run-
ning, accounting for both accelerated/decelerated and HS
movements (Osgnach et al. 2010). Metabolic work was esti-
mated using the average metabolic power (Pmet, W∙kg−1)
(Osgnach et al. 2010) sustained throughout the drill, multi-
plied by the participants’ body mass, to elicit the average
absolute metabolic load for the drill. This value was then
multiplied by the duration of that drill to estimate the total
metabolic load imposed upon the athlete.

In line with a recent review by Winter et al. (2016), and
given that only the running demands of the activity in ques-
tion were quantified, we quantified the mechanical require-
ments of training as:

Impulse ¼ Ft (1)

where F represents the mean force (calculated by multiplying
the participants’ body mass by the instantaneous absolute
acceleration), and t is the duration of the activity. This method
was chosen to indicate the acceleration-based requirements of
the activity. In addition, total mechanical work (Workmech) was
estimated as:

Workmech ¼ Fd (2)

where d signifies distance (calculated by multiplying the par-
ticipants’ speed by time). Pilot data from our laboratory sug-
gests that these variables (Impulse and Workmet) are suitable
for comparisons between players (coefficient of variation
[CV] = 5.6–6.5%). Although the physiological and biomechani-
cal characteristics of training load are likely independent of
one another (Vanrenterghem et al. 2017), we and others
(Halson 2014) propose that integrating these components
reveals valuable information on the training status of team-
sport athletes. For each external TL measure examined, a 4-
week exponentially weighted moving average (EWMA) was
calculated (J. S. Hunter 1986), representative of the partici-
pants’ recently completed TL.

Training efficiency index
To determine the most appropriate TL variables used to calcu-
late the TEI, repeated measures linear regression was employed
to examine the relationship between log-transformed mea-
sures of internal (n = 2; sRPE-TL and HR-TRIMP) and external
load (n = 7; Distance, HS Distance, Acc/Dec Load, HP Distance,
Workmet, Impulse and Workmech). Back-transformation yields a
function of external and internal work in the form E/Ix, where
E = external work, I = internal work, and x is a constant derived
as the average slope of the relationship between log-trans-
formed variables. Similar to previous modelling of anthropo-
metric measures to establish a lean mass index (Slater et al.
2006), we interpret this function as a training efficiency index
(TEI), as it tracks changes in external work, controlled for
changes in internal work. This method was then repeated for
each combination of internal and external TL metrics.
Concurrent validity of the TEI for each external and internal
load index was determined through comparison with changes
in 1.2 km shuttle performance. In addition, this validity was
further assessed by determining the relationship between
changes in TEI and the volume of external TL (for each respec-
tive TL metric) completed throughout the 7-week period.

Statistical analyses

All data were log-transformed prior to analyses. Relationships
between TL measures were established using repeated-mea-
sures linear regression, and the slope of this relationship was
then used to calculate the TEI. Correlation coefficients were
interpreted as <0.1, trivial; 0.1–0.3, small; 0.3–0.5, moderate;
0.5–0.7, large; 0.7–0.9, very large; 0.9–0.99, almost perfect; and
1.0, perfect (W. G. Hopkins 2007). A mixed-model reliability
analysis was used to calculate between- and within-participant
SD for each training load, fitness or TEI metric. Between-partici-
pant SD were extracted as the SD of the random effect, whilst
the residual SD represented the true within-participant SD.

To determine the effect of changes in fitness on the TEI,
pre and post measures of TEI were derived from the linear
relationship between TEI and training day for a subset of 27
players. Therefore, the equation of this line was solved for
the first and last day of the study period, allowing these
data to be aligned with the day on which the fitness test
was performed. A linear mixed model was then constructed,
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where fitness was modelled as a function of TEI, and the
slope of this relationship was multiplied by two within-
participant SD in the predictor (TEI), representative of the
change from a typically low to a typically high value. This
change was then converted to an effect size (ES) and the
associated 90% CI by dividing by one between-participant
SD of the outcome variable (fitness). Similarly, TEI was mod-
elled as a function of each respective external TL metric,
and the slope of the relationship was multiplied by two
within-participant SD in the predictor (TL), and then con-
verted to an ES using the true between-participant SD.
Effect sizes were interpreted as <0.2, trivial; 0.2–0.6, small;
0.6–1.2, moderate; 1.2–2, large; and >2.0, very large (W. G.
Hopkins 2007). All correlations were considered substantial
where the likelihood of the relationship being greater than
the smallest worthwhile change (i.e., 0.1 for correlations, 0.2
for ES) exceeded 75% (W. Hopkins et al. 2009).

Results

Associations between measures of internal and external TL are
presented in Table 1. Relationships between sRPE-TL and exter-
nal load measures ranged from moderate to almost perfect
(r = 0.35–0.93; ±~0.02; r-value; 90% CL). When considering HR-
based measures these correlations strengthened, with five of
the seven measures of external TL exhibiting almost perfect
relationships with HR-TRIMP (Distance, Acc/Dec Load, Workmet,
Impulse and Workmech; r = 0.93–0.96; ±~0.01).

An example of the mean change in TEI over the 7-week
period is illustrated in Figure 1, where each individual’s
score is converted to a Z-score, averaged across the
squad, and presented as a trend over time. Only sessions
involving >75% of the participant cohort are represented
in Figure 1. The effect of TEI on changes in fitness is
illustrated in Figure 2. The TEI variables calculated using
the HR-TRIMP metric were most consistently associated
with changes in fitness, with all seven combinations classi-
fied as moderate. Similarly, Figure 3 illustrates that five TEI

measures (Workmet, Workmech, Distance, HS Distance and
HP Distance) using the HR-TRIMP method were substan-
tially related to TL completed.

Table 1. Relationship between markers of internal and external training load,
collected from 38 professional male rugby league players during a 7-week block
of intensified training.

Internal
load External load

Slope coefficient
(± SD)

Correlation coefficient
(r)

sRPE-TL
(AU)

Distance (m) 0.75 ± 0.06 0.87; ± 0.01, very large

HS Distance
(>5.5 m∙s−1,
m)

0.61 ± 0.22 0.35; ± 0.05, moderate

Acc/Dec Load
(AU)

0.79 ± 0.07 0.93; ± 0.01, almost
perfect

HP Distance
(>20 W∙kg−1,
m)

0.77 ± 0.09 0.73; ± 0.03, very large

Workmet (J) 0.75 ± 0.06 0.89; ± 0.01, very large
Impulse (N.s) 0.79 ± 0.07 0.93; ± 0.01, almost

perfect
Workmech (J) 0.75 ± 0.06 0.91; ± 0.01, almost

perfect
HR TRIMP
(AU)

Distance (m) 0.87 ± 0.06 0.93; ± 0.01, almost
perfect

HS Distance
(>5.5 m∙s−1,
m)

0.67 ± 0.24 0.35; ± 0.05, moderate

Acc/Dec Load
(AU)

0.88 ± 0.06 0.95; ± 0.01, almost
perfect

HP Distance
(>20 W∙kg−1,
m)

0.92 ± 0.09 0.80; ± 0.02, very large

Workmet (J) 0.86 ± 0.04 0.95; ± 0.01, almost
perfect

Impulse (N.s) 0.86 ± 0.06 0.95; ± 0.01, almost
perfect

Workmech (J) 0.86 ± 0.03 0.96; ± 0.00, almost
perfect

Data are effect size correlation (r) and 90% confidence limits (90% CL), unless
otherwise stated. Slope coefficient represents average slope of the relation-
ship between internal and external training load, which forms the exponent
(“x”) of the TEI calculation.

sRPE-TL: session rating of perceived exertion-training load; AU: arbitrary units;
m: metre; HS: high speed; HP: high metabolic power; m∙s−1: metres per
second; J: joules; N.s: Newton seconds; W∙kg−1: Watts per kilogram.

Figure 1. Example of changes in the training efficiency index (TEI) calculated as mechanical work/HR TRIMP°.87 over a 7-week training period for 38 professional
rugby league players. Changes are expressed as a z-score, and averaged across the squad. Thin black line denotes a 3-day rolling average. Only sessions involving
>75% of the training cohort were included (mean number of players = 28 ± 8).
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Discussion

The primary outcome of the present study was that the TEI,
appears useful for tracking individual responses to a pre-season
training period in team-sport athletes, provided the most appro-
priate internal and external TL variables are selected. Integration of
a HR-based measure of internal load (HR-TRIMP) with both speed-
and acceleration-based running load (Workmet, Workmech) was the
most appropriate method for calculating the TEI in this team-sport
cohort. Moderate relationships were evident between changes in
the TEI and improvements in fitness (1.2 km shuttle), while small
relationships were observed between the TEI and volume of run-
ning completed over a four week period. Taken together, the TEI
provides useful information for assessing individual adaptations to
a prescribed training programme, and presumably the risk of
excessive fatigue, injury or illness. The TEI presents as a valid,
practical tool that can be simply integrated into a team sport’s
monitoring programme.

The sRPE-TL method represents a simple and cost-free
method for assessing the internal TL of team-sports athletes,
thus warranting its inclusion in the present study. The primarily
strong relationships between sRPE-TL and measures of external

TL (6/7 metrics exhibited r > 0.7) observed within the present
study are comparable with other studies investigating team-
sport athletes (Lovell et al. 2013; Scott et al. 2013; Scanlan et al.
2014). However, the almost perfect correlations observed
between various external TL measures (5/7 metrics) and HR-
TRIMP are inconsistent with a previous study examining profes-
sional soccer players (r = 0.40–0.78) (Scott et al. 2013), which
may be reflective of the stringent inclusion criteria we
employed in the current study. Given that GPS technology
cannot adequately assess the physical requirements of non-
locomotor activity such as kicking, jumping or wrestling, drills
that contained these activities were removed from the present
analyses. This step may also have somewhat compromised the
sRPE-TL method used in this study, as the sRPE-TL response
provided by participants was reflective of the session as a
whole, whereas HR-based intensity measures were only repre-
sentative of the included drills. Nonetheless, removal of these
drills was unavoidable considering the training requirements of
the current cohort, and future research may benefit from inves-
tigating these relationships in a non-contact, running-based
team sport.

Figure 2. Relationships between the training efficiency index (TEI) calculated using each combination of internal/external training load, and changes in fitness (1.2-
km shuttle) over a 7-week training period (n = 27). *Denotes likelihood of observed effect being >0.2 exceeding 75%. HR: heart rate; HP: high metabolic power,
>20 W∙kg−1; Acc/Dec: acceleration/deceleration; HS: high speed, >5.5 m∙s−1.

SCIENCE AND MEDICINE IN FOOTBALL 5



Several studies have described the relationship between
measures of internal and external TL (Lovell et al. 2013; Scott
et al. 2013; Scanlan et al. 2014). However, we contend that
changes in this relationship are more important to the practi-
tioner. Figure 1 illustrates a trend in TEI, across a squad, over
the pre-season period. This figure is representative of the
trend across the entire squad, and large changes between
sessions are evident. These differences could be attributed to
a myriad of factors including accumulated fatigue from pre-
vious sessions or the concurrent strength programme, or the
athletes’ acute readiness to perform (i.e., perceived muscle
soreness). However, the present study assessed the ability of
the TEI metric to assess chronic adaptations to a training
programme, and therefore this area warrants further
investigation.

The outcomes of the present study support the assertion that
external TL variables encompassing speed- and acceleration-
based running are most appropriate for calculating TEI. While
all TEI metrics calculated using the HR-TRIMP metric exhibited
moderate relationships with changes in running performance,
Workmet and Workmech were most strongly related to 4-week

EWMA training loads, and among the variables most highly
correlated with internal load. Both Workmet and Workmech are
inclusive of the participants’ body mass, indicating that the
increased physiological cost associated with accelerating and
decelerating a greater body mass (J. A. Delaney et al. 2015),
resulted in greater performance improvements over this training
block. This outcome has implications for team sports, such as
rugby league, where players of different positions (e.g., forwards
and backs) vary substantially in body mass (Johnston et al. 2014).
For example, prescription of a training session based on tradi-
tional external TL metrics (e.g., total distance) may result in a
substantially different physical load for players of diverse body
mass. Body mass is an important consideration that may have
been overlooked in the past by practitioners and/or researchers
using traditional load monitoring techniques. Subsequently, this
finding has implications for injury risk, or development of posi-
tion-specific conditioning programmes.

The TEI established from either Workmet or Workmech can
be useful in examining the interaction between external
work and the ensuing internal response. Theoretically, the
Workmet metric estimates the metabolic requirement of an

Figure 3. Relationships between the training efficiency index (TEI) calculated using each combination of internal/external training load, and 4-week exponentially
weighted moving average of the respective external training load (n = 27). *Denotes likelihood of observed effect being >0.2 exceeding 75%. HR: heart rate; HP:
high metabolic power, >20 W∙kg−1; Acc/Dec: acceleration/deceleration; HS: high speed, >5.5 m∙s−1.
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activity, by equating the energetic cost of uphill running at
a constant speed with accelerated running on flat terrain (Di
Prampero et al. 2005). However, we sought to differentiate
individual’s internal response to a given load, using either
sRPE-TL or HR-TRIMP. In that regard, the Workmet is not
representative of an actual metabolic cost, but rather an
estimated cost given the movement profile of the activity.
As expected, this measure exhibited strong relationships
with both changes in running performance and volume of
running completed over a 4-week period. However, simple
integration of body mass, running speed and acceleration
(Workmech) based on a first principles analysis (Winter et al.
2016) was equally, if not more useful, for this purpose.
Given limitations of the metabolic power method (Brown
et al. 2016; Highton et al. 2016), it may be that simple first
principles calculation is preferred.

There are several limitations that must be acknowl-
edged when interpreting the results of this investigation.
Given the contact-based nature of rugby league, a large
proportion of the original dataset (~50%) was excluded
from analysis, due to either non-locomotor activity such
as kicking or wrestling, or inconsistencies in the HR trace.
The application of external loads, the concurrent internal
response, and the derived TEI, may be limited during the
in-season or competition period, where the proportion of
running-only activities is reduced. Throughout periods of
limited isolated running such as in-season, adaptations are
a result of other training and match activities such as
contacts and wrestling, therefore decreasing specificity of
this technique. The sRPE-TL method is a more useful tech-
nique for monitoring the players’ responses to the contact-
based activities typical of rugby league training and com-
petition, which are particularly evident in competition per-
iods. Nonetheless, as no additional interventions are
required, infrequent bouts of isolated running may be
sufficient to track these athletes longitudinally. Moreover,
the TEI may have superior application to sports with a
lower proportion of contact situations, such as Australian
football, field-hockey or football (soccer), though this
assertion requires further investigation.

In line with the limitations of monitoring HR-based
indices in a team-sport environment (Lamberts et al. 2004),
we did not control factors such as caffeine intake, within-
session hydration status or ambient temperature. We pre-
sent a robust metric that can be used to track the physio-
logical response to training amongst several athletes
longitudinally, with no additional burden to the athlete,
nor the performance staff. It is possible the outcome could
have been improved had these factors been accounted for,
however from a practical perspective, it is logistically diffi-
cult to systematically address these issues in a team-sport
environment. Further, using more data points (i.e., training
days) with the TEI may attenuate some of these limitations
in HR monitoring methods. These limitations may have less
influence on the sRPE-TL method, however the sRPE-TL
method is unable to differentiate between drills within the
same session, given only one rating is provided per session,
which contributes substantially to the better utility of
within-session HR monitoring.

Practical applications

We have developed a novel training efficiency index, the TEI, for
assessing athletes’ individual responses to a prescribed training
programme. Our results indicate the TEI has both acceptable face
validity, where the index covers both external load and internal
response metrics in a way understandable to coaches and con-
ditioning staff, and convergent validity, with high correlations
between the two constructs of the index and changes in fitness.
Coaches and practitioners can use the TEI to provide regular
feedback on the physiological adaptations that may occur as a
result of training. Heart rate monitoring is superior to the sRPE-TL
method for computing the TEI, given its ability to differentiate
the intensity of different drills within the same session. However,
if HR monitoring is unavailable, sRPE-TL remains a suitable alter-
native. In addition, it seems that global measures of external TL
that incorporate body mass, speed- and acceleration-based run-
ning are most effective for tracking of the TEI. Importantly, it is
the responsibility of the practitioner to differentiate between
changes that may be considered positive (i.e., an increase in
fitness), or are early indications of the onset of fatigue. When
considered in context with typical training load monitoring prac-
tices, the TEI should be useful for team-sport practitioners to
assess the acute response to training, providing further insight
into the training status of the athlete. In conclusion, the TEI is a
simple, cost-effective and practical monitoring tool to track adap-
tations to a team-sport training programme, reduce the risk of
injury and illness, or assist in maximising performance.

Acknowledgements

No external financial support was required or accepted for this study. The
authors have no conflicts of interest to disclose. The results of the present
study do not constitute endorsement by the American College of Sports
Medicine. The results of this study are presented clearly, honestly and
without fabrication, or inappropriate data manipulation. The authors
would like to thank Mr Craig O’Brien (Head of Mathematics, Bishop
Tyrrell Anglican College, Fletcher, NSW, Australia) for assistance in the
modelling and development of the TEI.

Disclosure statement

The authors have no conflicts of interest to disclose.

Funding

No external financial support was required or accepted for this study.

ORCID
Grant M. Duthie http://orcid.org/0000-0001-5920-0363
Heidi R. Thornton http://orcid.org/0000-0002-5818-4450

References

Akenhead R, Nassis GP. 2016. Training load and player monitoring in high-
level football: current practice and perceptions. Int J Sports Physiol
Perform. 11(5):587–593.

Akubat I, Barrett S, Abt G. 2014. Integrating the internal and external
training loads in soccer. Int J Sports Physiol Perform. 9(3):457–462.

SCIENCE AND MEDICINE IN FOOTBALL 7



Banister EW. 1991. Modeling elite athletic performance. In: Macdougall JD,
Wenger HA, Green HJ, Editors. Physiological testing of the high-perfor-
mance athlete. 2nd ed. Champaign (IL): Human Kinetics; p. 403–425.

Borg G, Ljunggren G, Ceci R. 1985. The increase of perceived exertion,
aches and pain in the legs, heart rate and blood lactate during exercise
on a bicycle ergometer. Eur J Appl Physiol Occup Physiol. 54(4):343–
349.

Bouchard C, Rankinen T. 2001. Individual differences in response to reg-
ular physical activity. Med Sci Sports Exerc. 33(6 Suppl):S446–451. dis-
cussion S452–443.

Brew DJ, Kelly VG. 2014. The reliability of the 1.2km shuttle run test for
intermittent sport athletes. J Aust Strength Cond. 22(5):127–131.

Brown DM, Dwyer DB, Robertson SJ, Gastin PB. 2016. Metabolic power
method underestimates energy expenditure in field sport movements
using a GPS tracking system. Int J Sports Physiol Perform. 11(8):1067–
1073.

Buchheit M, Al Haddad H, Simpson BM, Palazzi D, Bourdon PC, Di Salvo V,
Mendez-Villanueva A. 2014. Monitoring accelerations with GPS in foot-
ball: time to slow down? Int J Sports Physiol Perform. 9(3):442–445.

Buchheit M, Manouvrier C, Cassirame J, Morin JB. 2015. Monitioring loco-
motor load in soccer: is metabolic power, powerful? Int J Sport Med. 36
(14):1149–1155.

Coutts AJ. 2014. In the age of technology, Occam’s razor still applies. Int J
Sports Physiol Perform. 9(5):741.

Cummins C, Orr R, O’Connor H, West C. 2013. Global positioning systems
(GPS) and microtechnology sensors in team sports: a systematic review.
Sports Med. 43(10):1025–1042.

Delaney JA, Cummins CJ, Thornton HR, Duthie GM. 2017. Importance,
reliability and usefulness of acceleration measures in team sports. J
Strength Cond Res. doi:10.1519/JSC.0000000000001849

Delaney JA, Scott TJ, Ballard DA, Duthie GM, Hickmans JA, Lockie RG,
Dascombe BJ. 2015. Contributing factors to change-of-direction ability
in professional rugby league players. J Strength Cond Res. 29(10):2688–
2696.

Di Prampero PE, Fusi S, Sepulcri L, Morin JB, Belli A, Antonutto G. 2005. Sprint
running: a new energetic approach. J Exp Biol. 208(Pt 14):2809–2816.

Halson SL. 2014. Monitoring training load to understand fatigue in ath-
letes. Sports Med. 44(2):139–147.

Highton J, Mullen T, Norris J, Oxendale C, Twist C. 2016. Energy expendi-
ture derived from micro-technology is not suitable for assessing inter-
nal load in collision-based activities. Int J Sports Physiol Perform.
doi:10.1123/ijspp.2016-0069

Hopkins W, Marshall S, Batterham A, Hanin J. 2009. Progressive statistics
for studies in sports medicine and exercise science. Med Sci Sports
Exerc. 41(1):3.

Hopkins WG. 2007. A spreadsheet for deriving a confidence interval,
mechanistic inference and clinical inference from a p value.
Sportscience. 11(1):16–20.

Hunter F, Bray J, Towlson C, Smith M, Barrett S, Madden J, Abt G, Lovell R.
2015. Individualisation of time-motion analysis: a method comparison
and case report series. Int J Sports Med. 36(1):41–48.

Hunter JS. 1986. The exponentially weighted moving average. J Quality
Technol. 18:203–210.

Impellizzeri FM, Rampinini E, Marcora SM. 2005. Physiological assessment
of aerobic training in soccer. J Sports Sci. 23(6):583–592.

Johnston RD, Gabbett TJ, Jenkins DG. 2014. Applied sport science of rugby
league. Sports Med. 44(8):1087–1100.

Kempton T, Sirotic AC, Rampinini E, Coutts AJ. 2015. Metabolic power
demands of rugby league match play. Int J Sports Physiol Perform. 10
(1):23–28.

Lamberts RP, Lemmink KA, Durandt JJ, Lambert MI. 2004. Variation in
heart rate during submaximal exercise: implications for monitoring
training. J Strength Cond Res. 18(3):641–645.

Lockie RG, Murphy AJ, Knight TJ, Janse De Jonge XA. 2011. Factors that
differentiate acceleration ability in field sport athletes. J Strength Cond
Res. 25(10):2704–2714.

Lovell TW, Sirotic AC, Impellizzeri FM, Coutts AJ. 2013. Factors affecting
perception of effort (session rating of perceived exertion) during rugby
league training. Int J Sports Physiol Perform. 8(1):62–69.

Osgnach C, Paolini E, Roberti V, Vettor M, Di Prampero PE. 2016. Metabolic
power and oxygen consumption in team sports: a brief response to
Buchheit et al. Int J Sports Med. 37(1):77–81.

Osgnach C, Poser S, Bernardini R, Rinaldo R, Di Prampero PE. 2010. Energy
cost and metabolic power in elite soccer: a new match analysis
approach. Med Sci Sports Exerc. 42(1):170–178.

Pyne DB, Spencer M, Mujika I. 2014. Improving the value of fitness testing
for football. Int J Sports Physiol Perform. 9(3):511–514.

Rampinini E, Alberti G, Fiorenza M, Riggio M, Sassi R, Borges TO, Coutts AJ.
2015. Accuracy of GPS devices for measuring high-intensity running in
field-based team sports. Int J Sports Med. 36(1):49–53.

Rampinini E, Coutts AJ, Castagna C, Sassi R, Impellizzeri FM. 2007. Variation
in top level soccer match performance. Int J Sports Med. 28(12):1018–
1024.

Scanlan AT, Wen N, Tucker PS, Dalbo VJ. 2014. The relationships between
internal and external training load models during basketball training. J
Strength Cond Res. 28(9):2397–2405.

Scott BR, Lockie RG, Knight TJ, Clark AC, Janse De Jonge XA. 2013. A
comparison of methods to quantify the in-season training load of
professional soccer players. Int J Sports Physiol Perform. 8(2):195–202.

Slater GJ, Duthie GM, Pyne DB, Hopkins WG. 2006. Validation of a skinfold
based index for tracking proportional changes in lean mass. Br J Sports
Med. 40(3):208–213.

Vanrenterghem J, Nedergaard NJ, Robinson MA, Drust B. 2017. Training
load monitoring in team sports: a novel framework separating physio-
logical and biomechanical load-adaptation pathways. Sports Med.
doi:10.1007/s40279-017-0714-2

Varley MC, Aughey RJ. 2013. Acceleration profiles in elite Australian soccer.
Int J Sports Med. 34(1):34–39.

Vesterinen V, Hokka L, Hynynen E, Mikkola J, Hakkinen K, Nummela A. 2014.
Heart rate-running speed index may be an efficient method of monitor-
ing endurance training adaptation. J Strength Cond Res. 28(4):902–908.

Veugelers KR, Naughton GA, Duncan CS, Burgess DJ, Graham SR. 2016.
Validity and reliability of a submaximal intermittent running test in elite
Australian football players. J Strength Cond Res. 30(12):3347–3353.

Weaving D, Jones B, Marshall P, Till K, Abt G. 2017. Multiple measures are
needed to quantify training loads in professional rugby league. Int J
Sports Med. 38(10):735–740.

Weaving D, Marshall P, Earle K, Nevill A, Abt G. 2014. Combining internal-
and external-training-load measures in professional rugby league. Int J
Sports Physiol Perform. 9(6):905–912.

Winter EM, Abt G, Brookes FB, Challis JH, Fowler NE, Knudson DV,
Knuttgen HG, Kraemer WJ, Lane AM, van Mechelen W, et al. 2016.
Misuse of “power” and other mechanical terms in sport and exercise
science research. J Strength Cond Res. 30(1):292–300.

8 J. A. DELANEY ET AL.

https://doi.org/10.1519/JSC.0000000000001849
https://doi.org/10.1123/ijspp.2016-0069
https://doi.org/10.1007/s40279-017-0714-2

	Abstract
	Introduction
	Methods
	Participants
	Experimental design
	Protocol
	Internal load measures
	External load measures
	Training efficiency index

	Statistical analyses

	Results
	Discussion
	Practical applications
	Acknowledgements
	Disclosure statement
	Funding
	References



