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Abstract
The purpose of this study was to investigate the structure of relationships between measures of training load and assess

whether these can be modified through non-linear transformations. Ratings of perceived exertion (RPE) and seven external

load measures (total distance covered, PlayerLoad, low-intensity running distance, high-speed running distance, sprinting dis-

tance, accelerations, and decelerations) were collected from 20 academy soccer players (age= 17.4± 1.3 years, stature=
178.0± 8.1 cm, body-mass= 71.8± 7.2 kg), with 3220 recordings taken across a 47-week season. To control for the effects

of session duration, sessions were categorised as short (≤60 min) or long (>60 min). All RPE and sessional RPE-training load

(sRPE-TL; RPE multiplied by session duration) were analysed in their raw form and through raising to a series of exponentials.

The underlying structure of the data was investigated using principal component analysis. Two components were retained for

each analysis and varimax rotation was performed. The first rotated component (RC) was best represented as a measure of

volume (RCvolume) with high loadings for RPE and sRPE-TL, whilst the second RC was best represented as a measure of inten-

sity (RCintensity). Non-linear transformations had little effect on loading of modified measures for long sessions for sRPE-TL

(RCvolume: 0.87–0.8; RCintensity: 0.27–0.13), and for RPE (RCvolume: 0.76–0.79; RCintensity: 0.17–0.10). For short sessions, the
loading became more equal between intensity and volume for sRPE-TL (RCvolume: 0.88–0.41; RCintensity: 0.32–0.36) and more

aligned to intensity (RCintensity: 0.52–0.61) compared with volume (RCvolume: 0.44–0.23) for RPE. The present study demon-

strates that RPE and sRPE-TL predominantly reflect measures of training volume, however, they can be modified to better

reflect intensity for training sessions <60 min in duration.
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Introduction
Training load (TL) has been described as an input variable
that can be manipulated to elicit a desired athletic response.1

Monitoring of TL is an essential process in the development
and management of high-level athletes.2,3 In soccer, TL data
are collected for individual players enabling practitioners to
systematically plan and apply recovery and appropriate training
prescription to impose physiological and biomechanical stress
in pursuit of enhanced functional outcomes.1,4 The adaptations
caused by the successful application of recovery load and TL
can increase physical performance, improve health, and
reduce injury risk.1 TLs are generally categorised as either
internal or external.1 Quantifiable features of TL describing
the magnitude and amount of the physical work are considered
the external load,1,5 whereas quantifiable features describing the
resultant physiological and biomechanical response are charac-
terised as the internal load.1,5 In team sports such as soccer,
external loads are routinely quantified by measures of total

distance covered, distance covered within specific velocity
thresholds, or changes in the rate of velocity.1,6 In contrast,
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internal loads are often quantified with heart-rate (HR) derived
variables or through subjective measures such as ratings of per-
ceived exertion (RPE).1,6 It is generally accepted that there is no
single, criterion measure of either internal or external TL,7 and
as such a range of measures with varying degrees of validity are
routinely collected by practitioners.1,7 The validity of a given
TL measure may also be influenced by the context in which
it is collected, with previous research demonstrating that train-
ing mode (e.g. conditioning or skills-based training) can influ-
ence relationships between variables.1,7

Subjective measures of TL such as RPE have been recom-
mended as valid and reliable measures of TL.4 Sessional
RPE-TL (sRPE-TL) has also been suggested as a method of
accounting for the magnitude of internal load as it accounts
for the RPE and the duration of the session, giving some
insight into the volume and intensity experienced by the
athlete. Whilst the integration of session duration and intensity
has been challenged as it is argued that it provides limited
insights above considering duration alone,8 the application of
sRPE-TL has become popular due to cost-effectiveness and
ease of use within large groups, which are typical for team
sports such as soccer.6,9 Impellizzeri et al.9 reported correla-
tions between 0.50 and 0.85 for sRPE-TL and measures of
internal TL such as HR-derived measures including
Edwards’ TL,10 Lucia’s training impulse (TRIMP),11 and
Banister’s TRIMP.9,12 Banister’s TRIMP, whilst shown to be
a valid measure of TL, has limitations within practical settings
given the need to accurately record maximum and resting
HR.13 Lucia’s TRIMP has been suggested to have a greater
individualised approach, however, due to the weighting alloca-
tion, may not accurately represent the load placed on players
experiencing extensive internal demands above the anaerobic
threshold.13 Similarly, whilst Edwards’ TL has been suggested
to be more sensitive than Banister’s TRIMP, the linear weight-
ing scheme and relatively large increments within this weight-
ing scheme, have been suggested to reduce the measures’
ability to detect subtle changes in load.13 Edwards’ TL10 calcu-
lates the summed product of the accumulated duration spent in
five specific HR zones and their corresponding integer coeffi-
cient. Using a similar approach, Lucia’s TRIMP11 includes the
integer coefficients one to three and corresponding HR zones
reflecting increased physiological demands below the ventila-
tory threshold (integer coefficient 1); between the ventilatory
threshold and the respiratory compensation point (integer coef-
ficient 2); and above the respiratory compensation point
(integer coefficient 3). In contrast, Banister’s TRIMP12

accounts for the entire duration of the exercise bout, whilst
also accounting for higher intensity exercise via a non-linear
weighting factor. Banister’s TRIMP,12 includes a ratio to quan-
tify intensity measured via HR, which includes measures rela-
tive to basal and maximal values (equation (1))

D
(HRex − HRrest)
(HRmax − HRrest)

( )
Y (1)

Equation (1) – Banister’s TRIMP.12 D – duration; HRex –
mean exercising heart rate; HRrest – resting heart rate; HRmax

– maximal heart rate; Y – multiplication factor.
In the Banister model, Y is a non-linear multiplication

factor that emphasises high-intensity training. This Y
factor corrects bias introduced from long training sessions
that involve periods of relatively low intensity.14 This
weighting factor can be seen in equation (2):

Y = Abx (2)

Equation (2) –weighting factor of Banister’s TRIMP.12 A=
0.64 for men and 0.86 for women, B= 1.92 for men and
1.67 for women. x=ΔHR ratio.

Additionally, individualised TRIMP (iTRIMP) has been
proposed as a method of introducing specific non-linearities
into objective measures of internal load.15 Here the weighting
factor Y is calculated using an individual’s relationship
between fractional elevation in HR and blood lactate concen-
tration.15,16 Bannisters TRIMP12 and iTRIMP15 more effect-
ively map to standard theories of TL measurement where
non-linearities are introduced such that relatively small
changes in intensity towards the upper regions result in sub-
stantively greater increases in the calculated TL. The inclu-
sion of non-linearities has rarely been considered in more
contemporary subjective measures of load. Considerations
of these non-linearities are of relevance and importance to
soccer practitioners given that subjective measures of load
have been shown to be widely used in practice.6

In the absence of a criterion measure of load, different vari-
ables are frequently compared with each other to infer valid-
ity.7,17 Recent research investigating relationships between
sRPE-TL and objective measures of TL has generally used
bivariate correlations and has reported that sRPE-TL corre-
lates with variables that quantify overall training volume,
rather than training intensity.18,19 In addition, research
employing principal component analysis (PCA) within
codes of football has more effectively described the under-
lying structure of relationships between variables, showing
an intensity/volume divide and providing further support
that sRPE-TL primarily reflects training volume.7,19,20 In add-
ition, similar analyses have demonstrated that the intensity/
volume divide and the loading of sRPE-TL with training
volume remained stable whilst manipulating factors such as
the training theme relative to match day.18 Collectively, the
research base in soccer demonstrates that whilst sRPE-TL
may provide a cost-effective method to quantify TL, it is
likely to provide a bias towards training volume and therefore
may not be sensitive to alterations in training intensity. This is
of importance and relevance to practitioners as this measure
may under-represent the frequent changes in movement and
velocity which are critical components of the TL experienced
by players.4 Additionally, aggregating TL across different
durations of time is likely to disguise the true nature of the
load imposed on athletes.8,21 For example, 10 min of training
at an RPE level of 10 and 100 min of training at an RPE of 1
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produces the same sRPE-TL value. However, the demands of
the exercise bout and the physiological response will be mark-
edly different.

Given the inclusion of non-linearities in objective,
HR-based variables this raises the potential that RPE and
sRPE-TL can be modified using similar approaches providing
the capability to better quantify training intensity or a more
effective balance between training volume and intensity.
Therefore, the aim of this research was to investigate the
underlying structure of TL relationships with professional
soccer players and determine whether RPE and sRPE-TL
can be modified to provide insight into training volume, train-
ing intensity or a combination of the two constructs.

Methods

Subjects
Twenty male professional youth soccer players (age= 17.4
± 1.3 years, height= 178.0± 8.1 cm, mass= 71.8± 7.2 kg)
were recruited as participants during the 2018/19 season. A
total of 3324 individual recordings were collected across
the season. In accordance with previous research,19 data
collected from goalkeepers and rehabilitation sessions
were removed from the analysis. Non-pitch-based sessions
such as gym-based recovery or resistance training sessions
were also not included in the analysis as it was considered
that these sessions were infrequent, not representative of
general training, and more case-specific. Following this
exclusion criteria, all team, pitch-based, training sessions
and matches were included. This left a total of 3220 individ-
ual recordings following the removal of 103 sessions (train-
ing recordings= 2524; match-play recordings= 696).

Design
This study employed a prospective semi-longitudinal design
across a 47-week season with Scottish professional youth
academy soccer players, during which time players were pro-
vided with an off-camp conditioning programme. Subjective
measures of load were collected via RPE, and objective mea-
sures of load were collected via microelectromechanical
system (MEMS) devices worn during training and matches.
The underlying structure of the relationships between variables
was assessed by PCA before and after modifying RPE and
sRPE-TL through exponentials raised to a series of different
values (1–3) creating different non-linear profiles. Data collected
and the prospective nature of the study conformed to the
University of Glasgow research ethics policies (200200121)
and were in accordance with the declaration of Helsinki.

Methodology
Each player’s RPE was collected in isolation, approximately
30 min after each training session using a scale previously

used with football players (modified Borg CR10).22 All
players were familiarised prior to data collection as all had
previous experience using the scale as part of their training
monitoring. Each RPE score was multiplied by session dur-
ation to calculate sessional RPE-TL (sRPE-TL).22 Players
wore commercially available MEMS devices (Optimeye
X4, Catapult Sports, Melbourne, Australia, Firmware
version 7.27). These devices include a global positioning
system (GPS) receiver alongside a triaxial accelerometer col-
lecting data at 10 and 100 Hz, respectively. Per manufacturer
reference values, velocity and acceleration dwell times were
set at 0.6 and 0.4 s, respectively. After training or match
play, data were downloaded and analysed (Openfield v1.19,
Catapult Sports, Melbourne, Australia). Raw training files
were processed to remove inter-drill rest periods to ensure
that the data collected reflected the actual load experienced
by players. Data collected from matches were processed to
remove the half-time period. To avoid interunit error, each
player wore the same GPS device for each session. The
average satellite count was 10.69± 1.73 and the average hori-
zontal dilution of precision was 0.78± 0.21. All variables
were processed in their absolute form. The variables used
to quantify external load are summarised in Table 1.
Variables were included for analysis due to their widespread
usage in both practice and research.6 Discussion regarding the
validity and reliability of this technology for measuring TL
within various sports has previously been assessed.23

Statistical analysis
Data were analysed in the statistical environment R (v4.0.3).
Of the 3220 individual recordings, 2.95% were missing
sRPE-TL data, whereas 11.96% were missing external
load data. Where data were missing, these were treated as
missing at random (primarily due to technical errors such
as battery failure) and imputed using the MICE package.25

To modify low-frequency subjective measures of TL,
methods previously used in high-frequency measures12

were adapted. To create a modified version of Banister’s
TRIMP (RPEmod), the maximum (RPEmax) and minimum
(RPEmin) RPE reported across the season were used to
create an RPE ratio (ΔRPE ratio; equation (3)). A weighting
component (Y) was included and in line with previous mea-
sures included an exponential raised to a power equal to the
ratio multiplied by a chosen coefficient. For the present
study, a series of increasing coefficients from 1 to 3 were
selected (e.g. Y = exp(coefficient × ΔRPE ratio)). To
further investigate the effect of session duration, sessions
were categorised based on their length and assessed separ-
ately. Sessions were categorised based on mean session dur-
ation, with sessions ≤60 min categorised as ‘short’ and
sessions >60 min categorised as ‘long’. This duration was
selected as the mean session duration was 61.2 min, with
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60 min providing a logical reference value for practitioners:

D
(RPE− RPEmin)

(RPEmax − RPEmin)

( )
Y (3)

Equation (3): modified Bannister’s TRIMP equation for low-
frequency measures where D is the session duration, RPE is
the reported rating of perceived exertion for a session, RPEmin
is theminimum reported rating of perceived exertion value
across the analysis period, RPEmax is themaximum reported
rating of perceived exertion value across analysis period, Y is
theweighting coefficient ranging from exp(1) to exp(3).

Relationships between RPE, sRPE-TL, RPEmod,
sRPE-TLmod, and external TL measures were described
using PCA. The suitability of data for PCA was assessed
using the Kaiser–Meyer–Olkin (KMO) measure of sam-
pling adequacy and the Bartlett test of sphericity.26 KMO
values for all session durations were ≥0.5 and all tests of
sphericity were significant (p≤ 0.001). A KMO value of
0.5 or above has previously been identified as a suitable

result to perform PCA27,28 and has been used in similar
research.7,19 Varimax rotation was performed to produce
rotated components. To assist the interpretation of results,
all component loadings were then normalised relative to
the maximum component loading obtained.

Results
There were 3220 individual recordings included in the ana-
lysis, comprising 696 match recordings and 2524 individual
training recordings. The distribution of the mean loads is
presented for all sessions in Table 2.

PCA analyses for all sessions and those categorised as
short or long duration are presented in Figures 1 and 2,
respectively. Cumulative variance explained for the first
and second rotated components ranged from 69.1% to
82.9%. Generally, the first rotated component (RC) was
representative of training volume (RCvolume) with the
highest loading variables including total distance,

Table 1. Description of external load variables used within the analysis.

Metric Description

Total distance (m) Total distance covered across each training session or match event.

PlayerLoadTM (au) Expressed as the square root of the sum of the squared instantaneous rate of change in acceleration in

three vectors (X, Y and Z ) divided by 10024: PlayerLoad =
��������������������������������
(ay1− ay−1)

2+(ax1− ax−1)
2+(az1− az−1)

2

100

√
where ay is

the forward accelerometer, az is the sideways accelerometer, and az is the vertical accelerometer.

Low-intensity running

distance (m)

Sum of distance covered ≤14.4 km·h−1

High-speed running

distance (m)

Sum of distance covered between 19.8 and 24.98 km·h−1

Sprinting distance (m) Sum of distance covered ≥24.98 km·h−1

Accelerations (f) Sum of acceleration efforts ≥2 m·s−2

Decelerations (f) Sum of acceleration efforts ≤2 m·s−2

m=meters; f= frequency.

Table 2. Descriptive statistics (mean± SD) of load variables across all sessions and categorised for 20 academy soccer players based on

training duration.

Variable All Short (≤60 min) Long (>60 min)

Observations (f) 3220 1601 1619

Duration (min) 61.2± 20.3 45.5± 13.0 76.7± 13.0

RPE (au) 5.61± 1.88 4.91± 1.67 6.30± 1.82

sRPE-TL (au) 361± 205 227± 104 493± 194

Total distance (m) 5208± 2515 3695± 1331 6705± 2515

PlayerLoad (au) 567± 257 405± 143 727± 244

Low-intensity running distance (m) 4320± 1911 3115± 1060 5511± 1816

HSR distance (m) 193± 194 125± 138 260± 216

Sprinting distance (m) 46.0± 68.1 28.9± 47.7 62.9± 80.0

Accelerations (f) 22.2± 11.5 16.4± 8.86 28.0± 11.0

Decelerations (f) 16.0± 10.0 11.1± 6.79 20.9± 10.3

SD: standard deviation; RPE: ratings of perceived exertion; sRPE-TL: sessional RPE-training load; HSR: high-speed running; au: arbitrary units; f: frequency;

min: minutes; m: metres.
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PlayerLoad and low-intensity running. In contrast, the
second rotated component tended to represent training
intensity (RCintensity) with the highest loading variables
including high-intensity running and sprinting. Across the
entire data set combining both short and long sessions, nor-
malised loading coefficients for RPE contributed more to
RCvolume (0.72–0.77) compared to RCintensity (0.16–0.25).
Similar results were obtained for sRPE-TL with normalised
loading coefficients of 0.81 to 0.93 for RCvolume, and 0.19
to 0.29 for RCintensity. Normalised loading coefficients for
both RPE and sRPE-TL remained similar when analysed
across long duration sessions only. In contrast, for short
duration sessions normalised loadings were more similar
for sRPE-TL (RCvolume: 0.41–0.88; RCintensity: 0.32–0.36)

and aligned more to intensity (RCintensity: 0.52–0.61;
RCvolume: 0.23–0.44) for RPE.

Following modification of RPE, the ratio of RCvolume:
RCintensity for pooled (1:0.32–1:0.21) and long (1:0.2–
1:0.12) decreased as the weighting component increased
from 1 to 3. These findings were also consistent for
sRPE-TL with the ratio for pooled (1:0.32–1:0.24) and
long (1:0.24–1:0.16) sessions decreasing as the weighting
component increased. Conversely for short sessions, the
ratio increased as the weighting component increased for
both RPE (1:1.58–1:2.61) and sRPE-TL (1:0.49–1:0.87).
Ratios of the normalised components between RCvolume

and RCintensity are presented in Figure 3 for RPE of short
and long sessions, respectively.

Figure 1. Normalised rotated component loadings for RPE and sRPE-TL for pooled sessions.

RPE: ratings of perceived exertion; sRPE-TL: sessional RPE-training load; TD: total distance; PL: PlayerLoad; LIR: low-intensity running;

HSR: high-speed running; accel: accelerations; decel: decelerations.

Maughan et al. 5



Discussion
The aims of the study were to investigate the underlying
structure of TL relationships within academy soccer
players and determine whether sRPE-TL can be modified
to provide insight into training volume, training intensity
or a combination of the two constructs. The main finding
of the study shows that for short duration sessions, RPE pro-
vides insight into both the volume and intensity of TL.
However, a greater bias towards intensity can be obtained
when RPE is raised to an exponential of increasing power.
Additionally, relationships between volume and intensity
are more equal following modification of sRPE-TL for
short duration sessions. In accordance with our previous
findings,18,19 before modifying subjective measures, mul-
tiple components describe the underlying structure of com-
monly collected TL variables in soccer players, with the
volume-based component generally explaining most of the
variance followed by an intensity-based component. The
findings also demonstrate that across all sessions with no
consideration of duration, RPE and sRPE-TL predominantly
reflect training volume. This volume-based interpretation of
TL remains consistent even when undergoing a non-linear
transformation similar to Banisters TRIMP.12

Previous research has shown that by aggregating session
duration, time becomes the major contributory component
to the variability in TL.8 Thus, the contribution of training
intensity is potentially under-represented. In the present
study, we have further evidenced the influence of duration
on subjective measures of TL. When not accounting for
session duration we showed that both RPE and sRPE-TL
were representative of volume. These findings were also con-
sistent when assessing sessions that were categorised as long
(i.e. >60 min). However, when assessing short duration ses-
sions (i.e. ≤60 min), we found that RPE was a stronger con-
tributor to the intensity-based component. Additionally, when
applying a non-linear weighting coefficient, the loading con-
stant changed from 0.52 to 0.61, as the exponential multiplier
increased from 0 to 3 (Figure 3). This result suggests that non-
linear modification of RPE may allow a simple and cost-
effective subjective measure to better reflect training intensity
whilst also being influenced by training volume. Likely per-
mitting practitioners within academy soccer programmes to
better quantify and prescribe TLs which are appropriate for
training microcycle29,30 and age/maturation of players.31

To better account for periods of high intensity within an
intermittent exercise, TRIMP methods have been applied to

Figure 2. Normalised rotated component loadings for RPE and sRPE-TL for long (>60 min) and short (≤60 min) sessions.

RPE: ratings of perceived exertion; sRPE-TL: sessional RPE-training load; TD: total distance; PL: PlayerLoad; LIR low-intensity running;

HSR: high-speed running; Accel: accelerations; Decel: decelerations.

6 International Journal of Sports Science & Coaching 0(0)



higher-frequency load monitoring techniques.10–12 These
methods provide a more regular assessment of intensity,
rather than aggregating intensity over a single length of
time.8 Additionally, commonly used HR methods, Edward’s
TL,10 Banister’s TRIMP,12 Lucia’s TRIMP,11 and
iTRIMP,15 apply weighting factors to better account for inten-
sity within sessions. To increase the frequency of subjective
measures, intra-session RPE could conceivably be used
within team-sports environments. However, this method
may come with challenges related to the increased demands
on athlete recall and adherence. A common criticism of the
Edward’s10 method is the application of arbitrary values to
arbitrary training zones, which does not reflect the individua-
lised response to training.16,32 Whilst Lucia’s TRIMP11 con-
siders physiological systems within the training zones
identified, the measure also features arbitrary weighting
values.16 Banister’s TRIMP12 and iTRIMP15 based weighting
values on the relationship between elevation in HR and blood
lactate concentration, observed during incremental exercise.16

This method not only increased emphasis on the higher inten-
sity periods of training, but also accounted for gender12 or
individual15 differences in the response to incremental work
rates. In the present study, we adopted a method to modify
RPE by applying high-frequency methods, to lower frequency
assessment. Additionally, we have assessed weighting compo-
nents over an exponential range of 1 to 3 based on values used
in previous high-frequency methods. In this analysis, we have
used an iterative and empirical method to assess the effect of a
range of non-linearities based on previous recommendations.
Whilst these results do not propose the use of specific weight-
ing components, they highlight the potential use of modifica-
tion to allow RPE, when used alongside session duration, to
better represent session intensity. This process can be used
to generate modified values that best fit the needs of research-
ers or practitioners, who have targeted objectives.

There are limitations to the present study that should be
considered. Restricting TL monitoring to measurements
that combine intensity and duration in a linear manner is
likely to misrepresent TL when performed at high inten-
sities. However, the best approach to introduce non-

linearities to the approach has received limited investiga-
tion.21 For the present study, we adopted a common TL
metric (Bannisters TRIMP) substituting RPE values for
HR. However, HR data can take a wide range of values,
whereas RPE values as collected in the present study
were restricted to 10 integer values, which may reduce
the sensitivity of the scale. Previous research has also
endorsed the use of the Category Ratio 100 scale over
the CR10 scale.33 The use of the CR100 scale to calculate
modified measures of RPE and sRPE-TL may enhance the
sensitivity of readings by providing a greater range for
athletes to quantify perceived exertion. Additionally,
average HR potentially provides a more accurate reflec-
tion of an overall training intensity due to the increased
frequency of measurement. Whereas a single RPE value
may not provide an accurate reflection of TL intensity,
particularly as session duration increases. This situation
could be improved potentially through intra-session
RPE, which may give higher resolution and better
ability to fit an area under the curve representing total
TL. Additionally, the analysis was collected on a single
team and findings may be susceptible to the particular
idiosyncrasies of the team with regard to training practices
and RPE measurements.

Practical applications
This study proposes a novel method of modifying low-
frequency subjective measures of load to better represent
intensity in soccer training and match-play. The results pre-
sented, alongside findings from previous research highlight
the need to employ multivariate measures when analysing
load. Additionally, these results also reinforce previous
assertions that factoring load based on measures of
volume and intensity would be appropriate. Larger scale
research investigating the underlying structure of relation-
ships across variables for multiple teams and sports and
the potential for non-linear modifications such as that inves-
tigated here are required to better understand the process.

Figure 3. Normalised rotated component loadings for unmodified and modified ratings of perceived exertion (RPE) for short

(≤60 min) and long (>60 min) sessions. Ratios of volume: Intensity is presented for each measure in brackets.
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Conclusions
Introducing non-linearities into a single measure of TL that
combines volume and intensity is likely to be important.
The present study considered a modification of one of the
most common approaches used in sport and exercise
science (Bannisters TRIMP). To identify appropriate
weightings further research is required, or practitioners
may wish to combine previous data and various analytical
models to select values. In the present study, we used the
underlying structure of a range of TL metrics to identify
which weighting values may be appropriate in attempts to
increase the intensity-based component. In contrast,
where previous data exists, other models may include a col-
lection of coach-based assessments of TL and attempt to
establish weighting coefficients which best align the object-
ive measure and expert opinion. Alternatively, where prac-
titioners use integrative training and performance models
such as the Bannisters fitness-fatigue model, weighting
coefficients may be established to obtain the best fit of
model predictions and measured performance. Irrespective
of the approach adopted, a substantive increase in research
in this area is required to enhance practice. Additionally,
further analyses considering higher-frequency subjective
measures of load, such as intra-session RPE, should be con-
sidered, however, their practical implementation should
also be appraised.

Acknowledgements
The authors wish to thank the players and staff of Aberdeen
Football Club’s Development Squad for their participation and
engagement with the study.

Declaration of conflicting interests
The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding
The authors received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iDs
Patrick C Maughan https://orcid.org/0000-0002-8741-6249
Chris Towlson https://orcid.org/0000-0001-5960-0324
Paul A Swinton https://orcid.org/0000-0001-9663-0696

References
1. Impellizzeri FM, Marcora SM and Coutts AJ. Internal and

external training load: 15 years on. Int J Sports Physiol
Perform 2019; 14: 270–273.

2. Drew MK and Finch CF. The relationship between training
load and injury, illness and soreness: A systematic and litera-
ture review. Sports Med 2016; 46: 861–883.

3. Coles PA. An injury prevention pyramid for elite sports
teams. Br J Sports Med 2018; 52: 1008–1010.

4. McLaren SJ, Macpherson TW, Coutts AJ, et al. The relation-
ships between internal and external measures of training load
and intensity in team sports: A meta-analysis. Sports Med
2018; 48: 641–658.

5. Vanrenterghem J, Nedergaard NJ, Robinson MA, et al.
Training load monitoring in team sports: A novel framework
separating physiological and biomechanical load-adaptation
pathways. Sports Med 2017; 47: 2135–2142.

6. Akenhead R and Nassis GP. Training load and player moni-
toring in high-level football: Current practice and perceptions.
Int J Sports Physiol Perform 2016; 11: 587–593.

7. Weaving D, Marshall P, Earle K, et al. Combining
internal-and external-training-load measures in professional
rugby league. Int J Sports Physiol Perform 2014; 9: 905–912.

8. Weaving D, Dalton-Barron N, McLaren S, et al. The relative
contribution of training intensity and duration to daily mea-
sures of training load in professional rugby league and
union. J Sports Sci 2020; 38: 1674–1681.

9. Impellizzeri FM, Rampinini E, Coutts AJ, et al. Use of
RPE-based training load in soccer. Med Sci Sports Exerc
2004; 36: 1042–1047.

10. Edwards S. High performance training and racing. Heart Rate
Monitor Book 1993; 12: 113–123.

11. Lucía A, Hoyos J, Santalla A, et al. Tour de France versus
Vuelta a Espana: Which is harder? Med Sci Sports Exerc
2003; 35: 872–878.

12. Banister E. Modeling elite athletic performance. In: Green H,
McDougall J and Wenger H (eds) Physiological testing of elite
athletes, human kinetics. Champaign, IL, 1991, pp. 403–424.

13. Berkelmans DM, Dalbo VJ, Kean CO, et al. Heart rate monitor-
ing in basketball: Applications, player responses, and practical
recommendations. J Strength Cond Res 2018; 32: 2383–2399.

14. Morton RH, Fitz-Clarke JR and Banister EW. Modeling
human performance in running. J Appl Physiol 1990; 69:
1171–1177.

15. Manzi V, Iellamo F, Impellizzeri F, et al. Relation between
individualized training impulses and performance in distance
runners. Med Sci Sports Exerc 2009; 41: 2090–2096.

16. Akubat I, Patel E, Barrett S, et al. Methods of monitoring the
training and match load and their relationship to changes in
fitness in professional youth soccer players. J Sports Sci
2012; 30: 1473–1480.

17. Lovell TW, Sirotic AC, Impellizzeri FM, et al. Factors affect-
ing perception of effort (session rating of perceived exertion)
during rugby league training. Int J Sports Physiol Perform
2013; 8: 62–69.

18. Maughan P, Swinton P and MacFarlane N. Relationships
between training load variables in professional youth football
players. Int J Sports Med 2021; 42: 624–629.

19. Maughan PC, MacFarlane NG and Swinton PA. Relationship
between subjective and external training load variables in
youth soccer players. Int J Sports Physiol Perform 2021;
16: 1127–1133.

20. Weaving D, Jones B, Marshall P, et al. Multiple measures are
needed to quantify training loads in professional rugby league.
Int J Sports Med 2017; 38: 735–740.

21. Renfree A, Casado A and McLaren S. Re-thinking athlete
training loads: would you rather have one big rock or lots of
little rocks dropped on your foot? Res Sports Med 2021: 1–
4. DOI: 10.1080/15438627.2021.1906672.

8 International Journal of Sports Science & Coaching 0(0)

https://orcid.org/0000-0002-8741-6249
https://orcid.org/0000-0002-8741-6249
https://orcid.org/0000-0001-5960-0324
https://orcid.org/0000-0001-5960-0324
https://orcid.org/0000-0001-9663-0696
https://orcid.org/0000-0001-9663-0696
https://doi.org/10.1080/15438627.2021.1906672


22. Foster C, Florhaug JA, Franklin J, et al. A new approach to
monitoring exercise training. J Strength Cond Res 2001; 15:
109–115.

23. Scott MT, Scott TJ and Kelly VG. The validity and reliability
of global positioning systems in team sport: A brief review. J
Strength Cond Res 2016; 30: 1470–1490.

24. Boyd LJ, Ball K and Aughey RJ. The reliability of
MinimaxX accelerometers for measuring physical activity
in Australian football. Int J Sports Physiol Perform 2011;
6: 311–321.

25. van Buuren S and Groothuis-Oudshoorn K. MICE:
Multivariate imputation by chained equations in R. J Stat
Softw 2010; 45: 1–67.

26. Bartlett MS. A note on the multiplying factors for various χ2

approximations. J R Stat Soc 1954; 16: 296–298.
27. Hair JF, Black WC, Babin BJ, et al.Multivariate data ana-

lysis. Upper Saddle River, NJ: Pearson Prentice Hall,
2006.

28. Kaiser HF. The application of electronic computers to factor
analysis. Educ Psychol Meas 1960; 20: 141–151.

29. Marris J, Barrett S, Abt G, et al. Quantifying technical actions
in professional soccer using foot-mounted inertial measure-
ment units. Sci Med Footb 2022; 6: 203–214.

30. Malone JJ, Di Michele R, Morgans R, et al. Seasonal training-
load quantification in elite English premier league soccer
players. Int J Sports Physiol Perform 2015; 10: 489–497.

31. Towlson C, Salter J, Ade JD, et al. Maturity-associated con-
siderations for training load, injury risk, and physical perform-
ance in youth soccer: one size does not fit all. J Sport Health
Sci 2021; 10: 403–412.

32. Abt G and Lovell R. The use of individualized speed and inten-
sity thresholds for determining the distance run at high-intensity
in professional soccer. J Sports Sci 2009; 27: 893–898.

33. Borg E.On perceived exertion and its measurement. Doctoral dis-
sertation, Department of Psychology, Stockholm University,
Stockholm, Sweden, 2007.

Maughan et al. 9


	 Introduction
	 Methods
	 Subjects
	 Design
	 Methodology
	 Statistical analysis

	 Results
	 Discussion
	 Practical applications
	 Conclusions
	 Acknowledgements
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


