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Executive Summary 
 

 

Player availability has significant implications for both individual and team performance in team 

sports. As such, the identification of risk factors for sports injury, and the estimation of injury risk, is 

important to aiding and informing decision-making around player selection. One risk factor consistently 

reported to relate to an increased injury risk is an individual’s history of previous injury. Whilst it is 

common knowledge that the risk of injury recurrence is elevated upon resumption of activity, recent 

research has shown that the risk of sustaining a new injury, known as a subsequent injury, is even 

greater. Another factor shown to relate to injury risk is an athlete’s exposure to training loads, with 

various loading conditions such as having a low chronic workload base and exposure to an acute spike 

in load identified as high-risk scenarios in the literature. Although there is an abundance of research 

examining the role of workload in injury risk amongst healthy team sport athletes, limited data exists 

investigating this premise in athletes returning from an injury. Moreover, the magnitude and duration 

of subsequent injury risks faced by returning athletes is poorly understood due to a paucity of research 

in this area. Therefore, the overall aim of this thesis was to assess the subsequent injury risk profile of 

elite team sport athletes, specifically Australian football players, and to determine how training load 

relates to the subsequent injury risk encountered. 

 

After presenting a succinct review of the current literature (Chapter 2), the first investigation 

(Chapter 3) aimed to identify high-risk workload conditions in healthy Australian football players. 

Injury data, as well as internal (sessional rating of perceived exertion [sRPE]) and external (global 

positioning system [GPS]-derived distance, sprint distance) workloads, were prospectively collected 

from 70 elite Australian football players over four Australian Football League (AFL) seasons. 

Workloads were analysed over various acute (7-14 days) and chronic timeframes (21-56 days). The 

acute and chronic loads were used to calculate acute:chronic workload ratios (ACWRs), which along 

with the chronic load variables, were discretised and analysed using Poisson regression with reference 

to injury occurrence within the next month. Twenty-seven ACWR/chronic load combinations were 

found to create “high risk conditions” (incidence rate ratio [IRR] > 1, p < 0.05) for injury within 7 days. 

Most (93%) of these conditions occurred when chronic load was ‘low’ or ‘very low’, and ACWR was 

either ‘low’ (<0.6) or ‘high’ (>1.5). Once a high injury risk condition was entered, the 

elevated risk persisted for up to 28 days. Further, no differences existed between the different ACWRs 

or chronic load timeframes with respect to their ability to detect injury risk. In summary, injury risk was 

greatest when chronic load was ‘low’ and ACWR was either ‘low’ or ‘high’, and this 

heightened risk remained for up to 4 weeks. Importantly, there was no improvement in the ability to 
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identify high injury risk situations by altering acute or chronic time periods from the traditionally used 

1:4 weeks.  

 

Given that our first study identified a number of high-risk loading conditions, the next investigation 

(Chapter 4) aimed to ascertain whether these conditions could conceptually be applied to athletes 

returning from injury with respect to subsequent injury risk. Seventy muscle injury cases that affected 

58 players were analysed with respect to the time taken to return to play (RTP) and subsequent injury 

hazard post-RTP using multi-level survival analysis. The exposure variables analysed were the 

workloads accumulated (distance, sprint distance and sRPE) and days spent in three rehabilitation 

phases; phase 1: no running loads with all training performed “off-legs”, phase 2: resumption of running 

but all loads accumulated outside of football training, and phase 3: resumption of football training up 

until RTP. Thirty subsequent injuries cases were recorded (recurrence rate = 11.8%, new site injury rate 

= 31.4%). Completion of high rehabilitation workloads delayed RTP (distance: >49,775m [reference: 

34,613–49,775m]: Hazard Ratio [HR] 0.12, 95% Confidence Intervals [CI] 0.04–0.36, sRPE: >1266AU 

[reference: 852–1266AU]: HR 0.09, 95%CI 0.03–0.32). Return to running within 4 days was associated 

with increased subsequent injury risk (3–4 days [reference: 5–6 days]: HR 25.88, 95%CI 2.06–324.4). 

Attaining moderate-high sprint distance (427–710m) was protective against subsequent injury (154–

426m: [reference: 427–710m]: HR 37.41, 95%CI 2.70–518.64). Therefore, we concluded that both the 

timeframe for returning to running following a muscle strain and the workloads completed prior to RTP 

are related to subsequent injury outcome, and could be used to inform RTP decision-making. However, 

limitations of a small sample size, the inclusion of only muscle injuries, and the exclusion of post-RTP 

workload exposure were noted, which led to the more comprehensive analysis of workload and 

subsequent injury in later studies. 

 

Given the high rate of subsequent injuries (43.2%) observed in Chapter 4, our next investigation 

(Chapter 5) aimed to explore in more detail the subsequent injury risk profile of Australian footballers 

returning from injury; specifically, we explored the magnitude, duration and nature of the risk 

encountered. Here, five years of in-season injury data collected from 79 AFL players was classified 

using the Orchard Sports Injury Classification System (OSICS) and also by the severity of the injury 

(time-loss: resulting in ≥1 matches being missed; non-time-loss: no matches missed). Time-loss 

subsequent injury incidence was prospectively recorded and categorised using the Subsequent Injury 

Classification 2.0 (SIC-2.0) model within the 12-week follow-up period following RTP for each injury. 

The weekly probability of (time-loss) subsequent injury was calculated using a mixed effect logistic 

regression, which was compared to the baseline weekly risk of Australian football participation (3.6%). 

Subsequent injury risk was highest in the week of RTP for both time-loss injuries (9.4%) and non–time-

loss injuries (6.9%). Risk decreased with each week survived after RTP; however, it did not return to 

baseline risk within the 12-week observation period. These findings demonstrate that athletes are at an 
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increased risk of subsequent injury for many weeks after RTP, which requires consideration when 

making decisions regarding player availability and selection. They also highlight the requirement for 

the implementation of additional injury prevention strategies during this period to increase the returning 

player’s chances of survival. 

 

The final investigation of this thesis (Chapter 6) aimed to determine whether the pre- or post-RTP 

workloads explained or altered the subsequent injury risk profile identified in Chapter 5. To examine 

this research question, five seasons of workload and time-loss (in-season only) injury data was collected 

from 76 AFL players, which was analysed using a Bayesian survival model approach. Weekly 

workloads (distance, sprint distance, sRPE), expressed relative to the individual’s average game load, 

in the 4 weeks prior to RTP were grouped using 3-dimensional k-means clustering, which identified 4 

workload clusters (A-D). Three Bayesian survival models were produced using subsequent injury as 

the event variable. The first analysed pre-RTP clusters as time-fixed effects. The second combined pre-

RTP and time-varying post-RTP workload data. The third examined both the pre-RTP cluster and post-

RTP acute and chronic loads as time-varying effects. Differences between index injury aetiology and 

subsequent injury risks were observed between the pre-RTP workload clusters, which resulted in 

Cluster D (representing the highest proportion of bone and joint injuries) being associated with the 

greatest subsequent injury risk (HR: 2.1-2.5). Higher acute loads related to lower risk early in the RTP 

period, but this risk increased over time. Contrastingly, higher chronic loads related to increased risk 

early in RTP, but this risk decreased over time. Accordingly, it is clear that the workloads performed 

around RTP can partially explain the subsequent injury risk encountered, however, it remains unknown 

as to whether causation can be inferred between training load and injury, and therefore, whether training 

load interventions can be prescribed to actively alter the risk athletes are exposed to. 

 

In conclusion, this series of investigations has examined subsequent injury risk in Australian 

football players returning to play from an index injury, and the role of athlete workloads in reflecting 

this risk. Our summative findings indicate that athletes returning to play are exposed to an elevated risk 

of subsequent injury for many weeks, which may partly be explained and estimated by the workloads 

performed prior to and following RTP. Outcomes from this thesis can be used to inform selection policy 

and decision making at an operational level in elite sport, such that informed decisions with acceptable 

risks around player selection and RTP can be discussed and developed. 
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1.1 Background 

The prevention of injury and maintenance of player health is a high priority in elite sport, since the 

burden of injury has been shown to negatively correlate with performance outcomes (match outcome 

and ladder position) in elite team settings.11,22 Additionally, injuries can have significant financial 

consequences to a professional sporting organisation. A 2012 study in the Australian Football League 

(AFL), reported the average annual cost of hamstring injuries alone to exceed $240,000 per club.12 The 

injury bill for clubs in the English Premier League has recently been estimated at £45 million per season 

in wage bills and loss of prize money.5 In light of this, professional clubs devote significant resources 

to the identification of injury risk factors. Such risk factors include extrinsic factors that relate to the 

athlete’s environment such as footwear,15 playing surface27 and protective equipment;14 as well as 

intrinsic factors specific to the athlete. These include age,7 gender,26 muscular strength17 and aerobic 

fitness.19  

 

A key intrinsic factor that has consistently been shown to increase the risk of injury is history of 

previous injury.9 It is well documented that following return to play (RTP) from an initial (index) injury, 

the risk of that injury recurring is elevated for several weeks.20,21 Furthermore, it is also apparent that 

the risk of injury to a different site or tissue, in response to the index injury, is also increased.6,28,29 Such 

injuries that occur subsequent to another (including recurrences) are termed subsequent injuries. 

Research in a number of sports has shown subsequent injuries to be highly prevalent, accounting for a 

significant proportion of the total injury incidence afflicting an organisation.6,28,29 Across a season at 

one Australian football club, 36.7% of all injuries sustained were subsequent injuries.6 A 2-year 

observational study in rugby sevens players reported 69% of players suffered a subsequent injury.28 

Further, the risk of subsequent injury appears to compound with each additional injury sustained as 

reported in an investigation in  European soccer players (Subsequent injury risk: 1-2 previous injuries: 

Hazard Ratio [HR] = 2.2, 3-4 previous injuries: HR = 3.0, 5+ previous injuries: HR = 5.1).10 Despite 

this, little is known about the mechanisms that underlie the increased injury risk experienced by 

returning athletes. The elevated risk of injury recurrence has often been attributed to insufficient tissue 

healing (due to insufficient provision of time prior to RTP).4 However, it seems unlikely that such an 

explanation can expound the increased rate of injury to a different, apparently healthy tissue. 

Accordingly, research is needed in this area to further explore the factors associated to subsequent injury 

in athletes. 

 

Gaining a greater understanding of the risk factors and mechanisms leading to subsequent injury is 

important for the sports science and sports medicine practitioners responsible for decision-making 

around RTP and the implementation of preventative interventions (known as tertiary prevention 

strategies). It has previously been suggested that the risks of RTP may be evaluated at three levels: (1) 

tissue health (assessing relevant medical information/symptoms), (2) tissue stressors (assessing the 
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stress that will be placed on the tissue) and (3) risk tolerance modification (factors affecting the tissue’s 

ability to tolerate the stress).24 One factor hypothesised to influence both the tissue stress and risk 

tolerance is the training workload encountered by the athlete. Conceptually, it has been proposed that 

when athletes encounter a workload that exceeds their tissue capacity, they are at an increased risk of 

sustaining an injury. Further, athletes with a lower “training base” are thought to be less prepared for 

the demands of competition, and therefore, have a lower capacity or “ceiling” for future workload 

tolerance. This has been evidenced in elite junior soccer players where participation in less training 

sessions prior to an intensive training programme increased the risk of sustaining a groin injury during 

the programme.16 Further, work in Australian football has reported that failure to complete at least 108 

km of cumulative distance in the late pre-season phase (6 weeks) significantly increased the odds of 

injury during the season (by 5.6 times),3 presumably because such players are ill-conditioned for the 

demands of a competitive season. 

 

Whilst it seems intuitive that the establishment of a training base can provide protection against 

injury, it is only recently that this premise has been examined in detail using sophisticated measures of 

athlete workloads. Advances in global positioning system (GPS) and accelerometer technology have 

given rise to external workload measures (reflecting the work done by an athlete) becoming 

commonplace in team sports. Examples include variables such as total or sprint distance covered 

derived from GPS and metabolic power derived from an accelerometer. Additionally, monitoring of 

external loads is often complemented by the collection of internal workload measures, such as heart-

rate training impulse or sessional rating of perceived exertion (sRPE); which incorporate the athlete’s 

response to the session.  The collection and summation of these measures over a 3-4 week period, 

termed “chronic loads” has commonly been used as a surrogate for an athlete’s training base. As such 

these variables have been examined with respect to injury in apparently healthy athletes to ascertain the 

influence of training on injury risk. Moderate to high chronic loads have been demonstrated to be 

associated with a reduction in injury risk in rugby league,13 soccer2 and Gaelic football18 when compared 

to low chronic loads. This has led to a suggestion that the maintenance of a chronic load “base” is an 

important injury prevention strategy.1  

 

In addition to the premise that chronic loads reflect an athlete’s training base, which confers 

resilience to future injury, exposure to high short-term workloads have also been indicated as an injury 

risk factor. “Acute loads” typically refer to cumulative loads over a period of 7 days or less. High acute 

loads have been related to an increased injury risk across a variety of team sports. In Australian football, 

large acute sRPE loads (>1750 Arbitrary Units [AU]), related to significantly increased injury risk.23 

Strong associations (r = 0.82) between acute load and injury occurrence have also been found in rugby 

league players.8 Importantly, this increased risk appears to be exacerbated when the athlete has a low 

chronic load. Several investigations have examined interactions between acute and chronic load, with 
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consistent findings showing that low chronic loads combined with high acute loads are associated with 

the greatest relative risk. In Gaelic football, high acute sprint loads of 120-150m resulted in a 3-fold 

increase in the odds of injury when combined with a low chronic sRPE load (<4750 AU) whereas the 

same acute load was associated with a reduction in risk when chronic load was high (>4750 AU).18  

Similar findings have been reported in Australian football25 and rugby league.13 Whilst the mechanism 

for these relationships is not known, it has been speculated that a low chronic load represents a lowered 

“workload tolerance ceiling”, which is subsequently breached through exposure to a high acute load. 

Further, it has been suggested that diminished chronic loads experienced by players returning from 

injury, combined with the inevitable acute spike in workload encountered upon return, potentially 

explains the high injury rates seen in these cohorts.1 However, this notion is yet to be examined in a 

cohort of injured players, with findings in healthy populations often generalised to loading guidelines 

in rehabilitating athletes. Accordingly, research is required to address this paucity in the literature. 

 

The aetiology of sports injury is complex with an athlete’s susceptibility determined by an array of 

intrinsic and extrinsic factors. Identification of risk factors in order to understand the risk profile of an 

athlete is important to inform selection policies and operational decision-making in elite sport. Two key 

intrinsic risk factors are history of prior injury and exposure to training/game workloads. Subsequent 

injury risk is known to be elevated above baseline in players returning to play, however little is currently 

known about the risk factors that contribute to this specific type of injury. The development and 

utilisation of recent load monitoring technologies has led to the identification of high-risk workload 

scenarios for team sport athletes including low chronic workload states and acute spikes in workload. 

However, to date, these findings have only been established in healthy athlete populations, with further 

research required to understand the relationships between athlete workloads and subsequent injury risk 

in returning athletes. 

 

1.2 Statement of the Problem 

The subsequent injury risk profile for team sport athletes is poorly understood. Currently, it is 

known that an athlete’s injury risk is elevated upon RTP, but by how much, and over what time period 

remains to be established; as do the risk factors and mechanisms that are associated. Further, the 

majority of workload-injury investigations have not considered the injury histories of their populations; 

often utilising samples of presumably healthy athletes for their analyses. This is largely because sample 

sizes for injured athlete populations are generally small and therefore insufficient for many traditional 

statistical analyses. As such, assessment of athlete risk and subsequent recommendations do not 

consider the risk factors specific to the returning athlete. A more detailed understanding of the 

subsequent injury profile, the risk factors for subsequent injury, and the role of training workload in 

explaining this risk is required to better inform RTP risk assessment and decision-making. 
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1.3 Organisation of Thesis 

The overall aim of this thesis is to investigate subsequent injury risk in Australian football and the 

role of athlete workload. Following this chapter (Introduction), a succinct targeted review of the 

literature (Chapter 2) summarises our current understanding of sports injury aetiology, quantification 

of athlete workloads and the relationship between workload and injury. Following this, there are four 

original investigations examining various components of the research question. First, we identify high-

risk workload scenarios in healthy Australian football players (Chapter 3). Next, we examine 

relationships between cumulative loads in various rehabilitation phases and return to play outcomes 

(Chapter 4). The third investigation quantifies the subsequent injury risk of returning players over a 

twelve-week period (Chapter 5), whilst the final investigation utilises Bayesian analysis to examine the 

influence of workloads on this risk profile (Chapter 6). Chapter 7 summarises this new body of 

knowledge, assimilating the findings from chapter 3-6, providing practical recommendations for 

practitioners and outlining avenues for future work. 

Specific Chapter Aims: 

Chapter 3: Identifying high-risk loading conditions for in-season injury in elite Australian football 

players. 

Aim: To examine different timeframes for calculating acute to chronic workload ratio (ACWR) and 

whether this variable is associated with intrinsic injury risk in elite Australian football players. 

Chapter 4: How much is enough in rehabilitation? High running workloads following lower limb 

muscle injury delay return to play but protect against subsequent injury. 

Aim: To examine the influence of rehabilitation training loads on RTP time and subsequent injury 

in elite Australian footballers. 

Chapter 5: Subsequent injury risk is elevated above baseline after return to play: A 5-year 

prospective study in elite Australian football. 

Aim: To quantify and describe the injury risk in a 12-week period after RTP from an index injury 

in Australian football players. 

Chapter 6: Understanding the relationship between pre- and post-return-to-play workloads and 

subsequent injury: A Bayesian survival model approach.  

Aim: To assess the relationship between pre- and post-RTP workloads and post-RTP survival using 

a Bayesian survival model incorporating time-varying effects on risk. 

 

1.4 Contributions of this Research 

 Understanding the risk profile of athletes to inform selection policy and RTP practices at an 

operational level allows decisions with acceptable risks to be discussed and developed. Currently, 

simple categorisation of individuals as “available/healthy” or “unavailable/injured” neglects the 

complex reality of high performance sport, where the context of the athlete, team and stage of the season 

play an important role in determining how risk is managed. The use of training workload measures has 
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the potential to bridge this gap, potentially providing greater insight into the probability of injury 

encountered by team sport athletes, aiding these all-important discussions and decisions. 
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2.1. Introduction 

Prescribing training for athletes is a complex process. It is well known that a load stimulus can 

contribute both positively (improved “fitness”) and negatively (increased “fatigue”) to an athlete’s 

physiological status. These conflicting effects were originally described by the fitness-fatigue theory,11 

whereby, it was proposed that performance was determined by the net balance of fitness and fatigue. 

As such, the training process involves careful prescription of training dose; balancing the fitness and 

fatigue effects to achieve the optimal performance at the time of competition. Consequently, 

determination of the quantity of training prescribed, otherwise known as the training load, is integral to 

the training planning process. 

 

While the intermittent and chaotic nature of many sports has previously made it difficult to 

objectively quantify training load, advances in player tracking devices, namely global positioning 

systems (GPS), and microtechnology such as accelerometers and gyroscopes, have allowed training 

load monitoring and management to become commonplace in professional sports. Furthermore, the 

increased use of load monitoring in elite sport has been paralleled by an abundance of training load 

research, which has shown training load to have significant implications for both injury risk19,22,78,87 and 

performance.3,33,54  

 

Further, the importance of athletes remaining injury free has also been highlighted in the literature. 

For instance, Hägglund et al.42 reported greater success in the UEFA Champions League and Europa 

League for football teams with a lower injury burden and greater rates of player match availability. 

Similarly, Podlog and colleagues75 report an inverse relationship between games missed through 

injury/illness and the proportion of games won in the National Basketball Association. Additionally, a 

5 year prospective study in elite track and field athletes reported that a training availability of greater 

than 80% increased an athlete’s likelihood of attaining a training goal by 7-fold77 further highlighting 

the value of training consistency and avoiding injury setbacks.   

 

Given these performance benefits of reducing injury rates and maintaining training consistency, 

elite sports teams now invest significant resources into processes for injury prevention and risk 

surveillance. Recently, much research has investigated the relationship between training load and risk 

of injury, with the collective findings identifying high-risk loading scenarios across a range of sports. 

These include high short-term (acute)78 and cumulative loads18 exceeding an athlete’s “ceiling of 

safety”. Additionally, low workloads have also been shown to relate with increased injury risk.87 

Accordingly, some studies have identified a “U-shaped” relationship between workload and injury risk, 

suggesting that an optimal (not too low/high) training load may exist for injury avoidance.22  

Whilst there is abundant research advocating the quantification of training load for injury risk 

surveillance, there has, to date, been only limited analysis documenting its utility following an injury in 
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the rehabilitation and return-to-play (RTP) phase. It is well known that the risk of an injury recurrence 

is elevated following RTP,68 however, the risk of sustaining a new injury to a different tissue or site 

may be even greater.29,86 Collectively, the risk of a recurrence or new injury is known as subsequent 

injury risk.  

 

It is likely that training load can play a key role in subsequent injury prevention, as has been 

demonstrated in initial injury prevention research by Drew et al.26 However, a paucity of research 

specifically examining athletes returning from an initial injury has precluded the derivation of evidence-

based training load recommendations for this population. As a result, conclusions drawn from 

investigations of healthy athletes are often referenced, potentially erroneously, which ultimately guide 

rehabilitation practices in elite sport.7  Therefore, the following review aims to: 1) examine the existing 

research on training load and its relationship with both initial (index) and subsequent injury; 2) outline 

potential applications and recommendations for training load management in injury rehabilitation and 

RTP decision-making to mitigate subsequent injury risk and enhance athlete return outcomes; and 3) 

highlight gaps in the current literature pertaining to injured athlete populations and recommend 

directions for future work. 

 

2.2. Injury 

2.2.1. The Aetiology of Injury  

Understanding the aetiology of sports injury is critical to its prevention. It is widely acknowledged 

that injury is not the result of a single cause but rather the interaction of a constellation of risk factors.62 

To account for the complex nature of injury causation, Meeuwisse62 produced a theoretical model to 

guide the epidemiological study of injury. This model, as shown in Figure 2.1, describes a combination 

of intrinsic and extrinsic risk factors that create a state of injury susceptibility. Intrinsic factors refer to 

those related to the athlete, while extrinsic factors are those related to the environment. Known intrinsic 

injury risk factors include age,32 gender,89 previous injury history,41 strength60 and aerobic fitness,61 

whereas known extrinsic risk factors include variables such as footwear,52 weather conditions,69 playing 

surface characteristics,90 use of protective equipment51 and presence of body contact.94 Despite the 

combination of intrinsic and extrinsic factors forming a “nearly sufficient constellation”,79 a final 

“inciting event” is required to result in an injury, whereby, energy is transferred to the tissue in a manner 

that cannot be tolerated, ultimately causing it to fail.5 
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Figure 2.1: Meeuwisse62 model outlining the complex interaction of factors causing injury. 

 

Whilst both the predisposing factors and the inciting event are necessary to produce an injury, the 

inciting event is often unavoidable in the chaotic environment of elite sport. Therefore, it is essential 

that sports science and sports medicine practitioners familiarise themselves with the predisposing risk 

factors for injury that are relevant to the sports they work with, thereby allowing them to create an injury 

risk profile for individual athletes, which can be used in an attempt to mitigate the incidence of injury 

within their teams. The creation of such a profile is a crucial step in allowing the identification and 

subsequent provision of meaningful injury prevention strategies.  

 

Injury prevention strategies can be stratified into universal, selective and indicated prevention 

methods, as outlined in a model by Jacobsson and Timpka.48 Universal prevention strategies mitigate 

the risk of sport participation at a population level and are therefore applied to all athletes regardless of 

individual risk profile. Examples include a sufficient diet and the use of protective sporting equipment. 

Selective prevention involves the identification of sub-groups of asymptomatic individuals through risk 

profiling (e.g. female athletes and anterior cruciate ligament injury: ACL) and applying a targeted 

intervention to these groups (e.g. a targeted neuromuscular training program for female athletes or those 

with previous ACL history). Individuals with a multitude of universal and selective risk factors, who 

therefore present with a particularly adverse risk profile, may then be candidates for further indicated 

prevention strategies such as additional recovery, and/or modification of/removal from high-risk 

activities. This model allows for the appropriate allocation of training time and priorities for individuals 

in an environment often characterised by competing interests, limited time, and multiple objectives to 

be achieved. 

 

Nevertheless, it should be noted that many risk factors are not modifiable through prevention 

strategies. For instance, intrinsic factors such as age and previous injury history, and extrinsic factors 

such as weather and playing surface, are uncontrollable for the individual; however, they still play an 

important role in dictating an athlete’s risk profile and the resultant injury prevention efforts that prevail. 
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Furthermore, the presence of many non-modifiable risk factors may indicate the need for a more 

aggressive approach to curbing the other present modifiable risk factors that increase the overall injury 

risk faced by such athletes. 

 

2.2.2. Subsequent Injury 

One such non-modifiable risk factor that is known to increase an athlete’s risk of injury is previous 

injury history.31,93 The risk of an injury recurring following an index injury incident has been shown to 

be elevated for the remainder of a sporting season after the resumption of sport in Australian football 

players.68 Further, recent research has outlined that, in addition to the recurrence risk, the probability of 

sustaining an injury to a new site is also elevated.29,92 Collectively, these risks are known as the 

subsequent injury risk. Epidemiological analyses in Australian football have reported that recurrences 

make up 1.7% of short-term (12-week surveillance period),88 and 18% of long-term (1-year surveillance 

period) subsequent injury incidence.29 Similar findings have been reported in rugby sevens, with 

recurrences accounting for 2% of all subsequent injury incidence over a 2-year period.92 With such a 

low proportion of subsequent injuries being recurrences, these findings suggest that an unfamiliar 

subsequent injury potentially poses a far greater danger to the returning athlete.  

 

Recent research has attempted to explore the types of subsequent injury associated with various 

index injuries. For instance, a recent systematic review detailed a range of subsequent injuries 

associated with lower limb index injury.93 The results of this work showed that an ACL injury doubled 

the risk of subsequent hamstring injury, whilst lower body muscle injuries increased the risk of a 

subsequent muscle injury at a different site in the lower limb. Furthermore, a history of concussion has 

been linked with a 64% increase in lower extremity injury risk in the year following the concussive 

event in collegiate athletes.57 Such findings demonstrate the wide variety of injury risks that are 

associated with returning from an index injury. Given that subsequent injuries can affect very different 

tissues from the original injury, inadequate management of subsequent injury risk may potentially lead 

to a second injury that could be more severe.  

 

The overall risk of subsequent injury events appears to be high among elite athletes, with 84% of 

players in the previously mentioned rugby sevens study succumbing to such an injury within the 2-year 

surveillance period.92 Furthermore, a prospective study following Australian football players after RTP 

found that only 55.3% survived the rest of the season without suffering another injury.88 In fact, players 

that sustained an injury remained at a significantly elevated injury risk compared to baseline for at least 

12-weeks following RTP. These findings indicate that players who have already sustained an injury 

represent a particularly high-risk population for future injury. Additionally, a study in European soccer 

reported additive increases in subsequent injury risk for every previous injury sustained (1-2 previous 

injuries: Hazard Ratio [HR] = 2.2, 3-4 previous injuries: HR = 3.0, 5+ previous injuries: HR = 5.1).41 
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This suggests that multiple subsequent injury cycles cause a compounding effect on injury risk, 

potentially leading to a spiral of repeated injury events. In addition to the compounded risk of injury, 

injury severity has also been shown to be higher for subsequent injuries, with a number of studies 

reporting greater time-loss from training when compared to index injuries.9,27,28 Collectively, this prior 

work suggests that on the basis of the heightened risk and increased severity, subsequent injuries 

represent a potential drain on performance, staffing and financial resources for sporting teams. 

 

Despite the apparent threat posed by subsequent injury to team sport athletes, there has been 

inadequate research into the mechanisms, risk factors, and relevant prevention strategies for such 

injuries. The limited research in this area has predominantly focused on single injury pathologies and 

the risk of recurrence, despite such events only making up a small proportion of all subsequent injuries. 

For example, one study examining the value of eccentric strength training following hamstring injury 

in soccer found three players needed treatment for a recurrent hamstring strain as compared to 13 

players for an index hamstring injury.73 This outcome led the authors to hypothesise that a lack of 

strength caused by an index injury was a risk factor for recurrent hamstring injury. Later research 

confirmed that such strength deficits may persist for up to 3-years following the index injury,15 

suggesting that injury potentially causes chronic changes resulting in the elevated risk of recurrence. 

Whilst this is useful information for practitioners, it provides no insight into the risk of subsequent 

injury generally, outside of recurrent hamstring strains. As such, many current prevention strategies for 

subsequent injury are derived from findings in athletic populations with unknown injury histories, 

which are therefore limited in their accuracy and application. Accordingly, further investigations 

specific to subsequent injury pathology that document injury timelines for the individual are required 

to provide practitioners with informative guidelines for best practice injury management. 

 

2.3. Statistical Models in Injury Surveillance 

A key aim in the majority of injury research is quantifying the relative contribution of risk factors 

to injury.43 However, prior to such tasks being undertaken, a decision must be made upon the statistical 

measure used to assess injury. Injury incidence refers to the number of new injuries that occur at a given 

time and is the most common statistic used in the literature, as it allows risk to be determined. Injury 

risk is the probability of an individual sustaining an injury and is calculated by dividing the injury 

incidence by the total number of observed cases (injured + non-injured). For example, a recent study in 

elite Australian football reported the baseline weekly risk of time-loss injury to be 3.6%.88 Practically, 

this means that for any given week of participation, 3-4 players out of 100 will be injured. Statistical 

processes commonly used in injury epidemiology allow for the comparison of risks between different 

conditions to identify risk factors. For example, workload-injury studies19,87 often compare high- and 

low-workload conditions, producing an outcome variable known as relative risk (RR). A RR value 

greater than 1.0 indicates that the athlete is at a greater risk of injury than the reference category it is 
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compared to. For example, if condition A has a RR of 2.0 compared to condition B, then an athlete in 

condition A can be said to have twice the risk of injury compared to those in condition B. The RR is 

appealing to researchers as it allows for conditions to be ranked in order of highest to lowest risk, which 

is useful for identifying a risk factor hierarchy. However, in the absence of absolute risk, the use of RR 

(only) can cause the actual risk to be masked and often overestimated, particularly when the absolute 

risk is low - as is usually the case in injury studies.67 For example, in the previously mentioned AFL 

study,88 the RR of subsequent injury in the first week following return-to-play was 2.64 compared to 

baseline risk. While a 164% increase in risk is substantial and may alarm a practitioner, the absolute 

risk for this condition is still less than 10%, as the absolute baseline risk is so low (3.6%).  

 

Another statistic commonly used to represent injury risk is the odds ratio, which is produced by 

logistic regression analysis. Like RR, this variable represents the comparison of two or more conditions; 

however, the odds of the injury as opposed to the risks are assessed. Odds refer to the probability of an 

event occurring divided by the probability of the event not occurring.43 For example, if the risk of an 

event occurring is 20% (0.2), the odds would be calculated by (0.2 / (1-0.2) = 0.25. This metric is often 

difficult for practitioners to interpret given they are more frequently exposed to traditional probabilities 

rather than odds. As such, ORs are often mistakenly presented in the literature as RRs. This is because 

odds and risks are approximately equal when the event examined is rare (<10% of the sample is a 

commonly used threshold).50 While injury events are usually rare in most studies, the probability of 

such an event is highly related to the exposure and surveillance time of the study design (e.g. the 

probability of getting injured in a 1-year period is greater than getting injured in a 1-week period). 

Therefore, the substitution of risk measures for odds measures is not advocated. 

 

An important requirement for the use of incidence-based statistics is that the exposure time for each 

athlete in the observation period is roughly equal.4 For example, if one group participates in sport once 

a week while another participates three times a week, their incidence cannot not be fairly compared. 

Further, if a player is observed for a week, their incidence cannot be compared to those observed for a 

year. As such, a surveillance window may need to be split into multiple “micro-windows” to account 

for athletes who are observed over varying timeframes (e.g. athletes who sustain an early injury or get 

dropped). Such a method requires incidence/risk metrics calculated for each period, potentially diluting 

the sample size. Alternatively, the hazard rate can be used to remove the issue of varying observation 

periods. The hazard rate, produced by survival analysis, refers to the instantaneous rate of injury at any 

given point (number of injuries an athlete would sustain on average over a given period).43 For example, 

a hazard rate of 0.2/week suggests a weekly injury risk of 20%, or one injury for every 5 weeks of 

exposure. The HR is the comparison of the hazard rate of two or more conditions and can be interpreted 

in a similar manner to relative risk. 
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To produce any of the above statistics, an appropriate statistical model must be employed. A basic 

overview of relevant models is outlined below, however, it should be noted there are numerous 

variations and features of such models, which are beyond the scope of this review. Logistic regression, 

commonly used in the sports injury literature, is the simplest method used to assess the association 

between a risk factor (or group of risk factors) and a binary outcome (injured or not injured) 25. Such a 

method has the ability to include multiple risk factors and account for confounding effects between 

factors.91 This is critical given the complex, multifactorial nature of injury aetiology (as described in 

section 2.1) with injury risk likely to be influenced by the interaction of various covariates. The 

importance of using models capable of handling multiple risk factors and potential interactions between 

risk factors was highlighted by Colby et al.19 This study compared univariate and multivariate models 

of injury prediction, finding significantly greater predictive accuracy when multivariate models were 

used (multivariate: Area Under Curve [AUC] = 0.70, 95% CI 0.64–0.75; univariate: 

AUC range = 0.51–0.60). While logistic regression has the ability to handle multivariate analysis, and 

are regularly utilised in the injury literature,18,78 a number of limitations do exist that may hamper its 

applicability for sports injury problems, such as the inability to handle repeated measures.  

 

Prospective injury studies follow a group of individuals (usually a team) for a surveillance period 

and monitor both risk factors and injury events, generating multiple results for each individual. 

Therefore, an analysis method must be able to account for repeated measures provided by a single 

individual. Linear mixed models are one such approach that are able to handle longitudinal data in this 

format, as they accommodate both random and fixed effects.98 Such models essentially take a baseline 

assessment of a risk factor and examine the outcome within the observation or follow up period. The 

issue with an approach such as this is that many risk factors, such as workload, strength, and fitness, 

are non-static and change over time. In discussing the analysis of longitudinal data, Collins20 highlighted 

the importance of aligning the timing of data collection and statistical approach with the theoretical 

understanding of a risk factor. Thus, if a measure varies frequently, it should be measured frequently 

and analysed as such, and in cases where highly dynamic risk factors are examined, short observation 

periods are required when using mixed models.20 

 

Another potential solution to incorporating regularly changing risk factors into an analysis is the 

time-to-event or survival analysis. This novel branch of statistics examines the time from the start of an 

observation period to an injury event occurring, comparing between conditions like a regression 

analysis. Such an analysis has the benefit of accounting for differing exposure times between players, 

and to account for censoring (players being involved in the study for varying time periods before injury 

or loss to follow-up occurring).4  Figure 2, taken from Bahr and Holme,4 shows an example of a dataset 

that includes censoring. It includes three types of cases: a) athletes who were not injured through the 

observation period (e.g. players 1 and 2); b) athletes who were injured during the observation period 
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(e.g. players 3 and 6); and c) layers who were not injured but were lost to follow-up for some reason, 

such as the season ending or inadequate data availability (e.g. players 8 and 11). Survival analysis allows 

for the examination of all such scenarios by controlling for censoring and is not biased by cases with 

long interrupted observation periods. Further, this analysis is well equipped to handle longitudinal data 

with time-varying risk factors such as workload, fitness and fatigue measures.65 Like linear mixed 

models, these models can handle multiple cases for an individual by using shared frailty variations 58. 

To date, the use of survival models in the sports injury literature has been limited to a handful of 

studies;39,59,86 however, their utility has been strongly advocated by some researchers as the most 

suitable method for reflecting the complex aetiology of injury.65 

 

 

Figure 2.2: Example of common longitudinal data structure as presented by Bahr & Holme.4 

 

Currently, sports injury researchers have a variety of statistical tools available to them to assess 

injury risks of various scenarios. Simpler methods, such as logistic regression, have the benefit of being 

easy to run and interpret but may not capture the complexity of injury aetiology, leading to 

oversimplified and potentially erroneous conclusions. Therefore, it is recommended that more complex 

methods such as mixed models and shared frailty survival techniques are utilised to handle analyses 

that examine multiple covariate or time-varying factors such as training load metrics. 
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2.4. Training 

2.4.1. Methods of Training Load and Exposure Quantification 

A variety of methods have been used to quantify and analyse training load. Workload metrics can 

be classified as either internal or external and analysed as absolute or relative. External workloads 

measure the work performed by an athlete regardless of their physiological response (i.e. distance 

covered, power output, etc.). Conversely, internal workloads assess the athlete’s response to a given 

load, and is quantified from metrics such as heart rate, blood lactate, or perceptual responses. Currently, 

the most common external load measures identified in team sport literature are distance covered and 

high speed running distance (sprint distance) which is the distance covered above a set speed threshold 

(either absolute or relative to a player’s maximum speed).18,87,101 Further, one of the most popular 

internal load metrics used in team sports is sessional rating of perceived exertion (sRPE), which is 

calculated by multiplying rating of perceived exertion (RPE) by the session duration.30 

 

2.4.2. External Load Metrics – Distance and High-Speed Running Distance 

In Australian football, the use of GPS is commonplace, allowing for player movement tracking 

through time-motion analysis. The GPS technology works from an array of 27 Earth-orbiting satellites, 

which are used to triangulate the position of portable receivers worn by players. The information 

gleaned from such devices can provide real-time assessment of distance covered, velocity, time/distance 

in various velocity zones, and accelerations.53,102 Since its development for sport, the use of GPS has 

become popular due to the enhanced convenience, accuracy and portability offered over previous 

methods (e.g. video-based time-motion analysis). 

 

A significant amount of research has been dedicated to assessing the validity and reliability of GPS 

technology for tracking human movement. Both validity and reliability of distance and velocity metrics 

obtained from GPS are dependent upon a variety of factors, including the output variables used, 

sampling frequency (1 to 15 Hz) of the unit, speed of player movement, duration of activity, and whether 

the movements include changes of direction.23  

 

The earliest player tracking units used for research and practice had sampling frequencies of only 

1Hz, which were found to be valid for tracking distance at a range of locomotion speeds on a linear path 

(% bias: walking: 2.8%, jogging: 0.8%, running: 1.5%, sprinting: 2.5%).40 However, greater errors were 

observed for non-linear paths (% bias: walking: -0.5%, jogging: -5.8%, running: -7.7%, sprinting: 

9.8%). A more recent review82 of the validity and reliability of these units corroborated these prior 

findings, reporting error measurements of 0.6-2.9% for total distance on linear paths, and 0.7-4.1% for 

simulated team-sport circuits greater than 138m (incorporating multi-speed and non-linear movements); 
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such output was compared to known distances measured by tape measure or trundle wheel.82 The same 

review also suggested 1Hz units to have acceptable intra-unit and inter-unit reliability for the 

measurement of distance in linear running (Intra-unit: coefficient of variation [CV] = 0.4-4.54%, Inter-

unit 1.46-3.38%) and simulated team-sport circuits (Intra-unit: CV = 1.98-7.71%, Inter-unit 1.63-

6.04%). However, whilst the validity and reliability of 1Hz GPS has been demonstrated for courses 

greater than 100m, the same has not been found over short distances at high speeds or during work 

efforts including changes of direction. A study by Jennings et al.49 found poor validity and reliability of 

1Hz units in a 40m sprint (validity: Standard Error Estimate [SEE] = 9.6-32.4%, intra-unit reliability = 

7.0-77.2%), as well as during a 40m change of direction drill (validity: SEE = 9.0-12.7%, reliability = 

8.6-17.5%), suggesting that these units may not be suitable for accurate load monitoring in team sports 

characterised by high speed efforts and frequent changes of direction, such as Australian football. 

 

Over time, however, the technology and fidelity of these units has improved, and the original 1 Hz 

units are now seldom used in sports due to increases in sampling frequencies (up to 15 Hz). These  

sampling frequency improvements have been shown to associate with increases in validity and 

reliability during high speed activities, potentially overcoming the limitations of 1Hz units for 

application in team sports.82 A study by Petersen and colleagues72 examined the reliability of 5Hz units 

in sprinting (20-40 m intervals) efforts completed by cricketers, finding moderate validity (SEE = 5.5-

10.5%) and reliability (CV: 0.3-9.3%) for distance compared to criterion distance obtained from timing 

gate and video recording data. A later study by Waldron et al.97 reported high reliability for both distance 

(CV = 1.9-2.3%) and peak speed (CV = 0.78%) over 10-30 m sprint efforts measured with 5Hz GPS. 

However, these authors also questioned the validity of the units as they systematically underestimated 

both distance and speed compared to tape measure and timing gate criterion measures (CV = 4.81-

9.81%). Further, Jennings and colleagues,49 reported the reliability of 5Hz units to decline as sprint 

distances shortened (40 m: CV = 9.2%, 20 m: CV = 23.0%, 10 m: CV = 39.5%), suggesting that 5Hz 

units are still insufficient to accurately capture the demands of team sports. 

 

More recent research has examined the validity and reliability of 10 and 15Hz units. Castellano et 

al.14 reported standard errors of 3.8-9.6% for distance measures during a 15 m sprint and 1.7-6.7% 

during a 30 m sprint when using 10Hz units. They also reported good reliability over both distances 

(CV < 4%). Further, high sampling frequency units (10Hz) have also been shown to accurately measure 

instantaneous velocity (2.0-5.3%) during sprinting, which has important applications for calculating 

high speed running loads used in load monitoring protocols; a clear limitation of 1-5 Hz units. However, 

the authors did note that validity of velocity measures declined during decelerations. Furthering this 

work, Vickery and colleagues96 compared 15Hz GPS to a 22-camera VICON movement system 

sampling at 100Hz in a number of court- and field-based tasks designed to replicate the intermittent and 

random movement patterns observed in many sports. These tasks included multiple sprints and various 
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changes of direction. They found no significant differences between the GPS and VICON in most of 

the sporting actions investigated, with the exception of 90-degree changes of direction and fast bowling 

(cricket), where GPS underestimated distance and peak speed measures. Although such limitations in 

the quantification of specific movement tasks still exist, even with higher sampling-frequencies (>5 

Hz), both validity and reliability have been shown to be high in team-sport simulation circuits that 

include these actions (Portas et al.76: Reliability: CV=3.42, Validity: SEE=2.2-4.4%; Jennings et al.49 

Reliability: CV=3.6%, Validity: SEE: 3.8%). These findings suggest that GPS may provide a valid tool 

in assessing the work performed by athletes undertaking intermittent movements, such as those 

commonly seen during team sport activity.  

 

Recent times have seen GPS technology become more affordable and accessible, which has led to 

prevalent use in the field of training load monitoring. Total distance covered is one of the most 

commonly used and the simplest load metrics derived from GPS, since this variable has been shown to 

correlate highly with measures of internal load, such as Edward’s Training Impulse (TRIMP - calculated 

from time spent in various heart rate zones) and sRPE (r = 0.7-0.74) 13. For this reason, distance covered 

is commonly used to reflect a generalised measure of global volume completed by running-based 

athletes. However, it is also known that the mechanical load on the lower limb musculature differs 

depending on locomotion speed,17 which would suggest that in team sports, where changes in running 

speed are prevalent, total distance is an over-simplified representation of the load experienced by an 

athlete. As such, it is commonplace for practitioners and researchers to examine the distance covered 

above certain speed thresholds as a measure of high-intensity running load to complement total distance 

measures. Early literature exploring high-speed distance was derived from arbitrary speed thresholds 

(e.g. distance covered above 24 km/h). Like total distance, many of these measures also correlate highly 

with internal load metrics. Scott and colleagues81 compared internal load measures (sRPE and heart 

rate) with distances covered in 3 speed zones; low-speed running (LSR: <14.4 km/h), high-speed 

running (HSR: >14.4 km/h) and very high-speed running (VHSR: >19.8 km/h). Here, moderate to 

strong correlations were reported with internal loads, but the strength of association decreased with 

higher speed thresholds (sRPE: LSR r = 0.8, HSR r = 0.65, VHSR r = 0.43; Heart rate: LSRr = 0.73-

0.78, HSR r = 0.58-0.62, VHSR r = 0.40-0.41). Such outcomes suggest that high-speed distance 

measures may represent a different physiological stimulus and given that the forces in some lower limb 

muscle groups are greater with increased running speed, these metrics may provide a greater reflection 

of the stress placed on these muscle groups. 

 

More recently, there has been a call for the use of speed thresholds that are individualised to the 

athlete due to the wide variation in the maximum speeds that exist across a team.103 In an attempt to do 

this, Lovell and Abt 56 employed individualised speed thresholds based on an incremental treadmill test 

and compared these to the (more common) traditional arbitrary method (LSR: <14.99 km/h, HSR: 15-
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17.99 km/h, VHSR: 18-24.99 km/h, SPRINT: >25 km/h). These authors reported that the arbitrary 

threshold method overestimated an individual’s high-intensity distance by up to 33% compared to 

individualised zones. A similar study in Australian football players63 reported that using absolute 

(arbitrary) thresholds overestimated high-speed (18-24 km/h) running load (P = .01; d = −0.73) 

compared to relative thresholds (55-74.99% max speed) in players with high maximum speeds (>31.69 

km/h). Additionally, the use of absolute thresholds underestimated high-speed and very high-speed 

loads in slower players (absolute: >24 km/h, relative: >75% max speed; P = 0.06; effect size = 0.55), 

supporting the need for individual thresholds when using GPS to accurately quantify individual athlete 

workloads. These authors also investigated relationships between workloads derived from both the 

absolute and relative thresholds and injury risk, observing contradictory results for players with low 

maximum speeds (<31.69 km/h). Such contradictory outcomes showed that greater absolute high-speed 

loads were associated with increased injury risk (RR=2.28), whilst greater relative workloads were 

associated with decreased injury risk (RR=0.33). These outcomes further question the validity of high-

speed distance metrics derived from arbitrary thresholds. 

 

Clearly, GPS has the potential to provide useful objective measures of external load provided the 

hardware used is of sufficient sampling frequency and the appropriate output variables are considered 

in the analysis. Total distance may provide a useful general indication of the work volume completed, 

however, it does not provide insight into loads performed at higher intensities. As such, distance covered 

above speed thresholds (derived from percentages of the individual’s maximum speed) should also be 

considered to reflect/quantify high workload levels.  

 

2.4.3. Internal Load Metrics – Heart Rate and sRPE 

Unlike external load data, such as that provided by GPS, internal load considers the athlete’s 

response to the work performed. Such measures can provide useful additional information to 

practitioners, which can be used to determine how the athlete is coping with training. Heart rate 

monitoring is one such method that is highly valid and often considered to be a gold standard option 

outside of a laboratory setting. It is widely known that heart rate relates linearly to oxygen consumption 

(VO2); the gold-standard measure of exercise intensity2 in events lasting longer than one minute. An 

exponential relationship has also been found to exist between fractional increase in heart rate and blood 

lactate concentrations.8 It is because of these relationships that heart rate monitoring is particularly 

effective for use in endurance sports. Due to the intermittent nature of team sports, these relationships 

may potentially be altered which may cause some heart rate based methods to underestimate training 

load in these activities.1 As such, methods such TRIMP may be more applicable to such settings.47,85 

 

The concept of TRIMP was first introduced by Banister et al.6 and essentially involves the 

multiplication of session duration by an intensity factor derived from heart rate. Banister’s TRIMP used 
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the mean heart rate for a training session multiplied by the session duration and a weighting factor 

representative of the increase in blood lactate corresponding to heart rate. Stagno et al.85 found TRIMP 

to accurately profile the response of field hockey athletes to training, by demonstrating moderate 

correlations with changes in aerobic fitness over a training block (r = 0.65-0.67) thereby indicating its 

validity as an internal load measure. A more recent study in soccer players demonstrated a dose-

response relationship between an individualised TRIMP (calculated based off the individual’s blood 

lactate curve) and changes in multiple fitness measures including VO2max (r = 0.77), velocity at 

ventilatory threshold (r = 0.78), velocity at onset of blood lactate accumulation [OBLA] (r = 0.64) and 

Yo-Yo Intermittent Recovery 1 [IR1] performance (r = 0.69).47 

 

Whilst biological measures such as heart rate are generally considered gold standard, the sRPE 

method is a widely used alternative in team sports due to its non-invasive nature and ease of application 

for load monitoring across a wide range of activities. The sRPE method involves players providing RPE 

in response to a training session, which is selected from a 10-point category-ratio scale. The 10-point 

scale was developed by Foster and colleagues30 as an adaptation of the original Borg-RPE scale 

commonly used in research settings. Qualitative descriptors to this scale are designated as shown in 

Table 1. This scale has been validated against blood lactate and heart rate measures, and has been shown 

to be a valid reflection of training session intensity.66 

 

Table 2.1: CR-10 RPE Scale as presented by Foster et al.30 

RPE Rating Descriptor 
0 Rest 
1 Very, Very Easy 
2 Easy 
3 Moderate 
4 Somewhat Hard 
5 Hard 
6 - 
7 Very Hard 
8 - 
9 - 
10 Maximal 

 

Like the heart rate-based TRIMPs, RPE (measure of exercise intensity), is combined with session 

duration (a measure of volume) to produce a training load. This metric is known as sRPE, which 

produces a measurement output in arbitrary units (AU). The sRPE metric has been shown to be a reliable 

and valid measure of internal load in team sports, showing high corroboration with objective measures 

of physiological response such as heart rate. Impellizzeri and colleagues47 correlated sRPE for skills 

training in soccer against three different heart rate-based TRIMPs, finding moderate to strong 

correlations (r = 0.50-0.85) to suggest sRPE is valid as an internal load measure. A similar study in 
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rugby league players21 assessed various internal load measures throughout a 7-week training program, 

finding moderate to strong correlations between sRPE and heart rate TRIMP measures (r = 0.41-0.96). 

While sRPE has generally been found to be valid and reliable for training load measurement of matches 

and training sessions, one study 83 found poor reliability (CV = 31.9%) for brief intermittent running 

bouts (8 min in duration). Given the ordinal nature of the RPE scale, it is likely that the reliability of 

output may be low in shorter duration bouts of exercise, potentially limiting the utility of sRPE for 

evaluating workloads in brief activities such as individual drills. The literature also highlights one of 

the distinct advantages of sRPE; it can be used across a range of training modalities, including resistance 

training and cross-training. While the sRPE method has some limitations, such as reliance on athlete 

subjective perceptions, it currently remains the only measure of global training load that can effectively 

capture different types of training.  

 

Internal load measures, such as sRPE, form an integral part of a comprehensive load monitoring 

program providing the ability to obtain a workload measure that encapsulates the athlete’s response to 

training. The sRPE offers an affordable and easily implementable approach to obtaining this data that 

can be applied across a range of activities. 

 

2.4.4. Cumulative and Relative Workloads 

Once the practitioner has selected their preferred measures of internal and external training load, 

they must consider how these loads are analysed. A training stimulus can have both a positive effect 

(improved “fitness”) and negative effect (increased “fatigue”) upon an athlete as described by the 

fitness-fatigue theory 11. Furthermore, these effects accumulate over time, with the net balance of the 

accumulated fitness and fatigue effects theoretically dictating the end result on an athlete’s physical 

performance. Given this additive effect, training loads are often considered over set timeframes when 

analysed with respect to performance and injury. A variety of timeframes have been used in the 

literature, leading some researchers to delineate “acute” and “chronic” workload periods.  

 

Acute loads are loads accrued over short timeframes such as a session or week. Such loads have 

been hypothesised to be a proxy for the fatigue effect in the fitness-fatigue theory.44 Acute load 

durations as short as 1-day10 and as long as 14-days45 have been reported in the literature. Loads 

accumulated over a more significant time period, such as a 3- or 4-week training block, commonly 

termed chronic loads, have been hypothesised to be a proxy for the fitness effect in the fitness-fatigue 

theory.44 Like acute loads, a variety of timeframes have been used in the literature spanning from 3-

weeks18 to an entire professional career.70 Recently, a myriad of research has been dedicated to finding 

the optimal acute and chronic load windows for applications of training load analysis such as injury 

prediction and surveillance. Carey et al.12 reported a 3-day time window for acute load and a 21-day 

window for chronic load to best explain injury risk compared to various other time windows (acute: 2-
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9 days, chronic: 21-56 days). However, a subsequent study found that altering the acute or the chronic 

load windows did not improve the ability to detect high injury risk loading scenarios.87 Whilst there is 

no consensus in the research about the best timeframes to use, a 7-day and a 28-day timeframe are 

commonly utilised to depict the acute and chronic load periods, respectively, likely due to their 

practicality; training is often prescribed on a week-to-week basis, and traditional training periodisation 

often arranges training in 4-week blocks. 

 

As training load is a time-varying metric, a number of relative workload variables have been derived 

to reflect the rate of loading and/or changes in loading. There are two ways in which a change in training 

can be quantified; firstly, as a percentage change from one time period to the next (such as week-to-

week); or secondly, as a ratio of (recent) acute loads and (past) chronic loads (such as the acute:chronic 

workload ratio). Commonly, the week-to-week change is the variable used to assess the magnitude of 

instantaneous load fluctuations, and is calculated from the difference between the workload completed 

in the last 7 days compared to the workload performed in the preceding 7 days. Such a variable provides 

insight into the rate at which the loading pattern has changed over a short period of time. Large week-

to-week change values (i.e. Figure 2.3) have commonly been thought to be a major causative factor for 

injury due to the large disruption to an athlete’s homeostasis caused by a significant change to the load 

place upon them. Indeed, previous research in elite Australian football has reported that a week-to-week 

change of greater than 10% in sRPE can account for 42% of illness and 40% of injuries in one club 

across a pre-season period.74  

 

Figure 2.3: Load graph demonstrating large week-to-week changes in distance load in week 5 and 

week 8. 
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Whilst period-to-period change measures provide a short-term insight into the change in workload, 

practitioners have recently favoured the use of acute:chronic workload ratios (ACWRs), since the 

comparison of acute and chronic workloads can provide a broader indication of an athlete’s varying 

loading patterns. This method, popularised in cycling by TrainingPeaks® (Boulder, CO, USA), as the 

“training stress score” is derived from the ratio of acute training load and chronic training load, as 

demonstrated by the equation below, and as illustrated in Figure 4: 

 

���� =
���
���

 

 

Where: 

ATL = Acute Training Load (Training load accumulated over acute workload period; typically 

previous 7 days) 

CTL = Chronic Training Load (Training load accumulated over the chronic workload period; 

typically 28 days) 

 

Figure 2.4: Load graph demonstrating spike in acute:chronic workload ratio in week 5 and week 

8. 

 

The premise of this metric is to indicate an athlete’s preparedness to tolerate a prescribed acute 

load.45 The chronic load denominator provides a proxy for what the athlete is prepared for through their 

training history. An acute load that vastly exceeds the chronic load (thus producing a high ACWR value) 
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is hypothesised to stress an athlete beyond their level of preparation, thereby raising the risk of fatigue, 

poor performance, and ultimately, injury.45 In recent years, significant research has aimed to test this 

hypothesis, with a number of studies reporting significant associations between ACWR and injury 

risk.7,44,45,87 Further, the metric was endorsed by the International Olympic Committee as a guide to 

training prescription to reduce risk of injury.84  

 

Whilst ACWR metrics are widely used in professional sport and have prominently featured in 

training load research, there has been recent wide criticism in the literature regarding its validity. One 

primary limitation of the ACWR is the mathematical coupling between the numerator and denominator 

of the components that contribute to the ratio.55 What this means is that the most recent week’s load 

forms part of both the acute and chronic workload, and therefore, these variables are said to be 

“coupled”, which can underestimate true changes in load, decreasing between-athlete variability and 

potentially leading to inappropriate inferences. As such, “uncoupled” ACWRs, in which the acute load 

is removed from the chronic load calculation (i.e. acute load: load over the last 7 days, chronic load: 

load over the 28 days preceding the commencement of the acute load window) have been suggested as 

an alternative approach to using this type of training analysis method.55 Another criticism of the ACWR 

method has been that each week of loading is weighted equally, ignoring the decay effect of training 

over time, which is implicit in the fitness-fatigue model. This has been suggested to be an 

oversimplification of the training adaptation process, as it is biologically conceivable that training 

completed more recently would have a more pronounced influence on an athlete’s physiological status 

than training completed more historically. This has led to the use of weighting methods, such as 

exponentially-weighted moving averages (EWMAs) to calculate acute and chronic loads for use in 

ACWRs.100 These metrics have been examined in the literature, demonstrating more sensitive 

associations with injury risk compared to traditional ACWRs.64 However, while the use of an EMWA-

derived ACWR may indicate a solution to the problem created by unweighted methods, a recent paper 

by Wang et al.99 cautions that such constructs are still fraught with mathematical flaws. For instance, 

the calculation of EWMA requires manual imputation of decay constants, which is speculative, given 

that it is unknown how long the effects from an individual training stimulus lasts. As a result, authors 

in the previously mentioned study used arbitrary decay rates which potentially influenced the findings 

and therefore the inferences that can be drawn. Whilst there has been a relative increase in recent 

research examining training load variables, the body of knowledge in this area is still largely in its 

infancy, and further investigations are necessary to establish the best metrics to reflect relative 

workload. 

 

In summary, we should note that, while all training load measures have both benefit and limitation, 

a comprehensive load monitoring program should feature the inclusion of both absolute and relative 
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training loads. The selection of specific metrics should be dependent on the sport, scenario and intended 

applications for the data. 

 

2.5.  Relationship between Training Load and Injury 

As alluded to previously, there has been significant research devoted to the analysis of training 

loads and the relationship with injury likelihood. A number of studies have associated excessive training 

and game loads with an increased injury risk in athletes from a range of team sports, including rugby 

league,35,37,38 cricket,24,71,80 and Australian football. One of the earliest studies relating training load with 

injury was performed in sub-elite rugby league players,34 which reported a strong correlation between 

sRPE accumulated over a month and the injury incidence that resulted in that period (r = 0.86). Similar 

results were also found when elite rugby league players were investigated.37 Here, Gabbett and Jenkins37 

analysed total weekly sRPE in professional players, whilst also sub-dividing their output into on-field 

and resistance training loads. Here, total weekly loads displayed strong association with overall injury 

occurrence (r = 0.82), non-contact field injury occurrence (r = 0.82) and contact field injury occurrence 

(r = 0.80). Furthermore, moderate correlations between on-field loads and on-field injury rate (Total: r 

= 0.68, non-contact: r = 0.65, contact: r = 0.63) were found as well as a correlation between resistance 

training loads and injuries occurring during resistance training (r = 0.63). Interestingly, resistance 

training loads were also found to relate with contact (r = 0.75) and non-contact (r = 0.82) on-field 

injuries. This suggests that both the magnitude of the training load and the training method by which it 

is accumulated requires consideration when estimating injury likelihood. 

 

Research in Australian football has produced similar findings to the observations made in rugby 

league, reporting that high training loads increase risk of players sustaining an injury. For instance, 

Rogalski and colleagues78  examined the relationship between sRPE and injury in  elite AF players, and 

showed that large 1-week (>1750 AU, OR = 2.44–3.38) and 2-week (>4000 AU, OR = 4.74) loads were 

identified to be significant risk factors for injury. Further, Colby et al. 18 performed a similar study, 

quantifying the external loads gathered from GPS output. They found various cumulative load indices, 

such as 3-weekly distance (OR = 5.489, p = 0.008) and 3-weekly sprint distance (OR = 3.67, p = 0.074) 

to relate to injury in pre-season and in-season injury. These findings suggest that both high internal and 

external workloads over various timeframes can both be used to model the potential risk for injury.  

 

Despite the notion, somewhat conflicting research has demonstrated higher workloads can be 

associated with a reduction in injury risk. A potential explanation for this is that better fitness capacities 

are associated with greater load tolerance and therefore reduced injury rates 16,36. Given that the 

development of physical capacities require high training loads, it seems intuitive that high training loads 

(with adequate recovery) may be protective against injury. Gabbett and Domrow36 found rugby league 
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players who completed less than 18 weeks during pre-season (<70%) were 8.69 times more likely to 

get injured during the season than those who had trained for 25+ weeks, suggesting that players who 

have a greater preparation period are possibly protected from injury through the season. A more 

sophisticated analysis of load by Gabbett and Ullah38 examined a number of variables derived from 

GPS time-motion analysis. They reported that in rugby league players, a threshold of high speed running 

of (only) >9 m per session was associated with a greater risk of injury (RR = 2.7), but higher low and 

moderate speed loads were associated with reduced injury risk (>542 m, RR = 0.4) These findings 

suggest that high volumes of lower speed loads may in fact be protective against injury. Further support 

for this notion, is provided by Veugelers and colleagues95 who examined the injury incidence in high 

(>3519 AU) and low (<3518.5 AU) 1-week training load conditions in an elite Australian football pre-

season. The high load group was attributed with a lower injury risk (p < 0.05, OR = 0.199–0.202).  

 

Collectively, these findings suggest that there exists a training load range that needs to be 

investigated within any given team of players (i.e. individuals) to optimise injury prevention. Above 

this range, injury risk is increased, presumably due to elevated fatigue; however, below the lower 

threshold of the range, a higher risk of injury is also observed; likely explained by insufficient capacity 

to tolerate the demands of training and competition. An example of this exists in cricket, where fast 

bowlers were found to be at greater injury risk if they bowled fewer than 123 balls per week, or more 

than 188 balls per week.24 Furthermore, Cross et al.22 reported a “U-shaped” relationship between 

cumulative 4-week sRPE and injury risk in rugby union players, lending support to the notion of an 

optimal load band for injury prevention. These authors found a likely beneficial effect (OR: 0.55, 95% 

confidence intervals [CI]: 0.22-1.38) on injury risk with intermediate sRPE loads of 5932 AU to 8691 

AU, and a likely harmful effect (OR: 1.39, 95% CI: 0.98-1.98) of high loads (>8691 AU) when 

compared to low loads (<3684 AU). These findings suggest the safest prescription of training load may 

be dependent on finding the load tolerance “sweet spot” for an athlete.  

 

A number of studies have also examined the associations of relative training loads and injury risk. 

There is evidence that large week-to-week changes in load are associated with increased injury 

incidence in team sport athletes.18,22,78 In Australian football Rogalski and colleagues78 reported 

previous-current week changes in sRPE greater than 1250 AU were accompanied by a 2.5-fold increase 

in injury risk. This was in agreement with previous research by Piggott et al.74 who reported that a 

preceding spike (>10% increase) in weekly training load accounted for 42% of illness and 40% of 

injuries across a pre-season at one club. More recently, a study in rugby union players found week-to-

week changes in sRPE (>1069 AU) were found to increase injury risk by approximately 60% in the 

subsequent week.22 Further support for the notion that the rate of change in load is a risk factor for 

injury is provided by a number of injury surveillance papers that include ACWRs as independent 

variables. For instance, Hulin and colleagues44 examined the relationship between a 1- to 4-week 
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ACWR and injury occurrence in cricket fast bowlers using the number of balls bowled and sRPE to 

represent external and internal load, respectively. The results showed a significantly greater injury risk 

when an ACWR of 2.00 was reached for internal (RR = 4.5) or external (RR = 3.3) load, as compared 

to when ACWR was between 0.50 and 0.99. Further work by the same research group investigated GPS 

distance-derived ACWR and injury risk in elite rugby league.46 It was found that a weekly ACWR 

above 2.11 was associated with the greatest injury risk for that week (16.7% risk) and the subsequent 

week (11.8% risk) when the outcomes were compared to lower ratios (1.02-1.18). A novel finding of 

this study was that the interaction between ACWR and chronic workload (4-weeks) had a profound 

effect on injury risk. A high chronic workload (total distance >16,095 m) combined with a moderate-

high 2-week average ACWR (>1.54) was associated with the greatest risk of injury of all load conditions 

(28.7% risk). However, a high chronic load combined with a moderate ACWR (1.02-1.18) was found 

to be associated with a lower risk of injury when compared to low chronic loads combined with several 

different ACWR values. These findings suggest that the interaction between cumulative and relative 

workload as well as the load values may be of significance when estimating injury risk. However, as 

mentioned previously, such findings must be interpreted with caution given the mathematical coupling 

associated with ACWR which must be considered.  

 

The relationship between training load and injury is clearly complex, with conflicting evidence 

commonly being reported. Adding to this complexity is evidence that a delay of up to 4 weeks between 

exposure to a “high-risk load condition” and increased injury risk can exist in some sports 46,71. As such, 

there is still no firm consensus on the role of workload in injury. Further, this area has seen an over-

reliance on inappropriately simplistic statistical analysis techniques, such as logistic regression, which 

has contributed to the conflicting evidence published. To date, most studies have treated all injuries as 

independent events despite individual players potentially contributing multiple injuries to the datasets 

which have been used in prior research. Such practice ignores the individual characteristics that 

influence injury “susceptibility” such as previous injury history. Furthermore, there are other statistical 

errors that should be considered in the context of this prior work, such as the discretisation of continuous 

variables and the inability to account for time-varying covariates and effects; however, such issues are 

beyond the scope of the current review. Additionally, much of the training load literature has included 

commentary about a causal relationship between training load and injury, with the suggestion that the 

training loading strategy prescribed by practitioners causes injury commonly being advocated. Whilst, 

this is certainly biologically plausible, the analyses to date have so far been insufficient to prove 

causation.99  Accordingly, it is clear that further investigation is required in the workload-injury space, 

which utilises appropriate complex modelling techniques that allow for the inclusion of random effects 

for individual players and the analysis of subsequent injury events.  
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2.6. Conclusions and Future Directions 

It is generally accepted that sports injuries are multifactorial in their aetiology, with a large number 

of intrinsic and extrinsic factors thought to contribute. One such factor for future injury is a history of 

previous injury. Injuries occurring successive to an index injury, termed subsequent injuries, are 

common in elite sport and have been shown to be more severe than index injuries. Despite this, little 

research has examined the risk factors specific to subsequent injuries outside of investigations of 

specific single-pathology recurrences. This is partly due to the wide usage of simplistic (and 

inappropriate) statistical practices that do not allow an individual’s repeated subsequent injuries to be 

suitably accounted for. Furthermore, a risk factor that is thought to play a role in the causality of 

subsequent injury is training load. The influence of training load on subsequent injury risk is of 

significant interest to sports science and medicine practitioners given the large amount of control that 

can be exerted on its prescription, which potentially offers an avenue to control/influence the risk to 

athletes. As a result, several external and internal training load measures have emerged in the literature 

to help quantify load, which have been shown as both valid and reliable for use in team sport 

applications. Further, there has been a significant amount of research to indicate that both relative and 

cumulative workload measures are related to injury likelihood, suggesting that training load-based 

interventions may be used to manage injury risk. However, this notion is yet to be fully investigated, 

with a dearth of studies examining the relationship specifically to subsequent injury. Accordingly, there 

is ample scope for knowledge generation in this area to help reduce the severity of time-loss to injury 

in elite athlete populations.  
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3.1. Abstract 

Objectives: To examine different timeframes for calculating acute to chronic workload ratio (ACWR) 

and whether this variable is associated with intrinsic injury risk in elite Australian football players. 

Design: Prospective cohort study 

Methods: Internal (session rating of perceived exertion: sRPE) and external (GPS distance and sprint 

distance) workload and injury data were collected from 70 players from one AFL club over 4 seasons. 

Various acute (1-2 weeks) and chronic (3-8 weeks) timeframes were used to calculate ACWRs: these 

and chronic load categories were then analysed to determine the injury risk in the subsequent month. 

Poisson regression with robust errors within a generalised estimating equation were utilised to 

determine incidence rate ratios (IRR). 

Results: Altering acute and/or chronic timeframes did not improve the ability to detect high injury risk 

conditions above the commonly used 1:4 week ACWR. Twenty-seven ACWR/chronic load 

combinations were found to be “high risk conditions” (IRR>1, p<0.05) for injury within 7 days. Most 

(93%) of these conditions occurred when chronic load was low or very low and ACWR was either low 

(<0.6) or high (>1.5). Once a high injury risk condition was entered, the elevated risk persisted for up 

to 28 days. 

Conclusions: Injury risk was greatest when chronic load was low and ACWR was either low or high. 

This heightened risk remained for up to 4 weeks. There was no improvement in the ability to identify 

high injury risk situations by altering acute or chronic time periods from 1:4 weeks. 
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3.2. Introduction 

Injuries are a common obstacle to team sport success.13 The aetiology of sports injury is multi-

factorial, with characteristics such as age,9 injury history,12 strength,20 fitness11 and training 

background29 being important factors.7 Controlling known risk factors is vital for injury prevention, and 

encompasses risk stratification into universal, selective and indicated risk.18 One risk factor of particular 

interest to sports medicine/science staff is training load, which may influence all three risk types.7 

 

A “ceiling of safety”7 for workload has been observed for team sports, with both high internal (e.g. 

session rating of perceived exertion: sRPE)24 and external (e.g. global positioning system [GPS] 

metrics)3 loads relating to increased injury risk. In addition to this, low workloads have also been 

identified as an injury risk factor. Studies in both rugby union4 and cricket6 have reported a “U-shaped” 

relationship exists between workload and injury suggesting an optimal load range may exist for injury 

prevention.  Consequently, the concept of low and high physical workloads being protective or 

detrimental to injury risk has been suggested and described as the training-injury prevention paradox.  

 

In addition to using absolute workload methods, the potential value of relative workloads in 

assessing injury likelihood has been recently demonstrated.15-17 Metrics such as the acute:chronic 

workload ratio (ACWR) can provide a more comprehensive assessment of training load as acute loads 

(1 week) are expressed relative to chronic loads completed over a greater timeframe (3+ weeks). Hulin 

and colleagues15 demonstrated that elite fast bowlers with an ACWR (1 week rolling total load versus 

4 week rolling total load averaged to 1 week) >200% (ACWR: 2.0) were 4.5 times more likely to get 

injured than if ACWR was between 50-100%. Blanch and Gabbett1 combined data from 3 team sports, 

reporting a quadratic relationship (R2 = 0.53) between ACWR (1 week to 4 week) and injury likelihood, 

suggesting (as with absolute loads) an optimal range for ACWR to minimise injury risk. Further, 

ACWR has been shown to interact with absolute workload, whereby a high ACWR (1 week to 4 week) 

combined with a high chronic (4 weeks) load resulted in the greatest injury risk from a number of 

different load conditions studied.17 However, a moderate ACWR combined with a high chronic load 

reduced risk compared to a number of AWCR conditions when chronic load was low.17 These novel 

findings indicate that both ACWR and chronic load should be carefully managed by sport 

science/medicine staff. Further, the heightened risk following poor management of these loads can 

persist for 3-4 weeks.21 

 

To date, the majority of investigations of ACWR have used arbitrary timeframes of 1 and 4 weeks 

for acute and chronic loads respectively. A recent study2 examined the efficacy of daily ACWRs derived 

from several timeframes for GPS load variables in explaining injury likelihood. A 3-day or 6-day acute 

load period expressed relative to a 21-day chronic load for moderate speed running was reported to 

explain injury risk better than the other ratios examined. However, the study did not consider the 
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interaction effect with chronic load and used the R-squared statistic (a model fit diagnostic) to determine 

each variable’s ability to explain injury risk. While this study provided useful insight into which 

ACWRs best fit the quadratic relationship identified by Blanch and Gabbett, 1 further statistical analysis 

is required to quantify the risk of different ACWR timeframes for clinical utility22. Therefore, this study 

aimed to; (1) determine the most clinically useful ACWR windows for the identification of high risk 

scenarios using various acute and chronic timeframes; (2) identify load variable combinations 

associated with elevated injury risk; (3) determine the duration of any increased risk (latent period). 

 

3.3. Methods 

In-season data (including pre-season matches) was prospectively collected from Australian 

footballers (n=70: mean ± SD age 22.9 ± 3.4 years) from one AFL club who were contracted in the 

2012 (n=46), 2013 (n=44), 2014 (n=44), and 2015 (n=45) seasons. A total of 4131 individual weekly 

data points were collected. Players were categorised by AFL experience as development (1-2 years), 

main group (3-6 years) and veteran (7+ years); each category made up 23%, 39% and 38% of the 

dataset, respectively.  All participants provided written consent prior to participation and all data was 

de-identified before extraction from the club’s database. Ethical approval was obtained from the Human 

Research Ethics Committee (RA/4/1/5015) of The University of Western Australia and complies with 

the Declaration of Helsinki. 

 

Both internal (subjective8) and external (GPS14,28) validated workload measures were collected. 

Internal workload was measured using the sRPE method, where load (arbitrary units) is the product of 

the 10-point modified-Borg scale8 and session duration. This was only collected for field training 

sessions. Multiple external loads (SPI Pro X, GPSports, Canberra, Australia; 5 Hz, interpolated to 

approximate 15 Hz) were quantified. “Distance” was defined as total distance covered (m) and “sprint 

distance” as total distance covered (m) above 75% of the individual player’s maximum speed 

(determined from pre-season 20m test (electronic timing gates, Fusion Sport, Brisbane) or GPS game 

data). The GPS units used have previously been demonstrated to be reliable in measuring such 

variables19. Distance and sprint distance were taken directly from GPSports (TEAM AMS—release 1.9 

2012) software. 

 

Chronic training load (CTL) variables were calculated weekly for each of the four load metrics by 

averaging the weekly load over the respective timeframe (3-8 weeks). Weekly data was defined by the 

period between Monday and Sunday of each week. Various ACWR were calculated by dividing an 

acute load (average weekly load over 1 or 2 weeks) by CTL (3-8 weeks).15,17 To avoid extreme ACWR 

resulting from abnormally low CTL (e.g., players returning from injury), CTL values below a z-score 

of -2 were removed from analysis.17 Subsequently, ACWR between 0 and 2.1 were binned into 0.3 unit 
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categories, with extremely high values (2.1-3.0) combined into one bin due to the low number of cases. 

The dataset was further binned by quartile groups (very low/low/high/very high) for each chronic load 

variable. 

 

Injury information was classified by the club’s senior physiotherapist.3 Only intrinsic (non-contact) 

injury resulting in one or more matches being missed (sports incapacity27) were included, as such 

injuries have previously been related to training load.29  

 

Injury incidence in each ACWR/CTL category was determined, variables were then compared 

based on their value in predicting injury within the week, to assess the best timeframes and ratios. After 

identifying risk conditions, assessment of the latent period (where injury risk was significantly higher 

compared to baseline, across periods of 7, 14, 21 and 28 days) was made. To ensure that risk was not 

compounded across latent periods, a player’s data for a given week was excluded from this analysis 

following an injury. All statistical analyses were undertaken in Stata 12 (Stata 12 IC, StataCorp, USA), 

with significance set at p<0.05. 

 

As a retrospective cohort design was used, incidence rate ratios (IRR) were calculated.30 A mixed-

model generalized estimating equation (GEE) was used to investigate the relationship between load and 

injury, as these analyses can handle panel data (repeated individual measures). Generalised estimating 

equations are used to estimate the population-averaged effects from the model thereby removing the 

influence of the individual participants. This is important in datasets such as these where individuals 

may appear multiple times. For injury risk (yes/no in any week), a Poisson log-link regression with 

robust error variance (within the GEE model) was used.30 Poisson regression is an analysis method that 

models count data (i.e. injury = 1, no injury = 0) with log-link being the natural link for this analysis 

type. These regression models were fitted for each ACWR for each load variable. Given the previously 

demonstrated interaction between ACWR and absolute load,17 the chronic load corresponding to that in 

the ACWR was included in the model as an interaction effect. Age and experience category were 

included as covariates within the panel data set for each individual. Each model then produced a 

probabilistic injury model for each data point. Receiver Operator Characteristic (ROC) curves then 

assessed each model’s predicted probability accuracy. A ROC curve plots the true positive rate (true 

positives / true positives + false negatives) against the false positive rate (false positives / false positives 

+ true negatives) of a predictor. The area under the ROC curve demonstrates the predictive accuracy of 

the measure, Area under the curve (AUC) comparisons for each variable were undertaken using the 

“jack-knife method” (a nonparametric estimate for variance comparisons5), with Sidak correction to 

account for multiple comparisons. Variables with the greatest significant improvement in AUC 

compared to the traditional 1 week to 4-week ACWR were retained for further analysis. When no 

variable offered improvement on the traditional ratio, the 1 week to 4-week ACWR was retained. 
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For the selected variables, IRRs for injury within 7 days for each load category were produced. The 

ACWR bin of 90-120%, combined with the high chronic load quartile, was selected as the reference 

category, as this was hypothesised to be the lowest risk category, based on previous research.1,4,17 

Conditions that produced a significant IRR (>1, 95% confidence intervals to not intersect 1.0) were 

taken as “high risk conditions”. The analysis was then repeated for injury within 14, 21 and 28 days to 

determine the latent period. 

 

3.4. Results 

A total of 133 injuries were recorded over the course of the 4 seasons (33.3 ± 5.9/season) at an 

incidence of 11.7 injuries/1000 hours. Additional data pertaining to the average training loads attained 

in each season is provided in Appendix A (Table A.1.). 

 

Table 3.1. presents the predictive accuracy of all variables. The AUC values ranged between 0.593 

and 0.675, indicating “sufficient” diagnostic accuracy.25 No significant difference was found between 

the AUCs for any variable, suggesting no timeframe was better than another for injury prediction. 

Therefore, the traditional 1:4 week ratio and 4-week chronic load were retained and used with each 

variable for further analysis.  
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Table 3.1: Comparison of the area under the curve (AUC) for various time frames for each of the three 

load variables in relation to injury within 7 days.  

 

ACWR = Acute:chronic workload ratio (1 week:4 week); CTL = Chronic Training Load (weekly average over past 4 weeks); 
sRPE =Sessional Rating of Perceived Exertion; P-value = statistical significance (difference between any 2 variables 
analysed). 

 

The classifications of CTL categories are detailed in Table 3.2.  Complete results can be found in 

Appendix (Tables A.2. to A.5.). Most injuries occurred in the very low chronic load quartile, with 39%, 

32% and 41% of injuries occurring in this category for distance, sprint distance and sRPE, respectively. 

High ACWRs also accounted for a significant number of injuries, with 3%, 10%, 18% and 8% occurring 

with ACWR >150%, for distance, sprint distance and sRPE, respectively. The majority of these high 

injury risk conditions carried an elevated risk for 21-28 days, as shown in Table 3.3.  

 

Variable ACWR / CTL AUC Std Err 95% Confidence Intervals p-value 

Distance 

1wk:3wk / 3week 0.600 0.027 0.54 - 0.65 

0.759 

1wk:4wk / 4week 0.627 0.027 0.57 - 0.68 
1wk:5wk / 5week  0.628 0.027 0.58 - 0.68 
1wk:6wk / 6week 0.639 0.025 0.59 - 0.69 
1wk:7wk / 7week 0.635 0.026 0.58 - 0.69 
1wk:8wk / 8week 0.645 0.026 0.59 - 0.69 
2wk:3wk / 3week 0.607 0.027 0.55 - 0.66 
2wk:4wk / 4week 0.605 0.028 0.55 - 0.66 
2wk:5wk / 5week  0.621 0.027 0.57 - 0.67 
2wk:6wk / 6week 0.650 0.024 0.60 - 0.70 
2wk:7wk / 7week 0.643 0.026 0.59 - 0.69 
2wk:8wk / 8week 0.637 0.025 0.59 - 0.69 

Sprint 
Distance 

1wk:3wk / 3week 0.649 0.024 0.60 - 0.70 

0.317 

1wk:4wk / 4week 0.648 0.025 0.60 - 0.70 
1wk:5wk / 5week  0.653 0.025 0.60 - 0.70 
1wk:6wk / 6week 0.645 0.025 0.60 - 0.69 
1wk:7wk / 7week 0.669 0.025 0.62 - 0.72 
1wk:8wk / 8week 0.646 0.025 0.60 - 0.69 
2wk:3wk / 3week 0.593 0.027 0.54 - 0.65 
2wk:4wk / 4week 0.622 0.026 0.57 - 0.67 
2wk:5wk / 5week  0.617 0.026 0.57 - 0.67 
2wk:6wk / 6week 0.631 0.026 0.58 - 0.68 
2wk:7wk / 7week 0.600 0.026 0.55 - 0.65 
2wk:8wk / 8week 0.636 0.025 0.59 - 0.69 

On-legs 
sRPE 

1wk:3wk / 3week 0.632 0.026 0.58 - 0.68 

0.504 

1wk:4wk / 4week 0.624 0.027 0.57 - 0.67 
1wk:5wk / 5week  0.607 0.027 0.55 - 0.66 
1wk:6wk / 6week 0.627 0.026 0.58 - 0.68 
1wk:7wk / 7week 0.651 0.025 0.60 - 0.7 
1wk:8wk / 8week 0.645 0.025 0.60 - 0.7 
2wk:3wk / 3week 0.641 0.025 0.59 - 0.69 
2wk:4wk / 4week 0.639 0.026 0.59 - 0.69 
2wk:5wk / 5week  0.642 0.026 0.59 - 0.69 
2wk:6wk / 6week 0.648 0.025 0.60 - 0.70 
2wk:7wk / 7week 0.665 0.025 0.62 - 0.71 
2wk:8wk / 8week 0.675 0.024 0.63 - 0.72 
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Table 3.2: Classifications of 4-week chronic load for each variable. 

Variable Very Low Low High Very High 

Distance (m) <18834 18834-20892 20892-22762 >22762 

Sprint Distance (m) <190 190-272 272-368 >368 

On-legs sRPE (AU)  <982 982-1144 1144-1306 >1306 
sRPE = On-legs Sessional Rating of Perceived Exertion. 

 

 

Table 3.3: Incident Rate Ratios (IRR) for injury in the 7, 14, 21 and 28 days subsequent to entering a 

high injury risk condition.  

Risk is measured by incidence rate ratios with the reference category of: ACWR = 0.9-1.2, Chronic Load: High; * significant 
increase in risk compared to the reference category;  
ACWR= acute to chronic workload ratio (1:4 weeks), IRR= incidence rate ratios, p= p-value: statistical significance, RVC= 
relative velocity change. 

 

 

The interaction between ACWR and CTL and the relationship with injury is demonstrated in Figure 

3.1. Second order polynomial (quadratic) curves were fitted for each variable following previously 

published processes.1  

High Risk Condition Relative Risk 

Chronic 
Load 

Category 

Chronic 
Load 

Variable 

ACWR 
Variable 

ACWR 
Range 

(%) 

7 days 14 days 21 days 28 days 

IRR p IRR p IRR p IRR p 

Very 
Low  

Distance sRPE 1.8-2.1 4.96* 0.00 5.67* 0.00 6.93* 0.00 4.89* 0.00 

Sprint 
Distance 

Distance 1.5-1.8 3.31* 0.02 3.00* 0.02 2.53* 0.02 2.36 0.07 

Sprint 
Distance 

2.1-3.0 3.04* 0.03 2.36* 0.02 1.94* 0.03 1.47 0.20 

sRPE 1.8-2.1 6.36* 0.00 4.58* 0.00 3.51* 0.01 2.81* 0.03 

sRPE 

Sprint 
Distance 2.1-3.0 3.14* 0.03 2.11* 0.04 2.39* 0.01 1.78 0.07 

Sprint 
Distance 0.0-0.3 2.84* 0.02 1.56 0.19 2.06* 0.02 1.61 0.07 

sRPE 1.8-2.1 3.21* 0.01 3.32* 0.00 3.47* 0.00 2.71* 0.00 

sRPE 0.3-0.6 2.25* 0.03 2.38* 0.02 2.18* 0.02 2.15* 0.01 

Low 
Distance 

Distance 0.0-0.3 8.19* 0.02 5.49 0.06 4.16 0.11 3.16 0.19 
Sprint 

Distance 1.8-2.1 3.74* 0.02 2.63* 0.04 2.46 0.05 1.69 0.24 

Sprint 
Distance 

 2.1-
3.0 3.71* 0.03 3.91* 0.00 3.83* 0.00 2.86* 0.01 

Sprint 
Distance 

Sprint 
Distance 2.1-3.0 5.11* 0.02 3.37* 0.01 3.21* 0.00 2.41* 0.03 
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Figure 3.1: Fitted polynomial curves for ACWRs for each variable modelled against injury risk. 

(a) Distance, (b) Sprint distance, (c) sRPE; ACWR= Acute:chronic workload ratio 

 

 

3.5. Discussion 

To our knowledge, this is the first study to examine different timeframes for the ACWR in 

combination with chronic load in AF. Using other timeframe ratios did not improve the capacity to 

predict injury above the traditional 1:4-week ACWR analysis, thereby supporting the current use of this 

ratio. These findings contrast those by Carey et al.2 who reported a 3-day:21-day and 6-day:21-day 

ACWR explained injury likelihood better than ratios derived from other timeframes. Unlike the present 

study, this report calculated ACWR daily instead of weekly. Further, ACWR was not considered in 

combination with chronic load despite the interaction effect previously demonstrated between these 

variables.19  The present study also assessed the predictive value of the variables using a ROC curve, in 

contrast to selecting variables based on model fit diagnostics. The outcome of the current study supports 

the use of timeframes alternate to the traditional 1-week and 4-weeks if they are considered more 

practical in a given setting. A commonly cited limitation of the ACWR is that it cannot be calculated 

when data is unavailable during the chronic load period (e.g., start of pre-season, post-Christmas break). 

This study suggests injury risk can still be detected by lengthening or shortening the chronic loading 

period in these situations, without compromising the capacity of the model.  

 

This study also demonstrates that injury risks identified by the ACWR are related to the chronic 

load from which they are derived. This has clinical importance, as this finding supports the position that 

the ACWR should not be examined in isolation when determining the risks associated with prescription 

of training loads.17 Specifically, the highest injury risk occurred when chronic load was classified as 
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low or very low. The notion of training load being protective against injury has been previously 

demonstrated and is the basis of the training load-injury paradox.10 A 4 week workload of 5,000-8,500 

arbitrary units [AU] was associated with the lowest injury risk when compared to low and high 

workloads in rugby union players,4 and it was reported that high chronic GPS distance (18.9-22.0 km 

per week) reduced risk (compared to low values) when rugby league players had a short turnaround 

between matches18. Consistent with the quadratic relationship between ACWR and injury likelihood,1 

most of the high-risk categories found were when ACWR was low (<0.6) or high (>1.5). These 

represent both a floor and a safety ceiling for relative loading parameters. These findings do not support 

complete avoidance of these ranges, but rather indicate scenarios where higher injury risk may be 

present. These risks should be contextualised to the individual’s environment and associated factors 

that may protect against or increase injury risk, such as a high pre-season workload.29   

 

A high chronic load combined with a moderate ACWR (1.02-1.18) has previously been shown as 

protective, compared to several ACWRs combined with a low chronic load.17 Potentially, a moderate-

high chronic load base allows players to tolerate greater load fluctuations than when chronic load is 

low. Interestingly, Hulin et al.17 reported that in rugby league players a high ACWR (>1.54) combined 

with a high chronic workload (>16,095 m/week), resulted in the greatest injury risk (29%) of all ACWR 

and chronic load combinations. However, this is contradictory to our results. A potential explanation 

for this difference (see on-line supplementary material) is that in our study when chronic load was high 

or very high, ACWRs above 180% were rarely reached (particularly for distance and sRPE). During 

the AF in-season period, most of the weekly load is attained during the match. As such, when match 

load is consistent, variations in weekly training appear to produce limited fluctuations in total load. This 

potentially disguises the risk of high ACWR when chronic load is high. However, when a player has a 

low chronic load (e.g., returning from injury or subsequent to a bye-round), due to interrupted game 

continuity or low game loads, they are more likely to reach a high ACWR and be exposed to increased 

injury risk. A U-shaped relationship has previously been demonstrated between chronic load and injury, 

with high and low load conditions increasing injury likelihood compared to a moderate-high condition.4 

It is possible that ACWR becomes a greater risk factor in these low or very high chronic load conditions 

where risk is already elevated.  

 

Although the influence of high ACWR on injury risk has been well documented,15,17 limited 

attention has been given to low ACWR. In the present study, several low ACWR risk conditions were 

identified. Given that ACWR was calculated weekly (on Mondays), it is likely that a low ACWR would 

result in a load spike later in the week, potentially accounting for the elevated risk. Therefore, a daily 

load analysis may be more appropriate for use by sports medicine/science staff in AF, which would also 

account for varied periods (i.e., number of days break) between games. 
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Of the high injury risk conditions identified, heightened risk persisted for 21-28 days for most cases, 

as indicated by the significant IRRs. To our knowledge, this is the first report of a latent period for 

injury risk in AF players, which supports research in fast bowlers reporting a 3-4 week risk elevation 

following high match workloads.21 The increased risk for the subsequent month potentially explains 

reports of greater injury incidence early in the season (following pre-season games) in team sports.26 It 

also highlights the need to conservatively manage players through this latency period to prevent injury 

realisation. 

 

Although several significant results were found here, a limitation is acknowledged, as this study 

only involved players from a single AFL club. Furthermore, only in-season load and intrinsic injury 

data was included, as load data continuity was not available throughout the pre-season period (off-

season and Christmas break). It is possible that risk factors would differ between pre-season and in-

season, since the relationship between workload and injury has been shown to be modulated by the pre-

season workload.29 Only load from field training sessions was available, meaning weights and off-legs 

(e.g., swimming) conditioning sessions were excluded. The total workloads of the players were 

therefore higher than analysed. However, during the in-season phase, the weekly training loads from 

these modalities do not fluctuate greatly, as competition games are prioritised.23 Other environmental 

factors such as sleep, nutrition and self-directed use of recovery strategies were also unable to be 

accounted for. Furthermore, previous injury history, which is known to a major injury risk factor,12 was 

not considered here. It is recommended that future investigations include all training completed, 

examine load parameters on a daily (rather than weekly) basis and account for all known fixed risk 

factors. It is also acknowledged that the validity and reliability of GPS decreases with increased 

velocities. While the variables examined in this study have demonstrated suitable reliability, sprint 

distance should be treated with greater caution than distance and sRPE.  Lastly, staff at the AFL club 

were aware of the current literature, and as such, it is likely that the players were often managed away 

from increased injury risk conditions.  

 

3.6. Conclusion 

This investigation supports the use of training load monitoring in AF. The results demonstrate that 

higher chronic loads can protect against injury and supports the use of the 1:4 week ACWR, since no 

improvement is gained by manipulating the timeframes of the acute or chronic workload for either 

internal or external loads.   

 

3.7. Practical Implications 

• Best practice in team sports should include monitoring of ACWR, in conjunction with chronic 

loads, and using internal and external load measures. 
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• The ability to detect scenarios where increased injury risk is observed is not improved by altering 

the acute or chronic load timeframes beyond the commonly used 1:4-week ACWR. 

• During the competition period in Australian football, maintaining a moderate to high workload is 

associated with lower injury incidence. 

• When a player has a low chronic load, extreme ACWRs should be avoided to prevent entry into a 

“high injury risk condition” which is associated with an elevated risk for up to 28 days. 

• Following a high injury risk condition, players should be managed conservatively for the 

subsequent month.
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4.1. Abstract 

Objective: Examine the influence of rehabilitation training loads on return to play (RTP) time and 

subsequent injury in elite Australian footballers. 

Design: Prospective cohort study. 

Methods: Internal (sessional rating of perceived exertion: sRPE) and external (distance, sprint distance) 

workload and lower limb non-contact muscle injury data was collected from 58 players over 5 seasons. 

Rehabilitation periods were analysed for running workloads and time spent in three rehabilitation stages 

(1: off-legs training, 2: non-football running, 3: group football training) was calculated. Multi-level 

survival analyses with random effects accounting for player and season were performed. Hazard ratios 

(HR) and 95% confidence intervals (CI) for each variable were produced for RTP time and time to 

subsequent injury. 

Results: Of 85 lower limb muscle injuries, 70 were rehabilitated to RTP, with 30 cases of subsequent 

injury recorded (recurrence rate = 11.8%, new site injury rate = 31.4%). Completion of high 

rehabilitation workloads delayed RTP (distance: >49775m [reference: 34613-49775m]: HR 0.12, 

95%CI 0.04-0.36, sRPE: >1266AU [reference: 852-1266AU]: HR 0.09, 95%CI 0.03-0.32). Return to 

running within 4 days increased subsequent injury risk (3-4 days [reference: 5-6 days]:  HR 25.88, 

95%CI 2.06-324.4). Attaining moderate-high sprint distance (427-710m) was protective against 

subsequent injury (154-426m: [reference: 427-710m]: HR 37.41, 95%CI 2.70-518.64). 

Conclusion: Training load monitoring can inform player rehabilitation programs. Higher rehabilitation 

training loads delayed RTP; however, moderate-high sprint running loads can protect against 

subsequent injury. Shared decision making regarding RTP should include accumulated training loads 

and consider the trade-off between expedited RTP and lower subsequent injury risk.  



 
 

4.2.  Introduction 

Muscle injuries are common in Australian football (AF).20 Such injuries require structured and 

graduated rehabilitation programs for players to return to play (RTP). Regardless, an elevated risk of 

injury recurrence (re-injury) persists following RTP.10,19 Orchard et al.19 reported a majority of muscle 

injury recurrences within the first week of RTP; however, the risk may remain high for several weeks.21 

In addition to risking a recurrence of the same injury, the risk of sustaining a new injury to another area 

or tissue may also be greater.10  Either of these occurrences have been described as a subsequent injury.9 

The mechanism by which previous injury modulates subsequent injury is largely unknown, with limited 

research demonstrating how RTP practices alter subsequent injury outcomes. With games lost to injury 

being an obstacle to team sport success,7,12 balancing the risks and rewards of RTP strategies can be a 

difficult decision for clinicians. 

 

Shrier25 recently outlined a strategy (adapted from Creighton et al.4) to assist in the RTP decision-

making process, consisting of three evaluation levels: (1) tissue health (assessing relevant medical 

information/symptoms), (2) tissue stressors (assessing the stress to be placed on the tissue) and (3) risk 

tolerance modification (factors affecting the tissue’s ability to tolerate the stress). While provision of 

insufficient healing time (poor tissue health) has previously been attributed to re-injury,24 recent 

research has focused on the factors relevant to the risk tolerance modification tier of Shrier’s model. 

One such factor is training load, which may be a key determinant of subsequent injury risk following 

RTP.1  

 

Internal and external training loads have previously been related to injury in AF players, with both 

excessively high2 and low3,26 loading conditions placing athletes at increased risk. Maintaining 

moderate to high chronic (4 week) training loads is considered particularly important for injury 

prevention, to ensure rehabilitating players are appropriately prepared for competition demands upon 

their return.26 Failure to accumulate sufficient chronic training loads when combined with exposure to 

a workload spike (often encountered upon RTP) represents the highest risk loading condition for AF 

players.26 Further, the elevated risk associated with exposure to these conditions can persist for up to 4 

weeks.26 This ‘latent period’ associated with a training load error is similar to the timeframe of elevated 

subsequent injury risk reported by Orchard et al.19 following muscle injury. It is plausible that this 

elevated risk of subsequent injury might be moderated by the workloads completed prior to RTP. 

 

While research regarding training load patterns of injured athletes is limited, it is likely that low 

chronic workload states often arise during and following the rehabilitation period. This potentially 

contributes to the heightened risk of sustaining a subsequent injury. In support is recent research 

reporting decreased weekly running loads (total and high-speed distance) by injured AF players in the 

3 weeks prior to RTP.22 Furthermore, altered distribution of training loads were also reported, with a 
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lower proportion of load attained in football drills and higher loads accumulated in running 

conditioning. It is currently unclear as to what effect such a training load distribution may have on 

subsequent injury risk.  

 

Clearly, ensuring injured athletes are exposed to sufficient training load to adequately prepare for 

RTP is an important rehabilitation goal. However, there is currently no research to inform clinicians on 

best practice to achieve this outcome, while still respecting the natural process of tissue healing. Further, 

whether the manipulation of training load alters the timeframe necessary for rehabilitation is also 

unknown. Therefore, the primary aims of this study were to determine the relationship between: (I) 

rehabilitation training loads and RTP time and (II) rehabilitation training loads and subsequent injury 

rate. The secondary aim was to inform practitioner best practice by providing useful rehabilitation 

guidelines for lower limb muscle injuries in elite Australian footballers. 

 

4.3.  Methods 

In-season data was prospectively collected over 5 seasons from a single elite AF club in players 

who sustained a lower limb injury. All injury types were initially considered for analysis, but 

insufficient case numbers for bone, tendon and ligament injuries meant statistical power could not be 

achieved. Therefore, only lower limb muscle injuries were analysed here. A total of 85 individual injury 

cases were documented, with 70 being rehabilitated to RTP. All participants provided written consent 

and all data was de-identified before extraction from the club’s database. Ethical approval was obtained 

from the Human Research Ethics Committee (RA/4/1/5015) of The University of Western Australia, 

complying with the Declaration of Helsinki. 

 

Injury information was classified by the club’s senior physiotherapist (as per previous work from 

this group2). Non-contact lower limb muscle injuries that resulted in one or more matches being missed 

were included as “initial injuries” in this study. All non-contact, sports incapacity injuries to the lower 

limb that occurred subsequent to an initial muscle injury in the same season were included as 

“subsequent injuries”. If such injuries occurred to the same site on the same side, then these were 

classified as recurrent injuries. Initial injury cases where the athlete did not RTP in the same season 

were excluded.  

 

Both internal (subjective15) and external (global positioning system [GPS]14,28) validated workload 

measures were used. Internal workload was measured using session rating of perceived exertion (sRPE). 

Players were shown the 10-point modified-Borg scale11 after each training session and provided a 

numeric rating of RPE. Load (arbitrary units) was then calculated as the product of RPE and session 

duration. This was only collected for field training sessions. Two external loads (SPI Pro X, GPSports, 

Canberra, Australia; 5 Hz, interpolated to approximate 15 Hz) were quantified. “Distance” was defined 
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as total distance covered (m) and “sprint distance” as total distance covered (m) above 75% of the 

individual player’s maximum speed, determined from pre-season 20m sprint test, using electronic 

timing gates, (Fusion Sport, Brisbane).  Maximum speed values were updated if a higher speed was 

obtained from subsequent GPS game data. The GPS units used have previously been demonstrated to 

be reliable in measuring such variables.18 Distance and sprint distance were taken directly from 

GPSports (TEAM AMS—release 1.9 2012) software. 

 

Four percent of GPS training data cases were missing or unusable over the five-season data 

collection period primarily due to AFL player association restrictions around tracking players during 

breaks. In such cases, a predicted value was generated based on the individual’s session exposure time 

and historical GPS intensities. 

 

The start of rehabilitation period was defined as the day of injury and concluded on the day of the 

athlete’s RTP in either the Australian Football League (AFL) or Western Australian Football League. 

Rehabilitation periods were described in 3 stages: Stage 1 was characterised by the absence of running 

loads with all training being “off-legs”; Stage 2 commenced with the resumption of running, but with 

all loads accumulated in a non-football context (running conditioning); Stage 3 commenced with the 

resumption of group football training and concluded with RTP.  

 

Three variables were calculated for each workload measure in each stage of rehabilitation. These 

were: chronic training load (CTL) achieved at the start of the stage (calculated by averaging weekly 

load over the preceding 4 weeks); total load (TL) accumulated in the stage; and average weekly load 

(WL) in the stage. Average WL and TL for the whole rehabilitation period, as well as for stages 2 and 

3 only (on-legs rehabilitation), were also derived. Additionally, time spent (days) in each phase was 

also analysed. To prepare for survival analysis, data for each variable were divided into quartile groups 

(very low, low, high and very high). The “high” group was identified as the reference category for 

survival analysis, in line with previous load and injury research.14 

 

A-priori power analysis was undertaken, indicating that 66 injury cases were required to achieve 

α=0.05, β=0.20 and hazard ratios (HR) >2.0. The HR were produced using multilevel parametric 

survival analyses30, with random effects accounting for the player and season. Survival analysis allows 

for the incidence of events to be analysed with respect to the exposure time (time to event).  All analyses 

were performed in STATA 14 (Stata 14 IC, StataCorp, USA). Each variable was analysed twice: once 

with RTP as the failure event, and once with subsequent injury as the failure event. This allowed 

assessment of the influence of training load on rehabilitation time and time to subsequent injury, 

respectively. For RTP analysis, time to event was calculated as time from injury to time of RTP (days). 

For subsequent injury analysis, time to event was calculated as time from RTP to either subsequent 
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injury (failure) or season end (censoring). The likelihood ratio test was utilised to assess goodness of fit 

of each survival model. Statistical significance was determined when the model likelihood ratio test 

was p<0.05 and the 95% confidence intervals of the HR did not include 1.0. Tests of the proportional 

hazards assumption (log-minus-log plot) were performed for significant models and Kaplan-Meier 

survival estimates were calculated. 

 

4.4.  Results 

There were 66 individual univariate survival analyses performed for this study. For brevity, results 

are only reported for those that achieved a statistically significant likelihood ratio test (p<0.05). A 

summary of all results is contained in Supplementary on-line material. Table 4.1. displays descriptive 

statistics for the initial injury data. The subsequent injury incidence of RTP players in this study was 

43%, with most of these (73.3%) affecting a different tissue to the initial injury. 

 

Table 4.1: Descriptive statistics for muscle injury data. 

RTP = Return to Play; IQR, interquartile range 

 

 

Of the 33 variables analysed for time to RTP, 12 produced a statistically significant survival model. 

The HR from these models are presented in Table 4.2. A HR greater than 1 indicates a faster RTP time 

compared to the reference category (as the time to RTP was set as the time to event variable). Additional 

results for non-significant models can be found in Appendix B (Tables B.1 to B.4). 

 

 

 

 

 

 

 

 

 

Variable 
 Injury Site  

 Hamstring Quadriceps Calf Gluteal Adductor Other Total 

Injury Cases (n) 
Total 37 13 21 3 9 2 85 

RTP 29 11 16 3 9 2 70 

RTP Time 

(days) 
median (IQR) 22 (21-27) 15 (11.5-18.5) 19.5 (14-23) 21 (15-24) 14 (13-15) 36 (36-36) 

21 (14-

24) 

Subsequent 

Cases (n) 

Recurrent 7 0 1 0 0 0 8 

Non-Recurrent 4 4 5 2 6 1 22 
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Table 4.2: Hazard ratios for RTP time (statistically significant models only). 

RTP = Return to Play; SD= standard deviation; sRPE = On-legs Sessional Rating of Perceived Exertion; Bolded hazard ratios 
indicate statistically significant results as indicated by the 95%CI not crossing 1.0; all reported models had p<0.01 except Total 
rehab accumulated load (p=0.02). 

Variable Stage 
Load 

Variable 
Categories 

Average Time to RTP (± 
SD) 

Hazard 
Ratio 

95% Confidence 
Intervals 

Time Spent in 
Rehab Stage 

Stage 2 
(Return to 
Running) 

 <5 days 13.6 ± 3.89 9.03 2.30 - 35.46 
 6-8 days 18.95 ± 7.08 2.38 0.79 - 7.20 

Days 9-12 days (Ref) 21.14 ± 6.87 -    

  >12 days 30.14 ± 11.20 0.27 0.09 - 0.77 

Stage 3 
(Return to 
Training) 

 <3 days 18.57 ± 10.29 0.82 0.24 - 2.82 
 3-4 days 14.95 ± 4.57 2.87 1.25 - 6.54 

Days 5-8 days (Ref) 20.18 ± 4.29 -    

  >8 days 30.06 ± 11.61 0.18 0.07 - 0.42 

Chronic Training 
Load 

Beginning 
of Stage 3 
(Return to 
Training) 

sRPE 

<535 AU 29.24 ± 13.69 0.28 0.11 - 0.69 

535-744 AU 20.39 ± 6.01 0.89 0.38 - 2.07 

744-961 AU (Ref) 18.94 ± 8.47 -    

>961 AU 17.78 ± 6.76 1.39 0.58 - 3.31 

Average 
Load/week 

Total Rehab 
(Stages 
1,2,3) 

sRPE 

<259 AU 17.06 ± 10.16 2.72 0.79 - 9.39 

259-333 AU 19.67 ± 7.65 1.56 0.52 - 4.67 

333-445 AU (Ref) 20.65 ± 6.71 -    

>445 AU 28.39 ± 11.65 0.34 0.12 - 0.98 

Load 
Accumulated  

Stage 2   
(Return to 
Running) 

Distance 

<13629m 14.71 ± 4.45 8.88 4.40 - 32.86 

13629-21041m 17.56 ± 6.27 5.29 1.49 - 18.77 

21041-30743 (Ref) 22.94 ± 7.87 -    

>30743m 30.56 ± 11.84 0.30 0.10 - 0.91 

sRPE 

<263 AU 14.29 ± 4.55 7.03 1.85 - 26.71 

263-492 AU 19.78 ± 7.49 1.55 0.52 - 4.57 

492-791 AU (Ref) 21.06 ± 7.42 -    

>791 AU 30.5 ± 11.82 0.20 0.06 - 0.66 

Stage 3  
(Return to 
Training) 

Distance 

<6271m 16.65 ± 7.52 2.23 0.78 - 6.36 

6271-10830m 16.12 ± 4.39 3.21 1.11 - 9.29 

10830-19167m (Ref) 21.41 ± 6.39 -    

>19167m 29.88 ± 11.44 0.23 0.07 - 0.70 

Sprint 
Distance 

<38m 17.88 ± 7.63 1.03 0.38 - 2.79 

38-106m 18.18 ± 5.78 1.14 0.42 - 3.13 

106-196m (Ref) 19.41 ± 7.43 -    
>196m 28.59 ± 12.15 0.16 0.04 - 0.60 

sRPE 

<136 AU 16.88 ± 7.63 1.16 0.59 - 3.99 

136-281 AU 15.88 ± 4.12 2.29 0.94 - 5.56 

281-562 AU (Ref) 19.71 ± 4.18 -    
>562 AU 31.59 ± 10.83 0.41 0.05 - 0.48 

Total Rehab 
(Stage 2 and 

3) 

Distance 

<20952m 13.47 ± 4.02 11.49 2.95 - 44.81 

20952-34613m 17.35 ± 6.57 2.60 0.90 - 7.49 

34613-49775m (Ref) 21.64 ± 2.50 -    

>49775m 31.59 ± 10.84 0.12 0.04 - 0.36 

Sprint 
Distance 

<154m 15.82 ± 6.49 5.04 1.35 - 18.81 

154-426m 19.83 ± 6.13 1.74 0.61 - 4.95 

426-710m (Ref) 22.47 ± 8.40 -    
>710m 25.98 ± 12.98 0.48 0.15 - 1.59 

sRPE 

<527 AU 13.18 ± 3.68 14.19 3.13 - 64.42 

527-852 AU 17.88 ± 6.58 2.45 0.77 - 7.83 

852-1266 AU (Ref) 20.88 ± 2.89 -    
>1266 AU 32.12 ± 10.25 0.09 0.03 - 0.32 
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For time to subsequent injury analysis, only 2 variables (Time in Stage 1 and total rehabilitation 

sprint distance) produced a significant survival model. The HR for these are presented in Table 4.3. 

Kaplan-Meier survival estimates are presented in Figure 4.1. for significant variables. A HR greater 

than 1 indicates a faster time to subsequent injury compared to the reference category (as time to 

subsequent injury was set as the time to event variable). Additional results for non-significant models 

can be found in Appendix B (Tables B.5. to B.8.). 

 

Table 4.3: Hazard ratios for subsequent injury (statistically significant models only). 

Bolded hazard ratios indicate statistically significant results as indicated by the 95%CI not including 1.0; model statistical 
significance, time spent in Stage 1 (p=0.03), Total rehab accumulated load (p=0.05) 

 

 

 

Figure 4.1: Kaplan–Meier survival estimates for significant subsequent injury predictor variables. 

 

4.5.  Discussion 

This is the first study to examine the relationship between rehabilitation training loads, RTP time 

and subsequent injury risk. While acute management of muscle injury has been well documented, only 

limited research regarding late-stage rehabilitation exists, particularly with respect to running loads. 

Variable Stage 
Load 

Variable Category 
# Recurrent 

Injuries 
# Subsequent 

Injuries 
Hazard 
Ratio 

95% Confidence 
Intervals 

Time Spent 
in Stage 

Stage 1  
 

  0-2 days 0 5 15.73 1.24 - 199.57 

  3-4 days 2 8 25.88 2.06 - 324.40 

  5-6 days (Ref) 1 4 -       

  >6 days 4 4 0.91 0.07 - 11.35 

Load 
Accumulated 

Total 
Rehab 

Sprint 
Distance 

<154m 0 7 17.62 0.83 - 373.72 

154-426m 0 7 37.41 2.70 - 518.64 

426-710m (Ref) 2 3 -        

>710m 3 4 17.04 0.79 - 369.42 
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Here, most subsequent injuries were found to affect a different site/tissue to the initial injury. This 

finding supports previous research demonstrating injury to a new site poses a greater risk than 

recurrence, and the hypothesis that a general state of under-loading may be the mechanism.10 Greater 

weekly and total rehabilitation training loads were associated with longer RTP times and high sprint 

running loads were found to be protective against subsequent injury following RTP. This indicates that 

training load is an important component of rehabilitation and warrants consideration in RTP decision-

making.1  

 

This study advocates delaying the resumption of running for at least 5 days following muscular 

injury. Returning to running within 4 days of injury resulted in significantly higher risk of subsequent 

injury compared to after 4 days. Notably, extending this time off-legs did not delay RTP time, 

suggesting that extra time taken to running resumption does not delay the total rehabilitation program. 

Whilst this finding may seem counter-intuitive to clinical practice, whereby early rehabilitation is 

usually promoted, it is possibly the case in this study that lower severity strains and contusions resulting 

in an accelerated rehabilitation (including an abbreviated “off-feet” period) account for the increased 

risk observed. Unfortunately, the sample size and analysis used were not sufficient to analyse index 

injuries by severity to determine whether this was indeed the case; however, further investigation is 

warranted, as the outcome would have significant ramifications for the treatment of such injuries in elite 

sport. Previous clinical recommendations for muscle injury management suggest that mobilisation of 

the injury should be delayed until after the first few days post-injury.16,17 for which our findings provide 

some support. However, it should be noted that our study only included running loads. Therefore, the 

influence of other training modalities, such as resistance and cross training, plus (rehabilitation) range 

of motion and low-level muscle contractions cannot be accounted for. Clearly, further work is required 

to establish best-practice early management of muscle injuries in order to minimise subsequent injury 

risk.  

  

Of the load conditions analysed, total sprint distance accumulated in rehabilitation was the only 

variable related to a reduction in subsequent injury risk. Attaining a moderate to high (427-710m) 

volume of sprint distance in rehabilitation was found to be protective against subsequent injury. This 

supports evidence that under-loading predisposes athletes to injury, likely due to insufficient 

conditioning to tolerate the intense competition demands.26 Prior to the present study, no research has 

examined this concept in injured athletes. Blanch and Gabbett1 proposed that accumulation of sufficient 

training load is necessary for safe RTP, as it promotes the avoidance of workload spikes in the 

progression to RTP. However, such findings had not been demonstrated in rehabilitating athletes. It is 

plausible that accumulating moderate to high sprint loads in rehabilitation reduces subsequent injury 

risk by increasing chronic training load, which facilitates physiological adaptation, thus reducing the 

effects of workload spikes after RTP. Such factors have previously been identified as risk factors in 



84 
 

uninjured AF players.3,26 However, chronic training load at RTP was not identified as a significant factor 

for subsequent injury risk in the present study. This may have been influenced by excluding non-

running-based loads (see limitations). Based on this finding, selective subsequent injury prevention 

strategies for rehabilitating players should include graduated high-speed running to ensure adequate 

volumes are achieved prior to RTP. An example of this strategy is documented in a recently published 

muscle rehabilitation protocol25, however such recommendations are notably absent in many 

publications relating to lower limb rehabilitation.8,13  

 

A key finding here was that higher running loads accumulated through rehabilitation resulted in 

delayed RTP times. This is logical, as higher workloads take time to safely accumulate. Furthermore, 

higher average WL (sRPE) also delayed RTP. Given higher sprint loads are required for a relatively 

safer RTP, it is likely that a trade-off will exist between subsequent injury risk and time taken for RTP. 

Attempting to accelerate rehabilitation (and RTP) by not allowing sufficient time to attain appropriate 

training loads may compromise the athlete’s chances of a safe RTP. Consequently, decisions about 

determining a RTP timeframe are complex. Extended RTP times resulting in more games missed may 

impact team success7,12, but this must be considered against increasing subsequent injury risk, and 

(potentially) future games lost. A shared decision-making process between all relevant stakeholders 

(coach, athlete, sports medicine practitioner), which includes consideration of accumulated training 

loads, may be necessary when making decisions regarding RTP.6 Notwithstanding, subsequent injury 

is common following a rehabilitation period10,20 ; the incidence for this cohort was 43%, which is 

consistent with previous reports in AF.10 Given the frequency with which subsequent injuries were 

sustained in this study, controlling known risk factors should be a high priority for practitioners. As 

such, the use of evidence-based RTP criteria is suggested.8,13 While such RTP criteria have previously 

used radiological and clinical assessments, the present findings suggest that training load should also 

be considered to provide a more complete assessment of post-RTP injury risk. The magnitude by which 

the survival rate was influenced by training load in this study is significantly greater than the risk 

relationships previously demonstrated by meeting radiological, strength or flexibility criteria.5 This 

suggests that evidence-based load monitoring practices are valuable during rehabilitation.  

 

This study only involved players from one AFL club and therefore results cannot be generalised 

outside of this population. Furthermore, whilst this paper was intended to include analyses of multiple 

tissue types, there were limited cases affecting bones, tendons, and ligaments, which prevented 

statistical power being reached for these injuries. Therefore, the study was limited to muscle injury 

cases only. Additionally, only in-season load and injury data were included, as the continuity of load 

data was disrupted through the pre-season period (off-season and Christmas break). It is possible that 

relationships seen here would differ in pre-season, given that pre-season workload modulates injury 

risk in uninjured players.29 Only training load from on-field training sessions (excluding off-legs, cross-
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training and weights) was available for analysis. Therefore, the actual physical loads encountered were 

higher than reported here.  

 

A “naïve” statistical model was used in this study.27 The random effects did account for player and 

season, however, only a single subsequent injury observation was allowed for each initial injury case. 

Therefore, multiple subsequent injuries over the same or multiple seasons could not be accounted for. 

For this reason, the “initial injury” in this study was defined as the first injury for a player in a given 

season. In some cases, the true “initial injury” is likely to have been sustained in a previous season.    It 

is recommended that future research utilises “longitudinal” statistical methods appropriate for handling 

the complex nature of recurrent events.27 Statistical significance using p-values was not reported in this 

study to limit Type 1 errors associated with multiple analyses. Alternatively, confidence intervals were 

presented to allow the reader to ascertain the certainty of the results presented.23 Wide confidence 

intervals are reported for some analyses, and are likely due to the relatively low sample size, even 

though a priori power calculations were determined. Replication in similar and alternative cohorts is 

recommended. Finally, staff at the AFL club participating in this study had knowledge of current load 

and injury research, and consequently interventions and adjustments were made to the rehabilitation 

programs based on the load data collected; this cannot be accounted for in the statistical analysis.  

 

4.6.  Conclusions 

The results here support the use of load monitoring for rehabilitation of AF players and subsequent 

RTP decisions. The results demonstrate that accumulating higher training loads in rehabilitation delays 

RTP following muscle injury. Further, commencement of running <4 days following muscle injury 

decreases post-RTP survival. However, accumulating moderate to high sprint running loads has 

protective effects against subsequent injury after RTP.  As such, shared decision-making around RTP 

timeframes should carefully consider accumulated training loads. 

 

4.7.  Practical Implications 

• Training loads should be planned and monitored as a component of best practice rehabilitation.  

• Attaining appropriate sprint running loads through graduated prescription of supplementary 

running may be used to protect against subsequent injury.  

• Decision-making around RTP should consider that accelerating rehabilitation may increase 

subsequent injury risk. This may result in longer timeframes for RTP than a smaller delay in 

the initial rehabilitation process. 
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5.1.  Abstract 

Objective: The risk of sustaining a subsequent injury is elevated in the weeks following return to play 

(RTP) from an index injury.  However, little is known the magnitude, duration, and nature by which 

subsequent injury risk is increased. This study aimed to quantify and describe the risk of injury in a 12-

week period following RTP from an index injury in Australian football players. 

Design: Prospective Cohort. 

Methods: Injury data was collected from 79 players over 5 years at one Australian Football League 

(AFL) club.  Injuries were classified using the Orchard Sports Injury Classification System and side of 

the body. Further, injury severity was classified as time-loss (resulting in one or more matches being 

missed) or non-time-loss (no matches missed). Subsequent injury was categorised using the SIC-2.0 

model, applied to the dataset via an automated script. The probability of a time-loss subsequent injury 

was calculated for in-season index injuries for each week of a 12-week period post-RTP using a mixed-

effect logistic regression model. 

 Results: Subsequent injury risk was found to be highest in the week of RTP for both time-loss (9.4%) 

and non-time-loss injuries (6.9%). Risk decreased with each week survived post-RTP, however it did 

not return to baseline risk of participation (3.6%).   

Conclusion: These findings demonstrate that athletes returning to play are at an increased risk of injury 

for several weeks and indicates the requirement for tertiary prevention strategies to ensure they survive 

this period. 



91 
 

5.2.  Introduction 

Understanding the risk factors related to the aetiology of sports injury is important for prevention 

strategies and player selection decisions in team sports. Of particular interest to sports medicine 

practitioners are selective risk factors; those that affect certain individuals by increasing their injury risk 

above the universal risk of participation.12 One such factor that has been well-documented is a player’s 

previous injury history.7,10,25 

 

Following return to play (RTP) in sport, the risk of an initial injury recurring has been shown is 

elevated for several weeks.15 As such, evidence-based tertiary preventions (strategies aiming to reduce 

the adverse effects of an initial [index] injury12) are indicated to reduce this risk. To date, a number of 

tertiary preventions have been identified to prevent the recurrence of single injury pathologies such as 

eccentric strength training to reduce recurrent hamstring injury risk16 and neuromuscular training 

protocols to lower risk of ACL graft rupture.11 However, recent research has demonstrated that, in 

addition to the risk of recurrence, the risk of sustaining a new (different) injury potentially poses a 

greater danger to the returning player.6,26 The mechanisms of these risks are yet to be determined. 

Investigations into subsequent injury (any injury occurring after an index injury) epidemiology 

conducted in Australian football6 (1-year surveillance period) and rugby sevens26 (2-year surveillance 

period) have reported that recurrences only accounted for 18% and 2% of all subsequent injuries in 

these two sports, respectively. Of note, a recent systematic review reported that a number of index 

injuries increased the risk of numerous subsequent lower limb injuries that were different to the original 

injury site.25 For example, anterior cruciate ligament injury was associated with a two-fold increase in 

subsequent hamstring injury risk, lower limb muscle injury was associated with an increased risk of a 

secondary muscle injury at a different site, while previous concussion episodes and joint pathologies 

increased the likelihood of various lower limb injuries. Additionally, a study in European soccer 

reported further increases in subsequent injury risk for every previous injury sustained highlighting the 

dangers of falling into a cycle of repeated injuries and the associated consequences of such as poor 

performance, deselection, or retirement.10 

 

Player availability and health impacts game performance and overall finishing ladder position in 

team sport.9,18 Given subsequent injuries are highly prevalent in elite sport (accounting for 45.5%6 and 

84%26 of all injuries in the previously mentioned studies) and have been associated with greater burdens 

(longer time lost) compared with index injuries,2,4,5 their prevention should be a high priority for sports 

medicine practitioners. Evidence-based tertiary interventions aimed at the prevention of all subsequent 

injuries, not just recurrences, are therefore required. To date, the majority of injury prevention literature 

has not considered injury history in their analyses despite the clear relationship between index and 

subsequent injury. As such, little is known about the mechanisms underpinning the subsequent injury 

phenomenon and many current tertiary prevention recommendations regarding the management of 
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acute:chronic workload ratios (ACWR) for athletes returning from injury,1 are derived from findings 

established in athletic populations with unknown injury histories. This limits the clinical utility of these 

findings. To overcome these limitations, an injury classification system outlining seven distinct 

categories of subsequent injury based on injury site, structure, side of body and nature relative to the 

index injury has been recently developed.24 This categorisation can be applied to large datasets through 

an automated script, potentially allowing a more detailed insight to be gained into the nature of any 

potential subsequent injury.  

 

With this in mind, the aims of the current study were to: (1) quantify the risk of subsequent injury 

following RTP and determine the duration that the elevated risk period persists; and (2) identify the 

nature of the subsequent injuries that contribute to this risk. 

 

5.3.  Methods 

Participants 

Injury/illness data was prospectively collected from Australian footballers (n=79: 23.2 ± 1.0 years 

of age) from one Australian Football League (AFL) club over 5 seasons (2013-2017). Data for a total 

of 2,137 individual injury/illness cases were collected. All participants provided written consent prior 

to participation and all data were de-identified before extraction from the club’s electronic database. 

Ethical approval (in compliance with the Declaration of Helsinki) was obtained from the Human 

Research Ethics Committee (RA/4/1/6362). 

 

Index Injury & Subsequent Injury Status 

Injury/illness information was classified by the club’s senior physiotherapist using the Orchard 

Sports Injury Classification System17 while detailing the side of the body injured. All in-season injuries 

and illnesses requiring medical attention were included in this study irrespective of time-loss. Injuries 

were also categorised by severity, as either time-loss (resulting in one or more matches being missed 

[sports incapacity23]) or non-time-loss (no matches missed). Injury recovery was defined as the first 

game played following the index injury (RTP).23 Subsequent injury pathology was categorised using 

the SIC-2.0 model. This model categorises injuries into eight data-driven categories (outlined in Table 

5.1) by the site, side, structure, and nature of the injury relative to the index injury. The model was 

applied to the dataset via an automated script as documented by Toohey et al.24. Subsequent injuries 

were coded relative to all previous injuries sustained from the beginning of the 2013 season for each 

player.  
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Table 5.1: The subsequent injury classification model (SIC-2.0). 

 

Data Handling and Statistics 

A 12-week period from RTP following each index injury was analysed in 1-week epochs for risk 

of time-loss subsequent injury occurrence post-RTP. Weeks following the first time-loss subsequent 

injury or the conclusion of the season were right-censored. Subsequent injury probability was predicted 

for each week of the analysis period using a mixed-effects logistic regression model. This type of 

analyses allows a binary outcome to be modelled (in this study: subsequent injury = yes/no) with respect 

to both random and fixed effects. A fixed effect is a is a measured variable, or a non-random quantity, 

whereas a random effect is an individual-specific effect that is uncorrelated with the independent 

variables of interest. In the present model individual player was included as a random effect season, 

injury sequence number for the individual, days between index injury recovery and the most recent 

previous injury, index injury severity (days from onset to recovery), player age, years of AFL 

experience, subsequent injury code (SIC-2.0) and number of weeks post-RTP were included as fixed 

effects. Further, an interaction between player injury rate and season was included within the model. 

The analysis was performed in STATA 15 (Stata 15.1 IC, StataCorp, USA) using the “melogit” 

command.  

 

The predicted probabilities and associated 95% Confidence Intervals (CIs) were then plotted using 

a fractional polynomial regression and compared to baseline risk of time-loss injury. Baseline injury 

risk was calculated by coding in-season weeks in which a time-loss injury was sustained for all players. 

The count of weeks where an injury occurred were then divided by the total number of in-season player 

weeks in the study period. Weeks falling within 12 weeks of a previous injury (the subsequent injury 

analysis period) were excluded from this calculation. 

 

 

Category Category description 

I 
No subsequent injury, only one injury was sustained by the athlete throughout the surveillance 
period. 

II Re-injury after recovery, to the same site, same nature, same side, and same structure. 

III Acute/continual/sporadic exacerbation before recovery to the same site, same nature, same 
side, and same structure. 

IV Injury to same site, same nature, same side but of a different structure. 

V Injury to same site, same nature but different side. 

VI Injury to same site but of a different nature. 

VII Injury to a different site but of the same nature. 

VIII Injury to a different site and of a different nature. 
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5.4. Results 

Descriptive Information 

Baseline weekly time-loss in-season injury probability over this study period was 3.6%. The players 

in this study averaged 8.1 injuries per in-season period, with 1.9 of these resulting in time-loss. One 

third of players in the study accounted for 61% of all time-loss injuries recorded. Category VIII 

subsequent injuries (injury to a different site and of a different nature) were the most prevalent 

subsequent injury type observed over the study period, accounting for 75% of all subsequent injuries 

sustained. Table 5.2. provides further detail outlining SIC-2.0 category frequencies for various index 

injury types. 
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Table 5.2: Descriptive data of subsequent injuries. 

Index 
Injury 

Severity 

Index Injury 
type Cases (n) 

Days from RTP to First 
Time-loss Subsequent 

Injury 
First Subsequent Injury Count by Type 

(median  [IQR]) II III IV V VI VII VIII Survived >12 weeks (n, %)  

Non-
Time-
Loss 

Muscle Injury 199 121 (36-343) 1 0 7 4 1 14 42 130 (65.3%) 

Joint Injury 543 85 (28-258) 2 0 0 3 11 14 203 310 (57.1%) 

Tendon Injury 87 83 (16-195) 0 1 0 0 1 3 34 48 (55.2%) 

Bone Injury 28 85 (36-275) 0 0 0 0 0 2 9 17 (60.7%) 

Illness 56 138 (50-274) 0 0 1 0 0 0 15 40 (71.4%) 

Other 630 92 (28-248) 1 0 0 5 25 7 213 379 (60.2%) 

Total 1543 92 (28-264) 4 1 8 12 38 40 516 924 (59.9%) 

Time-
Loss 

Muscle Injury 116 58 (16-163) 2 0 3 6 1 6 33 65 (56.0%) 

Joint Injury 135 51 (21-153) 6 0 0 3 7 2 41 76 (56.3%) 

Tendon Injury 18 35 (22-96) 2 0 0 0 0 0 9 7 (38.9%) 

Bone Injury 54 60 (34-173) 4 0 0 0 1 0 20 29 (53.7%) 

Illness 13 31 (8-49) 0 0 0 0 0 0 2 11 (84.6%) 

Other 51 56 (28-116) 2 0 0 0 2 1 19 26 (51.0%) 

Total 387 56 (22-153) 16 0 3 9 11 9 124 214 (55.3%) 

IQR= interquartile range; RTP= return to play 

 

 



 
 

Subsequent Injury Risk following Return to Play 

The weekly risk of time-loss with subsequent injury through the post-RTP period for both time-loss 

and non-time-loss index injuries is presented in Figure 5.1. Absolute risks, risk differences and relative 

risks are reported in Appendix C (Table C.1.). Injury risk is highest in the week of RTP, remaining 

elevated above baseline for the entire 12-week surveillance period. This is observed for both time-loss 

and non-time-loss index injuries, however, the risk across all weeks is higher following RTP from a 

time-loss injury compared to a non-time-loss injury.  

Figure 5.1: Probability of subsequent injury by week following return to play (RTP). 

 

Figure 5.2. displays the breakdown of subsequent injury risk by subsequent injury types. Absolute 

risks, risk differences and relative risks are reported in the supplementary on-line material (Supplement 

Table B). Here, risk of all SIC types is increased in RTP week, but the magnitude by which category 

IV (injury to same site, same nature, same side but of a different structure) and V (injury to same site, 

same nature but different side) injuries are elevated is greater than the other SIC types. 
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Figure 5.2: Probability of subsequent injury following return to play (RTP) by subsequent injury 
category. 

 

 

5.5. Discussion 

This study documents the subsequent injury risk of elite Australian football players over a 12-week 

period following RTP. A significant pattern of increased subsequent injury risk was observed following 

return from injury. Previous research in injury rehabilitation has focused largely on injury recurrence. 

The present study, however, examined subsequent injury with respect to the seven subsequent injury 

categories outlined in the SIC-2.0 model,24 finding the majority (75%) of subsequent injuries affect a 

different site and were of a different nature to the index injury. This corroborates previous findings in 

Australian football6 and rugby sevens,26 highlighting the need for evidence-based tertiary prevention 

strategies to prevent all injuries, not only recurrences. Our findings challenge single injury pathology 

research since they show these injuries cannot be considered in isolation to their previous and future 

injury patterns. This study extends the previous work in Australian football by examining the nature of 

the subsequent injuries sustained using the SIC-2.0 and examining the change in subsequent injury risk 

over time. 
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Subsequent injury risk is highest in return-to-play week 

The primary finding of this study is that subsequent injury risk is highest in the week of RTP for 

both time-loss and non-time-loss index injuries. Analysis of the SIC-2.0 categories revealed that the 

risk of all subsequent injury types is elevated in this week (Relative risk: time-loss = 2.6, non-time-loss 

– 1.9). These findings indicate that RTP is not synonymous with the body being completely “healed” 

but rather a milestone in the injury timeline requiring careful management to navigate safely. Shrier and 

colleagues20 noted this important distinction, proposing a framework to categorise states of injury 

recovery. The multistate framework for the analysis of subsequent injury in sport (M-FASIS) defines 

the recovery state by whether baseline tissue health has been restored in addition to the level of activity 

(rehabilitation, training, games) that has been resumed, describing eighteen states of recovery. This 

reflects the dynamic nature of injury recovery and potentially accounts for the findings here. Therefore, 

acknowledging that the athlete’s state of health is more complex than a simple dichotomy of “healthy” 

or “injured” and using a multi-state approach may allow for more accurate risk assessment and decision-

making following RTP.  

 

Another factor that has previously been suggested to contribute to this high-risk period is an 

inability to maintain training load through an injury period.1 A recently published study reported that 

attaining moderate-high sprint running loads in rehabilitation improved subsequent injury rates 

following RTP from muscle injury.21 A spike in workload following the de-load associated with an 

injury has also been implicated as a potential source of risk1 (though this has not been demonstrated in 

injured athletes). The notion that reduced workloads increase subsequent injury risk is corroborated by 

the current findings, where risk was greater following time-loss injuries and illness compared to non-

time-loss injuries/illness. Given that the majority of a player’s in-season weekly workload is made up 

by the game,19 time-loss injuries are generally associated with greater de-loading periods adding support 

to this theory. However, while possible that load is a contributing factor, it is likely that there are other 

mechanisms involved given that non-time-loss injuries are still associated with an elevated subsequent 

injury risk. Systemic factors such as psychology, nutrition, underlying medical conditions, sleep and 

recovery status or more specific factors to the injury such as neuromuscular inhibition, lack of 

specificity of rehabilitation training and altered movement patterns are possible contributing factors; 

however, further investigations are warranted. 

 

Injury risk does not return to baseline 

An important result from the current study was that, although subsequent injury risk decreased each 

week following RTP, this risk did not return to the baseline of time-loss injury during the 12-week 

surveillance period. This outcome is further evidence that an injury has lasting adverse effects and 

indicates that individualised intervention may be warranted to manage a player who has sustained an 

injury through the remainder of the season. Such interventions may be modifications in training or game 
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exposure to reduce the potential of encountering an inciting event which moves the athlete from a state 

of susceptibility to injury.14 Further, it remains unknown how long it takes for risk to return to baseline 

or if risk is permanently increased, or indeed if this risk is now permanently increased. An alternate 

explanation is that the population of players who sustain an index injury are already at an increased risk 

due to age or genetic factors and their “baseline” sits above the group average. 

 

Regardless, the failure to return to baseline risk possibly explains why the majority of injuries affect 

a minority of players. In this study, over 60% of all time-loss injuries were sustained by 33% of the 

players investigated. Once an index injury is sustained, it is possible for a cycle of multiple subsequent 

injuries to follow due to the associated state of higher risk. This cycle has been previously identified in 

the literature, with an athlete that experiences a succession of injuries termed the “chronic rehabber”.8 

While the findings of this study advocate the necessity for tertiary prevention to break the subsequent 

injury cycle, it also highlights the importance of primary and secondary prevention to prevent index 

injuries and preclude athletes from entering the high risk RTP window at first instance. Of note, the 

present study only examined subsequent injury within a single season, but it is possible that evidence-

based prevention strategies such as the development of physical capacities,13 high pre-season 

workloads3 and appropriate in-season load management22 early in a player’s career may significantly 

improve their long-term durability by preventing entry into the subsequent injury cycle. Further, it 

should be noted that the index injuries in this study represent the first injury sustained in the observed 

season. Therefore, it is likely that in most cases these are in fact also subsequent injuries, with the athlete 

likely also suffering previous injuries in their career. Accordingly, further multi-season longitudinal 

investigations are required here to assess the long-term effects of repeated injuries. 

 

Non-time-loss injury increases the risk of a subsequent time-loss injury 

This is the first study to demonstrate a relationship between a non-time-loss index injury and 

subsequent time-loss injury risk. This has important implications for both practitioners and injury 

researchers. Often, non-time-loss injuries are ignored with injury researchers favouring the sports 

incapacity definition of injury23 because of its clear delineation. However, the present findings suggest 

that all injuries requiring medical attention should be considered in injury surveillance practices as they 

may contribute to games missed at a later time. The mechanism of this increased risk is unknown and 

warrants further investigation. It is possible that movement mechanics are altered by pain or inhibition 

or possibly that athletes’ receiving treatment for such injuries have an increased awareness, anxiety or 

exposure to medical staff that leads to a lower threshold of injury reporting. Due to the regular exposure 

to medical staff, even when uninjured; mandated by the AF club in this study, the latter is unlikely the 

case in this cohort. Further research is required into the influence of non-time-loss injuries particularly 

to determine the cumulative toll of repeated non-time-loss injuries and whether this places the athlete 

at even greater risk of succumbing to a time-loss injury in the future. 
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Less than 60% of returning athletes survive the 12-week RTP phase 

Survival rates for this cohort were 59.9% for those who suffered a non-time-loss injury and 55.3% 

for those returning from a time-loss injury. Given the previously reported importance of player 

availability to both team and individual performance,9,18 the survival rates reported here indicate the 

significant impact that an injury can have on performance with over 40% of players suffering a second 

injury, further compromising their season.  Such low survival rates demonstrate the consequence of a 

sustained duration of increased injury risk following the index injury, and highlights the need for well-

considered/planned risk-mitigating interventions to persist for many weeks following RTP to ensure 

survival. 

 

Limitations 

Although all injuries sustained over the 5-year period were considered and contributed to the model 

as fixed effects, the mixed-effects logistic regression was only performed on in-season injuries. This is 

because RTP was used to define injury recovery. Finding an equivalent definition for recovery of pre-

season injuries is difficult as the nature of athlete loading and risks encountered are different to the in-

season period and it is likely that sports medicine staff may have different priorities and return-to-

activity strategies in the absence of matches. Despite the large number of injuries included in this study, 

the sample size was insufficient to segregate the analysis by the tissue affected by the index injury. It is 

likely that the specific nature of the index injuries will have an influence over the subsequent injury risk 

as indicated by previous literature.25 Further, other factors known to affect subsequent injury risk such 

as training load,21 muscle strength,16 and other clinical assessment findings were not included in our 

analysis, since they were considered beyond the scope of this study. Therefore, further research is 

required to determine how these risk factors alter the subsequent injury risk profile of team sport 

athletes.  

 

Importantly, the staff of the AFL club involved in this study were aware of the injury prevention 

literature and intervened where possible to prevent injuries. This cannot be accounted for in the analysis 

but the findings here demonstrate athletes encounter a high-risk scenario upon RTP despite receiving 

current best practice clinical management.  

 

5.6. Conclusion 

The risk of subsequent injury is significantly elevated in the week of RTP following an index injury. 

This risk decreases for each week survived post-RTP, but it does not return to baseline within 12 weeks 

(the surveillance period in this study). This risk profile is observed for both time-loss and non-time-loss 

index injuries; however, the risk is greater following time-loss injury. Future research is required to 
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examine the mechanisms behind this increased risk period and potential tertiary preventions strategies 

to mitigate it. 
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6.1.  Abstract 

Objective: The risk of sustaining a subsequent injury is elevated for at least 12-weeks following return 

to play (RTP) from an index injury.  It has yet to be investigated whether the workloads leading up to, 

or following RTP, influence this risk. This study aimed to assess the relationship between pre- and post-

RTP workloads and post-RTP survival using a Bayesian survival model incorporating time-varying 

effects on risk. 

Design: Prospective cohort. 

Methods: Sports incapacity injury data was collected from 76 players over 5 years at one Australian 

Football League (AFL) club. Weekly workloads (distance, sprint distance, sessional rating of perceived 

exertion [sRPE]), expressed relative to the individual’s average game load, in the 4 weeks prior to RTP 

were grouped using 3-dimensional k-means clustering, which identified 4 workload clusters (A-D). 

Three Bayesian survival models were produced using subsequent injury as the event variable. The first 

analysed pre-RTP clusters as time-fixed effects. The second combined pre-RTP and time-varying post-

RTP workload data. The third examined both the pre-RTP cluster and post-RTP acute and chronic loads 

as time-varying effects. 

 Results: Pre-RTP workload Cluster D was found to be aetiologically different from Clusters A-C, and 

was related to the highest hazard across all models. Acute loads were found to relate to lower risk early 

in the RTP period, but risk increased over time. High chronic loads were related to increased risk early 

in RTP, but decreased over time. 

Conclusion: The workloads encountered pre- and post-RTP relate to subsequent injury risk, where the 

magnitude of these relationships varies over time. Bayesian survival modelling provides a novel 

approach to assessing risk factors for subsequent injury. 
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6.2.  Introduction 

In the applied setting, various practitioners (sports scientists, physiotherapists and strength and 

conditioning coaches) are responsible for making decisions relating to the injury risk of players, 

particularly when returning from rehabilitation of an injury. Understanding and quantifying this risk, 

where possible, allows decision makers in their sport to make better informed choices in an otherwise 

uncertain environment. One factor that has been consistently reported to increase injury risk above the 

universal (baseline) risk of participation is previous injury history, where 36.9% of all injuries reported 

in an Australian football season were subsequent to an initial (index) injury.6 Another factor is the 

individual player’s exposure to training.10 Modelling the impact of such factors and especially their 

time-varying nature on subsequent injury risk can provide evidence to assist decision makers in 

assessing how much, and when to expose an athlete to potentially injurious situations such as training 

and games.5,18   

 

Stares et al.21 have previously identified that injury risk was significantly elevated for at least 12 

weeks following return to play (RTP) in Australian football. Risk was highest (9.6%) in the week of 

RTP, and despite declining weekly across the 12-week observation period, did not return to the 

individual baseline risk of participation. A more recent study by Orchard et al.14 supports this finding 

reporting a 15-week period of increased subsequent injury risk in Australian footballers. This notion is 

also supported by findings in other team sports such as soccer11 and rugby sevens.22 Collectively, these 

outcomes demonstrate the significant challenge for sports medicine practitioners posed by the risk of 

subsequent injury following RTP.   

 

Given the consequences associated with repeated injuries for the individual (poor performance, 

deselection, retirement)14 and the team (match outcome and ladder position);15 developing preventative 

strategies to manage athletes through the high-risk period following RTP is a high priority for 

practitioners. Of equal importance is to understand the risk profiles of athletes to inform selection policy 

and decisions at an operational level, such that decisions with acceptable risks can be discussed and 

developed.5 Currently, simple categorisation of individuals as “available” or “unavailable” neglects the 

complex reality of high performance sport, where the availability may be moderated by a number of 

contextual factors such as the level of risk associated with exposure to training and competition, the 

ability of staff to modify exposure, and the stage of the competitive season. Due to scarcity of research 

into the risk factors of subsequent injury specifically, the current literature provides limited evidence to 

inform decisions in these situations. 

 

The management of the athlete’s workload before, during and following RTP is commonly utilised 

in elite sport as a potential risk mitigation strategy. However, up until recently, research examining 

workloads and injury had been limited by the pooling of injury data with workloads from healthy 
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athletes, and the findings then generalised to those returning from injury, potentially leading to bias and 

erroneous conclusions. In 2018, we investigated the relationship between the loads accumulated in the 

rehabilitation period prior to RTP and subsequent injury risk following RTP, finding that accumulation 

of moderate-high, high-speed running loads prior to RTP related to enhanced survival rate.19 Further 

support for the amount of training completed before RTP influencing subsequent injury risk is provided 

by a recent investigation in soccer.1 The subsequent injury rate in the RTP game was found to be 87% 

greater than the baseline (season average) injury rate, with the odds of subsequent injury decreasing 7% 

with each training session completed prior to RTP. Importantly, both of these studies only considered 

the workloads prior to RTP, and did not account for the loads encountered during RTP and beyond, 

potentially providing an oversimplified assessment of the problem.  

 

A contributing factor to the paucity of research in this area is that sample sizes for injured athlete 

populations are generally small and therefore insufficient for many traditional frequentist statistical 

analyses. However, Bayesian statistical methods may offer an alternative approach, being more suited 

to exploring these problems. This is due to their ability to provide probability statements about outcomes 

based on information, such as workload, along with an explicit representation of the uncertainty of these 

statements even in small samples. This could be valuable in providing a risk-informed framework for 

RTP decision-making.  

 

The aim of this study is to examine the association between post-RTP workloads and subsequent 

injury risk in returning athletes whilst accounting for the confounding effect of pre-RTP workload. It 

should be noted that establishment of causality is beyond the scope of this study. To answer this problem 

we utilised three models: (1) the widely used Cox proportional hazards model24 based on pre-RTP 

workload data in isolation, (2) a proportional hazards model combining pre-RTP and time-varying post-

RTP workload data, and (3) a non-proportional hazards model combining pre-RTP and post-RTP 

workloads whose effects on subsequent injury risk can change over time.3 For each approach, we predict 

the hazard curve and thus the probability of subsequent injury. We then provide three case studies of 

common situations encountered at the club to assist the reader to understand the practical applications 

of our findings. 

 

6.3.  Methods 

Eligibility Criteria 

Injury/illness data were prospectively collected from professional Australian football players 

(n=76: 24.2 ± 4.1 years of age) at one Australian Football League (AFL) club over 5 seasons (2015-

2019). Due to the study being conducted through the AFL club, the dataset was complete, and no players 

were lost to follow up.  Injury information was classified by the club’s senior physiotherapist (as 
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described elsewhere21). Only injuries incurred during the AFL Premiership in-season period that 

resulted in at least one match being missed (sports incapacity13) and where the player returned to play 

in the same season were included in the analysis (n = 193). All participants provided written consent 

prior to participation and all data were de-identified before extraction from the club’s electronic 

database (Smartabase, Fusion Sport, Queensland, Australia). Ethical approval (in compliance with the 

Declaration of Helsinki) was obtained from the institutional Human Research Ethics Committee 

(RA/4/1/6362). 

 

Subsequent Injury  

Subsequent injuries were defined as sports incapacity injuries that occurred in the 13-week 

observation period following RTP. Cases in which the season ended prior to the end of the observation 

period were right-censored.  

 

Workload Data  

Previously validated internal7 and external12 workload measures were collected for every training 

session and game in the study period. Internal load was quantified using sessional rating of perceived 

exertion (sRPE). Players provided an RPE using the 10-point modified-Borg scale7 immediately after 

each session, which was multiplied by the session duration to produce sRPE. Total distance covered in 

metres (“distance”) recorded by a 10 Hz GPS (Vector S7, Catapult Sports, Australia), as well as the 

distance covered above 75% of the individual’s maximum speed (“sprint distance”), were the two 

external load measures used. Individual maximum speed was defined as the maximum speed recorded 

in training or matches in the previous 2 seasons.  

 

Due to the varied game demands of different players/positions, workloads were expressed relative 

to the individual’s average game load (mean game load across all games played through the respective 

season). For example, for a player whose average game distance of 10000m, a load of 20000m would 

be stated as 2.0. For each workload variable, acute training load (ATL: defined as the sum of the 

previous seven days on a given date) and chronic training load (CTL: defined as the average weekly 

load accumulated over the last 28 days) were determined.  Loads were calculated retrospectively at the 

start of the day, thus excluding any load that may have been accrued on that day. The RTP date was 

considered as day 0 for the purpose of training load calculation, with ATL and CTL being calculated 

weekly through the 13-week observation period (i.e., RTP, RTP+7 days, RTP+14 days etc.).  

 

Pre-Return to Play Clustering 

To analyse pre-RTP workloads as a confounder in our analysis, the weekly load for each of the 3 

workload variables (distance, sprint distance and sRPE) accumulated in the four weeks prior to RTP 

(i.e. RTP-28 days, RTP-21 days, RTP-14 days, RTP-7 days) was input into longitudinal k-means 
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clustering kml3d package9 in R (v3.5.1). This dimensionality-reduction technique was utilised to 

condense many load patterns into manageable categories for survival modelling. The Calinski and 

Harabasz4 criterion was used to determine the most suitable number of meaningful clusters. The model 

that produced the highest Calinski and Harabasz criterion was selected. 

 

Survival modelling 

Bayesian survival modelling was used to examine the relationship between workloads and 

subsequent injury hazard. As in Chapter 4, a survival model was chosen due to the ability to examine 

the occurrence of subsequent injury with respect to exposure time. Bayesian inference allows for 

probability statements to be made regarding the event of interest, which is relevant for clinical decision-

making. The three proposed models can be represented in terms of the way they model the hazard ℎ	
�� 

for a particular individual and subsequent injury combination  at time �:3 

 

 ℎ	
�� = ������ exp��
���	
�� + ���	�� Equation 1 

 

Where � is the shape parameter and � the scale parameter for the Weibull distribution, �
�� is a 

vector of possibly time-varying HRs (i.e., coefficients) for possibly time-varying covariates �	
�� for 

injury . Random effects are captured via a vector of coefficients �� for player �, and random covariates 

�	�; As in Chapter 5, player was included as a random effect (vector of coefficients �� for player �) to 

capture differences in susceptibility of different players to injury. We adopted a Weibull distribution (a 

widely used distribution to describe various types of observed failures) of the baseline hazard as risks 

between different time periods are different, independent and additive; zero risk can be represented, and 

events that increase the probability of an injury can be captured.16  

 

For Model 1, there are no time-varying covariates (variables were captured a single time point 

[RTP] and did not vary) as the hazard is modelled purely on clustered, pre-RTP workloads. In addition 

to a player random effect, player age and cumulative number of time-loss injuries sustained in the season 

to date were also included as fixed effects in Model 1 through 3. 

 

Model 2 incorporates time-varying workloads in the 12 weeks post-RTP where the effect of acute 

and chronic workloads in each week is constant (i.e., coefficients �
�� = � are constant). However, the 

effect of workload on injury risk can change over time post-RTP as it is hypothesised that workloads 

have a variable effect on risk based on previous findings.20 Hence, Model 3 incorporates time-varying 

effects (i.e. coefficients �
�� are time-varying) – Table 6.1. summarises the model formulations. 
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All models were produced in R using the package rstanarm.3 Non-informative default priors were 

utilised for all model parameters. Model convergence was checked using visual inspections of MCMC 

chains in addition to R̂ statistics.8 Convergence was reached after 2,000 iterations of Markov Chain 

Monte Carlo with a burn-in of 1000 iterations and thinning by a factor of 1.  
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Table 6.1: Summary of Bayesian Survival Models. 

Effect Model 1 Model 2 Model 3 

Random Effects Player ID Player ID  Player ID 

Time-Fixed Effects 

Pre-RTP Workload Cluster Pre-RTP Workload Cluster 
Number of time-loss injuries in the 

season 

Number of time-loss injuries in the 
season 

Number of time-loss injuries in the 
season Age 

Age Age 
  

Time-Varying 
Covariates 

 

Acute Training Load (Distance, Sprint 
distance, sRPE) 

 

 

Chronic Training Load (Distance, Sprint 
distance, sRPE) 

 

Time-Varying Effects 

    
Pre-RTP Workload Cluster 

  

Acute Training Load (Distance, Sprint 
distance, sRPE) 

    

Chronic Training Load (Distance, Sprint 
distance, sRPE) 

sRPE =   Sessional Rating of Perceived Exertion, RTP=  Return to Play.



 
 

6.4. Results 

Descriptive Information 

The 193 RTP cases examined in this study consisted of 91 muscle injuries, 34 joint injuries, 30 

bone injuries, 8 tendon injuries, 6 concussions and 23 other injuries. The median time lost (between 

games played) was 18 days (Interquartile range = 13-27 days). Through the 13-week observation period, 

70 subsequent injuries were recorded, resulting in a survival rate of 64%.  

 

Pre-Return to Play Workload Clustering 

Four workload clusters (A-D) were produced by the k-means longitudinal analysis. Figure 6.1. 

shows the average loading pattern for each of the load variables for each cluster with descriptive 

information for each cluster reported in Table 6.2. 

 

Note: Mean relative load for each week is represented by marker ± standard deviation for each cluster. The shadowed lines 
represent the corresponding mean loads for the other 3 clusters in each graph. RTP = Return-to-play. RTP weeks: -28 = week 
commencing RTP-28 days, -21 = week commencing RTP-21 days, -14 = week commencing RTP-14 days, -4 = week 
commencing RTP-7 days. 

 

Figure 6.1: Pre-RTP load clusters produced by the k-means longitudinal clustering. 



 
 

Table 6.2: Descriptive Information for Workloads and Index Injury Type for Pre-RTP Clusters. 

Note: RTP = Return-to-play; sRPE = Sessional rating of perceived exertion; IQR = interquartile range. 

 

Clusters A and B appear to represent shorter term injuries displaying shorter median RTP times 

compared to Clusters C and D which appear to represent longer term injuries. Clusters A-C seem to be 

comprised of relatively similar distributions of injury aetiologies whereas Cluster D appears to be 

aetiologically different being comprised primarily of joint and bone injuries. 

  

 

 

 

 

Pre-RTP Load Cluster A B C D 

Average Weekly 
Loads  

(Relative to 
Game Load) 

RTP-4 

Distance 1.71 ± 0.44 1.62 ± 0.38 0.86 ± 0.51 2.31 ± 1.03 

Sprint 1.34 ± 0.67 1.28 ± 0.63 0.31 ± 0.47 3.40 ± 2.32 

sRPE 1.23 ± 0.40 1.18 ± 0.34 0.28 ± 0.20 1.20 ± 1.00 

RTP-3 

Distance 1.01 ± 0.46 1.74 ± 0.34 1.51 ± 0.54 2.91 ± 1.38 

Sprint 0.46 ± 0.47 1.43 ± 0.68 0.98 ± 0.84 4.59 ± 0.86 

sRPE 0.46 ± 0.34 1.32 ± 0.35 0.75 ± 0.41 1.53 ± 1.02 

RTP-2 

Distance 1.66 ± 0.52 1.19 ± 0.48 1.51 ± 0.57 1.86 ± 1.32 

Sprint 1.35 ± 1.02 0.63 ± 0.58 1.06 ±0.93 1.23 ± 1.10 

sRPE 0.88 ± 0.42 0.63 ± 0.40 0.68 ± 0.34 0.63 ± 0.56 

RTP-1 

Distance 1.02 ± 0.45 1.07 ± 0.40 1.12 ± 0.50 2.24 ± 0.99 

Sprint 0.78 ± 0.85 0.69 ± 0.62 0.61 ±0.60 3.15 ± 2.73 

sRPE 0.37 ± 0.26 0.40 ± 0.22 0.45 ± 0.32 0.85 ± 0.51 

Median Days from Index Injury to RTP (IQR) 18 (12.5-23) 15 (11.75-19) 28 (14.25-42) 24 (15-43.75) 

Breakdown of Index Injury Type 

Muscle 49% 49% 47% 25% 

Joint 16% 15% 19% 38% 

Bone 12% 17% 16% 38% 

Tendon 7% 2% 3% 0% 

Concussion 1% 3% 5% 0% 

Other 13% 14% 10% 0% 
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Survival Modelling  

The hazard ratios and corresponding uncertainty limits for Models 1 and 2 are reported in Table 

6.3. A comparison of predicted survival by cluster for Models 1 and 2 are shown in Figure 6.2. 

 

Table 6.3: Hazard Ratios for Models 1 and 2. 

Note: RTP = Return-to-play, sRPE = Sessional rating of perceived exertion, TL = Time-loss. 

Model Variable Hazard 
Ratios 

95% Credibility 
Intervals 

Model 1 

Pre-RTP 
Cluster 

A (Ref) - 

B 1.3 0.68 – 2.42 

C 1.3 0.68 – 2.41 

D 2.1 0.51 – 6.54 

Fixed Effects 
Age 1.0 0.89 – 1.03 

No. TL Injuries in 
Season to Date 

1.0 0.82 – 1.31 

Model 2 

Pre-RTP 
Cluster 

A (Ref) - 

B 1.3 0.71 – 2.52 

C 1.2 0.63 – 2.34 

D 2.5 0.55 – 8.51 

Fixed Effects 
Age 0.9 0.87 – 1.03 

No. TL Injuries in 
Season to Date 1.0 0.79 – 1.28 

Post-RTP 
Acute Loads 

Distance 1.1 0.37 – 3.29 

Sprint Distance 1.0 0.67 – 1.54 

sRPE 0.7 0.23 – 2.06 

Post-RTP 
Chronic 
Loads 

Distance 1.2 0.21 – 6.63 

Sprint Distance 0.8 0.34 – 1.70 

sRPE 0.4 0.06 – 2.33 
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Figure 6.2: Predicted Survival through post-RTP period by Cluster for Models 1 and 2. 

 

 

Model 3, including all loads metrics (distance, sprint distance, sRPE), failed to reach convergence. 

Alternatively, separate, time-varying models were run for distance, sprint distance and sRPE 

respectively. The time-varying hazard ratios for these models are presented graphically in Figure 6.3. 

indicating how the relationship between each load variable and risk of subsequent injury changes over 

the course of the post-RTP period. Further detail can be found in Appendix D (Tables D.1. to D.3.). 
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sRPE= Sessional Rating of Perceived Exertion. 

Figure 6.3: Time-varying hazard ratios through the post-RTP period generated by Model 3 

 

Case Study Example 

To demonstrate these findings practically, the following case study outlines three simulated RTP 

scenarios. The data for the scenarios were input into Models 2 and 3 to predict survival for each 

respectively. The case study features Player 51 returning to play from a hamstring injury. Player 51 is 

a veteran athlete (Age = 30 years, 10 years AFL experience) with a history of repeated soft-tissue 

injuries (3 injuries in this season to date). The following scenarios were simulated. Pre- and post-RTP 

load progressions for each scenario can be found in the Online Supplementary Material (Figures D.1. 

to D.3.). 

 

Scenario 1 

The player is given 5 days off running; returning to running 6-days post-injury. His rehabilitation 

consisted of a 3-week progressive build in volume and intensity prior to RTP at day 25. Due to the 

nature of the injury, the high performance medical and conditioning staff had a focus on high-speed 

running loads in the lead up to RTP. The high-speed focus was maintained following RTP, with regular 

speed “top-ups” in training prescribed if sprint load targets were not achieved.  

 

Scenario 2 

Player 51 followed the same pre-RTP protocol as shown in Scenario 1 (Online Supplementary 

Figure A). However, following RTP, the athlete generally took a long time to recover from games and 

often struggled to elicit high speeds in training or matches. Given his veteran status, high performance 
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medical and conditioning staff took a recovery-focused approach; minimising training loads during the 

week in order to freshen him up for games.  

 

Scenario 3 

To ensure Player 51 had the best possible preparation for RTP, a 4-week rehabilitation protocol was 

followed (in contrast to the 3-week protocol used in Scenarios 1 and 2). This ensured the player reached 

RTP with high chronic loads across all metrics. Following RTP, high performance medical and 

conditioning staff tried to maintain training loads (particularly sprint loads) where possible, through 

prescription of “top-ups” as in Scenario 1.  

 

The predicted survival for the 3 scenarios are presented below in Figure 6.4 and Table 6.4. There 

are 4 survival graphs for each scenario; the first is predicted using Model 2, and the remaining are 

predicted using Model 3 for each load metric: distance, sprint, and sRPE, respectively. As can be seen 

from these results, the survival outcomes were poorest for Scenario 2 across all models, suggesting that 

maintenance of training loads through the post-RTP period was related to improved survival. This is 

highlighted in Table 4, which compares survival rates at four-, eight-, and twelve-week time points. The 

mean survival rates predicted from Model 3, which captures time varying effects, are notably lower 

than Model 2, suggesting that time varying loads post-RTP need to be considered when assessing risks.  

 

Over all four models, the mean survival rate for Scenario 3 were marginally better than those of 

Scenario 1, suggesting that the higher pre-RTP loads associated with a longer rehabilitation were 

beneficial.  However, the lower bound of the 95% credible interval for four and eight week survival 

using sprint and sRPE are notably higher for Scenario 3 compared to Scenario 1, indicating greater 

confidence in better survival outcomes.  
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Table 6.4: Four-, eight- and twelve-week survival rates predicted by Models 2 and 3 for the case study 
scenarios. 

Model  
Scenario Survival Rate (%) 

  4-week 8-week 12-week 

Model 2 

1 96.8 (75.5 - 99.7) 84.8 (32.1 - 98.6) 64.0 (6.1 - 95.9) 

2 94.7 (65.0 - 99.5) 76.2 (32.9 - 97.0) 44.5 (3.2 - 89.0) 

3 96.9 (77.0 - 99.8) 86.3 (32.6 - 98.8) 66.6 (6.5 - 96.5) 

Model 3 - 
Distance 

1 77.6 (24.5 - 96.3) 43.0 (32 .0 - 85.9) 19.0 (2.0 - 71.3) 

2 74.6 (33.7 - 95.8) 36.2 (5.0 - 85.0) 11.0 (0.0 - 69) 

3 80.4 (34.8 - 97.5) 46.9 (6.4 - 89.0) 19.4 (4.0 - 77) 

Model 3 - Sprint 

1 80.7 (31.6 - 97.2) 47.9 (5.4 - 89.5) 22.5 (4.0 - 79.2) 

2 78.9 (35.1 - 96.8) 45.3 (3.6 - 85.9) 17.5 (1.0 - 69.0) 

3 85 (48.9 - 98.4) 53.4 (8.3 - 93.1) 25.8 (7.0 - 84.6) 

Model 3 - sRPE 

1 92.7 (42.9 - 99.6) 75.3 (10.1 - 97.6) 55.3 (1.5 - 94.2) 

2 86.9 (37.7 - 98.8) 62.6 (9.7 - 94.4) 33.0 (1.0 - 85.0) 

3 95.0 (56.8 - 99.6) 79.8 (18.1 - 98.0) 59.9 (3.4 - 94.1) 
sRPE= Sessional Rating of Perceived Exertion. 

 

Note: Dotted line represents baseline survival of the sample. Black line represents the predicted survival in each 
model/scenario. The other 2 scenarios are represented in each graph by the shadowed lines. 

 

Figure 6.4: Predicted survival graphs for case study scenarios produced from models 2 and 3.  
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6.5. Discussion 

This study utilised Bayesian survival modelling to examine the relationships between athlete 

workloads post-RTP survival. To date, there has been limited research into the factors associated with 

subsequent injury risk. Recent studies have identified subsequent injury risk to remain elevated for 

several weeks following RTP.14,21 We observed that subsequent injury risk is partially explained by pre- 

and post-RTP loads, and can be used to estimate the risk profile for athletes in the RTP period.  

 

Cluster D was related to the highest risk of subsequent injury compared to Clusters A-C 

The comparison of the pre-RTP clusters demonstrates that Cluster D was associated with the highest 

hazard consistently across Models 1-3 (HR = 2.1 – 2.5). This cluster represented very high training 

loads relative to the individual’s average game load in the lead up to RTP (up to 4.59 times the average 

game sprint distance in a week). Further examination found that this cluster had the highest proportion 

of bone and joint injuries compared to the other clusters. Their injury management is likely to be 

different to the other clusters due to aetiological differences. This must be considered, as this may 

explain their outcome more than the workloads reported and utilised in our study. It is possible that the 

aetiology or severity of these injuries may confer higher subsequent injury risk. This is in line with 

previous findings by Toohey et al.23, who reported severe injuries, such as anterior cruciate ligament 

rupture, to be positively associated with subsequent lower limb muscle injury (risk ratio = 2.25).  

 

Further, the average game time for the individuals in this cluster was low (77.3 minutes compared 

to 95.7 minutes for total sample), which likely explains the high relative loads observed here. This is 

likely because these players may have been identified as “low durability” by high performance staff (a 

club-specific term to classify players who are repeatedly injured), and therefore, have been prescribed 

modified game-times through the year to try and reduce the likelihood of injury. It is commonplace for 

players with substantial injury histories to be candidates for such exposure moderation in elite 

Australian Football. In this case, it seems possible that this strategy may have produced a selection 

effect that is being demonstrated in this analysis. It seems plausible that the combination of high severity 

index injuries to players previously identified to be ‘low durability’ (repeatedly injured) may explain 

the high subsequent injury hazard observed in this cluster rather than the workloads encountered. 

 

The relationship between workload and subsequent injury risk is not constant over time 

A novel component of this study was the examination of time-varying effects on risk. It has 

previously been suggested that the relationship between load and injury risk varies over time;20 

however, most analyses to date have been insufficient to assess this premise. We found the relationship 

between all of the load variables and subsequent injury hazard to vary markedly across the post-RTP 

observation period, which is apparent when examining the HRs in Model 3 (Fig 6.3). Modelling time 

varying effects allows for better estimation of not just the mean, but uncertainty around survival. The 
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risk associated with pre-RTP loading declined for most clusters as time from RTP increased, suggesting 

that the relevance of pre-RTP loads decreases with survival time. It would seem intuitive that as loading 

data becomes more historical, it’s utility as a tool to predict risk diminishes. The exception is evident 

in Cluster C, where hazard increased through the RTP period. This cluster generally represents longer-

term rehabilitation periods (median time lost = 28 days), so it is possible that the index injuries in this 

cluster were generally higher in severity, potentially leading to a longer-lasting detrimental effect on 

player durability. Further investigation is required as to why these players may be at an increasing risk 

over time. It could be hypothesised that greater structural damage from the index injury or the associated 

extended time away from the sport confers greater susceptibility. At this particular AFL club, players 

returning from high severity injuries (with greater time-loss) are more likely to RTP on modified 

exposure to high-risk training and games which may explain the lower hazard earlier in the RTP period. 

Interestingly, it appears that the suppression of risk does not persist over time as these risk mitigation 

strategies are ceased.  

 

Higher acute loads were generally associated with reduced risk (negative hazard) early in the post-

RTP period (first 4-6 weeks, Model 3). However, hazard increased steadily through the RTP period; 

albeit modestly. These findings counter the common belief that a “spike” in acute load associated with 

RTP increases the risk of subsequent injury.2 It is possible that higher loads early in the RTP period 

reflect better clinical function and higher load tolerance increasing the likelihood of successful RTP. 

Acute loads have inconsistently been reported to associate with increased risk in uninjured Australian 

football players.17,26 For instance, Rogalski et al.17 reported large 1-week loads (sRPE) to relate to 

increased odds of injury, whilst Veugelers et al.26 reported an inverse relationship when examining the 

same variable. As such, the findings in the current study suggest that the context within which a high 

acute load is encountered may be an important consideration for how it relates to injury risk. 

 

Chronic loads displayed the opposite effect to acute loads with increased hazard observed in the 

first 2 weeks post-RTP, which dropped sharply thereafter (Model 3, Fig 6.3). A strong association with 

reduced risk is observed in weeks 3 onwards post-RTP. Chronic loads have been previously suggested 

to be protective against injury as a surrogate for future load tolerance.20 Whether chronic loads prepare 

athletes for future loading or simply reflect a prolonged period of continuity without physical inhibition 

(injuries, soreness) is unclear. A possible hypothesis for the increased risk associated with chronic load 

early in RTP is that higher chronic loads may, in some cases, be associated with a short lay-off from 

games and an expedited rehabilitation process. Previously, Stares et al.19 reported that a return to 

running within 4 days of muscle injury resulted in significantly increased subsequent injury risk 

compared to when a return to running was introduced after 4 days post-injury. Alternatively, higher 

chronic loads may be caused by a more conservative rehabilitation for a more severe injury or if the 
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athlete has had setbacks during rehabilitation. Regardless, further research into the casual mechanism 

of the relationships observed here are necessary.  

 

The magnitude of the load-injury relationship differs for external and internal loads  

Although the same trend was observed for acute loads and chronic loads across the three load 

metrics, there were some differences in the magnitude of the associated effects. Distance chronic load 

had a much more pronounced association with increased hazard in the first 3 weeks post-RTP (Model 

3, Fig 3). The chronic load for sprint is only modestly associated with increased risk in weeks 1 and 2, 

whilst sRPE chronic load is not associated with increased risk at any point. This is an interesting finding 

as distance and sRPE are generally highly correlated in the data collected at this club (r = 0.89; 

unpublished club analysis). However, sRPE is more sensitive to changes in context-specific loads 

(match simulation and games) than distance (which can be biased towards conditioning-running) due 

to the long durations and generally high exertion ratings. Therefore, this may suggest that higher chronic 

loads consisting of a greater proportion of contextual load could be protective against injury. Such 

scenarios may arise in the case of short rehabilitation periods where few games are missed or where 

players have been exposed to an extended block of football training prior to RTP.  

 

Limitations 

As per previous work in this area,19,21 only injuries sustained during the in-season period were used 

in this study due to the use of RTP as a reference point to define injury recovery. Due to differences in 

training schedule and the approach to return-to-activity in the absence of competitive matches during 

pre-season, finding an equivalent definition of injury recovery in this period is difficult. For this reason, 

non-time-loss injuries requiring medical attention were excluded. To include such injuries, more 

comprehensive data regarding the timeline and resolution of symptoms are required. Further, the 

analyses used here are not capable of assessing whether a causal relationship between workload and 

injury exists. To date, much of the training load literature has purported the assumption of causation 

between certain workload conditions and injury risk, despite largely employing analyses incapable of 

testing such a hypothesis. We caution against assuming a causative explanation for the results presented 

here. It is equally plausible that workloads are an indicator of a player’s physical status and readiness 

to play, which may explain the relationship with risk. In order to test causality, additional information 

regarding the prescribed workloads and decisions made in the training process are must be collected 

and adjusted for using g-methods.27 Investigating causality using appropriate methods25 represents a 

significant avenue for future research. Further, the models here are based on the data from a single club 

which limits the generalisability of these findings to other groups of athletes. The work here reveals the 

utility of Bayesian survival modelling with time-varying effects and the additional insight that can be 

obtained. However, a current limitation is the inability to converge to a solution that incorporates all 

three explanatory loads (distance, sprint, sRPE) simultaneously. This highlights the methodological 
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challenges associated with model convergence when dealing with multiple time-varying effects and a 

need for new methods for such complex scenarios. 

 

6.6. Conclusion 

Athlete workloads prior to and following RTP display a time-varying relationship with subsequent 

injury risk. Bayesian survival modelling provides a novel approach for assessing this relationship 

allowing researchers and practitioners to estimate the probability of survival outcomes and the 

associated uncertainty around these estimations. This information has the potential to aid evidence-

based, risk-reward decision-making processes regarding player availability in elite team sports.
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7.1. Thesis Summary 

Player health and availability is an important factor for performance in team sports. In Australian 

football, injuries have caused over 2,500 player games to be missed in a single Australian football 

league (AFL) season.27 Accordingly, the identification of risk factors for sports injury are a critical 

aspect of injury minimisation programs devised by AFL high performance departments. Injury risk 

factors may be categorised as modifiable or non-modifiable. Whilst awareness of non-modifiable risk 

factors is important for the assessment and development of an athlete’s injury risk profile, modifiable 

risk factors are of particular interest given the opportunity to implement meaningful risk mitigating 

interventions. An athlete’s exposure to training and game loads is one such modifiable factor that has 

been shown to be related to injury risk.7,17,18,26 Workload conditions that have been found to associate 

with increased injury risk include high acute (short-term)26 and cumulative7 training loads. However, 

contrasting research has also found low workloads to relate to increased injury susceptibility.18 This has 

led to the proposal of an optimal training load band (i.e., a training load not too low or too high) to best 

protect against injury.9 Further, the rate of loading has also been indicated as an important factor worthy 

of consideration, with several studies finding that acute spikes in workload are linked with increased 

injury likelihood.17,18 Despite the abundance of research in this area, the mechanisms underlying the 

elevated injury risk observed under these loading conditions are poorly understood. It has been 

suggested that assessing workloads over a “chronic” timeframe (3-4 weeks) may provide an indication 

of an athlete’s preparedness to tolerate an upcoming bout of increased “acute” load. However, this 

explanation is yet to be analysed appropriately. Additionally, the vast majority of research to date has 

studied the impact of workload on injury in isolation, without considering other known risk factors such 

as previous injury history.13,14 It has been established that the risk of sustaining a recurrent injury to the 

same site, or injuring a new site (collectively known as subsequent injuries), is elevated in the weeks 

following return to play (RTP) from an initial (index) injury.25 It is well-accepted that a load-injury 

relationship exists  in healthy athletes, and as such, athlete workloads have been suggested to potentially 

moderate the subsequent injury risk encountered by athletes returning from injury.2 Therefore, the 

collective findings of the research documented in this thesis has outlined the subsequent injury risk 

profile of Australian football athletes returning to play by assessing the role of physical workloads in 

explaining and estimating the risk of injury during their return. 

 

7.2. Workloads and Injury 

The first investigation of this thesis (Chapter 3) examined several workload conditions and the 

influence on injury risk over a subsequent four-week period in Australian football players. Here, various 

acute (7-14 days) and chronic (21-56 days) load metrics were derived in order to calculate coupled 

acute:chronic workload ratios (ACWRs). The ACWR, originally proposed by Hulin et al.17, is 

calculated by dividing recent acute workload by historical chronic workload. Traditionally, 7-day and 
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28-day timeframes are utilised for the acute and chronic contributions to the ACWR calculation, 

respectively. Our study compared 12 different ratios of acute:chronic time frames, finding no difference 

between them in their ability to predict injury likelihood. This outcome afforded us to promote the use 

of alternate acute and chronic timeframes to the traditional ACWR if they are deemed more practical at 

a club level. Additionally, we examined various ACWR/chronic load combinations with respect to 

injury risk, which identified several high-risk loading conditions of interest. The majority (93%) of 

these conditions occurred when chronic load was low (distance: <20,892m, sprint distance: <272m, 

sessional rating of perceived exertion [sRPE]: <1,144 arbitrary units [AU]) and ACWR was either low 

(<0.6) or high (>1.5), which suggests that high chronic loads combined with a moderate ACWR may 

confer a reduced injury risk. This is in line with previous findings that show a quadratic relationship 

between ACWR and the risk of injury.2 Further, previous reports in other sports have also shown high 

chronic loads combined with a moderate ACWR to be associated with reduced injury risk. Hulin et al.18 

examined various chronic load/ACWR combinations and reported an ACWR “sweet spot” of 1.02-1.18 

combined with a high chronic load (>16,095m) to indicate the most protection from injury. However, 

these authors also reported a high chronic load combined with high ACWR (>1.54) to be associated 

with the highest risk of all conditions, a contrast to our findings. Further examination of our data 

identified very few cases where both ACWR and chronic load were high, which may explain why we 

did not identify this to be a high-risk condition. A U-shaped relationship has previously been 

demonstrated between chronic load and injury, with high and low load conditions increasing injury 

likelihood compared to a moderate-high condition.9 Accordingly, it is possible that ACWR becomes a 

greater risk factor in these low or very high chronic load conditions where risk is already elevated. 

 

Further to the identification of high-risk conditions, we found that upon entry into such a condition, 

injury risk remained elevated for up to four weeks. This outcome supported previous findings in cricket 

players, where an injury risk latency period of 3-4 weeks was found in fast bowlers following high 

match workloads.24 Such findings highlight the dynamic, time-varying nature of injury risk, and its 

relationship with factors such as physical workload. Therefore, to suitably assess the injury risk of an 

athlete, the collective summation of our findings suggest that consideration must be given to both past 

and present injury risk factors. 

 

Chapter 3 also included an assessment of the predictive performance of the ACWR/chronic load 

models in detecting injury using receiver operating characteristic (ROC) curves. This analysis suggested 

the use of these load measures provided a 10.0 to 17.5% improvement on the chance (AUC = 0.6 – 

0.675) of injury detection. Whilst this would not be considered good enough to be a diagnostic test,22 it 

does suggest some ability to discriminate athletes at risk on the basis of training load. Of note, since the 

publication of this study, the use of ACWR has been widely criticised for methodological flaws20,21,37, 

with some critiques questioning its validity altogether.19 Many of the criticisms of ACWRs centre on 
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ratio-related transformations such as coupling, rescaling and reduced variance of the numerator variable 

(acute load). Theses transformations have been suggested to inflate the effect estimates on risk without 

adding to the predictive ability of the construct.19 In the case of our investigation, we could not 

determine whether such an effect was present since we only assessed the predictive accuracy of 

ACWR/chronic load combinations and not each load variable outside of the ratio. However, we 

acknowledged the criticism that appeared in the literature during the construction of this body of work, 

opting not to use the ratio in the studies that followed. 

 

Importantly, the analyses that were used in Chapter 3 were insufficient to determine whether the 

training loads encountered were causal of the high-risk scenarios observed or whether they reflect the 

role of confounding variables. To date, much of the training load literature has purported the assumption 

of causation between certain workload conditions and injury risk, despite rarely employing analyses 

capable of testing such hypotheses. To our knowledge, only a single randomised trial has been published 

investigating whether training load interventions can influence the risk of injury,10 showing no 

difference between the ACWR load management intervention and the unmanaged control group 

(potentially impacted by participant compliance issues). As a result, further experimental evidence is 

required to ascertain whether athlete workloads cause injury. It is equally possible that load reflects a 

player’s physical status and readiness to play/train, which may explain the relationships that we 

observed. Therefore, at the practical level, the findings from Chapter 3 suggests that training loads can 

assist in describing and estimating the injury risks faced by team sport athletes, but falls short of 

providing evidence-based load-prescriptions for meaningful risk reduction.    

 

7.3. Subsequent Injury Profile Following Return-to-Play 

Following on from the workload and injury study in Chapter 3, the remaining investigations in this 

thesis examined athletes returning from an initial (index) injury. It is known that players who have 

already sustained an injury represent a particularly high-risk sub-group for future injury, with 

subsequent injuries often accounting for a large proportion of the total injury burden faced by a sporting 

organisation.12,31,32 The second study (Chapter 4) examining RTP from muscle injuries, reported a 

subsequent injury rate of 42.3% within a single season (i.e., 6 months). This outcome aligns with 

previous findings which demonstrated a 69% subsequent injury rate across a 2-year observation period 

in rugby sevens players.31 Another study in European soccer players reported the risk of subsequent 

injury to compound with each additional injury sustained (Subsequent injury risk: 1-2 previous injuries: 

Hazard Ratio [HR] = 2.2, 3-4 previous injuries: HR = 3.0, 5+ previous injuries: HR = 5.1).14 

Collectively, these findings highlight the significant threat that subsequent injuries pose to team sport 

athletes. Furthermore, operational decisions regarding team selection in elite sports often hinge on the 

availability of players returning from injury. In reality, simple categorisation of these individuals as 
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“available/recovered” or “unavailable/injured” neglects the complexity of high-performance sport and 

the level of risk taken upon RTP. Therefore, the direction of this thesis progressed to describe the 

magnitude, nature and duration of subsequent injury risk encountered by Australian football players 

across a 12-week period post-RTP in Chapter 5 to provide context to these decisions. 

 

The outcomes of Chapter 5 present the case that subsequent injury risk is highest in the week of 

RTP (9.6%), which is significantly greater than the baseline weekly risk of general training participation 

(3.6%). Further, although injury risk declined across the 12-week observation period, it did not return 

to baseline. This corroborates similar findings by Orchard et al.25, reporting increased subsequent injury 

risk persisted for up to 15-weeks following RTP. Such collective findings supports the notion of a 

“multistate” model of injury recovery, such as that previously outlined by Shrier and colleagues29, 

whereby recovery is defined by a combination of the activity resumed and tissue healing status. Under 

such a model, RTP is not synonymous with complete healing, but rather, a milestone in the journey 

towards complete rehabilitation, which is therefore still associated with a level of risk. This would 

indicate the requirement for discussions around “acceptable risks” in decision-making processes 

relevant to player availability6 as well as the consideration of additional injury prevention strategies 

(recovery, nutrition, strength training) through the high-risk post-RTP period in order to navigate the 

process safely. 

 

Although this work clearly documents the subsequent injury risk upon RTP, the mechanisms that 

cause this elevated risk remain at large. It has previously been suggested that incomplete tissue healing 

(presumably due to insufficient rehabilitation or time provided prior to RTP) may cause an increased 

rate of injury recurrence in the weeks following RTP.23 However, the results of Chapter 5 show that 

the risk of all injuries, not just those affecting the index injury site, was elevated, with recurrences 

accounting for only 4% of the subsequent injuries recorded. This finding is not an anomaly, with other 

epidemiological papers in rugby sevens31 and Australian football12 reporting recurrences to contribute 

2% and 18% of all subsequent injuries, respectively. Whilst, inadequate healing may play a role in 

injury recurrence, it seems unlikely that this factor can directly account for the increased rate of injury 

to a different, apparently healthy tissue. Accordingly, alternate explanations involving more systemic 

factors such as psychology,4 nutrition,30 neuromuscular inhibition16 and altered movement patterns34 

have been proffered; however, further research is required to elucidate the contribution of such variables 

to the outcome. 

 

Another systemic factor that has been suggested to contribute to the post-RTP subsequent injury 

risk profile is an inability to maintain training load through an injury period.2 The premise of this 

explanation is that a paucity in training results in a level of deconditioning that subsequently renders 

the athlete underprepared for the demands of competition upon resumption. Whilst, this was not 
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investigated in Chapter 5, it was noted that returning from a time-loss injury resulted in a greater (1.25-

1.36 times) subsequent injury risk than returning from an injury requiring medical attention but where 

no games were missed. This is in line with the hypothesis that a more protracted disruption to training 

may contribute to an increased injury risk upon RTP. However, additional consideration must be given 

to characteristics of the index injury that likely moderate or confound the relationship between index 

injury time-loss and subsequent injury risk. Such characteristics include the degree of tissue damage 

and clinical presentation, both of which would moderate the time lost and possibly have independent 

effects on the subsequent injury risk encountered upon return. As these factors were unable to be 

accounted for our analysis, we were unable to conclude that the greater injury risk we observed with 

time-loss injuries was caused by a disruption to training. However, these findings provided a strong 

foundation and hypothesis for our workload and subsequent injury investigations. 

 

7.4. Workloads and Subsequent Injury 

Two investigations from this thesis have examined the relationship between workloads and 

subsequent injury risk (Chapters 4 and 6). In Chapter 4, we examined the training loads accumulated 

during rehabilitation, and associated them with RTP outcomes such as subsequent injury risk and RTP 

time following muscle injury. Several load metrics were analysed here, but only sprint distance 

accumulated throughout the entire rehabilitation phase was related to subsequent injury, with moderate-

high sprint loads (427–710 m) being associated with a reduced injury risk. These results support the 

findings of Chapter 3, and the suggestion that under-loading the athlete may contribute to an increased 

risk of injury. A recent study by Bengtsson et al.1 further corroborated this notion, reporting relative 

subsequent injury risk during RTP to decline by 7% for each additional training session completed prior 

to a player’s return.1 We also found that the attainment of higher training loads was associated with a 

delay in time to RTP. This finding, whilst logical, given that high workloads take time to safely 

accumulate, highlights the paradox often faced by practitioners making RTP decisions. Extended RTP 

times resulting in more games missed may impact team success,11,15 but the risk of expedited RTP times, 

where insufficient training is accumulated, must be cautioned, as an ill-considered, accelerated 

approach could set the athlete back further, and result in more games missed than were necessary with 

a more cautious approach.  

 

Chapter 6 extends this line of research by including all time-loss index injuries and analysing both 

pre- and post-RTP workloads. Examination of the pre-RTP loads revealed that the higher pre-RTP 

workload group (cluster) were at greatest risk of subsequent injury following RTP. Further examination 

found aetiological differences between this cluster and the others analysed, with the highest proportion 

of bone and joint injuries found in this high-risk group. Such findings suggest that the relationship 

between load and subsequent injury risk is more complex than a simple explanation of under-loading 
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resulting in increased injury risk, with aetiology of the index injury likely contributing to the risk 

observed. This is in line with previous work reporting severe injuries, such as anterior cruciate ligament 

rupture, to be positively associated with subsequent lower limb muscle injury risk (risk ratio = 2.25).33 

  

Interestingly, these findings were in contrast to those of Chapter 4 (moderate-high pre-RTP sprint 

loads associated with reduced subsequent injury risk). This contrast may be at least partly explained by 

the differences in the derivation of load between the two investigations. In Chapter 4, we used absolute 

accumulated load, whereas workloads were expressed relative to the individual player’s average game 

load in Chapter 6. A deeper examination of the high-risk cluster in Chapter 6 revealed the average 

game time for the individuals in this cluster was low (77.3 minutes compared to 95.7 minutes for total 

sample), which likely explains the high relative loads that we observed. Therefore, it is likely that the 

use of relative loads in this cohort provided an over-estimation of the absolute load encountered by 

these athletes preceding RTP, accounting for the variation in findings when compared to Chapter 4.  

The identification of the lower average game time for this cluster was in itself an interesting finding. A 

possible explanation for this result is that these players were prescribed modified game-times through 

the year by the overseeing high-performance conditioning staff due to poor recent injury histories. Such 

load exposure modification is commonplace in elite Australian football for players identified as being 

“low durability”. It is therefore likely in our analysis that this could have produced a selection effect 

which may explain the elevated subsequent injury risk associated with this particular cluster, as opposed 

to the risk being caused by the high relative workloads performed. Nevertheless, these findings would 

suggest that the aetiology of the index injury and the durability of the athlete likely play a large role, 

alongside the workloads performed, in the subsequent injury risk profile of athletes returning to play. 

  

Chapter 6 also identified that the relationship between both pre- and post-RTP workload variables 

and post-RTP subsequent injury hazard varies markedly with time. The risk associated with pre-RTP 

loading declined generally as time from RTP increased, suggesting that the relevance of pre-RTP loads 

decreases with survival time. In examining post-RTP loads, higher acute loads were found to be 

associated with reduced risk (negative hazard) early in the post-RTP period. However, risk increased 

modestly as time from RTP progressed, such that higher loads were associated with increased risk by 

the end of the observation period. These findings counter the common belief that a “spike” in acute load 

associated with RTP increases the risk of subsequent injury.2 We proposed that higher loads early in 

the RTP period perhaps reflect better clinical function and higher load tolerance, which in turn, 

increased the likelihood of successful RTP. Previous studies have reported conflicting findings 

regarding acute load and its relationship with injury risk, with some finding associations indicating 

increased risk,26 whilst others finding a decreased risk with higher acute loads.36 Our findings suggest 

the context within which the load is encountered likely moderates its association with subsequent injury 

risk.  



134 
 

 

Additionally, higher chronic loads were generally found to be associated with reduced subsequent 

injury risk in line with our findings in Chapters 3 and 4, providing further support to the notion that 

chronic training loads are potentially a surrogate for future load tolerance. However, this effect was not 

consistent across the entire post-RTP period, with higher chronic loads associated with increased risk 

in the first 2 weeks post-RTP, but reduced risk past this point. This finding was surprising; as the notion 

that chronic load is protective or indicative of load tolerance would suggest that at no point should 

chronic load be linked with an increased risk of injury. A possible hypothesis for this relationship with 

increased risk early in RTP is that higher chronic loads may in some cases be associated with a short 

lay-off from games and an expedited rehabilitation process, which we hypothesised to be a high-risk 

strategy in Chapter 4. Alternatively, higher chronic loads may be caused by a more conservative 

rehabilitation for a more severe injury or if the athlete has had setbacks during rehabilitation. 

Nevertheless, further work is required to better understand these time-varying associations. 

 

In summary, our findings demonstrate that athlete workloads can provide an insight into the risks 

encountered by athletes upon RTP. However, the relationship that exists between workload and 

subsequent injury risk is complex and time-varying; refuting previous suggestions that there is a single 

metric that can predict injury risk or be altered in order to protect players from injury.2 Accordingly, 

workload data should be included as part of a comprehensive player monitoring system, and when 

combined with the clinical experience of the sports science and medical professionals working with the 

athlete, should help inform risk-reward decision-making processes regarding player availability in elite 

team sports. 

 

7.5. Limitations 

Although the findings of this thesis have useful application, the nature of this research presents 

several methodological challenges and limitations. Firstly, all studies were conducted on the same 

athlete cohort; elite Australian football players from a single AFL club. Therefore, results cannot be 

generalised to other sporting codes or clubs. We recommend that the methods be replicated in similar 

and alternate cohorts to investigate the generalisability of these findings. Additionally, the constraints 

of performing these investigations in an elite football club also impacted the data that could be collected. 

Workload data was restricted to the measures that were already collected by the club as part of their 

normal operations. Therefore, workloads attained in off-field sessions, such as weights sessions or 

cross-training, were not included. Whilst there is limited workload assessment methods that encompass 

multiple modalities, the extra training sessions that are missing here could influence the physiological 

status of the athlete, and would ideally be accounted for in future work. Our analyses were also restricted 

to the in-season phase of the typical AFL calendar, due to the lack of continuity in load data across the 
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pre-season phase caused by breaks in the program across off-season and the Christmas period. This is 

relevant, as it is possible that the findings we observed would differ across the various phases of the 

season given the possible moderating effect of pre-season training volume on the workload-injury 

relationship.8 

 

We also experienced challenges regarding the injury data that we collected. In each of our 

subsequent injury investigations (Chapters 4-6), we could only examine in-season injuries due to the 

use of RTP as a reference point to define injury recovery. Differences in return-to-activity approaches 

in the absence and presence of competitive matches made it difficult to find an equivalent definition of 

injury recovery in the pre-season period. For similar reasons, non-time-loss injuries requiring medical 

attention were excluded from all but one of our studies (Chapter 5), where an association with 

subsequent injury risk was found, indicating these injuries warrant further investigation. We 

recommend future work should include non-time-loss injuries and consider a multi-state framework28 

to define injury recovery. This would require adequate documentation of both the activity milestones 

and clinical presentation throughout the injury rehabilitation process. We also acknowledge that 

restricting our dataset through the exclusion of non-time-loss injury criteria reduced our sample sizes 

(despite multiple seasons of data), which contributed to issues with model convergence – particularly 

when multiple effects, time-varying effects, and interactions were included (i.e., Chapter 6).  

 

Given the large number of factors known to be associated with injury risk, it was not possible to 

account for all of them in our analyses, particularly with the sample sizes available. As such, more 

complex data analyses capable of synthesising a multitude of factors are required to provide further 

insights into the aetiology and causation of subsequent injury. Additionally, the high-performance staff 

at the particular AFL club used for this series of investigation were aware of the injury risk research, 

and appropriately intervened to try and prevent injuries from occurring during the time data was being 

collected. Such intervention cannot be accounted for, although our findings demonstrate the presence 

of high-risk conditions even with best-practice management.  

 

We also acknowledge some limitations with the analysis methods used here, particularly in our 

early investigations. Many of the relationships identified in this thesis are complex and non-linear. To 

represent this complexity in a simple and practical manner using the statistical tools available to us, we 

discretised the workload data in our first two investigations (Chapters 3 and 4). Since the publication 

of these studies, the dangers of discretisation of load data has been highlighted, including higher false 

discovery rates.5 Accordingly, we acknowledged these recommendations and opted to maintain load 

data in its continuous form in Chapter 6. Similarly, we also recognised the flaws associated with the 

use of ACWRs, as pointed out by Impellizzeri et al.19, and discontinued with their use after Chapter 3. 

However, despite discontinuing with the ACWR, we continued to use acute and chronic workloads in 
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isolation. These variables, as well as total distance and sprint distance covered, are mathematically 

“coupled”, meaning they are derived from shared data (i.e. the acute load is included with the derivation 

of chronic load and sprint distance is included in the derivation of total distance) which can result in 

spurious correlations between variables.35 Whilst not statistically ideal, we had to balance mathematical 

rigour with the practicality of our findings, and therefore, opted to use variables currently utilised by 

the participating club on a day-to-day basis to inform decision-making. However, we would recommend 

future work consider the use of uncoupled variables in the analysis of workloads and injury. 

 

7.6. Future Research Directions 

The outcomes of this thesis provide a foundation for future research in the aetiology and prevention 

of sports injuries, particularly subsequent injuries. Future research should endeavour to confirm the 

relationships observed here across different cohorts of athletes. Further to this, work is required to 

establish the causal pathways underpinning the relationships observed, so that evidence-based 

management strategies and interventions can be developed. In order to test causality, additional 

information regarding the prescribed workloads and decisions made in the training process must be 

collected and adjusted for using g-methods, which are able to estimate the effects of time-varying 

exposures in the presence of time varying confounders.37  

 

Further research into the nature of subsequent injury using large datasets is also required. 

Investigation should utilise and expand the methods of Chapter 5 to provide a more comprehensive 

assessment index injury characteristics (e.g., tissue affected, injury severity, treatments applied) that 

relate most to subsequent injury risk.  Additionally, more data around the timeline of injury and injury 

recovery that account for both the state of injury healing and return-to-activity milestones may assist in 

the analysis of subsequent injury risk.  

 

Improvements in technology will provide alternate avenues for external workload quantification 

that has, to date, been restricted to rudimentary representations of locomotor activities. The ability to 

quantify accelerations, decelerations, collisions, and skill loads is currently limited, but technological 

advances will pave the way for these parameters to be captured and analysed more thoroughly in the 

future. Similarly, the incorporation of in-game event data to accompany workloads to provide greater 

context around the circumstances within which the physical load is attained may serve to provide greater 

insight regarding the stressors encountered, which is likely relevant to the load-injury relationship.3 

 

Finally, the assessment of load management strategies is required. Common practices in elite sport, 

such as the exposure mitigation in perceived high-risk circumstances, and prescription of “top-ups” to 

maintain chronic loads, should be analysed to determine their efficacy and appropriate dosages. Such 

research would require significant data collection, complex analysis, and a high degree of cooperation 
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from participating organisations; however, recent studies such as that by Dalen-Lorentsen et al.10, have 

shown promise in the feasibility of such a study design. 

 

7.7. Conclusion 

In this series of investigations examining elite Australian football players, we demonstrated that 

subsequent injury risk is elevated upon RTP following an index injury. This risk, whilst highest in the 

week of RTP, declines over time, but does not return to baseline risk of participation within 12 weeks. 

Furthermore, we described the differences in the risk profile of players returning from time-loss and 

non-time-loss injuries, showing greater increases in risk for those returning from time-loss injuries. 

Importantly, we demonstrated that subsequent injury risk was related to the training workloads 

encountered prior to and following RTP. Specifically, the accumulation of moderate-high sprint loads 

through the rehabilitation phase was related to improved survival outcomes post-RTP from muscle 

injuries. Contrastingly, we later showed high relative workloads, were related to increased subsequent 

injury risk upon RTP. However, these high relative loads were likely produced by a deliberate exposure 

mitigation strategy for players with poor injury histories or returning from severe injury suggesting that 

the index injury aetiology and durability of the athlete may play a key role in subsequent injury risk.  

We also found the relationship between load and subsequent injury to vary over time, such that pre-

RTP workloads became less relevant as time progressed, whilst higher acute loads early in the post-

RTP period were associated with lower risk, but were linked with increasing risk as time from RTP 

continued. Conversely, high chronic loads displayed the opposite relationship, with risk decreasing as 

post-RTP time increased. Whilst the mechanisms of these findings are still to be determined, the 

outcomes of this thesis provide insight into describing and determining the risk of injury encountered 

by athletes returning to play, which can practically be utilised to inform risk-reward decision-making 

processes regarding player availability in elite team sports. 
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Table A.1: Descriptive statistics for workload and intrinsic injury.  
 

Data are counts for injuries and means (SD) for workload variables; Chronic Load calculated as weekly average over past 4 
weeks ACWR = acute to chronic workload ratio (1 week:4 week); sRPE = Sessional Rating of Perceived Exertion; AU = 
Arbitary Units.

Variable 
 Season  

  2012 2013 2014 2015 Total 

Injuries (n)  31 42 29 31 133 

Injury Incidence 
(n/1000 hours) 

 9.7 17.2 9.2 12.1 11.7 

Distance Chronic Load (m) 20960 (3691) 20424 (3047) 21481 (2672) 20665 (2724) 20890 (3071) 

 ACWR 1.00 (0.23) 1.01 (0.25) 1.00 (0.25) 0.99 (0.23) 1.0 (0.24) 

Sprint Distance Chronic Load (m) 355 (164) 333 (148) 254 (97) 229 (108) 290 (141) 

 ACWR 1.00 (0.43) 1.01 (0.47) 1.02 (0.49) 1.03 (0.55) 1.02 (0.49) 

On-legs sRPE Chronic Load (AU) 1194 (213) 1114 (218) 1160 (239) 1096 (231) 1141 (229) 

 ACWR 1.04 (0.31) 1.06 (0.35) 1.04 (0.36) 1.02 (0.37) 1.04 (0.35) 
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Table A.2: Rate ratios for distance acute:chronic workload ratio (1week:4weeks) categories combined with chronic load (4 weeks). 
 

AU = arbitrary units; ACWR = Acute:chronic workload ratio; CTL = Chronic training load; sRPE = sessional rating of perceived exertion; *p<0.05. 
 

 

 

 

 

 

Chronic Load Variable 
Distance ACWR  

0-0.3 0.3-0.6 0.6-0.9 0.9-1.2 1.2-1.5 1.5-1.8 1.8-2.1 2.1-3.0 

Distance CTL 

Very Low (0 - 18834m) - 1.96 - 
1.35 2.01 1.67 - - 

Low (18834 - 20893m) 8.19* - 0.83 
1.04 0.38 - - - 

High (20893 - 22762m) - - 0.81 
Reference 0.56 - - - 

Very High (22762.5m+) - - 1.13 
1.00 1.36 - - - 

Sprint CTL 

Very Low (0 - 189.7m) - 1.47 0.82 
1.12 1.43 3.31* - - 

Low (189.7 - 272.3m) 3.58 - 0.84 
1.50 1.35 - - - 

High (272.3-367.5m) - - 0.50 
Reference 1.67 - - - 

Very High (367.5m+) - 3.33* 0.98 
1.12 0.34 - - - 

sRPE CTL 

Very Low (0 - 982 AU) - 2.02 0.96 1.69 2.06 2.50 - - 

Low (982 - 1144 AU) 3.54 0.93 1.09 1.70 0.89 - - - 

High (1144 - 1306 AU) - - 0.76 Reference 1.14 - - - 

Very High (1306 AU+) - - 0.55 0.90 0.64 - - - 
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Table A.3: Rate ratios for sprint distance acute:chronic workload ratio categories combined with chronic load. 
 

AU = arbitrary units; ACWR = Acute:chronic workload ratio; CTL = Chronic training load; sRPE = sessional rating of perceived exertion; *p<0.05. 
 

 

 

 

 

 

 

 

Chronic Load Variable 
Sprint Distance ACWR 

0-0.3 0.3-0.6 0.6-0.9 0.9-1.2 1.2-1.5 1.5-1.8 1.8-2.1 2.1-3.0 

Sprint CTL 

Very Low (0 - 189.7m) 2.46 1.03 1.57 0.87 1.41 1.04 2.35 3.04* 

Low (189.7 - 272.3m) 1.54 1.30 0.71 1.24 1.82 1.79 1.58 5.11* 

High (272.3-367.5m) 0.66 1.63 0.34 Reference 1.87 1.17 - - 

Very High (367.5m+) 3.47 1.26 1.51 0.78 0.71 0.94 4.20 - 

Distance CTL 

Very Low (0 - 18834m) 2.22 0.91 2.32 1.04 1.55 2.03 3.74* 3.71* 

Low (18834 - 20893m) 2.07 1.79 0.36 0.73 1.55 1.06 - 3.65 

High (20893 - 22762m) 1.36 1.44 0.54 Reference 1.83 - 1.59 - 

Very High (22762.5m+) 1.47 1.29 1.29 1.26 1.28 1.91 - - 

sRPE CTL 

Very Low (0 - 982 AU) 2.84* 1.40 2.12 1.18 0.99 1.92 1.14 3.14* 

Low (982 - 1144 AU) 1.73 1.04 1.40 0.72 1.72 1.50 2.46 3.33 

High (1144 - 1306 AU) - 1.09 0.30 Reference 1.67 0.49 2.53 - 

Very High (1306 AU+) - 1.15 0.52 0.81 1.19 - - - 
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Table A.4: Rate ratios for sRPE acute:chronic workload ratio categories combined with chronic load. 
 

AU = arbitrary units; ACWR = Acute:chronic workload ratio; CTL = Chronic training load; sRPE = sessional rating of perceived exertion; *p<0.05. 
 

 

  

 

Chronic Load Variable 
sRPE ACWR 

0-0.3 0.3-0.6 0.6-0.9 0.9-1.2 1.2-1.5 1.5-1.8 1.8-2.1 2.1-3.0 

sRPE CTL 

Very Low (0 - 982 AU) 1.35 2.26* 2.42 0.86 1.55 1.21 3.21* - 

Low (982 - 1144 AU) 1.00 0.87 1.78 1.68 1.45 - - - 

High (1144 - 1306 AU) - 0.51 0.73 Reference 1.10 - - - 

Very High (1306 AU+) - 1.49 1.10 0.74 - - - - 

Distance CTL 

Very Low (0 - 18834m) 2.04 2.11 1.54 1.91 2.48 1.92 4.95* - 

Low (18834 - 20893m) - 1.78 2.36 1.39 1.81 0.82 5.42 - 

High (20893 - 22762m) - 1.64 2.42 Reference 0.89 - - - 

Very High (22762.5m+) - 2.48 2.49 1.40 1.67 - - - 

Sprint CTL 

Very Low (0 - 189.7m) 0.84 2.12 1.51 0.72 1.48 1.10 6.36* - 

Low (189.7 - 272.3m) 0.96 0.91 1.95 0.96 1.37 - 1.61 - 

High (272.3-367.5m) - 0.37 1.21 Reference 0.83 1.98 - - 

Very High (367.5m+) 1.95 1.93 0.95 0.96 0.95 - - - 
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Table B.1: Time to RTP hazard ratios for time spent in each phase of rehabilitation. 

RTP=Return to Play; Bolded hazard ratios indicate statistically significant results as indicated by the 95%CI not including 1.0. 

Stage Categories 
Average Time to 

RTP 
Hazard 
Ratio 95% Confidence Intervals 

Model 
Significance 

Stage 1  
(Off-legs) 

0-2 days 16.44 ± 3.46 2.19 0.738 - 6.503 

0.08 
3-4 days 22.61 ± 13.93 0.538 0.216 - 1.342 

5-6 days (ref) 19.95 ± 6.29 -       
>6 days 24.18 ± 10.44 0.613 0.265 - 1.421 

Stage 2 
(Return to 
Running) 

<5 days 13.6 ± 3.89 9.03 2.298 - 35.46 

<0.01 
5-8 days 18.95 ± 7.08 2.38 0.79 - 7.196 

8-12 days 
(ref) 21.14 ± 6.87 -       

>12 days 30.14 ± 11.20 0.27 0.913 - 0.769 

Stage 3 
(Return to 
Training) 

<3 days 18.57 ± 10.29 0.81 0.238 - 2.82 

<0.01 
3-4 days 14.95 ± 4.57 2.86 1.25 - 6.537 

4-8 days (ref) 20.18 ± 4.29 -       
>8 days 30.06 ± 11.61 0.17 0.07 - 0.424 



 
 

Table B.2: Time to RTP hazard ratios for chronic training load (CTL) at different time points. 

RTP=Return to Play, sRPE = sessional rating of perceived exertion, AU = arbitrary unit; Bolded hazard ratios indicate 
statistically significant results as indicated by the 95%CI not including 1.0. 

 
 
 
 
 
 
 
 
 
 

 
 

Stage Load Variable 
Average Time 

to RTP 
Hazard 
Ratio 

95% Confidence 
Intervals 

Model 
Significance 

Time of 
Injury 

Distance 

<16239m 21.94 ± 8.96 0.74 0.25 - 2.1 

0.88 
16239-18931m 21.33 ± 12.22 1.14 0.39 - 3.3 

18931-20901m (Ref) 20.47 ± 9.11 -       
>20901m 22.28 ± 10.15 0.87 0.31 - 2.5 

Sprint 
Distance 

<144m 21.94 ± 8.13 1.58 0.47 - 5.3 

0.13 
144-222m 17.37 ± 5.51 3.11 0.93 - 10.4 

222-309m (Ref) 24.94 ± 15.61 -       
>309m 22.28 ± 7.52 1.48 3.94 - 5.6 

sRPE 

<792 AU 23.35 ± 9.12 0.71 0.25 - 2.0 

0.72 
792-1017 AU 18.67 ± 6.541 1.12 0.39 - 3.2 

1017-1194 AU (Ref) 21.71 ± 12.88 -       
>1194 AU 22.44 ± 10.86 0.71 0.26 - 2.0 

Beginning 
of Stage 2  
(Return to 
Running) 

Distance 

<14597m 26.29 ± 12.91 0.37 0.12 - 1.1 

0.06 
14597-16745m 18.06 ± 5.34 1.88 0.73 - 4.8 

16745-19077m (ref) 21.24 ± 9.54 -       
>19077 20.72 ± 10.05 1.28 0.47 - 3.5 

Sprint 
Distance 

<123m 19.82 ± 7.64 0.98 0.34 - 2.8 

0.60 
123-206m 22.47 ± 13.00 0.67 0.23 - 1.9 
206-297m 20.11 ± 8.62  -       

>297m 23.61 ± 10.72 0.56 0.21 - 1.5 

sRPE 

<722 AU 23.65 ± 9.91 0.65 0.25 - 1.7 

0.76 
722-896 AU 21.61 ± 11.86 0.79 0.30 - 2.1 

896-1098 AU 18.94 ± 6.48 -       
>1098 21.83 ± 11.14 0.62 0.23 - 1.6 

Beginning 
of Stage 3  
(Return to 
Training) 

Distance 

<15003m 22.47 ± 9.24 0.62 0.21 - 1.8 

0.69 
15003-16926m 20.78 ± 7.68 1.29 0.46 - 3.6 

16926-18675m (Ref) 20.59 ± 10.78 -       
>18675m 22.22 ± 12.51 0.89 0.33 - 2.4 

Sprint 
Distance 

<120m 21.29 ± 9.12 0.57 0.21 - 1.6 

0.08 
120-198m 25.94 ± 14.32 0.32 0.12 - 0.9 

198-305m (Ref) 19.41 ± 6.22 -       
>305m 19.28 ± 7.61 1.09 0.40 - 3.0 

sRPE 

<535 AU 29.24 ± 13.69 0.27 0.11 - 0.7 

0.01 
535-744 AU 20.39 ± 6.01 0.89 0.38 - 2.1 

744-961 AU (Ref) 18.94 ± 8.47 -       
>961 AU 17.78 ± 6.76 1.39 0.58 - 3.3 
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Table B.3: Time to RTP hazard ratios for average weekly training loads (WL). 

RTP=Return to Play, sRPE = sessional rating of perceived exertion, AU = arbitrary unit; Bolded hazard ratios indicate 
statistically significant results as indicated by the 95%CI not including 1.0. 

Stage Load Variable 
Average Time 

to RTP 
Hazard 
Ratio 

95% Confidence 
Intervals 

Model 
Significance 

Stage 2  
(Return to 
Running) 

Distance 

<16785m 19.41 ± 9.2 3.51 0.78 - 15.72 

0.38 
16785-19642m 23.06 ± 8.25 0.95 0.34 - 2.62 
19642-22453m 22.76 ± 6.92         

>22453m 21.82 ± 14.65 2.16 0.58 - 8.05 

Sprint 
Distance 

<13m 18.35 ± 9.12 2.85 0.88 - 9.25 

0.04 
13-184m 21.53 ± 8.43 1.32 0.48 - 3.66 

184-370m (Ref) 25.41 ± 8.72 -       
>370m 21.76 ± 12.94 1.40 0.49 - 4.01 

sRPE 

<352 AU 17.18 ± 7.08 2.33 0.70 - 7.75 

0.03 
352-452 AU 22 ± 9.3 0.69 0.22 - 2.14 

452-542 AU (Ref) 20.82 ± 8.26 -       
>542 AU 27.06 ± 12.89 0.26 0.08 - 0.85 

Stage 3  
(Return to 
Training) 

Distance 

<14582m 18.13± 7.48 4.93 1.36 - 17.86 

0.08 
14582-17396m 22 ± 9 1.64 0.55 - 4.94 

17369-21208m (Ref) 25.44 ± 13.14 -       
>21208m 19.53 ± 6.49 3.28 0.96 - 11.23 

Sprint 
Distance 

<63m 20.44 ± 7.97 1.35 0.49 - 3.77 

0.91 
63-145m 20.88 ± 8.57 1.46 0.49 - 4.39 

145-294m (Ref) 22.31 ± 8.76 -       
>294m 21.41 ± 12.71 1.37 0.44 - 4.30 

sRPE 

<310 AU 16.44 ± 4.82 3.68 1.19 - 11.35 

0.02 
310-495 AU 19.94 ± 8.04 1.12 0.37 - 3.41 

495-659 AU (Ref) 22.31 ± 8.67 -       
>659 AU 26.12 ± 12.66 0.58 0.21 - 1.60 

Total Rehab 
(Stages 1,2,3) 

Distance 

<10929 19.24 ± 11.28 3.25 1.04 - 10.11 

0.19 
10929-13591m 19.11 ± 7.24 2.24 0.85 - 6.38 

13591-16344m (Ref) 25 ± 9.06 -       
>16344m 22.78 ± 11.55 1.70 0.61 - 4.75 

Sprint 
Distance 

<61m 18.71 ± 10.8 1.46 0.53 - 4.07 

0.47 
61-129m 21.72 ± 7.73 0.88 0.33 - 2.38 

129-256m (Ref) 22.29 ± 8.1 -       
>256m 23.22 ± 12.85 0.60 0.21 - 1.73 

sRPE 

<259 AU 17.06 ± 10.16 2.72 0.79 - 9.39 

0.01 
259-333 AU 19.67 ± 7.65 1.56 0.52 - 4.67 

333-445 AU (Ref) 20.65 ± 6.71 -       
>445 AU 28.39 ± 11.65 0.34 0.12 - 0.98 

Total On-legs 
Rehab 

(Stages 2,3) 

Distance 

<16665m 23 ± 11.66 0.84 0.28 - 2.50 

0.73 
16665-18978m 22.17 ± 9.64 0.86 0.32 - 2.32 

18978-20792m (Ref) 20.24 ± 4.66 -       
>20792m 20.67 ± 12.72 1.43 0.47 - 4.33 

Sprint 
Distance 

<87m 20.47 ± 11.35 1.33 0.47 - 3.77 

0.89 
87-181m 22.17 ± 8.47 0.90 0.33 - 2.44 

181-318m (Ref) 22.06 ± 7.44         
>318m 21.33 ± 12.69 1.11 0.39 - 3.18 

sRPE 

<373 AU 18.94 ± 10.23 2.43 0.75 - 7.89 

0.21 
373-477 AU 19.56 ± 8.52 2.08 0.70 - 6.21 

499-599 AU (Ref) 22.65 ± 6.73 -       
>599 AU 24.83 ± 13.07 0.88 0.31 - 2.51 
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Table B.4: Time to RTP hazard ratios for total load accumulated in each rehabilitation stage (TL). 

RTP=Return to Play, sRPE = sessional rating of perceived exertion, AU = arbitrary unit; Bolded hazard ratios indicate 
statistically significant results as indicated by the 95%CI not including 1.0. 

 
 
 
 
 
 
 
 
 
 

Stage Load Variable 
Average Time to 

RTP 
Hazard 
Ratio 95% Confidence Intervals 

Model 
Significance 

Stage 2  
(Return to 
Running) 

Distance 

<13629m 14.71 ± 4.45 8.88 4.40 - 32.86 

<0.01 
13629-21041m 17.56 ± 6.27 5.29 1.49 - 18.77 

21041-30743 (Ref) 22.94 ± 7.87 -       
>30743m 30.56 ± 11.84 0.30 0.10 - 0.91 

Sprint 
Distance 

<6m 16.88 ± 8.18 4.96 1.17 - 21.07 

0.0628 
6-214m 19.72 ± 7.06 1.4 0.47 - 4.15 

214-570m (Ref) 23.24 ± 7.00 -       
>570m 26.06 ± 14.12 0.52 0.18 - 1.46 

sRPE 

<263 AU 14.29 ± 4.55 7.03 1.85 - 26.71 

<0.01 
263-492 AU 19.78 ± 7.49 1.55 0.52 - 4.57 

492-791 AU (Ref) 21.06 ± 7.42 -       
>791 AU 30.5 ± 11.82 0.20 0.06 - 0.66 

Stage 3  
(Return to 
Training) 

Distance 

<6271m 16.65 ± 7.52 2.23 0.78 - 6.36 

<0.01 
6271-10830m 16.12 ± 4.39 3.21 1.11 - 9.29 
10830-19167m 

(Ref) 21.41 ± 6.39 -   
  

  
>19167m 29.88 ± 11.44 0.23 0.07 - 0.70 

Sprint 
Distance 

<38m 17.88 ± 7.63 1.026 0.38 - 2.79 

<0.01 
38-106m 18.18 ± 5.78 1.14 0.42 - 3.13 

106-196m (Ref) 19.41 ± 7.43 -       
>196m 28.59 ± 12.15 0.16 0.04 - 0.60 

sRPE 

<136 AU 16.88 ± 7.63 1.16 0.59 - 3.99 

<0.01 
136-281 AU 15.88 ± 4.12 2.29 0.94 - 5.56 

281-562 AU (Ref) 19.71 ± 4.18 -       
>562 AU 31.59 ± 10.83 0.14 0.05 - 0.38 

Total Rehab 
(All Stages) 

Distance 

<20952m 13.47 ± 4.02 11.49 2.95 - 44.81 

<0.01 
20952-34613m 17.35 ± 6.57 2.60 0.90 - 7.49 
34613-49775m 

(Ref) 21.64 ± 2.50 -   
  

  
>49775m 31.59 ± 10.84 0.18 0.04 - 0.36 

Sprint 
Distance 

<154m 15.82 ± 6.49 5.04 1.35 - 18.81 

0.02 
154-426m 19.83 ± 6.13 1.73 0.61 - 4.95 

426-710m (Ref) 22.47 ± 8.40 -       
>710m 25.98 ± 12.98 0.48 0.15 - 1.59 

sRPE 

<527 AU 13.18 ± 3.68 14.19 3.13 - 64.42 

<0.01 
527-852 AU 17.88 ± 6.58 2.45 0.77 - 7.83 

852-1266 AU (Ref) 20.88 ± 2.89 -       
>1266 AU 32.12 ± 10.25 0.09 0.03 - 0.32 
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Table B.5: Subsequent injury hazard ratios for time spent in each phase of rehabilitation. 

Stage Categories Hazard 
Ratio 

95% Confidence Intervals Model 
Significance 

Stage 1  
(Off-legs) 

0-2 days 15.73 1.24 - 199.57 

0.03 
3-4 days 25.88 2.06 - 324.4 

5-6 days (ref) -       
>6 days 0.91 0.07 - 11.35 

Stage 2 
(Return to 
Running) 

<5 days 2.17 0.271 - 17.4 

0.85 
5-8 days 1.10 0.129 - 9.367 

8-12 days (ref) -       
>12 days 1.60 0.201 - 12.83 

Stage 3 
(Return to 
Training) 

<3 days - 0 - 0 

0.92 3-4 days 0.72 0.109 - 4.726 
4-8 days (ref) -       

>8 days 1.22 0.224 - 6.672 

Total 
Rehab 

<13 days 3.73 0.159   87.128 

0.80 
13-17days 0.56 0.695  - 4.447 

17-22 days (ref) -        
>22 days 1.26 0.189  - 8.358 

Bolded hazard ratios indicate statistically significant results as indicated by the 95%CI not including 1.0. 
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Table B.6: Subsequent injury hazard ratios for chronic training load (CTL) at different time points. 

sRPE = sessional rating of perceived exertion, AU = arbitrary unit; Bolded hazard ratios indicate statistically significant results 
as indicated by the 95%CI not including 1.0. 

 
 
 

Stage Load Variable 
Hazard 
Ratio 95% Confidence Intervals 

Model 
Significance 

Beginning of 
Stage 1  

(Off-legs) 

Distance 

<16239m 3.31 0.66 - 16.66 

0.38 
16239-18931m 1.56 3.11 - 7.78 
18931-20901m 

(Ref) 
-       

>20901m 0.84 0.15 - 4.71 

Sprint 
Distance 

<144m 1.72 0.25 - 11.63 

0.84 
144-222m 2.43 0.36 - 16.62 

222-309m (Ref) -       
>309m 1.97 0.22 - 17.50 

sRPE 

<792 AU 

Analysis Failed - Convergence not achieved 
792-1017 AU 

1017-1194 AU 
(Ref) 

>1194 AU 

Beginning of 
Stage 2  

(Return to 
Running) 

Distance 

<14597m 1.29 0.11 - 15.61 

0.55 
14597-16745m 0.97 0.12 - 7.96 
16745-19077m 

(ref) 
-       

>19077 0.23 0.01 - 6.83 

Sprint 
Distance 

<123m 0.88 0.20 - 3.81 

0.63 
123-206m 0.77 0.17 - 3.54 
206-297m -       

>297m 0.31 0.05 - 1.93 

sRPE 

<722 AU 6.44 0.65 - 63.48 

0.12 
722-896 AU 25.25* 1.46 - 438.29 

896-1098 AU -       
>1098 1.78 0.14 - 22.78 

Beginning of 
Stage 3  

(Return to 
Training) 

Distance 

<15003m 

Analysis Failed - Convergence not achieved 
15003-16926m 
16926-18675m 

(Ref) 
>18675m 

Sprint 
Distance 

<120m 2.76 0.42   18.27 

  
120-198m 1.52 0.20   11.42 

198-305m (Ref)         
>305m 1.05 0.14   7.69 

sRPE 

<535 AU 1.68 0.21   13.32 

0.13 
535-744 AU 16.85* 1.25   227.57 

744-961 AU (Ref)         
>961 AU 0.58 0.06   6.02 
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Table B.7: Subsequent injury hazard ratios for average weekly training load (WL).  

Stage Load Variable Hazard 
Ratio 

95% Confidence 
Intervals 

Model 
Significance 

Stage 2  
(Return to 
Running) 

Distance 

<16785m 3.74 0.29 - 48.95 

0.22 
16785-19642m 0.98 0.06 - 15.33 
19642-22453m -       

>22453m 15.55 0.82 - 294.94 

Sprint 
Distance 

<13m 4.06 0.47 - 35.04 

0.55 
13-184m 1.34 0.15 - 12.12 

184-370m (Ref) -       
>370m 1.00 0.09 - 10.88 

sRPE 

<352 AU 1.75 0.31 - 9.95 

0.88 
352-452 AU 1.23 0.19 - 8.16 

452-542 AU (Ref) -       
>542 AU 1.89 0.31 - 11.40 

Stage 3  
(Return to 
Training) 

Distance 

<14582m 0.99 0.17 - 6.00 

0.61 
14582-17396m 0.56 0.11 - 2.74 

17369-21208m (Ref) -       
>21208m 0.36 0.06 - 2.06 

Sprint 
Distance 

<63m 1.14 0.11 - 12.53 

  
63-145m 1.43 0.25 - 8.28 

145-294m (Ref) -       
>294m 1.69 0.16 - 17.71 

sRPE 

<310 AU 

Analysis Failed - Convergence not achieved 
310-495 AU 

495-659 AU (Ref) 
>659 AU 

Total 
Rehab 
(Stages 
1,2,3) 

Distance 

<10929 0.35 0.06 - 1.99 

0.41 
10929-13591m 1.58 0.42 - 5.91 

13591-16344m (Ref) -       
>16344m 0.89 0.20 - 4.06 

Sprint 
Distance 

<61m 3.98 0.35 - 45.02 

0.22 
61-129m 6.94 0.94 - 51.83 

129-256m (Ref) -       
>256m 2.70 0.27 - 27.02 

sRPE 

<259 AU 

Analysis Failed - Convergence not achieved 259-333 AU 
333-445 AU (Ref) 

>445 AU 

Total On-
legs Rehab 

(Stages 
2,3) 

Distance 

<16665m 9.10 0.83 - 99.81 

0.21 
16665-18978m 1.65 0.19 - 14.02 

18978-20792m (Ref) -       
>20792m 9.13 1.00 - 83.25 

Sprint 
Distance 

<87m 4.16 0.45 - 38.23 

0.37 
87-181m 0.97 0.11 - 8.45 

181-318m (Ref) -       
>318m 0.39 0.03 - 4.37 

sRPE 

<373 AU 61.39 1.75 - 2154.21 

0.07 
373-477 AU 2.19 0.12 - 40.36 

499-599 AU (Ref) -       
>599 AU 54.15 1.68 - 1744.14 

sRPE = sessional rating of perceived exertion, AU = arbitrary unit. 
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Table B.8: Subsequent injury hazard ratios for total load accumulated in each rehabilitation stage 
(TL). 

Stage Load Variable 
Hazard 
Ratio 

95% Confidence 
Intervals 

Model 
Significance 

Stage 2   
(Return to 
Running) 

Distance 

<13629m 0.95 0.17 - 5.29 

0.57 
13629-21041m 2.58 0.53 - 12.69 

21041-30743 (Ref)  -       
>30743m 1.54 0.26 - 9.24 

Sprint 
Distance 

<6m 29.85 1.35 - 659.90 

0.15 
6-214m 10.13 0.99 - 103.53 

214-570m (Ref) -        
>570m 2.34 0.18 - 30.52 

sRPE 

<263 AU 1.90 0.28 - 13.14 

0.87 263-492 AU 1.67 0.30 - 9.19 
492-791 AU (Ref)  -       

>791 AU 2.11 0.31 - 14.28 

Stage 3  
(Return to 
Training) 

Distance 

<6271m 0.53 0.08 - 3.75 

0.74 
6271-10830m 1.60 0.26 - 9.87 

10830-19167m (Ref)  -       
>19167m 1.52 0.30 - 7.75 

Sprint 
Distance 

<38m 0.71 0.12 - 4.14 

0.98 
38-106m 0.83 0.15 - 4.62 

106-196m (Ref) -        

>196m 0.95 0.17 
- 

5.19 

sRPE 

<136 AU 

Analysis Failed - Convergence not achieved 
136-281 AU 

281-562 AU (Ref) 
>562 AU 

Total Rehab 

Distance 

<20952m 0.80 0.14 - 4.73 

0.99 
20952-34613m 0.99 0.17 - 5.85 

34613-49775m (Ref) -        
>49775m 0.93 0.17 - 5.09 

Sprint 
Distance 

<154m 17.62 0.83 - 373.72 

0.05 
154-426m 37.41 2.70 - 518.64 

426-710m (Ref) -        
>710m 17.04 0.79 - 369.42 

sRPE 

<527 AU 1.04 0.19 - 5.56 

0.87 
527-852 AU 1.71 0.32 - 9.19 

852-1266 AU (Ref) -        
>1266 AU 1.61 0.32 - 8.05 

sRPE = sessional rating of perceived exertion, AU = arbitrary unit; Bolded hazard ratios indicate statistically significant results 
as indicated by the 95%CI not including 1.0. 
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Table C.1: Weekly subsequent injury risk for all SIC 
RTP week  Index time-loss injury  Index non-time-loss injury 

  Mean risk (%) RD (%) RR  Mean risk (%) RD (%) RR 
0  9.42 5.85 2.64  6.91 3.34 1.94 
1  5.88 2.31 1.65  4.58 1.01 1.28 
2  5.33 1.76 1.49  4.15 0.58 1.16 
3  5.99 2.42 1.68  4.80 1.23 1.34 
4  5.43 1.86 1.52  4.17 0.60 1.17 
5  6.19 2.62 1.73  4.87 1.30 1.36 
6  4.77 1.20 1.34  3.67 0.10 1.03 
7  5.07 1.50 1.42  4.03 0.46 1.13 
8  4.78 1.21 1.34  3.72 0.15 1.04 
9  5.15 1.58 1.44  4.12 0.55 1.15 

10  5.76 2.19 1.61  4.73 1.16 1.32 
11  2.85 -0.72 0.80  2.33 -1.24 0.65 
12  5.68 2.11 1.59  4.77 1.20 1.34 

SIC, subsequent injury classification; RTP, return to play; RD, risk difference; RR, relative risk; % percentage.  
RR was calculated comparing the mean risk by RTP week to baseline time-loss injury risk (3.6%). 
RD was calculated as the difference between the mean absolute risk by RTP week to baseline time-loss injury risk (3.6%). 



 
 

Table C.2: Weekly subsequent injury risk by SIC.  

SIC, subsequent injury classification; RTP, return to play; RD, risk difference (%); RR, relative risk; % percentage.  
RR was calculated comparing the mean risk by RTP week to baseline time-loss injury risk (3.6%). 
RD was calculated as the difference between the mean absolute risk by RTP week to baseline time-loss injury risk (3.6%). 

 

RTP 
week 

 II  IV  V  VI  VII  VIII 

 Mean 
risk 
(%) 

RD 
(%) 

RR  
Mean 
risk 
(%) 

RD RR  
Mean 
risk 
(%) 

RD RR  
Mean 
risk 
(%) 

RD RR  
Mean 
risk 
(%) 

RD RR  
Mean 
risk 
(%) 

RD RR 

0  7.61 4.04 2.13  9.29 5.72 2.60  8.75 5.18 2.45  8.17 4.60 2.29  7.34 3.77 2.06  7.19 3.62 2.01 

1  4.01 0.44 1.12  5.50 1.93 1.54  5.78 2.21 1.62  5.25 1.68 1.47  4.60 1.03 1.29  4.77 1.20 1.33 

2  3.57 0.00 1.00  5.17 1.60 1.45  4.50 0.93 1.26  4.76 1.19 1.33  4.15 0.58 1.16  4.34 0.77 1.21 

3  4.30 0.73 1.20  6.04 2.47 1.69  5.24 1.67 1.47  5.35 1.78 1.50  4.86 1.29 1.36  4.98 1.41 1.39 

4  3.92 0.35 1.10  5.54 1.97 1.55  4.82 1.25 1.35  4.75 1.18 1.33  4.24 0.67 1.19  4.34 0.77 1.22 

5  4.66 1.09 1.31  6.80 3.23 1.91  5.92 2.35 1.66  5.09 1.52 1.43  5.12 1.55 1.44  5.03 1.46 1.41 

6  3.42 -0.15 0.96  5.41 1.84 1.51  3.95 0.38 1.11  3.96 0.39 1.11  3.93 0.36 1.10  3.81 0.24 1.07 

7  3.57 0.00 1.00  4.04 0.47 1.13  4.51 0.94 1.26  4.46 0.89 1.25  4.18 0.61 1.17  4.18 0.61 1.17 

8  3.19 -0.38 0.89  3.85 0.28 1.08  4.06 0.49 1.14  4.11 0.54 1.15  3.90 0.33 1.09  3.88 0.31 1.08 

9  3.65 0.08 1.02  4.41 0.84 1.23  3.04 -0.53 0.85  4.61 1.04 1.29  4.43 0.86 1.24  4.28 0.71 1.20 

10  4.87 1.30 1.37  5.29 1.72 1.48  3.57 0.00 1.00  5.35 1.78 1.50  4.92 1.35 1.38  4.88 1.31 1.37 

11  1.87 -1.70 0.52  2.66 -0.91 0.75  1.81 -1.76 0.51  2.68 -0.89 0.75  2.50 -1.07 0.70  2.40 -1.17 0.67 

12  3.85 0.28 1.08  5.08 1.51 1.42  3.26 -0.31 0.91  5.62 2.05 1.57  5.09 1.52 1.43  4.90 1.33 1.3 
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Table D.1: Time-Varying Hazard Ratios for Model 3 (Distance). 

TL = Time-Loss, RTP = Return to Play.  

Model 
Component Variable 

Hazard 
Ratios 

95% Credibility 
Intervals 

Variables 

Pre-RTP Cluster 

A (Ref) - 
B 1.3 0.48 - 3.76 
C 0.9 0.31 - 2.66 
D 2.3 0.45 - 9.20 

Fixed Effects 

Age 1.0 0.88 - 1.02 

No. TL Injuries in 
Season to Date 

1.0 0.79 - 1.28 

Post-RTP Acute Loads 
Acute Load 0.6 0.24 - 1.58 

Chronic Load 1.5 0.33 - 7.15 

Time Varying 
Effects 

Pre-RTP Cluster 

B - Spline 1 1.0 0.23 - 4.29 
B - Spline 2 1.0 0.21 - 6.85 
B - Spline 3 0.7 0.09 - 3.91 
C - Spline 1 1.5 0.34 - 6.28 
C - Spline 2 1.4 0.21 - 7.15 
C - Spline 3 2.2 0.45 - 18.44 
D - Spline 1 1.1 0.18 - 6.71 
D - Spline 2 0.8 0.04 - 8.40 
D - Spline 3 0.7 0.01 - 8.56 

Post-RTP Loads 

Acute Load - 
Spline 1 

1.3 0.32 - 4.94 

Acute Load - 
Spline 2 

1.3 0.32 - 5.86 

Acute Load - 
Spline 3 

1.7 0.39 - 12.52 

Chronic Load - 
Spline 1 

0.4 0.09 - 2.49 

Chronic Load - 
Spline 2 

0.2 0.02 - 0.98 

Chronic Load - 
Spline 3 

0.2 0.01 - 1.07 
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Table D.2: Time-Varying Hazard Ratios for Model 3 (Sprint Distance). 

TL = Time-Loss, RTP = Return to Play. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Model 
Component Variable 

Hazard 
Ratios 

95% Credibility 
Intervals 

Variables 

Pre-RTP Cluster 

A (Ref) - 
B 1.4 0.50 - 0.73 
C 1.0 0.33 - 2.64 
D 2.4 0.47 - 11.31 

Fixed Effects 

Age 1.0 0.89 - 1.03 

No. Injuries in 
Season to Date 

1.0 0.79 - 1.28 

Post-RTP Acute Loads 
Acute Load 0.7 0.37 - 1.36 

Chronic Load 1.1 0.42 - 2.95 

Time Varying 
Effects 

Pre-RTP Cluster 

B - Spline 1 0.9 0.21 - 4.0 
B - Spline 2 0.8 0.17 - 5.44 
B - Spline 3 0.6 0.05 - 3.08 
C - Spline 1 1.4 0.32 - 6.28 
C - Spline 2 1.3 0.19 - 6.35 
C - Spline 3 1.9 0.40 - 13.76 
D - Spline 1 1.1 0.18 - 6.84 
D - Spline 2 0.8 0.03 - 7.92 
D - Spline 3 0.7 0.01 - 8.17 

Post-RTP Loads 

Acute Load - 
Spline 1 1.5 0.51 - 4.80 

Acute Load - 
Spline 2 1.4 0.43 - 4.24 

Acute Load - 
Spline 3 1.5 0.46 - 4.57 

Chronic Load - 
Spline 1 0.5 0.12 - 2.67 

Chronic Load - 
Spline 2 0.3 0.04 - 1.30 

Chronic Load - 
Spline 3 0.3 0.04 - 1.46 
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Table D.3: Time-Varying Hazard Ratios for Model 3 (sRPE). 

TL = Time-Loss, RTP = Return to Play.

Model 
Component Variable 

Hazard 
Ratios 

95% Credibility 
Intervals 

Variables 

Pre-RTP Cluster 

A (Ref) - 
B 1.5 0.54 - 4.33 
C 1 0.37 - 2.98 
D 2.5 0.52 - 10.84 

Fixed Effects 

Age 0.9 0.88 - 1.02 

No. Injuries in 
Season to Date 

1 0.79 - 1.27 

Post-RTP Acute Loads 
Acute Load 0.4 0.14 - 1.11 

Chronic Load 0.8 0.13 - 5.86 

Time Varying 
Effects 

Pre-RTP Cluster 

B - Spline 1 0.9 0.22 - 3.88 
B - Spline 2 0.8 0.17 - 5.20 
B - Spline 3 0.6 0.05 - 3.44 
C - Spline 1 1.4 0.31 - 5.98 
C - Spline 2 1.3 0.16 - 6.39 
C - Spline 3 1.9 0.39 - 14.53 
D - Spline 1 1.1 0.18 - 6.80 
D - Spline 2 0.9 0.03 - 7.86 
D - Spline 3 0.7 0.01 - 9.03 

Post-RTP Loads 

Acute Load - 
Spline 1 

2.3 0.50 - 9.98 

Acute Load - 
Spline 2 

2.5 0.52 - 13.91 

Acute Load - 
Spline 3 

3.2 0.69 - 31.25 

Chronic Load - 
Spline 1 

0.5 0.07 - 2.84 

Chronic Load - 
Spline 2 

0.1 0.00 - 1.18 

Chronic Load - 
Spline 3 

0.1 0.01 -1.11 



 
 

Figure D.1: Comparison of the pre-RTP loads for the (a) the 3-week build prior to RTP in Scenarios 1 and 2 and the 4-week build used in Scenario 3 (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

0

2000

4000

6000

8000

10000

Se
ss

io
n 

D
is

ta
nc

e 
R

el
at

iv
e 

to
 S

ea
so

n 
A

ve
ra

ge
 

G
am

e 
L

oa
d

A
bs

ol
ut

e 
Se

ss
io

n 
D

is
ta

nc
e

Distance (m)

0

0.2

0.4

0.6

0.8

1

1.2

0

20

40

60

80

100

120

140

160

180

Se
ss

io
n 

Sp
ri

nt
 D

is
ta

nc
e 

R
el

at
iv

e 
to

 S
ea

so
n 

A
ve

ra
ge

 G
am

e 
L

oa
d

A
bs

ol
ut

e 
Se

ss
io

n 
Sp

ri
nt

 D
is

ta
nc

e

Sprint (m)

0

0.2

0.4

0.6

0.8

1

1.2

0

100

200

300

400

500

600

700

800

Se
ss

io
n 

sR
P

E
 R

ea
lti

ve
 to

 S
ea

so
n 

A
ve

ra
ge

 G
am

e 
L

oa
d

A
bs

ol
ut

e 
Se

ss
io

n 
sR

PE

sRPE (AU)

0

0.2

0.4

0.6

0.8

1

1.2

0

2000

4000

6000

8000

10000

Se
ss

io
n 

D
is

ta
nc

e 
R

ea
lti

ve
 to

 S
ea

so
n 

A
ve

ra
ge

 G
am

e 
L

oa
d

A
bs

ol
ut

e 
Se

ss
io

n 
D

is
ta

nc
e

Distance (m)

0

0.2

0.4

0.6

0.8

1

1.2

0

20

40

60

80

100

120

140

160

180

Se
ss

io
n 

Sp
ri

nt
 D

is
ta

nc
e 

R
el

at
iv

e 
to

 S
ea

so
n 

A
ve

ra
ge

 G
am

e 
L

oa
d

A
bs

ol
ut

e 
Se

ss
io

n 
Sp

ri
nt

 D
is

ta
nc

e

Sprint (m)

0

0.2

0.4

0.6

0.8

1

1.2

0

100

200

300

400

500

600

700

800

Se
ss

io
n 

sR
PE

 R
el

at
iv

e 
to

 S
ea

so
n 

A
ve

ra
ge

 
G

am
e 

L
oa

d

A
bs

ol
ut

e 
Se

ss
io

n 
sR

PE

sRPE (AU)

(a) Scenario 1 and 2: 3-week Build 

(b) Scenario 3: 4-week Build 
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Figure D.2: Weekly game load for Player 51 across Scenarios 1-3 (game load was the same for all scenarios)  
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Figure D.3: A comparison of the weekly prescribed training loads post-RTP for the 3 scenarios demonstrating the load-maintenance approach taken in 
Scenario’s 1 & 3 (a) through the use of load “top-ups” and the recovery-focused deloading strategy used in Scenario 2 (b). 
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(a) Scenarios 1 and 3: Load Maintenance Strategy 

(b) Scenario 2: Deload Strategy 




