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INTRODUCTION

Subjective and objective measures [eg, session rating of
perceived exertion (sRPE) and player tracking data] of training
load have been used to help identify relationships with injury
across team sports.”>'*#"*% These can be defined according to
external load (physical work prescribed in the training plan)
and internal load (the psychophysiological response to external
load).”* The majority of the research has focused on
relationships between training load and injury in the absence of
conceptual frameworks [eg, linking mechanical loading (stress
and strain) with tissue damage as precursors to injury™ or
aligning individual and contextual factors with both external
and internal load, training effects over the acute and chronic
periods and sport performance outcomes”’]. Most studies to
date have evaluated the load and injury relationship according
to linear methods, despite empirical research demonstrating
evidence of nonlinear (ie, U-* or J-curve®) relationships. A recent
paper examining statistical methods for analyzing nonlinear
relationships between load and injury in elite youth handball
players’ found evidence to support a nonlinear relationship
between load (sRPE), using several analytical approaches.
Although previous load and injury studies have identified linear
and nonlinear relationships, none of these have adjusted for
potential variables that could confound the load-injury
relationship” such as responses to training and competition.”

How players respond or cope with training and competition is
important, as this can affect their readiness for subsequent
activities or predisposition and progression towards negative
health outcomes such as injury. Further, an athlete’s
psychological readiness to perform has been linked with their
subsequent performance.”*?” Athlete self-reports have been
used to identify players at risk of negative health,” including in
elite junior team sport.""** Customized athlete self-report
measures are useful in monitoring the athlete response to
training and competition.'**" Although these have received
critique in their psychometric qualities (eg, content validity) and
alignment with COSMIN guidelines,” they are reported as
noninvasive, easy to administer, and sensitive to changes in load
in competition.”! Further, subjective measures (eg, self-reported
stress, vigor, fatigue, and/or physical recovery) are as more
responsive to short- and long-term training periods than those
considered objective in nature (eg, inflammatory or muscle
damage markers such creatine kinase)"".

Various models have identified whether physical (fatigue and
soreness)”** or psychological (stress, mood, and sleep)***:
wellness factors are linked with injury.”" Our research to date
has highlighted a significant U-curve relationship between load
and injury’" as well as evidence of linear relationships between
wellness and injury.”* Such univariate associations between
wellness and injury in team sport may not reflect the complex
patterns of injury.” Therefore, analytical techniques such as
synergistic modeling (moderation, mediation, mediating
moderation) can help to establish these relationships from an
ecological or systems perspective. Moderating (interaction)

variables act as “dimmer switches,” modifying the effect of a
given variable on an outcome, eg, aerobic fitness protecting
against spikes in load.*® Mediating variables act to amplify or
enhance certain relationships between other variables, eg,
fatigue amplifying the effect of load on injury (akin to a
“domino effect”); moderated mediation can occur when a
variable acts to mediate a certain relationship while also directly
moderating the strength of that relationship.” In the present
study, wellness may act with both a “domino” and “dimmer
switch” effect on the relationship between load and injury. Our
research aims to clarify the relationships among load, wellness,
and injury (represented diagrammatically in Figure 1). The
specific aim was to investigate the relationships between
measures of training load, player wellness, and injury in elite
junior Australian football players using synergistic modeling to
assess the direct effect as well as the moderation (interaction)
and mediation (indirect effect), with key contributing load and
wellness measures.

METHODS
Participants

In total, 562 players from 9 of the 12 under-18 state league clubs
(mean age: 17.7 years, range 16-18 years; mean height: 188.4
cm, range 176.7-202.7 cm) provided informed consent and were
subsequently granted access to an online monitoring tool of
their club’s choice (Athletic Logic, Google Forms, DropBox, or
club-designed) to report their training and match loads,
subjective wellness and identifiable injuries. Of these 562
players, 280 contributed load, wellness, and injury information,
which could be subsequently analyzed, modeled, and reported
from this research. All investigations conformed to the Code of
Ethics of the World Medical Association (Declaration of
Helsinki) and were approved by the Monash University Human
Research Ethics Committee (MUHREC), with consent obtained
from all participants.

Instrumentation

Training and match loads were assessed using the sRPE method
using standard protocols.”*'** From these sRPE ratings, several
absolute and relative load measures were then calculated.”
Players were asked to report wellness variables (sleep quality,
fatigue, soreness, stress, and mood) 3 times a week according to
a linear 5-point Likert scale, in accordance with previous
literature® and consistent with recent studies in elite junior team
sport.”’ Players were requested to enter their wellness and self-
report injury information in the morning before training. If
players were not able to do this, clubs set up suitable facilities
for players to enter their data (eg, tablet, laptop), before
commencing training. Practitioners, with practicum student
support, were also asked to report injury information.

Procedures

Total wellness was determined for each player based on the
sum of 5 variables and interpreted as a “higher-is-better” score.
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Figure 1. Univariate association between load and injury as
well as mediation and moderation between load, wellness,
and injury. Player wellness may act as a mediator, a
moderator, or in combination (moderated mediation) on

the effect of load on injury. Mediators are like “dominoes”
and can help to explain why certain loads or changes in
load may increase injury risk. Moderators are like “dimmer
switches” and help to explain why some athletes are more
robust and others more susceptible to injury than others in
response to certain loads or changes in load.

Missing data were considered to be completely at random and,
therefore, missing data were not imputed nor were considered
interval censored. A new injury was defined as arising from a
distinct initial injury event unrelated to any other injury,
whereas a recurrent injury was defined as associated with a
previously reported injury. In order to investigate injury risk
(yes/no), only new injuries were used in the analysis. Injuries
by reporter (staff vs player) were combined, where appropriate,
to provide the precise number of injuries across the season and
any injury defined as “recurrent” was cross-checked across
medical staff reporting to ensure accuracy. An injury was
recorded if the injury event led the player to miss a full training
session or match.

Analysis

Initially, a total of 106,141 data points from 28 monitoring
variables (outlined in Table 1) were collated into a customized
spreadsheet (Microsoft Excel) for analysis. A principal
component analysis (PCA) of the 28 monitoring variables was
undertaken to identify uncorrelated components to represent
distinct elements of the dataset (Online Appendix Table A1). All
data were tested for sampling adequacy using the Kaiser-Meyer-
Olkin (KMO) measure (=0.655, a threshold of 0.5) and for
suitability for component analysis using the Bartlett Test of
sphericity (significance accepted at P < 0.05). Monotony,
percentage change in load, and the acute-to-chronic workload
ratio variable were each removed from the model due to
individual KMO measures substantially less than 0.5. A Varimax
orthogonal rotation was used to enhance interpretation of the

analysis, whereas principal components were determined by
eigenvalues greater than 1, ranging from 3.0 (component 1,
stress) to 1.4 (component 6, soreness). The rotated solution with
the revised 6 component solution exhibited “simple structure”
(69.2% of total variance, 17 variables). Only variables with a
factor loading greater than 0.60 were reported (meaning that
absolute change in load and 4-week load was not reported).
These methods correspond with protocols described
elsewhere, "

Logistic generalized estimating equation (GEE) models”’
were constructed to explain the relationship of load and
wellness variables with the outcome variable being whether a
player sustained an injury. Pretraining measures of wellness,
measured at 3 time points across the week, and the
consecutive training and match loads were modeled against
injury. The GEE was chosen, as it considers the player based
repeated-measures structure of load and wellness data across
the season. As such, all models included a repeated measure
effect (factor) to identify variance within players (player ID).
The logistic link function was chosen for the GEE as the
outcome measure, injury status, was binary (yes or no).
Models were constructed using a stepwise approach,” where
the addition of a covariate to the model was determined by
both the significance of the Wald chi-square value (P < 0.05)
and if the quasi-likelihood independence model criterion
decreased (ie, model fit was improved). Beta values were
converted into exponent values (Exp(B)) to enhance practical
interpretation of results. A beta exponent value is an odds
ratio (OR), with an OR of more than 1 demonstrating an
increased probability of an outcome and ab OR less than 1
indicating a reduced probability of an outcome with the
change in odds relative to every unit increase in the significant
covariate. Further, 95% Cls were calculated to assess the
precision of OR values. All GEE models were constructed
using SPSS (Version 27.0, IBM). A 1-week lag was built into
the injury modeling to distinguish load and wellness preceding
injury rather than injured players then having lower loads, or
impaired wellness following an injury event.

RESULTS

The descriptive statistics for the injury incidence, prevalence,
severity, mechanism, and body region of injuries for this cohort
are outlined in a previous paper (injury epidemiology).”® This
paper reports most injuries being new (87.3%), occurring during
competition (86%), with more than half (51%) being contact in
nature. Most injuries were to the lower limb (60%).

Univariate Relationships

In the absence of a dimension reduction approach (ie, PCA),
load was associated with injury, with the form of the
relationship supporting evidence of a U-curve relationship
(Table 2). Further, wellness as a composite measure, as well as
individual factors of stress, soreness, and fatigue demonstrated
direct relationships with injury. As identified through the PCA
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Table 1. Definition of load and wellness measures used in the PCA

Training Load or Wellness Measure

Definition

1. SRPE load

2. 1-week load

3. Monotony

4. Strain

5. 2-week load

6. 3-week load

7. 4-week load

8. Absolute change in load

9. Percentage change in load
10.  Acute to chronic load ratio

Borg CR-10 x Duration

Total session load across the week

Mean session load/standard deviation load

1-week load x monotony

Sum of 1-week load for 2 consecutive weeks

Sum of 1-week load for 3 consecutive weeks

Sum of 1-week load for 4 consecutive weeks

Current week’s load subtracted from previous week’s load
Current week’s load divided by previous week’s load
Current week’s load divided by previous 4 week’s load

Sleep quality

11. 1 day postmatch
12. 3 days postmatch
13. 6 days postmatch/1 day prematch

1 to 5 Likert scale, 1 = very poor sleep quality and 5 =
maximal sleep quality.

Fatigue

14. 1 day postmatch
15. 3 days postmatch
16. 6 days postmatch/1 day prematch

1 to 5 Likert scale, 1 = very low fatigue and 5 = maximal
fatigue.

Soreness

17. 1 day postmatch
18. 3 days postmatch
19. 6 days postmatch/1 day prematch

1 to 5 Likert scale, 1 = very low soreness and 5 = maximal
soreness.

Stress

20. 1 day postmatch
21. 3 days postmatch
22. 6 days postmatch/1 day prematch

1 to 5 Likert scale, 1 = very low stress and 5 = maximal
stress.

Mood

23. 1 day postmatch
24. 3 days postmatch
25. 6 days postmatch/1 day prematch

1 to 5 Likert scale, 1 = very low mood state and 5 = maximal
mood state.

Sleep duration

26. 1 day postmatch
27. 3 days postmatch
28. 6 days postmatch/1 day prematch

Number of hours slept previous night

Composite wellness measure

Sum of rating for each wellness variable (not including sleep
duration)

Note: Values in italics were removed from the PCA due to KMO <0.5: monotony, percentage change in load and the ACWR; and factor load <0.6, interpret-
ability due to “complex structure”: sleep quality and fatigue at all 3 time points; 4-week load and absolute change in load. Therefore, 17 constructs were
considered in the final PCA model. KMO, Kaiser-Meyer-Olkin; PCA, principal component analysis; SRPE, session rating of perceived exertion.

(outlined in Tables A2 and A3 in the Online Appendix), the

stress component (consisting of stress 1 day post-match, 3 days
post-match, 6 days post-match) displayed a positive relationship
with the occurrence of injury (OR 1.58; 95% CI 1.11-2.23). The

individual measure of stress 3 days postmatch also
demonstrated a positive relationship with injury (OR 1.55; 95%
CI 1.08-2.23). The individual components of sleep duration (OR
0.75; 95% CI 0.55-1.01; P = 0.06) and soreness (OR 1.25; 95% CI
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Table 2. Univariate relationships between load and injury, as well as wellness and injury, according to nondimension reduction
and dimension reduction (PCA) approach. Data only presented for significant (P < 0.05) results. See Tables A2 and A3 in the online

Appendix for all findings from the GEE analysis

Model 3(](6)] 95% ClI Pvalue
Nondimension reduction approach
Load
Linear 0.60 0.40-0.90 0.01
Quadratic 1.59 1.05-2.40 0.03
Wellness (across 3 time points)?
Composite 0.79 0.67-0.93 0.01
Stress 1.44 1.24-0.67 <0.00
Soreness 1.17 1.03-1.32 0.01
Fatigue 1.21 1.04-1.39 0.01
Dimension reduction (PCA) approach
Model 1 (stress component, 1, 3, 6 days postmatch) 1.58 1.11,2.23 0.01
Model 2 (stress at 3 days postmatch only) 1.55 1.08, 2.23 0.02

GEE, generalized estimating equation; PCA, principal component analysis.

“Wellness: average of values across the week, with composite measure including original 5 items (sleep quality, fatigue, soreness, stress, and mood).

0.99-1.57; P = 0.07) appeared to be of practical interest as the
ClIs were close to not overlapping 1.0 and the significance
values close to 0.05.

Multivariate Relationships

When evaluating load and wellness overall, there was a
significant interaction between load and wellness in their
relationship with injury (OR 0.76; 95% CI 0.62-0.92; P < 0.01),
indicating the regression weight of load on injury varied as a
function of wellness (ie, with wellness acting as a moderator),
as listed in Table 3. Figure 2 demonstrates the influence of
wellness on load and injury, where a player’s risk of injury
along the U-curve relationship between load and injury is more
likely to increase at an earlier point in those with lower
wellness compared with players who maintain their wellness.
When wellness is low, injury risk starts to increase substantially
at a 1-week load of 3250 au (see Figure 2A). There was also
evidence of moderated mediation (OR 0.71; 95% CI 0.57-0.87;
P < 0.01), which appeared to demonstrate through the indirect
pathway between load and injury (ie, mediation) an attenuation
of the amplification effect of wellness on load and injury (ie,
moderation model alone). Figure 2B demonstrates the
delineation point between those with lower wellness to be later
(~3750 au) that than outlined in Figure 2A.

Further, using the dimension reduction (ie, PCA) approach
and analyzing via GEE, the soreness and sleep duration

components were found to be mediators on the stress and
injury relationship (Wald chi-square increased from 6.60 to 6.92
for soreness, but decreased from 6.60 to 6.17 for sleep), as
shown in Figure 3. This demonstrates that increased soreness
increased the relationship between stress and injury (ie, a slight
increase in the chi-square), whereas increased sleep duration,
decreased the relationship between stress and injury (ie, a slight
decrease in the chi-square). This was further identified when
evaluated as an individual component from the PCA (ie,
soreness and sleep duration at 3 days postmatch) where the
Wald chi-square value for soreness increased from 5.6 to 5.9
and decreased from 5.6 to 6.2 for sleep duration. This
demonstrates that although players with higher soreness values
who are stressed may have a higher risk of injury, players who
have better sleep habits but are stressed may be able to
attenuate their risk of injury.

DISCUSSION

The aim of the present study was to assess the relationships
between load, wellness and injury in elite junior Australian
Football players and build on earlier research identifying a
U-curve relationship between load and injury.*' This study
identified that although load is directly associated with injury,
poor wellness can amplify this relationship (ie, act as a
moderator variable). In the instance of 2 players at the same
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Figure 2. The odds of injury for 1-week load according to (A) the wellness moderation model and (B) the wellness mediating
moderation model. The initial effect between load and injury is greater when interactions with wellness are added (as wellness
is also associated with injury risk). For example, in the moderation model in (A), an athlete who has poor wellness as a response
to high loads will be more susceptible to injury. In (B), the addition of wellness increases the risk of injury at higher loads, yet in
a moderated mediation approach the amplification effect of wellness in the moderation model alone is attenuated by the indirect
pathway between load and injury (mediation). In this case, load is associated with injury and wellness is associated with injury;
however, the effect of wellness in a causal sequence (ie, domino effect) is not as pronounced as that of wellness acting to amplify

(moderate) load and injury.

A. Univariate association between stress and injury

Wald chi-square = 6.60
Stress Injury

B. Mediation of soreness on the association between stress and injury

Soreness

Wald chi-square = 3.61

C. Mediation of sleep duration on the association between stress and injury

Wald chi-square = 6.92

Sleep duratlon

Wald chi-square = 4.42
Wald chi-square = 6.17
Figure 3. (A) Direct effect of stress on injury demonstrating a statistically significant relationship. Given the significant relationship
between stress and injury, each individual wellness item was then assessed for their mediation and moderation effects. (B) When
soreness was added to the stress-injury relationship, there was a significant mediation effect from soreness on the stress and
injury relationship. This indicates that when a player is stressed, higher levels of soreness can act in sequence to increase the risk
of injury further. (C) When sleep duration was added to the stress-injury relationship there was a significant mediation effect from

sleep duration on the stress and injury relationship. This indicates that when a player is stressed, better sleep habits (ie, longer
sleep) can act in sequence to reduce the effect of stress on the risk of injury.
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load, a player with impaired wellness will be at greater risk of
injury than one who maintains a constant level of wellness (see
Figure 2). Further, by using a dimension reduction approach (ie,
PCA in this research), individual wellness variables such as
stress, soreness, and sleep have been identified as associated
with injury, particularly at the midpoint of the weekly
competitive cycle. This is important as previous work has
highlighted that players at this level experience high loads (eg,
on average 637 au in under-18 state league matches and 452 au
in state league training sessions) across several training modes
and various levels of competition.” This study also
demonstrates that soreness and sleep can mediate the stress-
injury relationship, indicating that recovery strategies focused on
both psychological aspects (eg, stress) and physiological
recovery and restorative aspects (eg, muscle soreness and sleep)
may assist in reducing a player’s predisposition to injury,
particularly at higher weekly loads.

The present study was able to contribute further to the
literature by supporting the hypothesis that although load and
injury are associated, wellness acts to influence this relationship.
In doing so, when a player has a degree of wellness that is
impaired in contrast to their baseline or that of their peers, they
are at a higher risk of injury at moderate to heavy loads. By
acting as a moderator variable that can amplify or dampen the
U-curve relationship between load and injury, coaches can
monitor player wellness (including sleep, fatigue, stress, and
soreness) to help identify a potential increased risk of injury,
particularly at higher levels of training load (>4000 au). In
addition to using wellness as a composite measure, through the
use of a PCA, this research has identified single-item
questionnaires such as stress, soreness, and sleep, at different
time points across the week, as useful in monitoring the
response to training and competition. Therefore, there is now
evidence to suggest that monitoring these variables once a
week (most likely 3 days postmatch) is sufficient in elite junior
football and will reduce the burden on both players and
coaches; although, load still needs to be monitored daily to
quantify total load exposure throughout the week.

Recent literature outlining the preparation of athletes for major
international competition, has highlighted key links between
stress and other recovery aspects such as sleep.”” For example,
higher stress state and perceived stress were associated with
poorer sleep, regardless of sport or gender. Such monitoring
can be useful in enabling action in terms of training prescription
and athlete management, consistent with contemporary
conceptual frameworks outlining how individual and contextual
factors contribute to training prescription, training effects and
sport performance outcomes.”* In such cases of impaired
wellness, these individual and contextual factors could be
addressed through a range of preventive measures. For
example, relaxation strategies such as mindfulness training have
potential to assist with performance improvements across a
range of sports.”” Further, repeated and regular exposure to
manageable amounts of high-speed running and eccentric
loading, alongside appropriate recovery strategies,” can help to

minimize muscle damage and player reported soreness™® and
decrease injury risk. Improving sleep quantity and/or quality
through sleep hygiene strategies”**"** has the potential to
improve overall wellness and, therefore, help to reduce the risk
of injury, as identified in previous research,* and supported
here.

From a practical standpoint, recent efforts to help guide
interpreting and applying training monitoring data” have
aligned both external and internal load with perceptual wellness
and an athlete’s readiness to train or compete. In doing so, the
authors recommended making adjustments to training based on
an athlete’s response (ie, internal load, wellness, readiness) to
external load. If, for example, an athlete is exposed to a high
external load but reports low internal load and stable or
positive self-reports, the recommendation might be to increase
external load on the assumption that a higher load can be
tolerated. In contrast, high loads that are not well tolerated,
indicated by high internal loads and impaired wellness, suggest
a more conservative approach to training prescription.

Synergistic modeling in the present study was used to evaluate
the influence of key variables. As identified by Figure 2, there
was evidence of both an interaction effect (moderation) and
moderated mediation for wellness on the load-injury
relationship. These combined approaches demonstrate that
although univariate analyses can be useful, statistical
approaches that address not only the sequential relationships
between variables (ie, mediation: load = wellness = injury) but
interactive and combined links can help to explain these
constructs.”® In fact, given the confusion regarding specific
terms in applied sports science/medicine, it is advisable that the
goals of research be more clearly defined according to whether
they aim to describe variables (ie, how may athletes sustain
injury), predict who is at the risk of injury or understand why
an injury occurs.” The present research provides key
contributions to help answer the question of why injury might
occur in some players but not others when exposed to
moderate and high loads (ie, a player at increased injury risk
when self-reported wellness suggests a sustained poor response
or delayed recovery).

LIMITATIONS

Our research supports existing recommendations on the use of
self-report measures (individual and combined) to monitor
recovery in team sport athletes' as they are easy to use, cost-
effective, simple, and sensitive to alterations in training variables
and competition.”* Although practically useful and a well-
supported method to enhance athlete, coach, and support staff
communication,"** we acknowledge the need for further
rigorous validation to help address current psychometric
limitations®'*** and improve clinical utility'’ associated with
wellness measures. In addition to concerns in relation to the
psychometric qualities (eg, content validity) of self-report
measures such as the wellness scale used in this study and
alignment with relevant guidelines (eg, COSMIN),” the
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definition of wellness as a construct and how it may differ from
other similar constructs such as “well-being” is complex and
presents as an issue needing clarification.'” Therefore, continued
efforts are needed to (1) further clarify the construct of
wellness, (2) improve the identification of the psychometric
properties of single-item measures of wellness, and (3) identify
conceptually how wellness factors (eg, soreness, fatigue, and
stress) as measures of training effects may integrate with
external and internal measures of load as well as readiness for
training and competition. This research focuses on load,
wellness and injury information reported during the 2014
season; however, the results and applications are still relevant,
with the implications from this research being a key
contribution to the literature focusing on elite junior team sport
athletes.

PRACTICAL APPLICATIONS

The present research builds on the evidence of a nonlinear
relationship between load and injury” and that impaired
wellness (as a composite and single-item measures) is linked to
increased injury risk.*** Further, by influencing player wellness
coaches may reduce the risk of injury at high loads. This
research extends recommendations”® that wellness data be
reported using an easy-to-administer index on a semiregular
basis, by suggesting players report their wellness once a week
(at the midpoint of the week, usually 3 days postmatch),
alongside daily load monitoring. Further, we recommend
monitoring of specific wellness measures (stress, soreness, and
sleep) to help detect where there are any underlying issues
requiring further investigation. An example of this may be when
high loads are not well tolerated, as indicated by high internal
loads and impaired wellness. In such cases, a more conservative
approach to training prescription may be required.

CONCLUSIONS

This research identified that although load is directly associated
with injury, poor wellness can amplify this relationship (ie, act
as a moderator variable). Further, there is evidence that higher
stress is linked with injury and that soreness and sleep mediates
the stress-injury relationship. Coaching efforts to manage
training load and how players cope and respond to load may
help to reduce the risk of injury.

ORCID ID
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