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Abstract 

  It is commonly accepted in the literature that there is an association between 

workload and injury in fast bowlers. While certain workload values have been more strongly 

linked to injury than others, the relationship between workload and injury is often only 

examined in terms of the number of deliveries bowled (i.e., external workload) with no 

consideration to the intensity at which the deliveries are bowled. The primary aim of this 

thesis was to examine ways to improve the estimation of workload in fast bowlers across a 

range of intensities. Initially, a systematic review found there was little strength to any 

association between external workload and lower-back injuries, primarily due to a high risk 

of bias and general low quality of evidence among the included studies. The findings 

demonstrate that it is not sufficient to only examine external workload, as all deliveries 

cannot be viewed the same in terms of the load they place on the body, particularly because 

bowlers work across a range of intensities. 

 One important factor for estimating workload is the intra- and inter-individual 

variability in the bowling action, highlighted in Chapter Three, with the magnitude of 

variability affecting the cumulative loading that results from repetitive bowling. As well as 

the implications the results of this study had for the estimation of workload, the results also 

influenced the design and analysis of the subsequent studies. For instance, individual analyses 

of fast bowlers were used because of the high inter-individual variability across the group, 

and repeated sessions were used because of the intra- individual variability in bowlers across 

two bowling sessions. The data for all of the ensuing studies were collected at the same time 

and allowed two methods of workload estimation to be examined. 

 The first method involved measuring an internal workload variable over a period of 

time, such as an over or bowling session, and multiplying this by an accepted external 
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workload measure such as the number of deliveries bowled over the same time period. Heart 

rate and rate of perceived exertion (RPE) were investigated as potential internal workload 

measures, by examining their association with release speed across maximal and submaximal 

intensities. It was found that either heart rate or RPE could be used to help estimate workload 

in fast bowlers, but both require considerations prior to their use. Primarily, around how to 

deal with the different movement patterns that are likely to be displayed by bowlers in 

trainings, warm-ups, and games, and how the estimation of workload will be affected. 

 The second workload-estimation method involved quantifying each delivery using a 

workload variable that is sensitive to intensity. The simplest way this can be done is by 

examining release speed, but the lack of automation and issues around data collection in large 

group sessions means that other approaches are more attractive, such as using IMUs. The 

most common workload variable measured using IMUs is PlayerLoad which was broadly 

investigated in terms of its association with release speed, again, across maximal and 

submaximal intensities. Two calculations for PlayerLoad were compared - the maximum and 

accumulated value from each delivery, as were two IMU locations, the upper-back and non-

bowling wrist. The results indicated that accumulated PlayerLoad had a stronger association 

with release speed, with comparable findings between the two IMU locations. There is also 

the potential that the non-bowling wrist location could be more practical and help to 

differentiate between bowling and throwing events, which is an important consideration if 

IMUs are to be used for workload estimation in fast bowlers. 

 Another consideration when using IMUs to estimate workload is how well the timing 

of key events in the bowling action can be determined from IMU data, this was also 

examined. The main finding was that the lack of consistency in the timing of these 

minimum/maximum values across maximal and submaximal intensities, indicating that 

different bowlers may alter their technique in alternate ways when bowling deliveries at 
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submaximal intensities. In the final study, clustering using self-organising maps (SOM) 

allowed a visualisation of this technique change and a quantification of the change was 

shown by calculating the reliable change index (RCI). The results from the final study 

highlight the fact that not enough is known about how fast bowlers change their technique 

when bowling at submaximal intensities. Before workload can be hoped to be estimated 

across a range of intensities, it should first be understood how each bowler, or groups of 

similar bowlers, are changing their technique. Once this is understood, workload variables 

should be able to be determined that can accurately estimate the load that is placed on the 

body by each delivery.  
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1 Introduction 

 Cricket is a team sport that is played by millions of people around the world. 

Commonly, cricket players can be split into three ‘positions’ – batters, bowlers and 

wicketkeepers. Bowlers can generally be characterised by the speed at which they release the 

ball. The most accepted definition of a ‘fast bowler’ is someone for whom the wicketkeeper 

would usually stand back from the stumps (e.g., Dennis et al., 2003, 2005; Gregory et al., 

2004)). As standing back from the stumps usually occurs for medium, medium-fast, and fast 

bowlers, all will be referred to as ‘fast bowlers’ in this thesis. 

 The movement of fast bowling is complex, primarily because bowlers are required to 

deliver the ball with a straight arm. Consequently, to generate high release speeds, bowlers 

commonly utilise a run-up. The length of the run-up can be over 30 m long, with bowlers 

reaching run-up speeds of around 7 ms-1 (Worthington et al., 2013). Following the run-up is 

the pre-delivery, starting with a jump off the front-foot and ending with back-foot contact. 

During this phase, a bowler rotates their shoulders and hips into an appropriate position for 

the delivery stride, which begins with back-foot contact. After back-foot contact follows a 

front-leg plant, commonly referred to as front-foot contact, which allows the linear 

momentum from the run-up to be transferred along the kinetic chain; starting with rotation of 

the pelvis, followed by the thorax, shoulder and eventual propulsion of the ball at ball release 

(Bartlett et al., 1996). Key events in the bowling action are shown in Figure 1-1. 
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Figure 1-1 Series of photos showing key events in the bowling action: 1) Pre-delivery 

flight phase. 2) Back-foot contact. 3) Front-foot contact. 4) Ball release. 5) Follow through. 
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 Structures within the body experience significant stresses during the fast bowling 

movement. The data collected in Chapter three found that during front-foot contact, a bowler 

may experience ground contact forces greater than 10 times their bodyweight. This 

magnitude of force may result in high compressive loads in the lumbar vertebra of bowlers. 

Additionally, the inertial forces produced during the bowling action add substantial shear 

loads to the vertebra in the lumbar region (Ferdinands et al., 2009). Specifically, when hip-

shoulder separation is combined with forward and lateral flexion, there are anterior-posterior 

and medio-lateral shear forces placed on the lumbopelvic region (Crewe et al., 2013). Hip-

shoulder separation occurs when the rotation of the thorax lags behind the rotation of the 

pelvis about the transverse plane (Lamb & Pataky, 2018) and has been identified as a risk 

factor for trunk injuries in fast bowlers (Portus et al., 2004) 

 As a result of both the significant spinal loads and high magnitude of load placed on 

other parts of the body, injury occurrence is high among fast bowlers. A recent examination 

of injury in elite cricketers shows that fast bowlers are much more likely to become injured, 

with a prevalence of 20.6%, compared to batters (7.4%), spin bowlers (6.7%) and 

wicketkeepers (4.7%) (Orchard et al., 2016). Because the majority of injuries in cricket are 

considered non-contact (i.e., there is no contact with other players) and their onset is gradual, 

the injuries are commonly referred to as overuse injuries (e.g., Alway et al., 2019; Blanch et 

al., 2014; McGrath et al., 2019; Orchard et al., 2016). Overuse injuries occur due to repetitive 

micro-trauma to tissues accompanied by inadequate healing opportunities (Hamill et al., 

2012). These types of injuries are likely avoidable if the magnitude and frequency of the 

micro-traumas are adequately managed. 

 Recent reviews have summarised risk factors for injury in both adolescent (Forrest et 

al., 2017) and adult fast bowlers (McNamara et al., 2017; Olivier et al., 2016). Generally, risk 
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factors can be split into two categories: Intrinsic, or person-related factors, include aspects 

related to strength and flexibility, as well as bowling technique itself; extrinsic, or 

environment-related factors, include workload, the time of day and innings of the match 

(Olivier et al., 2016). Extrinsic risk factors are likely easier to modify than intrinsic risk 

factors, which require an anatomical and/or neural change (e.g., to alter strength/flexibility) 

or a comprehensive, prolonged change to a stable movement pattern (e.g., to alter bowling 

technique). 

 The most easily modifiable extrinsic risk factor, and the one that is the least invasive 

to the athlete is workload. Consequently, workload is the risk factor that has been most 

comprehensively investigated in terms of its association with injury (Hulin et al., 2013; 

Orchard et al., 2015; Warren et al., 2018). Simply, workload is the amount and intensity at 

which a bowler bowls across a period of time; subsequent chapters investigate various 

aspects of workload. The association between workload and injury is complex; however, it 

has been shown that both too high a workload and too low a workload can increase the risk of 

a wide variety of non-contact injuries\, thus there is a dual risk threshold (Dennis et al., 

2003). Recently, more complex workload variables such as the acute:chronic workload ratio 

(ACWR) (Warren et al., 2018) and ‘differential load’ (Tysoe et al., 2020) have been 

established, with certain workload values more strongly linked to injury than others. 

 However, the majority of studies that report risk ratios and/or examine potential 

injury-predictor variables like the ACWR and differential load do so by only examining 

external workload. External workload is quantified by the total number of deliveries bowled 

in a given time period. If the number of deliveries bowled is the only estimate of workload, 

no consideration is given to the intensity at which each delivery is bowled at, or the resultant 

stresses experienced by the internal structures of the body. Examining external workloads 
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would be appropriate if all deliveries were bowled at the same intensity, however, it is likely 

that bowlers work across a range of intensities. For example, it has been shown that bowlers 

work at a higher intensity in games compared to trainings (Petersen et al., 2011) and the same 

can be assumed during a warm-up. In order for the association between workload and injury 

to be better understood in fast bowlers, a valid and reliable method for estimating bowling 

workload is needed, beyond simply counting the number of deliveries bowled. 

 

 Thesis aim 

 The overall aim of the thesis is to investigate the most effective way to estimate and 

thereby monitor bowling workload in fast bowlers. Any workload estimate should be valid 

among bowlers with distinct movement patterns when they are working across both maximal 

and submaximal intensities. The objectives of each chapter reflect back to the overall aim of 

the thesis and are presented as follows: 

 

 Chapter summaries 

 The thesis is divided into nine chapters, with the data collected in two phases: The 

first data collection phase comprised of 11 bowlers. Of these 11 fast bowlers, four were 

considered elite (provincial) and seven were considered pre-elite (provincial A and provincial 

U19). The second phase included eight bowlers, which were also considered elite (n = 2) and 

pre-elite (n = 6) and provided the data for Chapters four, five, six and seven. Only two 

bowlers participated in both data collection phases. 
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 Chapter two 

 Chapter two is a systematic review that examines whether there is an association 

between external workload, which is commonly used in practice, and lower-back injury in 

fast bowlers. Due to a high risk of bias and general low quality of evidence across the eight 

included studies, there is little strength to any association between external workload and 

lower-back injury. The main implication from these findings is that not all deliveries can be 

viewed as the same in terms of the load they place on the body. Consequently, external 

workload is not an accurate workload estimate, as bowlers work across a range of intensities; 

therefore, alternate workload estimates are investigated in subsequent chapters. 

 Chapter three 

 As each delivery is going to be unique in terms of the load it places on the body, it 

should be known how much variation there is within and between individuals when they are 

bowling at maximal intensities. The primary aim of this study is to quantify and compare the 

inter- and intra-individual movement variability in a group of elite and sub- elite fast bowlers, 

focusing specifically on two biomechanical parameters – lateral bending and axial rotational 

velocity. The objectives of the study are to: 

1) Examine how variability changes over the course of two six-over bowling spells. 

2) Determine whether there is a difference in variability between the start and end of a 

bowling spell. 

3) Examine whether more between-delivery movement variation leads to a more variable 

performance, in terms of release speed. 

 As well as informing about the expected amount of movement variability for 

subsequent studies in the thesis (as well as other future fast bowling studies), this chapter 



28 
 
 

highlights the need for workload estimates that are sensitive to each individual’s distinct 

movement pattern. 

 Chapter four 

Chapter four is the first study that examines potential, alternate workload estimates, 

specifically focusing on internal workload measures across maximal and submaximal 

intensities. There are three objectives for the study: 

1) Explore whether common measures of exertion, RPE and heart rate, are 

significantly associated with release speed. 

2) Determine whether associations between release speed and measures of exertion 

persist when deliveries are bowled at prescribed submaximal intensities. 

3) Examine the agreement between prescribed intensity and actual intensity, 

according to release speed. 

 Using either heart rate or RPE is found to be an effective way to estimate the internal 

workload (and therefore total workload) of fast bowlers. However, the effectiveness of such 

exertion measures is dependent on bowlers working at a constant intensity, as it can be hard 

to accurately capture workload information from each delivery using this method. 

 Chapter five 

 
 The use of inertial measurement units (IMUs) has the potential to improve workload 

estimation as automated data collection allows each delivery to be analysed. The most 

commonly used IMU measure in the literature is PlayerLoad (McNamara et al., 2015a) which 

is the primary variable examined in Chapter five. PlayerLoad is a workload variable 

developed by Catapult (Catapult Sports, Melbourne, Australia) and is calculated as the sum 

of the resultant change in acceleration throughout a movement. The aim of the study is to 

determine whether a workload variable can be extracted from a singular IMU that strongly 
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correlates with intensity, according to release speed across maximal and submaximal 

intensities. The objectives are to: 

1) Determine whether examining accumulated PlayerLoad across a delivery improves 

the strength of association with release speed, compared to examining the 

maximum value from each delivery. 

2) Examine whether the location of the IMU can impact the strength of association 

between PlayerLoad and release speed. 

3) Determine whether the association between release speed and PlayerLoad 

remains across submaximal intensities. 

 Chapter six 

 The results presented in Chapter five indicate that examining accumulated PlayerLoad 

values improves workload estimates. However, if an appropriate time-period over which to 

calculate the accumulated value (e.g., the time between key events in the bowling action) 

cannot be determined from IMU data, then the effectiveness of such workload measures is 

greatly reduced. Chapter six examines the association between the timing of the key bowling 

events and the minimum/maximum values from certain IMU variables across maximal and 

submaximal intensities. There are three main objectives for the study: 

1) Examine whether the timing of key events changes across maximal and 

submaximal intensities. 

2) Determine which minimum/maximum values from IMU variables align best 

with the timing of key events in the bowling action in maximal intensity 

deliveries. 

3) Examine whether the associations remain consistent at submaximal intensities. 
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 Chapter seven 

 The inconsistency in the association between the timing of key bowling events and 

minimum/maximum values from IMU variables across intensities indicates that further 

investigation is required into how bowlers are altering their technique. The aim of Chapter 

seven is to examine how individual bowlers adapt their technique to respond to the change in 

performance criterion (i.e., submaximal bowling) and highlight novel methods for identifying 

these individual adaptations within a group setting. The reliable change index (RCI) and 

clustering using self-organising maps (SOM) are two methods used to view changes to 

bowling technique. Additionally, the implications that these changes have for estimating 

workload are discussed – if bowlers are changing their technique in different ways across 

intensities, then can we expect a single workload estimate to be effective at quantifying the 

load on the body? 

 Chapter eight 

 Chapter eight provides an overview of the findings presented in this thesis, grouped 

into three areas: 

1) Workload: This is broken down into the two methods for estimating bowling 

workload. One method involves separately measuring an external workload variable 

and an internal workload variable. The other method involves measuring a 

quantifiable external workload variable that is sensitive to intensity, therefore 

assuming internal workload. 

2) Submaximal bowling: Specifically, the relationship between prescribed and 

measured intensity according to release speed, and how bowlers alter specific 

variables, such as run-up parameters when bowling at submaximal intensities. 

3) Injury: Although injury is only a specific focus in the systematic review with regards 
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to lower-back injury (Chapter two), the subsequent chapters touch on the topic in 

terms of implications for injury. 

 Chapter nine 

 Finally, Chapter nine presents some practical implications for estimating workload, 

including some advantages and disadvantages of each workload-estimating method. It also 

presents some implications for future fast bowling studies such as the amount of variability to 

expect across individuals and bowling sessions. Lastly, future research directions are 

suggested in order to better estimate bowling workload and help to reduce the risk of injuries 

in fast bowlers. 
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2 Association between external workload and lower-back injuries in fast 

bowlers: a systematic review 

 Introduction 

 As outlined in Chapter one, injuries are common among elite fast bowlers with around 

20% of fast bowlers becoming injured every year (Orchard et al., 2016). When considering 

the location of these injuries in fast bowlers, lower-back injuries such as lumbar stress 

fractures, disc herniations, spondylolisthesis etc. have been reported as among the most 

common injuries (Frost & Chalmers, 2012; Orchard et al., 2016). Moreover, lower-back 

injuries have been associated with the highest total match days lost in elite cricketers. Out of 

the 3303 match days that were lost due to injuries occurring to elite NZ cricketers over a 

seven-year period, 895 days were lost due to lower-back injuries, more than double that of 

the knee (427 days) which were associated with the second most match days lost (Frost & 

Chalmers, 2012). Although lower-back injuries are not necessarily the most frequent, they 

still result in the greatest amount of time out of the game, suggesting how debilitating they 

can be. In addition to the time lost, lower- back injuries represent a considerable financial 

burden. In 2019, lower-back injuries in cricketers cost the New Zealand government over 

$1,000,000 in diagnosis, treatment, and rehabilitation (https://www.acc.co.nz, Accident 

Compensation Corporation, New Zealand). 

 Lower-back injury in fast bowlers has been associated with both intrinsic and 

extrinsic risk factors (see Olivier et al. (2016) for a review). Intrinsic risk factors are diverse, 

including but not limited to: a mixed bowling technique (Portus et al., 2004), trunk muscle 

asymmetries (Engstrom et al., 2007) and reduced lumbar proprioception (Olivier et al., 2014). 

Extrinsic risk factors are less diverse, with workload often reported as the major extrinsic risk 

factor for injury in fast bowlers (Olivier et al., 2016). The association between workload and 

http://www.acc.co.nz/
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injury is complex; however, it has been shown that too high a workload may increase the risk 

of injury by as much as 2.1 times (Hulin et al., 2013), while a workload that is too low may 

also increase the risk of injury by as much as 1.4 times, thus, there is a dual risk threshold 

(Dennis et al., 2003). The way in which workload is measured differs from study to study, 

with the number of overs bowled across a certain time period (Orchard et al., 2015) and the 

number of days between bowling sessions (Dennis et al., 2003) among those methods used 

previously. 

 Workload has also been defined in terms of internal and external load on the body. 

External workload is defined by total bowling volume (Hulin et al., 2013) and is often 

measured as the number of deliveries bowled within a period of time, such as a match, day, 

week etc. (Dennis et al., 2005; Orchard et al., 2009). Internal workload refers to the perceived 

effort or physiological demand of each delivery that is delivered, in terms of the amount of 

stress placed on the internal structures of the body (Hulin et al., 2013). The product of 

internal and external workload is assumed to represent total bowling workload; in the sense 

that the number of deliveries bowled multiplied by the intensity that they are bowled at would 

give an estimation as to the overall bowling workload (Hulin et al., 2013) 

 Because of the dual risk threshold associated with workload, the timeframe over 

which workload is examined is important. A workload examined over a short period, such as 

a week is considered acute, while a workload examined over a longer period, often around 

four weeks or a month, is considered chronic (Hulin et al., 2013; McNamara et al., 2017). 

Examining the ratio between acute and chronic workloads (ACWR), is becoming 

increasingly common in cricket (Hulin et al., 2013; McNamara et al., 2017; Warren et al., 

2018) as well as other sports (Hulin et al., 2016, 2017). 
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 The aim of this systematic review was to examine the level of evidence for an 

association between external workload and lower-back injuries in fast bowlers. While other 

reviews have examined the relationship between workload and injuries in general within fast 

bowlers (Forrest et al., 2017; McNamara et al., 2017; Olivier et al., 2016), this review is 

delimited to specifically examine external workload and lower-back injuries. The reason for 

this delimitation is threefold: 1) Lower-back injuries result in the greatest amount of match 

days lost, 2) External workload is an easily modifiable risk factor and 3) Accurate 

measurement of internal workload appears problematic. Specifically, there is a disagreement 

within the literature regarding methods for monitoring internal workload (Hulin et al., 2013; 

McNamara et al., 2017), with current best-practices preferring subjective recall regarding the 

rate of perceived exertion (RPE) for each delivery or over (McNamara et al., 2017) 

 An association between external workload and lower-back injury could be of use to 

fast bowlers of all ages and skill levels, as external workload could be monitored and 

controlled to decrease the chance of sustaining a lower-back injury. 

 

 Methods  

 The systematic review was carried out according to the guidelines described by the 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement 

(Moher et al., 2009).  This systematic review and the protocol involved were registered with 

PROSPERO, the international prospective register of systematic reviews, (registration 

number CRD42017067642) in June 2017.  
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 Search strategy 

 Four sets of keywords were used for the literature search: i) cricket; ii) bowl, bowler, 

fast, pace, seam, medium; iii) spine, lumbar, lower-back, disk, fracture, stress, spondylolysis, 

spondylolisthesis; iv) workload, work, load, effort, demand, overuse, internal, external. The 

Boolean operator ‘AND’ was used to combine the four sets of keywords, while the Boolean 

operator ‘OR’ was used to combine the search terms within each set of keywords. Filters 

were used in some databases in order to reduce the number of non-relevant studies, such as 

animal studies. 

 The literature search was conducted twice – once on 2 May 2017 and again on 21 

September 2019 at the request of a reviewer to include a recently published study, by the 

primary investigator, Corey Sean Perrett (CSP). The results from the latter search are 

presented in the results (Figure 2-1). Six online databases were searched initially 

(SportsDiscus, PubMed, Scopus, Web of Science, Science Direct and Ovid), followed by a 

supplementary search that included Google Scholar, ProQuest Thesis and Dissertations and 

the Cochrane Library. The reference lists of three recent, relevant reviews (Forrest et al., 

2017; McNamara et al., 2017; Olivier et al., 2016) were also examined to see if any relevant 

articles had been missed in the literature search. 

 Study selection  

 The articles that were obtained in the literature search were exported to a Mendeley 

library, where the duplicate-removal tool was used. The two reviewers, CSP and Melanie 

Dawn Bussey (MDB) then independently screened the titles, abstracts and full text of the 

articles in accordance with the following inclusion and exclusion criteria: 

Inclusion: 
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• Type of study – cohort or cross-sectional studies that included a measure of external 

workload AND an outcome measure of lower-back injury in cricket fast bowlers  

• Type of participants – cricket fast bowlers; no restriction in terms of age, sex, skill-

level, or handedness 

Exclusion: 

• Studies that did not have a measure for both workload AND lower-back injury 

• Studies that did not look at cricket fast bowlers e.g., spin bowling studies 

• Full text could not be located 

• Articles that were not in English 

• Non-peer reviewed articles e.g., unpublished dissertations 

• Review articles  

 Once both reviewers had included the selected studies in the review, they were 

compared, and any disagreements verbally discussed until an agreement was reached.  

 Risk of bias 

 To assess the risk of bias in each of the included studies, the National Institute of 

Health (NIH) quality assessment tool for observational cohort and cross-sectional studies was 

used (http://www.nhlbi.nih.gov, US Department of Health and Human Sciences). The tool 

initially contained 14 questions, which assessed six bias categories, as outlined in the 

Cochrane Back and Neck (CBN) guidelines (Furlan et al., 2015). The bias categories and 

associated questions were: Selection (questions 3, 4 and 5), performance (question 12), 

attrition (questions 13), measurement (questions 7, 8, 9, 10 and 11), reporting (question 14) 

and other (questions 1, 2 and 6). The answer options to the NIH questions were “yes”, “no”, 

“unclear” or “not applicable” (Table 2-2). It was decided to divide Question 9 into two parts 

– ‘part a’ examined external workload, while ‘part b’ examined internal workload. Studies 
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were considered of high quality with low risk of bias if they had greater than 70% of the 

questions answered with “yes”. Studies were considered to be ‘average’ quality if the 

percentage of “yes” answers was 50 to 70%, and poor quality with high risk of bias if below 

50% of responses were “yes” (Maass et al., 2015). Each of the studies were independently 

scored by the two reviewers (CSP and MDB); if there was disagreement between reviewer 

scores, the reviewers discussed the findings to see if consensus could be reached, if consensus 

could not be reached a third reviewer was to be consulted. 

 Quality of evidence assessment 

 The quality of evidence was assessed according to the 2015 updated method 

guidelines for systematic reviews by CBN, using the Grading of Recommendations 

Assessment, Development and Evaluation (GRADE) criteria for back pain. To assess the 

quality of the body of evidence across selected studies, five domains were examined, 

according to the updated CBN guidelines. These domains were: 

• Limitations (in the design and implementation) or risk of bias 

• Inconsistency (defined as <75% agreement between studies) 

• Indirectness (whether results were generalisable to the population of interest) 

• Imprecision (related to the width of the confidence intervals (CIs)) 

• Publication bias (probability of selective publication of trials and outcomes) 

Based on the results of these five domains, the quality of evidence in support of the research 

question could be determined to be high, moderate, low, very low or no evidence at all. 

 Data analysis  

 The individual characteristics of the studies were analysed, including the study 

population and length, workload measure and setting, and lower-back injury measure. The 
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main findings from each of the studies were then analysed to determine the association 

between factors and outcomes. The main conclusions of the selected studies with regard to 

external workload were also recorded. Due to the heterogeneity of the studies (e.g., 

inconsistent descriptions and definitions of workload, different skill levels – professional and 

U13, and different competitive environments – training vs competition), a meta-analysis 

could not be performed. 

 

 Results 

 Study selection 

 The initial search identified 280 articles from online databases (SportsDiscus, 

PubMed, Scopus, Web of Science, Science Direct and OVID). A further 315 articles were 

obtained from a supplementary search of Google Scholar, ProQuest Thesis and Dissertations 

and the Cochrane Library. Following the removal of 213 duplicate articles, a further 357 

articles were removed after abstract and title screening. Of the 25 remaining studies, only 

eight were found to fit the inclusion criteria (Alway et al., 2019; Bayne et al., 2016; R. Davies 

et al., 2008; Dennis et al., 2005; Orchard et al., 2002, 2015; Orchard & James, 2003). See 

Figure 2-1 for a flowchart of the literature search. 
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Figure 2-1 Flowchart showing the results of the literature search, duplicate removal, screening and 
final study selection 

  



40 
 
 

 Study characteristics 

 The characteristics of the selected studies are shown in Table 2-1 and included: the 

type of study, study population, length of the study, the method and setting for the external 

workload measurement, and the method of diagnosis for lower-back injury.  

 There were two main study types across the eight studies. Four of the studies were a 

mixture of retrospective and prospective cohort studies (Alway et al., 2019; Orchard et al., 

2002, 2015; Orchard & James, 2003), each reflecting on some previously recorded data – 

either on injuries or workload. The other four studies were entirely prospective cohorts 

(Bayne et al., 2016; Davies et al., 2008; Dennis et al., 2005, 2008), which followed 

participants for a period of time.  

 The study populations included either a mixture of adolescent and pre-elite player 

cohorts (Bayne et al., 2016; Davies et al., 2008; Dennis et al., 2005, 2008) or first-class 

players (Alway et al., 2019; Orchard et al., 2002, 2015; Orchard & James, 2003). 

 The duration of the studies ranged from six months (Bayne et al., 2016) to the length 

of the season (Davies et al., 2008; Dennis et al., 2005, 2008) in the prospective cohort studies. 

The retrospective cohorts examined data from multiple seasons; seven seasons in Alway et al. 

(2019), three seasons in Orchard et al. (2003), eight in Orchard and James (2003) and 15 in 

Orchard et al. (2015). 

 Data describing bowling workload were extracted either from official scorecards 

(Alway et al., 2019; Orchard et al., 2002, 2015; Orchard & James, 2003), or were self-

reported through the use of self-managed logbooks. One study measured external workload 

across numerous venues – training, warm-ups and matches (Dennis et al., 2008), three of the 

studies examined both match and training workloads (Bayne et al., 2016; Davies et al., 2008; 
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Dennis et al., 2005), while the four retrospective studies (Alway et al., 2019; Orchard et al., 

2002, 2015; Orchard & James, 2003) only examined first-class matches. 

 The diagnostic pathway for lower-back injury also differed across studies – two 

utilised gold-standard imaging via Magnetic Resonance Imaging (MRI) (Bayne et al., 2016; 

Dennis et al., 2005), four used clinical diagnosis via physical exam by a doctor or 

physiotherapist (Alway et al., 2019; Orchard et al., 2002, 2015; Orchard & James, 2003) and 

two used self-evaluation questionnaires confirmed by a physiotherapist via phone (Davies et 

al., 2008; Dennis et al., 2008). Two of the studies made mention of lower-back pain, as well 

as lower-back injury (Bayne et al., 2016; Dennis et al., 2005), while the remaining studies 

referenced only lower-back injury (Davies et al., 2008; Dennis et al., 2008; Orchard et al., 

2015; Orchard & James, 2003; Orchard et al., 2002). 
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 Table 2-1 Main characteristics of accepted studies 

* CT = Computed Tomography; ** nationality of bowlers not specified  

Author Study 
population 

Study 
length 

External 
workload 
measure 

Setting for 
workload 
measure 

Lower-back injury 
measure 

Alway et 
al. (2019) 

368 
professional 
English fast 

bowlers 

7 seasons Data from 
official 

scorecards 

Club, county 
and 

international 
matches 

Symptomatic presentation 
and radiological evidence 

(MRI, CT* or single-
photon emission CT) 

Bayne et 
al. (2016) 

46 
district/state 
junior fast 
bowlers** 

 
6 months 

Logbook: 
number of 
deliveries 
bowled 

Unclear – 
most likely 

includes 
training and 

matches 

MRI 

Orchard 
et al. 

(2015) 

235 first-class 
Australian 

players 

 
15 years 

Data from 
official 

scorecards 

First-class 
matches only 

Team 
doctor/physiotherapist 

examination 
R. Davies 

et al. 
(2008) 

46 11–18-year 
olds** 

8 months Logbook: 
number of 
deliveries 
bowled 

Unclear – 
most likely 

includes 
training and 

matches 

Questionnaire filled out 
for each injury 

Dennis et 
al. (2008) 

91 male 
Australian 
U13–U23 

high-
performance 

players 

Season- 
long 

Logbook: 
number of 
deliveries 
bowled, 
filled out 

weekly and 
submitted 

Training, 
warm-up and 

matches 

Self-evaluation, confirmed 
via phone by 

physiotherapist 

Dennis et 
al. (2005) 

44 Australian 
12–17-year-
old playing 
club/district 

cricket 

Season- 
long 

Logbook: 
number of 
deliveries 
bowled, 
filled out 

weekly and 
submitted 

Training and 
match 

workloads 

MRI after back injury 
reported to physiotherapist 

Orchard 
& James 

(2003) 

All squad 
members from 
first-class and 

Australian 
teams 

Multiple 
seasons 

Data from 
official 

scorecards 

First-class 
matches only 

Team 
doctor/physiotherapist 

examination 

Orchard 
et al. 

(2002) 
 

All squad 
members from 
first-class and 

Australian 
teams 

Multiple 
seasons 

Data from 
official 

scorecards 

First-class 
matches only 

Team 
doctor/physiotherapist 

examination 
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 Risk of bias within studies 

 The quality scores for included studies are shown in Table 2-2. Only the studies by 

Alway et al. (2019), Dennis et al. (2005) and Orchard et al. (2002) were considered high 

quality with a low risk of bias (>70%). The quality of the studies ranged from 43% to 85%, 

with an average of 63%. All of the studies received a “yes” for questions 1, 6 and 7 which 

looked at the study aim, whether workload was measured prior to lower-back injury and 

whether the timeframe was sufficient, respectively. All of the studies also received a “not 

applicable” (NA) for question 9b, looking at internal workload, and a ‘not clear’ for question 

12, which looked at whether lower-back injury assessors were blinded to the workload 

measurement.  

 In general, the risk of bias across the studies was high. Only those studies that used 

imaging to validate injury diagnoses (Bayne et al., 2016; Dennis et al., 2005) could be said to 

be clear of measurement bias in terms of the injury diagnosis; however, neither of these 

studies used a valid, reliable method of workload measure, so the risk of measurement bias 

was high among all the studies. Selection bias was also present among many of the studies. 

Both Bayne et al. (2016) and Dennis et al. (2008) had study populations that were not 

representative of the target fast bowler population. More specifically, Bayne et al. (2016) 

excluded those with lumbar abnormalities, while Dennis et al. (2008) studied a primarily 

adolescent population. Dennis et al. (2008) also did not recruit participants from similar level 

populations, using bowlers aged 12–33 years. Furthermore, Davies et al. (2008) did not state 

where their participants were recruited from, nor did they provide a justification for the small 

sample size. In general, the selected studies were free of attrition bias as dropout rates were 

either low, reported (Bayne et al., 2016) or NA, such as in the retrospective cohorts by Alway 

et al. (2019), Orchard et al. (2002), Orchard & James (2003) and Orchard et al. (2015).



44 
 

Table 2-2 Risk of bias assessment using NIH quality assessment tool  

Studies Questions* Total 
1 2 3 4 5 6 7 8 9a 9b 10 11 12 13 14  

Alway et al. 
(2019) Y Y Y NA NA Y Y Y Y NA N Y NC NA Y 9/11 

Bayne et al. 
(2016) Y Y N Y N Y Y N N NA NC Y NC Y N 7/14 

Orchard et al. 
(2015) Y Y Y NA NA Y Y Y Y NA N N NC NA N 7/11 

Davies et al. 
(2008) Y N NC NC N Y Y Y N NA NC N NC Y Y 6/14 

Dennis et al. 
(2008) Y Y N N N Y Y N N NA N N NC Y Y 6/14 

Dennis et al. 
(2005) Y Y Y Y Y Y Y Y N NA Y Y NC Y Y 12/14 

Orchard & 
James (2003) Y Y Y NA NA Y Y Y Y NA N N NC NA Y 8/11 

Orchard et al. 
(2002) Y Y Y NA NA Y Y Y Y NA N N NC NA N 7/11 

NIH = National Institutes of Health; Y = Yes, N = No, NC = Not clear, NA = Not applicable 

*1. Was the research question or objective clear? 2. Was the study population clearly specified and defined? 3. Is the study population an accurate representation of 
the target population? 4. Were all subjects recruited from similar level populations and at the same time? 5. Was a sample size justification, power description, or 
variance and effect estimates provided? 6. Was workload measured prior to injury assessment? 7. Was the timeframe sufficient so that one could reasonably expect to 
see an association between workload and lower-back injury if it existed? 8. Did the study examine different levels of workload to see how it affected rate of lower-
back injury? 9a. Were the external workload measures clearly defined, valid, reliable, and implemented consistently across all participants for the length of the study? 
9b.  Were the internal workload measures clearly defined, valid, reliable, and implemented consistently across all participants for the length of the study? 10. Was 
workload measured across more than one setting, e.g., in practice/in game? 11.  Were the measures for lower-back injury diagnostic, and if so, was this done through 
imaging technology? 12. Were the assessors of lower-back injury blinded to the measuring of workload? 13.  There were no dropouts in this study, and if so, they 
were explained. 14. Was the statistical analysis done in the study appropriate for the design of the study and the questions being asked?
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 Results of individual studies 

 The primary findings with respect to the question of interest are shown in Table 2-3 as 

well as odds ratios (ORs), CIs and p-values. Of all the included studies, only the study by 

Alway et al. (2019) discussed a statistical relationship between external workload and lower-

back injury. They reported that bowling more than 234 deliveries in a seven-day period 

increased the risk of lumbar stress fracture (OR 11.00, relative risk 3.18, p = 0.007) compared 

to bowling less than 197 deliveries.  Three of the studies (Davies et al., 2008; Orchard et al., 

2002, 2015) did not state a relationship between external workload and lower-back injury, 

only between external workload and injuries in general.  
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Table 2-3 Main statistical findings from reviewed studies 

 

Authors 
Risk of bias 

(study 
quality %) 

Workload 
variables Main findings OR (CI)*** p-value Conclusion 

Alway et al. 
(2019) Low (81%) Peak 7-day 

workload 

234–294 deliveries significantly 
increase risk of sustaining stress 

fracture* 

11.00 (2.16 – 
55.92) NS 

Bowling greater than 234 
deliveries in a week is a 

considerable risk factor in the 
development of lumbar stress 
fractures in young cricket fast 

bowlers. 

>294 deliveries significantly 
increase risk of sustaining stress 

fracture* 

11.67 (2.32 – 
58.60) NS 

Number of deliveries bowled 
over 7 days significantly 

contribute to stress fractures* 
NS 0.007 

Bayne et al. 
(2016) High (47%) 

Number of 
deliveries 
bowled 

No significant difference 
between injured & non-injured* NS NS 

Bowling workload management is 
an important component of injury 

prevention 

Orchard et 
al. (2015) 

Moderate 
(58%) 

Number of 
overs in 

previous 3 
months 

High number is a risk factor for 
developing bony injury ** 

2.10 
(1.48-2.99) 0.0005 

Workload planning may need to 
be individualised, depending on 

individual susceptibility to 
various injury types 

Number of 
career overs 

High number is a protective 
factor for developing bony 

injury** 

0.31 
(0.21-0.45) 0.0005 

Number of 
overs in 
previous 
season 

High number is a risk factor for 
developing joint injury** 

1.96 
(1.14- 3.37) 0.015 
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Davies et al. 
(2008) High (40%) 

Number of 
deliveries 
bowled 

High number is a risk factor for 
injury ** Not stated <0.0005 

High bowling workload 
predisposes bowler to increased 

risk of injury 

Dennis et al. 
(2008) High (47%) 

Workload not 
examined in 

results 
NA NS NA No conclusion in terms of 

workload 

Dennis et al. 
(2005) Low (73%) 

Number of 
days between 

injury and 
previous 
bowling 
session 

Injured players had lower 
median* 

Not stated. Risk 
Ratio CIs included 

0.038 
Increased bowling frequency is 
associated with increased injury 

risk. 

Orchard & 
James (2003) 

Moderate 
(67%) 

Bowling 
first/second in 

one-day 
match 

Bowling second is a risk factor 
for injury** 

1.31 
(0.74–2.30) 

NS 
Workload is one of the greatest 

risk factors for injury and should 
continue to be monitored Bowling 

first/second in 
test match 

Bowling second is a risk factor 
for injury** 

1.75 
(1.21–2.52) 

Orchard et 
al. (2002) 

Moderate 
(58%) 

Number of 
overs in 
previous 

week 

Risk factor for injury if more 
than 20 overs bowled 

1.91 
(1.28–2.95) 

NS 
Bowlers have the highest risk of 

injury when workload 
is high, and they are bowling 

second 

NS = Not stated; NA = Not applicable  
*Findings related to injuries to the lower-back of individuals 
** Findings include lower-back injuries, but are not specific to them (include other injury locations) 
*** OR = Odds ratio; CI = 95% confidence interval 
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 The studies that did not examine an association between external workload and lower-

back injury examined other aspects. The study by Orchard et al. (2002) looked at the location 

of injuries, and the workloads that increased injury risk in general, as opposed to how 

workload affected each injury location individually. This was similar to Orchard et al. (2015) 

who examined the effect that compressed cricket fixtures had on the risk of injury (again, in 

general, as opposed to specific injury types/sites). Davies et al. (2008) focused more on 

identifying risk factors for injury and stated the multifactorial role these risk factors might 

have in terms of injury predisposition. Because of data collection errors, Dennis et al. (2008) 

did not examine workload at all in the analysis; consequently, no comment was made on any 

potential relationship between workload and injury. They instead identified internal hip 

rotation and both a short and long ankle dorsiflexion lunge as independent predictors of 

injury. The other three studies (Bayne et al., 2016; Dennis et al., 2005; Orchard & James, 

2003) suggested a relationship between workload and lower-back injury; however, the 

relationship was not supported by statistical analysis (statistical analysis was conducted for 

other variables, such as biomechanical factors, injury in general, etc.) Bayne et al. (2016) 

focused specifically on lumbar injuries and potential risk factors for these injuries – stating 

that workload was not a risk factor. Dennis et al. (2005) stated that more overuse injuries 

occurred to the back region than any other location, suggesting a relationship between a high 

workload and back injuries. Orchard & James (2003) suggested that workloads over two 

weeks, one month and three months affected the risk of back injuries; however, no statistical 

analyses on these data, in terms of risk ratios etc., were performed.  Upon examination of the 

main conclusions from the studies, all of them, with the exception of Dennis et al. (2008), 

recognised workload as being important when looking at risk of injury. None of the studies 

concluded that specific injury types/locations were more at risk with a higher workload.  
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 Quality of evidence across studies  

 Based on the five domains stated by Furlan et al. (2015) in the updated CBN 

guidelines, there are five levels of overall quality of evidence recommended by the GRADE 

Working Group. When no randomised control trials (RCTs) are identified among the 

included studies (which is the case in this review), there is said to be no evidence. Therefore, 

there is no evidence that external workload affects lower-back injuries in fast bowlers. 

 If the five domains are examined individually, regardless of the fact that none of the 

studies are RCTs, there is still a very low quality of evidence. The domains of inconsistency 

(there are very few disagreements between studies), indirectness (the results are generalisable 

to the target population) and publication bias are satisfied by all the studies; however, this is 

not the case with the limitations and imprecision domains. There are many limitations in the 

study designs, which include a high risk of bias across all of the studies, as well as imprecise 

results, for example when CIs span both above and below 1 (Orchard & James, 2003) 

meaning that workload could be a risk or protective factor (Table 2-3).   

 

 Discussion 

 The aim of this study was to examine the level of evidence for an association between 

external bowling workload and lower-back injuries in fast bowlers.  Based on the existing 

quality of evidence, there is little strength to any association. Four of the examined studies 

were in agreement that no meaningful relationship exists between external workload and 

lower-back injury (Alway et al., 2019; Bayne et al., 2016; Dennis et al., 2005; Orchard & 

James, 2003), while the remaining studies either did not comment on any potential 

relationship (Davies et al., 2008; Orchard et al., 2002, 2015) or did not examine workload at 
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all in the analysis (Dennis et al., 2008). The risk of bias scores across the eight studies ranged 

from 6 to11 out of a possible 15.  Consequently, the level of evidence to determine whether 

external workload could accurately predict lower-back injuries in cricket fast bowlers was 

low.   

 Two of the studies had a high risk of bias (Davies et al., 2008; Dennis et al., 2008), 

while three had a moderate risk of bias (Bayne et al., 2016; Orchard et al., 2015; Orchard & 

James, 2003), mainly due to measurement and selection bias. The studies were also generally 

of low quality according to the CBN updated guidelines for systematic reviews. One 

problematic issue across studies was the risk of measurement bias when diagnosing lower-

back injuries. Five of the studies included individual examinations by a medically trained 

professional (doctor or physiotherapist), however only one of these (Dennis et al., 2005) 

followed up with imaging to validate the diagnoses. Two studies utilised self-evaluation 

questionnaires (Davies et al., 2008; Dennis et al., 2008) and one used MRI alone (Bayne et 

al., 2016).  A validation of the initial diagnosis through imaging such as MRI would be 

considered the gold standard, reducing the risk of bias in the study.  A high risk of 

measurement bias was also a common theme across studies when measuring external 

workload. Different external workload estimates were used by different working groups and 

laboratories, because there is currently no gold standard for measuring external workload. 

From the included studies, the study of Dennis et al. (2005) is perhaps the best estimate of 

external workload, as it includes a count of the deliveries bowled in trainings, warm-ups and 

in games. Other studies, Alway et al. (2019), Orchard et al. (2002; 2015) and Orchard & 

James (2003) only measured deliveries bowled in first-class matches, making them poor 

estimates of external workload as a whole. The large gaps in the description of external 
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workload in these studies indicates that there is a potential bias when comparing between the 

studies, thus reducing the strength of any association. 

 While the studies were not of a high quality in general, there were areas in which all 

of the studies had substantial “yes” scores in the bias assessment. For example, all studies 

measured external workload prior to the injury assessment, meaning that it can be said with 

confidence that it is the exposure (workload) that was associated with the outcome (lower-

back injury). All the examined studies also monitored workload for a sufficient period of time 

to expect to see the outcome of lower-back injuries. All the studies monitored the participants 

for at least a whole season (whether prospective or retrospective), meaning that both acute 

(short- term) and chronic (long-term) external workloads could be tracked accurately for long 

periods of time. Accordingly, distinguishing between acute and chronic workload, and their 

respective roles in injury risk has received increasing attention in the literature (Hulin et al., 

2013; Mcnamara, Gabbett, Naughton, & Orchard, 2016). Had the examined studies used 

valid measures for injury and/or workload, their strength of evidence would have been 

greater, improving the overall effectiveness of the studies. 

 Many aspects of the examined studies could have been altered to improve their 

quality. As mentioned previously, diagnostic tests such as MRI could provide more accurate 

information to describe the nature of lower-back injuries to fast bowlers. The anatomy of the 

lumbar region is particularly complex, making injury diagnosis without imaging difficult 

enough for trained professionals such as team doctors (Alway et al., 2019; Orchard & James, 

2003; Orchard et al., 2002), let alone by the players themselves (e.g., Dennis et al., 2008). 

Apart from the four studies conducted by Alway et al. (2019), Orchard et al. (2002; 2015) 

and Orchard & James (2003), the players were responsible for measuring and reporting their 

own workloads, which reduces the validity and reliability of the results.  Player-reported 
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workloads, in addition to being inaccurate, low-quality measures of workload (as mentioned 

by Dennis et al. (2008), who excluded the data from the final analysis due to their poor 

quality), represent a likely source of bias. For example, bowlers who are hesitant to report 

that they are bowling too much, perhaps more than they are ‘allowed’ to, could easily 

manipulate their logbook entries. Measuring external workloads by an independent source, 

i.e., someone other than the players (which was utilised by Dennis et al. (2005)), would be 

more accurate and valid and the risk of bias would be minimised.  

 What should also be considered is the potential effects of confounding factors within 

the studies, and how these factors could affect the association between workload and injury in 

general. Confounding factors may include; internal workload (the intensity at which the 

workload was achieved), bowling technique, previous injury history or genetics which could 

result in two bowlers having comparable external workloads but vastly different injury 

results. Ideally, future studies would control for all of these, although it would be a great 

challenge. The potential influence of confounding factors highlights the complexity of the 

topic and offers a reason for the general low quality of the studies.   

 

 Conclusion 

 This study found that there is little strength to any association between external 

workload and lower-back injury in fast bowlers, due to biases within the injury and workload 

measurements in the existing literature.  
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 Implications for Chapters three, four and five   

 The major implication from this study, is that external workloads are not sufficient for 

describing the overall workload of fast bowlers; there also needs to be reference to the 

intensity at which the deliveries are bowled at. The potential for using microsensors such as 

IMUs to improve the estimation of workload by automatically detecting deliveries has been 

examined recently (Jowitt et al., 2020; McGrath et al., 2019; McNamara et al., 2015b). While 

automatic detection of deliveries may improve the reporting of external workloads by 

providing a non-biased measure of deliveries bowled in trainings/warm-ups as well as games, 

there is still no consideration to the intensity at which the deliveries are bowled. Knowing the 

bowling intensity is important because the deliveries bowled at higher intensity require more 

effort and place a greater load on the body. How best to estimate workload with regards to 

intensity is the rationale for Chapters four and five. Chapter four first examines the potential 

for using accessible and simple methods (heart rate and RPE) to estimate intensity and hence 

workload, while Chapter five does the same using IMUs. Because each delivery is going to 

be unique in terms of the load it places on the body, it should first be known how much 

variation there is within and between individuals when they are bowling at maximal 

intensities (Chapter three). 
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3 Inter- and intra-individual movement variability in the spinal 

kinematics of fast bowlers 

 Introduction 

 The complex movement of fast bowling encompasses many degrees of freedom 

moving quickly through large ranges of motion. Professional bowlers can be required to 

perform upwards of 300 repetitions of the same action over a 4–5 day period (Orchard et al., 

2016), a cycle which must be maintained over the course of a season. While the exact number 

of repetitions of the action in training, warm-ups and games is not known, the highly 

repetitive nature of fast bowling has been reported as one of the reasons for the high injury 

occurrence  among fast bowlers (Stretch, 2003).  

 During the subsequent ‘repetitions’ of the bowling action, there are differences in the 

movement patterns, known as movement variability. Movement variability has been reported 

within (intra-) and between (inter-) individuals in various activities (Preatoni et al., 2013). In 

order to interpret variability, coaches and athletes alike should consider many factors. Inter-

individual variability can occur because numerous coordination patterns can be utilised by 

different individuals to produce successful performance (Bartlett et al., 2007). Meanwhile, 

intra-individual variability can be a result of adaptability towards the end of the movement 

(ball release in fast bowlers) to keep a consistent outcome, most commonly in elite athletes 

(Button et al., 2003) or because of an unstable and inconsistent movement pattern in more 

novice performers.  

 The relative amounts of inter- and intra-individual movement variability is an 

important consideration among fast bowlers for several reasons, as it is when attempting to 

estimate workload across individuals with differing movement patterns. Previous studies 
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have essentially examined intra-individual variability by considering changes that occur to 

technique over prolonged spells (Burnett et al., 1995; Portus et al., 2000; Schaefer et al., 

2018), however, they appear to be looking for technique changes that occur due to fatigue by 

comparing the movements at the start of a spell with the movements at the end of a spell. 

Conversely, this study examines the amount of movement variability that is seen from ball to 

ball, thereby indicating how repetitive the movement is. Other studies have examined inter-

individual variability, but often only by classifying bowling actions as front-on, side-on, 

mixed etc. (Ferdinands et al., 2014; Ranson et al., 2008).  Research into movement variability 

in the golf swing has been more common. The action of the golf swing can be considered 

similar to the bowling action due to the pelvic and thoracic segment contributions to ball 

velocity in both movements. Moderate-high levels of both inter- and intra-individual 

movement variability (even among elite athletes) have been reported in the golf swing 

(Burden et al., 1998; McTeigue et al., 1994), so similar results were expected in this study. 

 The primary aim of this study was to quantify and compare the inter- and intra- 

individual moment variability in the spinal kinematics of a group of elite and pre-elite fast 

bowlers. This skill level was chosen to provide an insight into the movement variability 

associated with high-level performance. Specifically, the objectives of the study were to: 1) 

Examine how variability changed over the course of two six-over bowling spells. 2) 

Determine whether there was a difference in variability between the start and end of a 

bowling spell. 3) Examine whether more between-delivery movement variation leads to a 

more variable performance, in terms of release speed. The study focuses on two spinal 

kinematic variables, axial rotational velocity, and lateral bending. When co-occurring during 

actions like the golf swing or cricket bowl these specific spinal kinematics have been termed 

“the crunch factor” (Cole & Grimshaw, 2014; Glazier, 2010; Joyce et al., 2016; Portus et al., 
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2017) and it has been postulated that ‘the crunch factor’ may play a significant role in lower-

back injury. 

 

 Methods 

 Participants 

 Eleven, (n=11) elite and pre-elite fast bowlers were approached to participate in this 

study by the regional provincial pathway manager.  A sample of convenience was selected 

due to the sparsity of skilled bowlers in the Otago region. The demographics of the 

participants were as follows (mean ± standard deviation): Age = 22 ± 3 years, height = 188 ± 

5 cm, weight = 86 ± 8 kg. One participant was an international player, three were first-class 

players and the remaining seven were a mix of provincial A and provincial U19 players. All 

bowlers were right handed and required to bowl over the wicket due to the set-up of the pitch 

(Figure 3-1). Participants were free of lumbar stress fractures and disc herniations within the 

previous two years. All procedures were approved by the University Ethics Committee 

(H17/147).  

 Laboratory set-up 

 A strip of turf similar to what would be used on an artificial cricket pitch was placed 

on top of a strip of non-slip material to simulate a cricket pitch. Due to laboratory restrictions, 

there was not sufficient room for both a full-length run-up and full-length pitch, meaning 

some bowlers were unable to bowl at their maximal intensity. Instead, 21 m was allowed for 

a run-up, and the ball bowled into a net 6 m in front of the popping crease. Photos of the lab 

set-up can be seen in Figure 3-1. 
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 A standard Vicon 10-camera set-up (Vicon Motion Systems, Oxford, United 

Kingdom) sampling at 200 Hz was used to track the motion of markers (size 14mm) placed 

on the bowlers. An AMTI LG6-3-1 (AMTI, Massachusetts, USA) force plate sampling at 

1000 Hz was used to determine the time of front-foot contact. 

 Marker model  

 In order to measure the spinal kinematics via Three-Dimensional (3d) motion 

analysis, a custom marker model set was developed, consisting of thoracic, lumbar, and 

pelvic segments. The lumbar and pelvic segments were combined, resulting in two segments 

to be used in the analysis: a thoracic and a lumbopelvic segment (chosen due to the minimal 

movement between the pelvis and lumbar spine). The spinal kinematics were then assessed as 

the thoracic kinematics relative to the lumbopelvic kinematics. 

 An estimate of the marker model is shown in Figure 3-2. The thoracic segment was 

defined proximally by the 5th lumbar vertebra and distally by the left and right acromia. A 

vector through the acromion markers defined the orientation of the mediolateral axis, a vector 

from the 5th lumbar vertebra through the mid-point of the mediolateral axis defined the 

orientation of the longitudinal axis and the cross product of the mediolateral and longitudinal 

axes defined the orientation of the anteroposterior axis. Tracking markers for the thoracic 

segment were placed on the xyphoid process, sternojugular notch, 7th cervical, 10th thoracic 

and 1st lumbar vertebra. Four markers were also placed below the inferior angle of the 

scapula, on both sides, at the level of T5 and L3.  

 The lumbopelvic segment was defined proximally by the left and right iliac crest 

tubercles and distally by the left and right femoral greater trochanters. A vector through the 

trochanter markers defined the orientation of the mediolateral axis, a line between the 
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midpoint of this vector and the midpoint of a vector through the iliac crest markers defined 

the orientation of the longitudinal axis and the cross product of the mediolateral and 

longitudinal axes defined the orientation of the anteroposterior axis. Three additional tracking 

markers for the lumbopelvic segment were placed on the 5th lumbar vertebra and the left and 

right posterior, superior iliac spines.  

 Two additional markers are not shown in Figure 3-2 one marker was placed on the 

middle finger of the bowling hand, and a piece of retro-reflective tape (diameter = 10mm) 

was placed on the ball which was used to determine the ball release event and to calculate 

release speed. In total there were 20 markers used – 18 for the measurement of spinal 

kinematics and two for ball release and release speed determination.  
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Figure 3-1 Photos showing lab set-up. Left hand image looks up the pitch towards where bowlers 
start their run up. Right hand photo looks down the pitch towards the net which bowlers release the 
ball into 
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Figure 3-2 Marker model estimate for thoracic and lumbopelvic segments. Left image shows the 
more anterior markers; right image shows the more posterior markers 
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 Data collection  

 Participants performed the experiment in sports shorts and suitable footwear for 

bowling on artificial pitches. The retro-reflective markers were placed on participants using 

Scotch double-sided tape (3M, Saint Paul, MN) and D3 pre-taping adhesive spray (D3, 

Auckland, NZ). Bowlers took approximately 15 minutes to warm up and become familiar 

with bowling in the laboratory conditions. Following warm-up and familiarisation, bowlers 

bowled six overs (36 deliveries) “as fast as possible without risking injury” with three 

minutes of rest in between each over. A spell length of six overs was chosen to simulate a 

typical game spell while also limiting the amount of fatigue. Testing was performed in-

season, meaning all bowlers were match fit, however the instructions were given so that 

bowlers didn’t over-exert themselves in the unfamiliar laboratory conditions. No feedback 

was provided to participants on release speed. Participants were encouraged to walk around 

during this period to simulate their activity between overs during a game. Participants then 

returned for a follow-up session one week after their first session and repeated the procedure, 

resulting in 72 deliveries total for each participant. Environmental conditions in the 

laboratory were not recorded and participants did not necessarily perform their overs at the 

same time of day for both sessions. 

 Data analysis 

 All trials in which all the markers were visible for the entirety of the delivery were 

used in the analysis. On average, this was 67.6 ± 5.1 deliveries out of the 72 that were bowled 

by each participant. A biomechanical model of the thoracic spine, and combined lumbopelvic 

segment was developed and applied to the trials using Visual3D (C-Motion Inc., 

Germantown, MD). Axial rotational velocity was defined as the angular velocity about the 

longitudinal axis of the thorax relative to the lumbopelvis segment. Lateral bending was the 
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Euler angle between the thorax and lumbopelvis segment about the anteroposterior axis. Data 

were filtered in MATLAB (R2017b; The MathWorks Inc., Natick, MA) using a low-pass 

double second-order Butterworth filter (cut-off 14 Hz) (Winter, 2009). Trials began with 

front-foot contact on the force plate and ended with ball release, which was determined by the 

distance between the finger and ball markers exceeding 10cm. The distance the ball travelled 

in the subsequent two frames was used to calculate ball release speed. Trials were time-

normalised to 25 frames as this was close to the average amount of time between front-foot 

contact and ball release across all participants. 

 Interquartile range (IQR) was used as the variability measure for both the spinal 

kinematic variables and release speed; IQR was preferred over other potential measures, such 

as coefficient of variation, because it was more robust in handling mean values of around 

zero. Group (inter-individual) IQR was calculated, across all trials, at each of the 25 time-

normalised frames of the delivery. Participant (intra-individual) IQR was calculated at each 

of the 25 time-normalised frames for all trials of each participant; the average IQR of the 

eleven participants at each time-normalised frame gave a single participant IQR time-series. 

The average of the Group IQR and Participant IQR time-series gave the mean group 

variability and mean participant variability, respectively. Likewise, the maximum values gave 

peak group variability and peak participant variability. The time indexes of the peaks were 

also examined, with temporal values expressed as a percentage of the delivery starting at 

front-foot contact (0%) and ending at ball release (100%). 
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 Results  

 Overall, group variability was high compared to intra-individual variability. Figure 

3-3 illustrates the individual-specific movement patterns of the spine for each bowler between 

front-foot contact and ball release. Figure 3-3 also shows the amount that individuals vary 

across the group - some participants (P) showed much more consistent movement patterns 

across both sessions (P1 and P4) than others (P5 and P8). Other inter-individual differences 

include P1 and P2 having positive lateral bending angles at the start of the delivery, and P5, 

P9 and P10 having some positive axial rotation angles – both were features not seen in any of 

the other participants. Some participants also had similar spine positions at front-foot contact, 

compared to release (P6 and P9), while other participants had values that differed greatly at 

these events (P5 and P7). 
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Figure 3-3 Angle-angle diagram showing spine axial rotation against spine lateral bend from front-
foot contact (green dots) to ball release (red dots) for all participants in session one (black) and 
session two (grey) 

N.B. This figure plots axial rotation, not axial rotational velocity as interpreting graphs that plot angle vs. 
angular velocity about different axes can be difficult. 
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 Group vs. participant variability  

 Figure 3-4 and Figure 3-5 show the Group IQR and Participant IQR time-series 

between front-foot contact and ball release for axial rotational velocity and lateral bending, 

respectively. For both variables, variability across the group was much higher than the 

average variability for each participant.  

3.3.1.1 Axial rotational velocity  

 The mean group variability (344.0 ˚s-1) was 2.4 times higher than the mean participant 

variability (144.3 ˚s-1). Likewise, the peak group variability (507.4 ˚s-1) was 2.6 times higher 

than the peak participant variability (195.4 ˚s-1). From Figure 3-4, it appears as though the 

group variability may have been influenced by two participants in particular – with two of 

these participants having a higher peak variability (584.1 ˚s-1) than the group.  The time of the 

peak variability differed slightly between the group (22%) and participant variabilities (38%). 

3.3.1.2 Lateral bending 

 The mean group variability (7.6 ˚) was 2.6 times higher than the mean participant 

variability (2.9 ˚). The peak group variability (9.0 ˚) was also much higher (2.7 times) than 

the peak participant variability (3.3 ˚). Unlike axial rotational velocity, the group variability 

was more than double the participant variability throughout the entire delivery, with the 

group mean not appearing to be over-influenced by any participant(s) in particular. The time 

of the peak variability was 20% for the participant mean and 56% for the group mean. 
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Figure 3-4 Axial rotational velocity (ARV) variability of the group (solid grey), average of 
participants (black) and individual participants (coloured). 0% represents front-foot contact; 100% 
represents ball release 
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Figure 3-5 Lateral bending (LB) variability of the group (solid grey), average of participants (black) 
and individual participants (coloured). 0% represents front-foot contact; 100% represents ball 
release 
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 Between-session variability 

 Table 3-1 and Table 3-2 show the within-session and between-session variability for 

axial rotational velocity and lateral bending, respectively. Variability is expressed as average, 

peak, and time of peak for both the group and participant variabilities. 

3.3.2.1 Axial rotational velocity  

 The mean group variability was 329.6 ˚s-1 and 340.9 ˚s-1, while the mean participant 

variability was 110.6 ˚s-1 and 116.2 ˚s-1 in sessions 1 and 2, respectively. The peak magnitude 

variability in the two sessions were similar for the group (527.0 ˚s-1, 503.3 ˚s-1) and 

participant variabilities (133.1 ˚s-1, 164.7 ˚s-1), as was the timing of peak variability in the 

delivery (20% in both sessions for the group and 36% and 32% for the participant 

variabilities in sessions 1 and 2, respectively).  

3.3.2.2 Lateral bending  

 The mean group variability was 7.7 ˚ and 7.9 ˚ in session 1 and session 2, 

respectively, while the mean participant variability was 2.2 ˚ and 2.0 ˚ in the two sessions. 

The peak was also similar between sessions for the group and participant variabilities, in 

terms of both magnitude (10.4 ˚ and 9.8 ˚ for the mean group variability and 2.4 ˚ and 2.8 ˚ 

for the mean participant variability) and the timing, 52% in both sessions for the group and 

16% in both sessions for the participant variability.  
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Table 3-1 Within and between session group and participant axial rotational velocity variability (˚s-1) 
expressed as average, peak, and time of peak (expressed as a percentage between front-foot contact 
and ball release) 

  

 

 

 

 

 

 

Table 3-2 Within and between session group and participant lateral bending variability (˚) expressed 
as average, peak, and time of peak (expressed as a percentage between front-foot contact and 
release) 

 Average (˚) Peak (˚) Time of peak (%) 

 Group Participant Group Participant Group Participant 

Session 1 7.7 1.9 10.4 2.4 52 16 

Session 2 7.9 2.1 9.8 2.8 52 16 

Overs 1–3 7.4 2.8 8.8 3.3 52 20 

Overs 4–6 7.9 1.7 9.3 4.1 52 16 

 

  

 Average (˚s-1) Peak (˚s-1) Time of peak (%) 

 Group Participants Group Participants Group Participants 

Session 1 329.6 90.3 527.0 133.1 20 36 

Session 2 340.9 108.3 503.3 164.7 20 32 

Overs 1–3 326.1 240.6 487.4 189.7 20 36 

Overs 4–6 346.3 141.8 546.9 184.9 20 32 
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 Within-session variability 

 The variability at the beginning of the spell compared to the end of the spell was of 

interest due to the potential effects that increasing spell length has on movement variability. 

To simplify the analysis, the first three overs of both sessions were combined to give the 

‘start’ of a spell, while the last three overs of both sessions were combined to give the ‘end’ 

of a spell (as shown in Figure 3-6). This meant that within-session variability was being 

examined independently of the session number.  

3.3.3.1 Axial rotational velocity 

 The mean group variability at the start of the spell (326.1 ˚s-1) was similar to the end 

(346.3 ˚s-1); however, the mean participant variability at the start (240.6 ˚s-1) was 

considerably higher than at the end of the spell (141.8 ˚s-1). The opposite was seen with the 

peak variability – the peak group variability was higher at the end of the spell (546.9 ˚s-1) 

than at the start of the spell (487.4 ˚s-1). The peak participant variability at the start of the 

spell (189.7 ˚s-1) was similar to the end (184.9 ˚s-1). 

3.3.3.2 Lateral bending  

 Like rotational velocity, there was a larger difference between the start and end of a 

spell for the mean participant variability, 1.6 times higher at the start (2.8 ˚) than the end (1.7 

˚) in comparison to the mean group variability, which was 1.1 times higher at the end (7.9 ˚) 

than the start of the spell (7.4 ˚). For both the group and participant mean, the peak magnitude 

variability was higher at the end of the spell (9.3 ˚ and 4.1 ˚ respectively) than it was at the 

start (8.8 ˚ and 3.3 ˚ respectively).  
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  Spinal variabilities and release speed variability 

 Overall, there appeared to be little strength to any association between release speed 

variability and either lateral bending variability or axial rotational velocity variability. Figure 

3-6 shows this relationship when it is examined within (i.e., early vs. late; left side of figure) 

and between (i.e., session one vs. session two; right side of figure) the two sessions, with few 

patterns consistent for all participants: Ten participants had a greater release speed variability 

in session two; however, the release speed variability within sessions shows no trend – six out 

of 11 had a higher variability late in the spell.  Figure 3-6 also indicates that some participants 

had variabilities that were consistent both within and between sessions (represented by short 

lines), while other participants had variabilities that differed within and between sessions 

(represented by long lines). The direction of the lines indicates which variability differed – 

vertical lines suggest a larger change in spinal kinematic variability (either within or between 

sessions) relative to the change in release speed variability, while horizontal lines suggest a 

larger change in release speed variability relative to the change in spinal kinematic 

variability. 
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Figure 3-6 Relationship between spinal kinematic variabilities (axial rotational velocity 
(ARV) and lateral bending (LB)) and release speed variabilities. Left panels compare 
within session, i.e., between the first three (blue dots) and second three (red dots) overs. 
Right panels compare between sessions i.e., between session one (blue dots) and two (red 
dots) 
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 Discussion  

 The aim of this study was to quantify and compare the participant (intra-individual) 

and group (inter-individual) movement variability in the spinal kinematics of elite and pre-

elite fast bowlers. It was found that the variability across the group was higher than the 

average variability for each bowler within the group - regardless of the type of variability 

(e.g., mean, timing of peak, or magnitude of peak) or the spinal kinematic variable 

considered. The magnitude of variability was consistent within and between the two six-over 

spells and did not appear to be associated with performance. 

  From the results, different individuals utilised movement patterns that differed 

greatly in terms of the timing and magnitude of the spinal kinematics, and some participants 

were more consistent at repeating their movement pattern than others; both group and 

participant variability were high. This finding differs slightly from Schaefer et al. (2018) who 

reported consistency in the variability of fast bowling techniques over a spell of bowling. 

Instead, it is more aligned with the high inter- and intra-individual variability that has been 

previously reported in the golf swing (Burden et al., 1998; Glazier & Lamb, 2018; McTeigue 

et al., 1994).  

 Participants were selected from a similar cohort, however there were still differences 

in their skill level, bowling speed and style (e.g., front-on/side-on, medium/fast etc.) 

However, these differences alone do not appear to explain the magnitude of variability across 

the group. For example, the two participants with the highest axial rotational velocity 

variability (who both showed axial rotational velocity variability that was higher than the 

group variability at some stage throughout the action) were not similar bowlers. P10 was a 

predominantly front-on first-class opening bowler, while P3 was a Provincial A all-rounder 

who utilised a more side-on action. There was also a difference of 26 kmh-1 in their 
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maximum release speed. Grouping participants into smaller cohorts when examining fast 

bowling technique or kinematics may be necessary if participants are recruited from 

dissimilar populations, for example when comparing junior and elite-level fast bowlers. 

However, it is likely that even these smaller groups will still display large amounts of 

variability and so should be expected in future studies.  

 The average and peak movement variability of the fast bowlers in the current study 

was consistent within and between two six-over spells. Although the variability of certain 

variables did differ by as much as a factor of 1.7 (e.g., the within-session group means for 

axial rotational velocity), the differences across the group were minimal and any individual 

differences tended to be bidirectional. Consider the example discussed above, where the 

average group variability was 1.7 times greater in the first three overs compared to the last 

three, but the average participant variability was 1.1 times greater in overs 4-6. 

 The current study found no clear association between coordination variability (spinal 

kinematics) and end-point variability (release speed). In other words, more variability in the 

spinal movements did not necessarily lead to a more variable performance, according to 

release speed. In other movements, it has been reported that coordination variability may be 

compensatory and help to reduce the variability in release parameters (Bartlett et al., 2007). 

Some studies that have analysed alternate tasks with varying constraints have shown this 

compensatory variability to be more common in elite athletes than less skilled  athletes 

(Button et al., 2003; Wagner, Pfusterschmied, Klous, von Duvillard, & Müller, 2012); 

however, the role of variability seems to depend on the movement, skill level and 

biomechanical variable (Floría et al., 2018). It is important to note how short the time is from 

front-foot contact to ball release is – an average of 0.092 seconds in this study. Examining the 

amount of movement variability in other areas of the action, such as the run-up, pre-delivery 
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stride, follow through etc. (Bartlett, Stockill, Elliott, and Burnett, 1996) would help to further 

understand the relationship between coordination variability and end-point variability in fast 

bowlers. 

 Overall, there was little decrease in release speed across bowling spells, with an 

average decrease of 0.8kmh-1 from the start to the end of each bowling spell. From this, it 

could be assumed that no fatigue had occurred; however, release speed may have been 

maintained in the presence of fatigue. There are two reasons why this could have happened: 

The first is that bowlers were not actually trying to bowl as fast as possible at all times, so 

when they did begin to fatigue, which is likely across six overs at a maximal intensity, they 

had a reserve that could be used. Simply, release speed could be maintained by trying to bowl 

faster. If bowlers were trying to bowl as fast as possible across the entirety of the spell, the 

second reason that no change in release speed was seen is that bowlers subconsciously 

changed their movement pattern in order to maintain release speed. Either of these 

aforementioned reasons would offer an explanation as to why the magnitude of variability 

was so high in this study. If this subconscious change in technique avoids overloading of the 

same tissues from repetition to repetition, then it could be a protective mechanism for fast 

bowlers (Bartlett et al., 2007). However, if the ‘new’ tissues that are being loaded are not 

adequately prepared, then the added stress could be harmful.  Understanding the relationship 

between fatigue and movement variability in fast bowlers may give a better idea as to injury 

mechanisms. In other activities, it is suggested that the relationship between fatigue and 

movement variability is bidirectional and influenced by factors such as the level of fatigue 

and the task being performed (Cortes, Onate, and Morrison, 2014; Gates and Dingwell, 

2011).   
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 Limitations  

 The main limitation in this study was the pitch set-up that was used in the lab. Firstly, 

the length allowed for a run-up was only 21 m long, meaning some participants had to use a 

shorter run-up than normal. Secondly, the pitch was not fully fixed to the ground. Although 

there was a non-slip roll placed under the artificial pitch which minimised any sliding, it was 

still different to bowling on either a grass wicket or proper artificial pitch. Thirdly, the 

participants were not aiming at a target such as a set of stumps, only into a net which was 

about a third of the distance down the pitch. Finally, the space allowed for a follow through 

was limited – there was ~5 m of space directly in front of the pitch and ~2 m to the side. 

Although no studies could be found on typical follow through lengths of fast bowlers, several 

participants commented on the fact that the follow through was short. While it is hard to say 

which participants were affected, and in what way, the lab set-up limitations likely meant that 

bowlers were bowling in unfamiliar conditions, which could help to explain the large amount 

of intra-individual variability across the group. 

 Potential differences in marker placement between sessions should also be noted. If 

markers were not placed in the same location in both sessions, it may have made it appear 

there was more intra-individual variability than there actually was. However, quantifying the 

inter-session difference in marker placement is hard to do: Measuring the distance between 

calibration markers is one option, however this works on the assumption that one marker will 

be placed in exactly the same location in both sessions. Suitable steps were taken in order to 

improve the reliability between sessions (e.g., marker attachment performed by the same 

person using the same method), however the potential for inter-session differences should 

still be noted as a limitation. 
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 Conclusion  

 Movement variability in the spinal kinematics amongst a group of elite and pre-elite 

fast bowlers is much higher than the average variability of the participants within the group. 

The variability is consistent within and between different bowling sessions/spells and there 

appears to be little strength to any association between coordination variability and end-point 

variability.  

 

 Implications for Chapters four, five, six and seven 

 Recognising the amount of movement variability that is likely to occur in a group of 

fast bowlers is an important consideration when estimating workload, as workload estimates 

should be sensitive to each individual’s distinct movement pattern. 

 Additionally, the results of this study have implications for the design of future 

studies, due to the magnitude of variability seen. Most of the movement variability seen 

within a group of fast bowlers is likely to be inter-individual variability, as fast bowlers have 

their own specific way of performing the fast bowling action. Because of the high magnitude 

of inter-individual variability, generalising the results of a group to individuals within that 

group (and vice versa) has the potential to be imprecise - significant group findings may not 

necessarily apply to the individuals within that group (Fisher et al., 2018). The high inter-

individual variability highlights the need for individual analyses, even at the elite level, 

particularly if there is an intervention aspect (Lamb & Pataky, 2018) as it cannot be expected 

that an intervention is going to be successful for all bowlers within a group. For this reason, 

individual analyses are incorporated into the subsequent studies. 
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 The intra-individual variability was also surprisingly high in this study - some bowlers 

performed their action more consistently than others. For this reason, repeated sessions are 

used in the second phase of data collection, which provides the data for Chapters four, five, 

six and seven. Ideally, with repeated sessions, a truer representation of fast bowlers’ 

movements can be viewed. 

 Future studies should also consider the difference between “strategic shot selection” 

(or in this case delivery selection) and actual movement variability (Langdown et al., 2012). 

If bowlers were to aim at a different location, there would likely be a change to their 

movement pattern. Although aiming at a different location may not result in large changes to 

spinal movement and could instead be linked to more distal parts of the movement such as 

arm angle/wrist position, it is likely that the magnitude of lateral bending and axial rotational 

velocity would differ in some way. The same can be assumed that different types of 

deliveries such as off-cutters/leg-cutters may also influence spinal movement. Similar results 

are shown by Langdown et al. (2012), whereby golfers had more variable movements when 

hitting different shot types. These more variable movements could be confused for movement 

variability, when in fact the measured ‘variability’ is within the planning of the movement as 

opposed to the execution of the movement. Providing specific instructions to participants in 

terms of the type of delivery and where to bowl should reduce the amount of variability that 

would be seen due to delivery selection and make the task more representative of competitive 

bowling. In the subsequent studies, participants are instructed to bowl a normal, seam-up 

delivery and to try and hit the top of the off-stump. 
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4 The relationship between release speed, heart rate and rate of perceived 

exertion across maximal and submaximal intensities 

  Introduction 

 As mentioned in Chapter two, bowling workload has been identified as a risk factor 

for injury among fast bowlers (Alway et al., 2019; Hulin et al., 2013; Warren et al., 2018) and 

can be defined in terms of the external and internal load on the body. External workload, or 

total bowling volume (Hulin et al., 2013), is often measured as the number of deliveries 

bowled over a specified period of time, e.g., match, day, week etc. (Dennis et al., 2003; 

Orchard et al., 2009). Internal workload refers to the perceived effort or physiological 

demand of each ball, over or spell of bowling (Hulin et al., 2013). The greater the 

physiological stress on the structures within the body, the higher the internal workload.  

 How best to measure both internal and external workload and, hence, estimate total 

workload in fast bowlers is unknown. Retrospectively examining scorecards can provide an 

estimate of external workload during matches (Alway et al., 2019; Orchard et al., 2002, 2014; 

Orchard & James, 2003), while subjective recall has been used to estimate external workload 

during training (Bayne et al., 2016; Davies et al., 2008; Dennis et al., 2003, 2005). More 

recently, microsensors have also been effective at automatically detecting deliveries in a 

training setting (Jowitt et al., 2020; McGrath et al., 2019; McNamara et al., 2015b), which 

has the potential to improve the measurement of external workload.  

 Measurement of internal workload in the literature has been reported less than 

external measures, with heart rate being the most common measure and rate of perceived 

exertion (RPE) the most common estimate (Duffield et al., 2009; Petersen et al., 2011; 

Vickery et al., 2017). Both heart rate and RPE data have been used to view physiological 
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changes that could be attributed to factors such as fatigue across a spell of bowling (Burnett 

et al., 1995; Duffield et al., 2009; Stretch & Lambert, 1999). However, the aforementioned 

measures have been used less commonly to quantify the effort of bowlers. The quantification 

methods have also differed from study to study. For example, one rating per session has been 

used in some instances (Hulin et al., 2013; Vickery et al., 2017), while ratings per ball 

bowled have been used in others (Feros et al., 2017). Since fast bowlers are unlikely to work 

at a consistent intensity over all deliveries in trainings, warm-ups and matches (Petersen et 

al., 2011), it is reasonable to expect that deliveries/overs will be performed at submaximal 

intensities, where bowlers put in less effort and/or bowl slower than they are capable of. As 

bowling at submaximal intensities becomes more accepted because of its potential to reduce 

loading (Greig & Child, 2019), there will likely be a greater amount of variability in the 

intensity deliveries are bowled at. The greater the variability, the more important an accurate 

internal workload estimate is, because deliveries bowled at different intensities will result in 

different physiological stress within the body (see Chapter two). If this stress can be 

quantified with an internal workload estimate, the calculation of total workload could be 

improved. By improving the quality of workload monitoring and management, perhaps the 

number of overuse injuries experienced by fast bowlers could be reduced.  

 There were three main objectives for this study: 1) Explore whether common 

measures of exertion, RPE and heart rate, were significantly associated with ball release 

speed. 2) Determine whether associations between release speed and measures of exertion 

persisted when deliveries were bowled at prescribed submaximal intensities. 3) Examine the 

agreement between prescribed intensity and actual intensity, according to release speed. 
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 Methods 

 It should be reiterated that the methods that provided the data for this Chapter also 

provided the data for Chapter five, six and seven. If certain aspects of the methods are 

specific to a Chapter, such as equipment, then they are described in detail in the appropriate 

chapter.  

 Participants 

 A sample of convenience consisting of local elite and pre-elite fast bowlers, was 

selected because highly skilled bowlers are likely to be competent at adjusting their intensity 

as prescribed and are also most familiar with RPE.  Although 15 bowlers volunteered, the 

Coronavirus disease 2019 (COVID-19) outbreak shortened the data collection, leading to a 

sample size of n = 8. The demographics of the participants were as follows (mean ± standard 

deviation): Age = 21 ± 3 years, height = 183 ± 6 cm, weight = 82 ± 9 kg and were made up of 

first-class (n = 2), provincial A (n = 2) and provincial U19 (n = 4) bowlers, all of which were 

right handed. A summary of participant characteristics is presented in Table 4-1 All 

participants were free of lumbar stress fractures and disc herniations in the previous 12 

months and provided written consent prior to data collection. All procedures were approved 

by the University Ethics Committee (H19/138). 

 Study design 

 This cross-sectional study consisted of two testing sessions, one week apart, that were 

performed at the High-Performance Centre, in the Edgar Centre, Dunedin. There was 

sufficient room for all bowlers to utilise their full run-up with a set of stumps placed at the 

end of a standard-length pitch. Each session involved the participant bowling three overs – 

one over each at 60%, 80% and 100% intensity, in a randomised order. It was explained to 

participants that the prescribed intensities were related to effort, as opposed to percentage of 
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maximum ball velocity. Participants were familiarised with the Borg RPE scale (6-20) and 

the study expectation requesting a rating after each over. It was clarified to participants that 

all ratings should be given relative to the activity of fast bowling as opposed to general 

exertion. All participants were recommended to perform a longer warm-up session than they 

usually would to ensure that those performing a 100% over as their first trial would be 

adequately prepared. Participants were instructed to try and hit the top of the off-stump with 

every delivery. 
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‘ 

Table 4-1 Summary of participant characteristics tested in the second data collection phase. Age, skill 
level, number of years playing premier club cricket (experience), maximum release speed achieved and 
coefficient of variation for 100% deliveries across both sessions are shown. 

Participant Age (years) Skill level Experience 
(years) 

Release speed  
(kmh-1) 

Inter-session 
difference (%)  

1 19 U19 2 112.4 3.4 

2 19 U19 2 106.5 0.7 

3 18 U19 1 115.3 3.4 

4 26 First-class 8 121.5 3.6 

5 21 First-class 4 114.5 1.1 

6 20 Provincial A 5 106.1 3.7 

7 21 U19 4 120.6 3.8 

8 27 Provincial A 11 117.3 2.3 

* All bowlers were right-handed  
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 Procedure 

 Once the procedure was explained to participants, a Polar H10 heart rate monitor 

(Polar Electro, Kempele, Finland), connected via Bluetooth to a smartphone containing Polar 

Beat (v.3.4.5), was fitted according to manufacturer’s guidelines.  The bowler then performed 

several practice deliveries with the purpose to measure and mark the run-up distance they felt 

comfortable with for each intensity. These markers would remain there for both sessions, so 

that there was consistency in the length of each participant’s run-up across the two sessions. 

The relative run-up lengths at each intensity differed across the group – some utilised their 

full run-up for all intensities, while others shortened their run-up for the submaximal 

intensities. Ball release speed was measured using a calibrated Stalker ATSII radar gun 

(Stalker Radar, TX, USA). As shown in Figure 4-1, the radar gun was held at arms-length, 

parallel to the ground by the experimenter who was standing 3 m behind the stumps at the 

bowler’s end (not at the batter’s end e.g., McNamara, Gabbett, Blanch, & Kelly (2018) due to 

space restrictions in the facility being used). Before the commencement of the first over, the 

heart rate recording was started on Polar Beat and baseline heart rate was recorded. The heart 

rate recording continued until the completion of the follow through of the sixth ball of that 

over. Upon completion of each over, participants were provided with the Borg RPE scale and 

asked to give a rating. Once the participants’ heart rates had returned to within 10 bpm of 

their baseline heart rate, the protocol was repeated for the next intensity until all three overs 

had been completed. RPEs and heart rate were recorded for all 48 overs and release speed 

was recorded for all 288 deliveries bowled in this study.  No deliveries had to be repeated.  
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Figure 4-1 Schematic of lab set-up used for the second phase of data collection. Arrow represents the 
direction bowlers run.  1) Radar gun held by experimenter. 2) Light used for synchronisation between 
video and Noraxon software. 3) GoPro camera on tripod, operated by remote control. 4) Noraxon Ultium 
receiver. 5) Laptop containing Noraxon Ultium software 
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 Data analysis 

 Release speed and RPE data were transferred from the experimental recording sheet 

to a Microsoft Excel file (Microsoft Corporation, Albuquerque, NM). The raw heart rate data 

were then extracted along with the release speed and RPE data into MATLAB where all 

analyses were performed. Maximum and mean functions were used to calculate the peak and 

average heart rate across each over and participant. To allow a better comparison between 

individuals, all variables were normalised to each participant’s maximum value across their 

six overs. For example, if a participant had a maximum release speed of 120 kmh-1, a ball 

they bowled at 110 kmh-1 would have a normalised release speed of 91.7%. For the 

remainder of the thesis, values that have been calculated relative to each participant’s 

maximum value are referred to as normalised values, with the ‘absolute’ values referred to as 

non-normalised values.  

One-sample Kolmogorov Smirnov tests evaluated the normality of the release speed, 

RPE and heart rate data at each intensity. Variables were compared between intensities using 

paired t-tests. An alpha level of α = 0.05 was used, however the significance levels were 

adjusted for multiple comparisons according to Bonferroni-Holm corrections (Holm, 1979).  

Equivalence testing at the level of α = 0.05 (i.e., 95% equivalence testing) was used to 

compare measures between the two sessions, as well as to compare candidate intensity 

measures (RPE, heart rate) to a more common intensity measure (release speed). For 95% 

equivalence testing, a 90% CI for the difference between means is first calculated – if this 

interval lies entirely within the specified equivalence region, equivalence is supported. 

Although equivalence testing is relatively new to the field of biomechanics and sports 

science, it provides an improved description of the relationships between variables by testing 

for equivalence and rejecting the presence of the smallest effect size of interest (Lakens et al., 
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2018). Pearson’s correlations were also calculated between release speed, heart rate and RPE 

to further describe the relationship between variables and were reported as the Pearson 

correlation coefficient and 95% CI. The average, absolute residuals from linear regression 

models were used to quantify the relationship between prescribed intensity and each of 

release speed, heart rate and RPE in terms of the goodness of fit.  

 

 Results 

 One-sample Kolmogorov Smirnov tests indicate that the residuals from linear 

regression models fit to prescribed intensity follow a normal distribution for release speed, 

average and peak heart rate and RPE.  

 Release speed 

 As illustrated in Figure 4-2, normalised release speeds (relative to participants’ 

maximums) scaled with prescribed intensity. The 60% overs (mean = 86.8 ± 4.0%) were 

significantly slower than both the 80% (mean = 91.6 ± 3.4%; t (95) = 14.0, p < 0.001) and 

100% overs (mean = 96.8 ± 2.1%; t (95) = 22.0, p < 0.001). The 80% overs were also 

significantly slower than the 100% overs (t (95) = 16.4, p < 0.001). A linear regression model 

fit to the data shows a 0.25% drop in normalised release speed for every 1% decrease in 

prescribed intensity. The residuals from the regression model are visible in Figure 4-3, while 

Table 4-2 shows that the release speed model fits the best at maximal intensities. There was 

equivalence between sessions overall (p < 0.001) with only a 1.7% difference, as well as at 

all three intensities (p < 0.001).  
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Figure 4-2 Boxplot showing the release speeds of all participants (P) scale with prescribed intensity. 
Large dots represent the average for each participant across both sessions. Small dots represent each 
delivery. Red central line indicates the median, bottom, and top edges of the box indicate the 25th 
and 75th percentile, respectively and the whiskers extend to the most extreme data points not 
considered outliers and the outliers are plotted using a red ‘+’. Notches do not overlap, suggesting 
medians are significantly different at the 5% significance level 

  



89 
 
 

 

Figure 4-3 Scatterplot showing the residuals for each participant (P) from the linear regression 
model fit to release speed and prescribed intensity. Circles represent session one; crosses represent 
session two 
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 All participants had a positive linear relationship between intensity and release speed - 

the mean release speed was lowest in the 60% overs, followed by the 80% overs and then the 

100% overs. However, Figure 4-2 demonstrates that there was generally an overlap between 

the intensities when considering the release speed of each ball.  Although there is equivalence 

between sessions for the group means, Figure 4-3 shows that there was significant inter-

individual variability in the between-session equivalence that was stronger for certain 

intensities and weaker for others. For example, P1 had 80% values that were much different 

between sessions, but 100% values that were similar. Conversely, P7 had 100% values that 

were different between sessions, but 60% values that were similar. 

 Heart rate 

 The continuous heat rate responses for each session and participant are presented in 

Figure 4-4. There are two features that are similar across participants.  First is the increased 

slope of the curve from 0-20 sec and the second is the nature of the undulating shape of the 

curve which is apparent in all sessions and conditions for some participants (e.g., P2 and P6) 

and only some sessions/conditions for others (e.g., P7 and P5).  It is worth noting that the 

number of peaks in the undulating curves is often only five, likely because the heart rate 

recording was stopped before the final peak had occurred. 
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Figure 4-4 Heart rate responses of participants over the two sessions at each of the three intensities: 
60% (red), 80% (blue) and 100% (green) in session one (dotted line) and session two (dashed line) 
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 On average, participants’ heart rates (both peaks and means) were higher at higher 

intensities (Table 4-2). There was equivalence between the two sessions for peak heart rate in 

the 60% overs (p = 0.01) and 100% overs (p = 0.04) and for average heart rate in the in the 

60% overs (p = 0.008). A linear regression model fit to heart rate data shows a 0.15% drop in 

normalised peak and average heart rate for every 1% decrease in prescribed intensity (Table 

4-2). Additionally, the peak heart rate model is the best fit at each intensity out of the two 

heart rate variables and RPE.  

 Figure 4-5 shows the average heart rate responses of each participant at each intensity. 

Compared to release speed, average heart rate was much more variable between sessions and 

did not scale as well with intensity. Although ten out of the 16 individual bowling sessions 

positively scaled with intensity, there were some inconsistencies between intensities and 

sessions. For example, P3 (green) had 80% values that were lower than the 60% values in 

both sessions, and also had differences of ~10% between sessions at all intensities.  
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Table 4-2 Quantitative description of how internal workload variables changed at each of the three intensities relative to participant maximums; mean ± 
standard deviation (SD), inter-session equivalence (p < 0.05 if 90% confidence interval (CI) is wholly contained in 95% equivalence range), slope of linear 
regression model fit to prescribed intensity and goodness of fit of this model (average, absolute residuals) 

 

Variable Intensity Mean ± SD (%) 95% equivalence 
range 

90% CI for 
difference 
between 
sessions 

Change per 1% 
increase in 
prescribed 

intensity (%) 

Average 
absolute 

residuals (%) 

Average 
heart rate 

60% 85.0 ± 3.2 a, b [-4.3, 4.3] [-2.4, 2.6] c 

0.15 

2.26 

80% 87.9 ± 3.7 b [-4.4, 4.4] [-2.6, 6.1] 2.75 

100% 91.2 ± 3.4 [-4.5, 4.5] [0.1, 5.9] 2.54 

Peak heart 
rate 

60% 92.4 ± 2.8 a, b [-4.6, 4.6] [-1.6, 3.6] c 

0.15 

2.02 

80% 94.9 ± 3.5 b [-4.7, 4.7] [-1.5, 6.2] 2.53 

100% 98.5 ± 2.7 [-4.9, 4.9] [0.7, 4.6] c 1.89 

 60% 64.2 ± 5.6 a, b [-3.1, 3.1] [-4.1, 4.1] 

0.79 

4.30 

RPE 80% 79.9 ± 4.4 b [-4.0, 4.0] [-6.9, 3.5] 3.49 

 100% 95.9 ± 6.1 [-4.8, 4.8] [-8.3, 5.9] 5.15 

 60% 86.8 ± 4.0 a, b [-4.3, 4.3] [0.7, 2.6] c 

0.25 

3.26 

Release speed 80% 91.6 ± 3.4 b [-4.6, 4.6] [0.4, 3.0] c 2.78 

 100% 96.8 ± 2.1 [-4.8, 4.8] [0.3, 1.8] c 1.69 
a Significantly lower (p < 0.05) than 80% over 
b Significantly lower (p < 0.05) than 100% overs 
c Null hypothesis of non-equivalence between sessions is rejected 
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Figure 4-5 Boxplot for the average heart rate at each of the three intensities. Average values for each 
participant (P) in session one (circle and dashed line) and session two (diamonds and solid line) also 
shown. Red central line indicates the median, bottom, and top edges of the box indicate the 25th and 
75th percentile, respectively and the whiskers extend to the most extreme data points not considered 
outliers. Notches do not overlap, meaning medians are significantly different at the 5% significance 
level 
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 RPE 

 Like release speed and heart rate, RPE positively scaled with intensity, which can be 

seen in Table 4-2. When a linear regression model is fit to the normalised RPE data, there is a 

0.79% drop for every 1% drop in prescribed intensity. However, it can also be seen in Table 

4-2 that normalised RPE model had the worst fit out of the potential internal workload 

variables. Although mean values are similar across sessions (an average difference of 0.125), 

the null hypothesis of non-equivalence cannot be rejected at any of the intensities when 

comparing between sessions (p > 0.05). 

 The ratings given by each participant within a session scale with intensity in all 16 

individual sessions. However, only one participant gave the same rating in both sessions for 

all three intensities. The ratings given following the 60% overs are the most similar between 

sessions, with five participants giving the same rating in both sessions, compared to only 

three who gave the same rating in the 80% and 100% overs.   

 Relationships between variables 

 There is a moderate, positive correlation between non-normalised release speed and 

RPE (r = 0.55 [0.31, 0.72]) across all intensities and sessions. Meaning that in general, those 

who bowled faster gave higher ratings of perceived exertion.  There are weak correlations 

between non-normalised average/peak heart rate and both release speed (r = -0.23; 95% CI 

[-0.49, 0.06] / r = -0.22; 95% CI [-0.47, 0.07]) and RPE (r = 0.18; 95% CI [-0.11, 0.45] / r = 

0.19; 95% CI [-0.10, 0.45]). However, examining the normalised data leads to moderate to 

strong correlations between release speed and RPE (r = 0.77; 95% CI [0.63,0.87]), average 

heart rate (r = 0.68; 95% CI [0.48, 0.81]) and peak heart rate (r = 0.80; 95% CI [0.67, 0.88]). 

The relationships between these variables at each of the different prescribed intensities can be 

seen in Figure 4-6. 
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 Equivalence testing with release speed as the “known criterion” measure for intensity 

(Dixon et al., 2018) allows a further comparison between RPE and heart rate as potential 

intensity measures when the normalised data is considered. The 95% equivalence range for 

release speed (-4.6, 4.6) wholly contains the 90% CI for the difference between release speed 

and peak heart rate (90% CI [-4.3, -2.8]; p < 0.001) meaning that there is equivalence 

between the measures overall. However, the 95% equivalence range for release speed does 

not wholly contain the 90% CI for the difference between release speed and either average 

heart rate 

(90% CI [2.6, 4.9]) or RPE (90% CI [9.2, 14.3]), meaning the null hypothesis of non-

equivalence cannot be rejected in either case. Table 4-3 shows that there is equivalence 

between release speed and all potential intensity measures when each intensity is examined 

individually; between release speed and average heart rate in the 60% overs, between release 

speed and peak heart rate in the 80% and 100% overs and between release speed and RPE in 

the 100% overs.  
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Figure 4-6 Scatterplot showing the relationship that release speed has with average heart rate, peak 
heart rate and RPE when all variables are normalised relative to participant maximums (% max) 

 

 

 

 

Table 4-3 Results of 95% equivalence testing shows that average heart rate values are equivalent to 
release speed at 60% and 80% intensities, while RPE values are equivalent to release speed values at 
100%, when all variables are examined relative to participants’ maximums 

Intensity 
95% equivalence 

range from release 
speed 

90% confidence interval for difference 
between release speed and 

Average heart 
rate 

Peak heart 
rate 

RPE 

60% [-4.3, 4.3] [-0.5, 3.9] * [-7.2, -4.1] [19.4, 25.6] 

80% [-4.6, 4.6] [2.6, 4.9]  [-4.1, -2.4] * [9.6, 13.9] 

100% [-4.8, 4.8] [4.7, 6.6] [-2.4, -0.9] * [-1.6, 3.5] * 

Overall [-4.5, 4.59] [2.8, 4.61] [-4.3, -2.8] * [9.2, 14.3] 
* Null hypothesis of non-equivalence between sessions is rejected 
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 Discussion 

 There were three objectives for this study. Firstly, to explore whether common 

measures of exertion significantly associated with ball release speed. Secondly, to determine 

whether associations between release speed and measures of exertion hold when deliveries 

are bowled at prescribed submaximal intensities. Thirdly, to examine the agreement between 

prescribed intensity and actual intensity, according to release speed.  

 Fast bowlers in this study successfully scaled their effort with the prescribed 

intensities, regardless of the variable used to measure ‘effort’. All of the measures of exertion 

had a significant association with release speed, but no single effort variable provided a better 

measure/estimate of release speed than another. For example, RPE values were the most 

similar to release speed but the linear regression model had the worst fit at all intensities. 

 Between-session differences were minimal; there was an average release speed 

difference of 0.75 kmh-1 (1.67%) which may have resulted from the randomised order of 

intensities in both sessions. The relative motivation of participants may also have influenced 

the inter-session differences. Moreover, differing fitness levels, bowling styles, run-up 

lengths and physical characteristics may all have influenced the lack of strong correlations in 

the non-normalised group data. The correlations between release speed and other potential 

intensity measures (heart rate, RPE) were stronger in the normalised data, indicating that the 

normalisation is an important consideration for model fitting. 

 The associations between potential intensity variables provide some context on how 

the estimation of workload in fast bowlers could be improved. As mentioned by McNamara 

et al.  (2018), release speed can be used to indicate intensity, but is not without its practical 

limitations that reduce its effectiveness as an intensity measure in a group training session. 
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For example, considerable resources are required to collect release speed data from multiple 

bowlers working at any one time across various training nets. The moderate-strong 

correlation (r = 0.55) between non-normalised release speed and RPE Figure 4-5 means that, 

in general, participants were able to provide an appropriate estimate of the intensity at which 

they were working; however, there was no equivalence with release speed in either the 60% 

or 80% overs. It is also not known whether the correlation between release speed and RPE 

would persist if specific intensities are not prescribed. There is also the consideration of when 

to collect the ratings – providing a rating after every ball (Feros et al., 2017) has the potential 

to be tedious for bowlers and practically not feasible over any period of regular training time. 

However, providing a rating after every ball is the only method that will exclude rest, which 

can affect RPE measures (Minganti et al., 2011). Conversely, session RPEs (Hulin et al., 

2013; Vickery et al., 2017) assume that work rate is fairly constant and there are no spikes in 

effort/intensity within the session. No matter the method used, the effectiveness of RPE as a 

workload tool would likely improve as familiarity with the scale increased. 

 Moderate-strong correlations between normalised release speed and both peak  

(r = 0.80) and average (r = 0.68) heart rate indicate that, generally, a greater amount of 

physiological energy/work is needed in order for bowlers to bowl faster, e.g. by increasing 

run-up speed (Worthington et al., 2013). The results indicate that either heart rate variable 

may be a reasonable estimate of internal workload (as would RPE); however, further 

investigation regarding the specific measure used may be required before the measure could 

be accepted as valid and reliable. For instance, it is not clear how to deal with the range of 

heart rate responses in training.  Usually in training there are multiple bowlers, who bowl 

more than one over at a time, compared to a match, where one bowler bowls one over of six 

consecutive deliveries at a time.  Furthermore, a method to account for the inherent 
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variability of heart rate over the course of a season (due to changing fitness levels, fatigue 

(Halson, 2014), temperature etc.) would need to be developed. 

 It was hypothesised that there would be strong associations between heart rate and 

RPE – considering they are respectively an objective and subjective measure of the same 

variable; however, a strong association between heart rate and RPE was not seen for all 

participants. Caution should be exercised when looking at the results of a single participant, 

however the data from P3’s first session is intriguing: In the 60%, 80% and 100% overs 

respectively, the average (183bpm, 177bpm, 184bpm) and peak (190bpm, 188bpm and 

195bpm) heart rate values were similar. However, RPE values of 10, 13 and 16 were 

provided by the participant. While the reason for this discrepancy cannot be known, it can be 

speculated; either the participant was not aware of how hard they were working (and 

provided ratings that matched the prescribed intensities), or they gave alternate ratings to how 

they felt in order to ‘satisfy’ the experimental protocol. No matter the reason, the results 

highlight potential issues that could arise when using RPE, despite prior validation (e.g., 

Foster et al., 2001; Herman, Foster, Maher, Mikat, & Porcari, 2006).  

 Although submaximal intensities offer a reduction in loading (Greig & Child, 2019), 

it is not known what happens (or what should happen) to measures like release speed and 

heart rate at these submaximal intensities – both by researchers and coaches, as well as by the 

participants themselves. In this study, some participants even asked what was meant by each 

of the intensities; the only information provided was that it was relative to effort, as opposed 

to release speed - it was not expected that there would be a 20% decrease in release speed for 

a 20% decrease in prescribed intensity. This expectation was found to be true, with a 0.29% 

decrease in absolute release speed and a 0.25% decrease in release speed relative to each 

participant’s maximum for every 1% decrease in prescribed intensity. Similar results were 
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reported by Melugin et al. (2019) in baseball pitchers – a 0.44% drop in velocity for every 

1% decrease in prescribed intensity. Future studies that investigate further the relationship 

between prescribed and measured intensity would help to substantiate these findings. 

 Equivalence testing on fast bowling data was introduced in this study, with two 

potential uses analysed – comparing between two sessions and comparing potential intensity 

measures such as heart rate or RPE to more valid measures like release speed. Although 

equivalence testing is relatively new to the field of biomechanics and sports science, it can 

provide an improved description of the relationships between variables by testing for 

equivalence and rejecting the presence of a smallest effect size of interest (Lakens et al., 

2018). In comparison, t-tests/ Analysis of Variance (ANOVA) are designed to detect 

differences, meaning equivalence testing is more appropriate when comparing between 

sessions in this study, as one would expect similar results. Alternatively, using equivalence 

testing to compare potential measures of intensity to ‘known’ measures (Dixon et al., 2018) 

provides an alternate description of the relationship between variables and provides valuable 

context in this study. Release speed had similar strength correlations with RPE (r = 0.77) and 

average heart rate 

(r = 0.68), but when equivalence is examined, it can be seen that average heart rate matches 

better at submaximal intensities, whereas RPE matches more closely at a maximal intensity 

for the eight participants. While these results do not necessarily mean that heart rate is a 

better estimate of effort at submaximal intensities, nor likewise for RPE at a maximal 

intensity, it does highlight the risks of examining only a correlation coefficient. Even though 

RPE was more highly correlated, the RPE ratings were not equivalent to release speeds at 

either 60% or 80% intensity and the residuals from the RPE linear regression model were 

also relatively large.  Describing relationships by evaluating the strength of their linearity 



102 
 
 

(e.g., correlation or regression analysis), as well as by examining how similar the measures 

are to one another would provide more context than either one on its own, so should be given 

consideration in future, relevant studies. 

 

 Limitations 

 This study was powered at 12 participants, meaning a post-hoc power calculation of 

eight participants equates to 67% power achieved due to the COVID-19 outbreak shortening 

the data collection. It is recognised that a lower statistical power is not ideal, however, the 

amount of release speed data collected (288 deliveries) was the same as two previous studies 

on fast bowlers (McNamara et al., 2015b, 2018). Repeating the experiment with two overs at 

each intensity (in each session) and recording the heart rate for ~10 seconds longer at the end 

of each over would likely improve the quality of heart rate data. The same could be said for 

the RPE data if participants were familiarised with RPE prior to the first testing session.     

 

 Conclusion 

 The significant correlations between release speed, heart rate and RPE across 

submaximal intensities mean that any of the measures could be used to estimate the internal 

workload of fast bowlers. Although the measures require some consideration prior to their 

use to maximise effectiveness, any measure that is implemented consistently will add more 

context to workloads than simply counting the number of deliveries bowled and should be 

encouraged. 
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 Implications for Chapter five 

 The results of this study indicate that heart rate and RPE can provide a reasonable 

estimate as to the internal workload of fast bowlers, therefore the exertion measures could be 

used to improve workload estimation above simply counting the number of deliveries 

bowled. However, collection of heart rate and RPE data is hard to automate – particularly if it 

is just the periods of bowling that are of interest. The ability to automate data collection is 

one of the attractive features of IMUs, which are being used more commonly to estimate 

workload in fast bowlers. It is important, however, that the workload variable that is extracted 

from IMU data is sensitive to intensity and correlates strongly with release speed when 

bowlers are working across a range of intensities. Potential workload variables from IMU 

data are investigated in Chapter five, in terms of their association with release speed.  
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5 Accumulated PlayerLoad across maximal and submaximal intensities; 

comparison of upper-back and non-bowling wrist inertial measurement 

units 

 Introduction 

 It is commonly accepted that injury occurrence is high among fast bowlers (Frost & 

Chalmers, 2012; Orchard et al., 2016) which can result in match-time loss, chronic health 

issues and premature retirement. The aetiology and severity may differ between the type and 

location of injuries, but regardless the most commonly reported risk factor for all fast 

bowling injuries is ‘workload’ (Alway et al., 2019; Dennis et al., 2003, 2005; Hulin et al., 

2013; Orchard et al., 2009; Warren et al., 2018).  

 Although workload is a widely accepted risk factor, how best to characterise 

‘workload’ is still relatively unknown. The methods of workload estimation have ranged 

from self-reporting of the number of deliveries bowled (Dennis et al., 2005; Warren et al., 

2018), to retrospective scorecard examination (Dennis et al., 2003; Orchard et al., 2015; 

Orchard et al., 2016) to automatic detection of bowling events using inertial measurement 

units (IMUs) (Jowitt et al., 2020; McGrath et al., 2019; McNamara et al., 2015b). Analysis of 

workloads has also varied – from simply looking at the number of overs bowled in a match 

(Orchard et al., 2009), to the number of career overs (Orchard et al., 2015) and, more 

recently, examining the acute:chronic workload ratio (Ahmun, McCaig, Tallent, Williams, & 

Gabbett, 2019; Hulin et al., 2013; Warren et al., 2018) or ‘differential load’ (Tysoe et al., 

2020) which can be thought of as a ratio of a bowler’s fatigue (i.e., acute workload) relative 

to their fitness (i.e., chronic workload).   

 The estimation of workload is further complicated by the fact that it can be defined in 

terms of both the internal and external load on the body: Internal workload refers to the 
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perceived effort or physiological demand of each ball, over or spell of bowling, in terms of 

the amount of stress that is experienced by the internal structures of the body (Hulin et al., 

2013). External workload can be thought of as total bowling volume – often measured as the 

number of deliveries bowled. It is unlikely that the internal workload of all deliveries bowled 

across warm-ups, trainings and matches is equal, because bowlers will work at different 

intensities when bowling in a match compared to training or warm-up (Petersen et al., 2011). 

While the best estimate of internal workload is still unknown, examining a bowler’s release 

speed relative to their maximal perceived intensity may provide a more precise estimate of 

the intensity they are working at, from which internal workload can be inferred. This 

proposed intensity-sensitive method of reporting workload would differ slightly to that 

proposed by Hulin et al. (2013) because there would be no estimate as to the stress placed on 

the internal structures of the body (i.e., internal workload), it would just be assumed to scale 

with the intensity at which they are working at. 

 Microtechnology units such as IMUs have the potential for improving tracking of 

workload in the field because they are cost-effective, simple to use and data extraction can be 

automated; recent studies have shown the promise of IMUs (Jowitt et al., 2020; McGrath et 

al., 2019; McNamara et al., 2015b). However, there are multiple variables that can be used to 

characterise the intensity of a bowling delivery from IMU data. Catapult Sports (Melbourne, 

Australia) developed a workload variable called PlayerLoad, which has been used as another 

intensity-sensitive estimate of external workload for fast bowling. PlayerLoad is calculated as 

the squared difference in acceleration in successive frames across each axis of the 

accelerometer fixed to the upper back. Often, the maximum PlayerLoad value from each 

delivery (PLmax) is extracted from the PlayerLoad time-series for examination  (McNamara et 

al., 2015a, 2018). However, since PlayerLoad was originally developed for use in other sports 
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such as soccer (Gomez-Piriz et al., 2011) and Australian Rules Football (Boyd et al., 2011), it 

is not clear whether PLmax provides a satisfactory estimate of external workload intensity for 

cricket fast bowlers. Additionally, different IMU mounting locations may lead to better 

estimations of external workload intensity – as can be found in other commercially available 

workload tracking technology, such as those offered by Motus (Motus Global, Seattle, WA) 

for other throwing activities, which use IMUs placed at a more distal end of the kinetic chain 

(e.g., elbow or wrist).  

 This study tests a variation of PlayerLoad, accumulated PlayerLoad (PLacc), calculated 

as the integral of the PlayerLoad time-series across the entire delivery. The aim of this study 

was to determine whether a workload variable could be extracted from a singular IMU that 

strongly correlates with intensity, according to release speed in a group of elite and pre-elite 

fast bowlers. The objectives of the study were to: 1) Determine whether examining 

accumulated PlayerLoad across a delivery improved the strength of association with release 

speed, compared to examining the maximum value from each ball. 2) Examine whether the 

location of the IMU impacted the strength of association between PlayerLoad and release 

speed. 3) Determine whether the association between release speed and PlayerLoad remained 

across submaximal intensities.   

 

 Methods 

 Data for this study was collected at the same time as the data used in Chapter four, so 

a brief summary of the methodology is presented in this chapter. 

 Participants  

 A sample of convenience comprised eight right-handed fast bowlers (age: 21 ± 3 

years; height: 182 ± 6 cm; weight: 82 ± 9 kg) including first-class (n = 2), provincial A (n = 
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2) and provincial U19 players (n = 4). A summary of participant characteristics is shown in 

Table 4-1. All participants were free of lumbar stress fractures and disc herniations in the 

previous 12 months and provided written consent prior to data collection. All procedures 

were approved by the University Ethics Committee (H19/138). 

 Study design  

 Two repeated testing sessions, one week apart, were used for this cross-sectional 

study. In each session, participants bowled three overs, in a randomised order. Each over was 

bowled at a different prescribed intensity, two at submaximal intensities (60% and 80%) and 

one over at 100% intensity. At the beginning of each test session the bowlers were asked to 

warm-up as if they were bowling at 100% intensity first. During the warm-up, bowlers were 

equipped with all the sensors to be used during the data collection and were asked to 

familiarise themselves with the run-ups (length and velocity) they would use at each 

intensity. 

 Equipment 

 To characterise the bowling delivery, three Noraxon Ultium (Noraxon, Scottsdale, 

AZ, USA) multi-modal sensors were utilised and activated to measure IMU data only, 

sampling at 400 Hz. Each IMU contained a tri-axial accelerometer (± 16 g), gyroscope (± 

2000 °/s) and magnetometer (±4800 µT). Three locations were selected to capture different 

characteristics of the delivery: One was placed in a GPS-unit harness attached to the athlete, 

which sat between the shoulder blades at the level of ~C7 and was orientated such that x and 

y aligned with vertical and mediolateral axes of the upper trunk respectively. The other two 

IMUs were placed on each wrist (aligned with the anatomical axis of the forearm; x vertical, 

y mediolateral).  
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 Release speed was measured using a calibrated Stalker ATSII radar gun. This was 

held at arms-length, parallel to the ground by the experimenter who was standing 3 m behind 

the stumps at the bowler’s end (Figure 4-1)Due to size restrictions, this could not be held at 

the batter’s end, as recommended by Stalker.  

 A GoPro Hero 5 (GoPro, San Mateo, CA, USA) was set-up on a tripod at ~1 m high 

(frame rate – 100 FPS, ISO – 800 and shutter - 1/400). This was placed ~3 m in front of the 

popping crease and angled so that the entire run-up, ball release and the first two steps of the 

follow through were visible for all participants.  

 Procedure 

 The IMU recording was started on the Noraxon software (MyoResearch MR3 

3.13.38), followed by video. A light triggered by the software in the view of the camera was 

then used to allow synchronisation between the IMU data and video recording. At the start of 

the over, participants were informed of the prescribed intensity for the over and instructed to 

bowl to hit the top of off-stump from over the wicket. Release speed was recorded for every 

ball although, no feedback was provided to participants. At the conclusion of the 6th ball, both 

IMU and video recordings were stopped. This procedure was then repeated for the remaining 

two intensities. No deliveries or overs needed to be repeated, meaning there was complete 

IMU, video and ball speed data for 48 overs, or 288 deliveries. 

 Data reduction 

 Using Kinovea (version 0.8.15), the frame numbers of key events for each ball were 

identified.  These were: the start of the run-up; back-foot contact; front-foot contact; ball 

release and the end of the follow through (determined as the subsequent contact of the front-

foot). These frame numbers were recorded, and along with release speed data were read into 

MATLAB where all analyses were performed. Raw IMU data were filtered using a low-pass, 
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double second-order Butterworth filter with a cut-off at 10 Hz (Winter, 2009) and each over 

was separated out into its six deliveries. 

 With tri-axial acceleration (A) and angular velocity (G) data from the bowling wrist, 

non-bowling wrist and upper-back there were 18 outputs that could be analysed with 

minimum, maximum and range values calculated. Additionally, twelve variables were 

calculated from the filtered IMU outputs; four from each IMU: Resultant acceleration (AR) 

and angular velocity  

(GR) were calculated as: 

 

𝐴𝐴/𝐺𝐺𝑅𝑅 =  �x2 + 𝑦𝑦2 +  𝑧𝑧2 

 

Where x, y and z are the acceleration or angular velocities measured by the IMUs about the x, 

y, and z axes. PlayerLoad was calculated as: 

 

𝑃𝑃𝑃𝑃 =  �
(𝐴𝐴𝐴𝐴(𝑓𝑓) −  𝐴𝐴𝐴𝐴(𝑓𝑓−1))2 + (𝐴𝐴𝑦𝑦(𝑓𝑓) −  𝐴𝐴𝑦𝑦(𝑓𝑓−1))2 +  (𝐴𝐴𝑧𝑧(𝑓𝑓) −  𝐴𝐴𝑧𝑧(𝑓𝑓−1))2

100
 

 

Where f is the frame at which PlayerLoad is being calculated at. The maximum value for 

PlayerLoad was determined for each ball, referred to as PLmax. Additionally, the integral of 

PlayerLoad was calculated across each delivery, referred to as accumulated PlayerLoad 

(PLacc). As well as examining non-normalised values, normalised values were calculated 

relative to each participant’s maximums.  
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 Statistical analyses 

 The analysis in this study consisted mainly of examining the association between 

release speed and PlayerLoad variables. This was done primarily by examining Pearson’s 

correlation, reported as the correlation coefficient and corresponding 95% CI. The average 

residuals were also examined to determine the goodness of fit of linear regression models fit 

to release speed and PlayerLoad variables. Equivalence testing at the level of α = 0.05  

(i.e., 90% CI equivalence testing) was also used to compare normalised PlayerLoad variables 

to normalised release speed at all three intensities. 

 

 Results 

 Certain variables from the bowling wrist IMU exceeded the limits of the IMUs so 

were excluded from the analysis (AX, GX, GY), as were any other variables that were 

calculated using them, for example, resultant angular velocity of the bowling wrist. This 

meant that 23 variables were included in the analysis. 

 Accumulated versus maximum PlayerLoad 

 PLacc had a stronger association with release speed, compared to PLmax in seven of the 

eight participants (Table 5-1). The residuals tended to be larger for PLacc because of a much 

larger mean value; however, the normalised root mean square error was smaller (0.16) 

compared to PLmax (0.24). This suggests that PLacc was a better representation of release 

speed than PLmax.  

  Figure 5-1 shows that there stronger association between release speed and 

PlayerLoad in the normalised data compared to the non-normalised data. This was the case 

for both PLmax 
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(r = 0.60; 95% CI [0.52, 0.67] vs. r = 0.54; 95% CI [0.45, 0.61]) and PLacc  

(r = 0.65; 95% CI [0.58, 0.71] vs. r = 0.41; 95% CI [0.31, 0,50]). 
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Table 5-1 Comparison between maximum PlayerLoad (PLmax) and accumulated PlayerLoad (PLacc). 
Specifically, Pearson’s correlation coefficient, (R), 95% confidence interval (CI) and average 
residuals from linear regression model fit to release speed and PlayerLoad variables 

Participant 
PLmax PLacc 

R [95% CI] Residuals R [95% CI] Residuals 

1 0.76 [0.58, 0.87] 0.0 0.85 [0.73, 0.93] -4.2 
2 0.60 [0.34, 0.78] -6.8 0.38 [0.05, 0.62] -10.1 
3 0.61 [0.35, 0.78] -3.5 0.84 [0.71. 0.92] 3.9 
4 0.78 [0.60, 0.88] 7.4 0.85 [0.73, 0.92] 8.1 
5 0.54 [0.26, 0.74] 4.1 0.76 [0.58, 0.87] 3.3 
6 0.38 [0.05, 0.62] -6.4 0.70 [0.48, 0.84] -3.9 
7 0.60 [0.34, 0.78] 5.6 0.71 [0.51, 0.85] 4.0 
8 0.55 [0.28, 0.75] -0.5 0.81 [0.66, 0.90] -1.0 

Overall 0.53 [0.45, 0.61] - 0.40 [0.31, 0.50] - 
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Figure 5-1 Scatterplots showing the relationship between release speed and PlayerLoad (maximum 
(PLmax) and accumulated (PLacc) values) for all participants (P). Top two subplots use raw 
PlayerLoad (measured in arbitrary units (AU)) and release speed values. Bottom two subplots use 
data that has been normalised relative to participant maximums (% max) 
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 IMU location – upper-back vs. non-bowling wrist 

 Similar associations were seen between release speed and PlayerLoad, regardless of 

whether the upper-back or non-bowling wrist data was used. For PLacc, the non-bowling wrist 

values tended to be more strongly associated with release speed than the upper-back values 

for both the non-normalised (r = 0.65; 95% CI [0.58, 0.71] vs. r = 0.41; 95% CI [0.31, 0,50]) 

and normalised values (r = 0.74; 95% CI [0.69, 0.79] vs. r = 0.65; 95% CI [0.58, 0.71]). 

Inversely, for PLmax, the upper-back values were more strongly associated with release speed 

for both the non-normalised (r = 0.54; 95% CI [0.45, 0.61] vs. 0.48; 95% CI [0.39, 0.57]) and 

normalised values (0.60; 95% CI [0.52, 0.67] vs. 0.44; 95% CI [0.34, 0.53]).  

 The relationship between release speed and accumulated PlayerLoad is examined 

within each participant in Table 2-1. Stronger associations with release speed and smaller 

residuals were seen with non-bowling wrist for four participants. It should be mentioned that 

the mean value for PLacc from the non-bowling wrist is 1.8 times greater than PLacc from the 

upper-back, which will affect the magnitude of residuals. 
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Table 5-2 Association between release speed and accumulated PlayerLoad (PLacc) from the upper-
back and non-bowling wrist IMUs. Specifically, Pearson’s corelation coefficient (R), 95% confidence 
interval (CI) and average residuals from linear regression model 

Participant 

PLacc (upper-back) PLacc (non-bowling wrist) 

R [95% CI] Residual 
(average) 

R [95% CI] Residual 
(average) 

1 0.85 [0.72, 0.93] -4.2 0.81 [0.65, 0.90] -2.9 

2 0.38 [0.05, 0.63] -10.5 0.76 [0.58, 0.87] -3.0 

3 0.84 [0.71, 0.92] -3.9 0.78 [0.60, 0.88] 5.7 

4 0.85 [0.73, 0.92] 8.0 0.90 [0.81, 0.94] 1.1 

5 0.76 [0.58, 0.87] 3.3 0.78 [0.60, 0.88] 0.3 

6 0.70 [0.48, 0.84] -3.9 0.74 [0.54, 0.86] -6.0 

7 0.72 [0.51, 0.85] 4.0 0.63 [0.39, 0.79] 8.3 

8 0.81 [0.66, 0.90] -1.0 0.81 [0.66, 0.90] -3.4 

Overall 0.65 [0.58, 0.71] - 0.74 [0.69, 0.79] - 

 

 

 

 

Figure 5-2 Comparison between accumulated PlayerLoad (PLacc) for the non-bowling wrist and 
upper-back IMU data for all participants (P). Data is normalised relative to participant maximums 
(% max) 
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 Association between release speed and PlayerLoad across maximal and 

submaximal intensities 

 The associations between release speed and PlayerLoad variables were weaker when 

examined at each intensity (Table 5-3), compared to across all intensities. PLmax from the 

upper-back had the strongest correlation in the 60% and 100% overs, while PLacc from the 

non-bowling wrist had the strongest correlation in the 80% overs, which was also the 

strongest correlation overall. The inverse was seen with average residuals; the best fit was 

seen with PLacc from the non-bowling wrist in the 60% and 100% overs and PLmax from the 

upper-back in the 80% overs. There was no equivalence between release speed and any of the 

PlayerLoad variables at any of the intensities. 

 How the normalised PlayerLoad variables and release speed changed at each intensity 

is shown for participants in Figure 5-3. In general, the PlayerLoad variables were of lesser 

magnitude and more variable than release speed, with PLacc from the upper-back appearing to 

be the most similar to release speed for most participants. Of the PlayerLoad variable means, 

only PLacc from the non-bowling wrist positively scaled with intensity (i.e., 60% < 80% < 

100%) for all participants.  
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Table 5-3 Association between release speed and PlayerLoad variables at each intensity. Specifically, 
Pearson’s corelation coefficient, 95% confidence interval (CI) and average residuals from linear 
regression models and 95% equivalence testing 

Variable Intensity R [95% CI] Residual 
(average) 

95% 
equivalence 

range 

90% 
confidence 

interval 

NBW 
PLacc 

60% 0.32 [0.12, 0.48]  -1.4 [-4.3, 4.3] [17.0, 19.4] 

80% 0.57 [0.42, 0.69] 0.2 [-4.6, 4.6] [12.2, 14.2] 

100% 0.25 [0.05, 0.43] 1.5 [-4.8, 4.8] [7.5. 9.9] 

UB 
 PLacc 

60% 0.22 [0.02, 0.40] -2.0 [-4.3, 4.3] [7.8, 10.3] 

80% 0.40 [0.22, 0.56] -0.4 [-4.6, 4.6] [4.0, 6.3] 

100% 0.20 [0.00, 0.39] 2.5 [-4.8, 4.8] [3.3, 5.2] 

NBW 
PLmax 

60% 0.23 [0.03, 0.41] -3.9 [-4.3, 4.3] [28.2, 35.0] 

80% 0.31 [0.12, 0.48] -0.3 [-4.6, 4.6] [20.5, 28.2] 

100% 0.32 [0.13, 0.49] 4.2 [-4.8, 4.8] [18.3, 24.8] 

UB 
 PLmax 

 

60% 0.37 [0.18, 0.53] -3.1 [-4.3, 4.3] [18.9, 22.9] 

80% 0.48 [0.31, 0.62] 0.0 [-4.6, 4.6] [16.1, 20.1] 

100% 0.35 [0.16, 0.52] 3.1 [-4.8, 4.8] [12.6, 16.0] 

NBW = non-bowling wrist; UB = upper-back; PLacc = accumulated PlayerLoad; PLmax = 
maximum PlayerLoad 
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Figure 5-3 Mean ± standard deviation for three PlayerLoad variables (PLacc from the non-bowling 
wrist and upper-back, and PLmax from the upper-back) and release speed at each intensity. Data is 
normalised relative to participant maximums (% max) 

  



119 
 
 

 Discussion 

 The aim of this study was to determine whether a workload variable could be 

extracted from IMU data that highly correlates with intensity, according to release speed. The 

objectives focused on comparing PLmax to PLacc, examining whether the location of the IMU 

can impact the strength of association between PlayerLoad and release speed and determining 

whether the association between release speed and PlayerLoad remained across submaximal 

intensities.   

 When considering PlayerLoad from the upper-back IMU only, PLacc appears a better 

indicator of release speed compared to PLmax. Seven of the eight participants had a stronger 

correlation with PLacc, and the residuals were comparable to PLmax despite the much larger 

mean PLacc values. No previous studies have examined accumulated PlayerLoad in fast 

bowlers, which provides an alternate way to examine acceleration data from IMUs which are 

going to be influenced by movement patterns throughout the entire delivery, from run-up to 

follow through. For example, a faster run-up which is an important factor in fast bowling 

performance (Glazier, Paradisis, & Cooper, 2000; Salter, Sinclair, & Portus, 2007; 

Worthington et al., 2013), will likely require a greater amount of acceleration so will result in 

a larger PLacc value. Run-up length would also influence PLacc values - a longer run-up would 

either increase the time the integral is taken over, or amplitude of the area under the curve for 

the workload calculation.  

 PLacc calculated from the non-bowling wrist provided comparable results to those 

from the upper-back, with half the participants having a stronger association with release 

speed, as well as a stronger correlation overall (r = 0.74 vs. 0.65). The use of a non-bowling 

wrist IMU could assist with the specific detection of bowling events in games and training 

where other activities such as throwing are performed. It is recognised by McGrath et al. 
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(2019) that trunk acceleration patterns are similar between bowling and throwing, which can 

result in throws being incorrectly classified as a bowl by the ball detection algorithms (Jowitt 

et al., 2020; McGrath et al., 2019; McNamara et al., 2015b). Having the IMU on the non-

bowling wrist may help with delivery detection, as the movements of the non-bowling wrist 

during bowling and throwing are likely more different than the upper-back. However, the 

upper-back location should not be completely disregarded either. Four participants had a 

stronger association with release speed for PLacc calculated from the upper-back compared to 

the non-bowling wrist. Also, the consequence of determining a false positive delivery (e.g., if 

throws are incorrectly classified as bowls) should also be considered as a throw still places a 

(albeit, reduced) load on the body. 

 Release speeds appeared to remain consistent within each intensity.  Therefore, it may 

be expected that ‘within intensity’ correlations between release speed and PlayerLoad may be 

weaker than correlations ‘across intensities’. As a result, none of the examined PlayerLoad 

variables appear better than the others at predicting release speed across maximal and 

submaximal intensities. However, the accuracy of potential workload variables at 

submaximal intensities is an important consideration and should be examined across different 

participants with different movement patterns. Few studies have examined how bowlers 

change their technique to bowl at submaximal intensities – the way in which they do will 

affect the accuracy of workload measures. For example, if a bowler was to keep trunk 

movement fairly similar across all intensities, with a large change in arm speed, then 

PlayerLoad from the upper-back may not be a valid estimate of release speed, nor workload. 

Potential variables should also be examined  in both male and female bowlers, who generally 

employ different techniques (Felton et al., 2019), so would likely also alter their techniques in 

different ways. 
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 Limitations 

 While this study does not set out to dispute the use of PlayerLoad, it should be 

recognised there are a few potential issues with considering it the gold standard in the 

measurement of workload in fast bowlers. PlayerLoad reliability has been reported in many 

sports, such as AFL (Boyd et al., 2011), football (Barreira et al., 2017), handball (Luteberget 

et al., 2018), as well as in general laboratory conditions (Nicolella et al., 2018). While this 

‘reliability’ tells us that PlayerLoad can consistently measure the instantaneous rate of change 

in acceleration; it is not a validation of the measure as a workload variable – particularly in 

fast bowlers, where rotations of the upper arm, pelvis, thorax etc. all play a role in release 

speed (Zhang et al., 2011). Validation of PlayerLoad as a workload variable is difficult, due 

to the fact that workload is such a complex variable in and of itself. However, it appears that 

assumptions have been made regarding the validity of PlayerLoad as a workload variable, 

namely that it will provide an estimate of the load that is placed on the body. For example, a 

PLmax value effectively estimates the load placed on the body across the entirety of a complex 

movement that is ~5-6 s long, by calculating a singular value over two consecutive time 

points (0.01 seconds when sampled at 200 Hz). Additionally, there are many variables that 

influence maximum PlayerLoad values when calculated using the Cartesian equation 

(Nicolella et al., 2018) such as filtering and sample rate. Heavily filtering the data will reduce 

the maximum value, as will a higher sample rate, as the difference will be calculated over a 

shorter amount of time, so a smaller change in acceleration. Consequently, comparing studies 

that have calculated PlayerLoad to studies that have presented the PlayerLoad values from 

Catapult Sports devices is difficult. For example, in this study, there was an average 

PlayerLoad of 2.1 in the 100% deliveries. Comparatively, a “smoothed PlayerLoad” of 3.5 or 
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greater that is reported by Jowitt et al. (2020) as an important value for identifying fast 

bowling delivery instances. Furthermore, intra-device differences between Catapult 

PlayerLoad and calculated PlayerLoad were also reported by Nicolella et al. (2018), which 

further highlights why validation of PlayerLoad is difficult and why caution should be 

exercised when comparing results across studies. 

 The low number of participants (N = 8) in this study is again acknowledged, as it was 

in Chapter four.  If the study were to be repeated with a greater number of participants or 

with more deliveries at each intensity, the relationships between PlayerLoad variables, 

release speed and prescribed intensity may become clearer.  

 Also, ideally both male and female participants would have been used, because males 

and females use different techniques for generating ball velocity (Felton et al., 2019). These 

different techniques would likely involve different acceleration patterns, thereby affecting 

PlayerLoad and other workload calculations. 

 

 Conclusion  

 IMUs can improve the estimation of workload in fast bowlers, and maximum 

PlayerLoad has been commonly adopted by elite cricket teams. However, a workload 

measure that more closely scales with release speed in accumulated PlayerLoad from the 

non-bowling wrist. As a result, accumulated PlayerLoad from the non-bowling wrist should 

be further investigated as a potential workload variable in larger samples encompassing wider 

skill levels and including females.   
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  Implications for Chapter six 

 The results presented in Chapter five indicate that examining accumulated PlayerLoad 

values improves workload estimates. However, if an appropriate time period over which to 

calculate the accumulated value cannot be determined from IMU data, then the effectiveness 

of such workload measures is greatly reduced. If certain key events in the bowling action can 

be determined from IMU data, this could improve workload estimation in two main ways. 

Firstly, by assisting in delivery detection, thereby improving external workload measured. 

Secondly, to determine a time over which to calculate an accumulated workload value. While 

delivery-detection algorithms have been shown to be effective at maximal intensities (Jowitt 

et al., 2020; McGrath et al., 2019), it is not known how the timing of key events change at 

submaximal intensities, nor whether IMUs in alternate locations could help determine key 

events. Hence, these issues were further investigated in Chapter six.  
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6 Using inertial measurement units to determine key events in the 

bowling action across maximal and submaximal intensities 

 Introduction 

 IMUs may be used to estimate workload in fast bowlers through various computer 

algorithms that detect bowling delivery instances (Jowitt et al., 2020; McGrath et al., 2019; 

McNamara et al., 2015b). The accuracy of such workload estimates would be reliant upon the 

algorithm being able to detect certain critical features or key events from the large IMU data 

streams. Little detail is provided on what current algorithms consist of, likely because it can 

be hard to isolate individual features or variables within large data sets when using machine 

learning.  However, we know from the literature that certain key events have been described 

as important when using an upper-back IMU to detect when deliveries have occurred: 

McNamara et al. (2015a) identifies both back-foot contact, defined as “the directional change 

in the forward accelerometer” and an angular velocity greater than 500 ˚s-1 about the vertical 

axis as being important for ball detection.  

 Previous delivery detection studies, with the exception of McNamara et al. (2018), 

have only examined deliveries bowled at a maximal intensity. However, fast bowlers bowl 

deliveries at submaximal intensities, primarily in warm-ups and trainings, therefore it is 

important to include these deliveries and account for intensity in workload estimates, as even 

submaximal deliveries place a load on the body. The way bowlers adapt their technique to 

lower release speed is not known. It is reasonable to expect a change in spatiotemporal 

variables at submaximal intensities such as the key events identified by McNamara et al. 

(2015), which could change the effectiveness of ball detection algorithms. Additionally, the 

results from Chapter five indicated that accumulated workload values, calculated as the area 

under a workload curve, such as PlayerLoad, had a stronger association with release speed, 
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compared to maximum values, but require an appropriate time over which to calculate the 

area if they are going to be used to estimate workload. For example, the time between key 

events in the bowling action may be used, meaning the accuracy of the workload estimation 

is reliant on the accurate determination of the timing of the key events.  

 Ball detection algorithms reported in the literature (Jowitt et al., 2020; McGrath et al., 

2019; McNamara et al., 2015b) have been developed using data from an upper-back IMU 

only. However, it was also found in Chapter five that other locations such as the non-bowling 

wrist have a similar association with release speed, so may be used to estimate workload. The 

practicality of using an IMU in an alternative location is dependent on being able to 

determine key events in the bowling action and consequently detect deliveries. If a given 

location can provide a good estimate of intensity, but only when the time period is manually 

determined, then it is of limited practical use. Alternatively, if another location can accurately 

detect key events in the bowling action and provide an accurate estimate of intensity, then 

that location should be given consideration. 

 Broadly, this study aimed to examine the association between the timing of the key 

bowling events such as back-foot contact, front-foot contact and ball release, and the 

maximum/minimum values from certain IMU variables across maximal and submaximal 

intensities. There were three main objectives for the study 1) Examine whether the timing of 

key events changed across maximal and submaximal intensities. 2) Determine which 

minimum/maximum values from IMU variables aligned best with the timing of key events in 

the bowling action in maximal intensity deliveries. 3) Examine whether the associations 

remained consistent at submaximal intensities 
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  Methods 

 Data that had been previously collected in Chapters 4 and 5 were used in this study. 

To summarise, this included eight elite (n =2) and pre-elite (n = 6) bowlers (age: 21 ± 3 

years; height: 183 ± 6.0 cm; weight: 82 ± 9 kg) bowling one over at each at 60%, 80% and 

100% intensity. Each bowler was fitted with three Noraxon Ultium multi-modal sensors that 

were activated to measure IMU data only, sampling at 400 Hz. Each IMU contained a tri-

axial accelerometer (± 16 g), gyroscope (± 2000 °s-1) and magnetometer (±4800 µT). The 

IMUs were placed on the upper-back at the level of T6 and on both wrists. Although certain 

variables from the bowling wrist IMU exceeded the limits of the IMUs, other variables did 

not and were included in the analysis. 

 Video of each ball was captured using a GoPro Hero 5 set-up on a tripod at ~1 m high 

(frame rate – 100 FPS, ISO – 800 and shutter - 1/400). The camera was placed ~3 m in front 

of the popping crease and angled so that the entire run-up, ball release and the first two steps 

of the follow through were visible for all participants. Using Kinovea, the frame numbers of 

key events for each ball were identified – these included the start of the run-up, back-foot 

contact, front-foot contact, ball release and the end of the follow through (determined as the 

subsequent contact of the front-foot). These frame numbers were extracted along with the 

IMU data into MATLAB where all analyses were performed. Raw IMU data were filtered 

using a low-pass, double second-order Butterworth filter with multiple passes and a cut-off of 

10 Hz (Winter, 2009). 

 The timing of key events in the bowling action were compared between intensities 

using paired t-tests. An alpha level of α = 0.05 was used, however the significance levels 

were adjusted for multiple comparisons according to Bonferroni-Holm corrections (Holm, 

1979). The timing of minimum and maximum values for certain IMU variables was 
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calculated using the ‘findpeaks’ MATLAB function, and these were compared to the timing 

of key events determined from video. This was done as it was expected that back-foot 

contact, front-foot contact and ball release would cause a change in the magnitude and 

direction of acceleration according to the upper-back sensor. In order to quantify the 

magnitude of the peaks/troughs for the minimum/maximum values, they were expressed as a 

percentage of the next largest peak, also calculated using the ‘findpeaks’ function.  For 

example, a value of 200% would indicate a peak magnitude that is twice as large as the 

second largest peak. Means and standard deviations were calculated for each participant, as 

well as an average of all participants. For the time between key events, normalised values 

were calculated relative to participant minimum values 

 

  Results 

 Key events  

 Temporal variables for key events related to the bowling action are presented in Table 

6-1. As bowling intensity increased, participants tended to decrease the time between back-

foot contact and front-foot contact, while keeping a similar time between front-foot contact 

and ball release similar. There was a moderate-strong correlation between normalised release 

speed and the time between back-foot and front-foot contact (r = 0.65, 95% CI [0.58, 0.71]). 

Conversely, there was a weak correlation between normalised release speed and the time 

between front-foot contact and ball release (r = 0.16, 95% CI [0.05 0.28]). 
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Table 6-1 Temporal variables for key bowling events across submaximal and maximal intensities. 
Specifically, mean ± standard deviation (SD) for the time between back-foot and front-foot contact 
and time between front-foot contact and ball release 

* Significant difference between intensities 
1 Insignificant when significance level adjusted for multiple comparisons (Holm, 1979) 

 

 

 

 

Table 6-2 Mean ± standard deviation for the time that certain discrete IMU variables occur relative 
to key events in the bowling action. Positive values indicate min/max values occurring after key 
events; negative values indicate min/max values occurring prior to key events. Variables include 
upper-back (UB) bowling wrist (BW) and non-bowling wrist (NBW) locations and both acceleration 
(A) and angular velocity (G) data. 

Par 
Ball release Back-foot contact Front-foot contact 

Max UB AZ 
(s) 

Max UB GX 

(s) 

Min BW GZ 
(s) 

Min UB GX 

(s) 
Min NBW 

GY (s) 
Max UB GY 

(s) 

1 0.00 ± 0.00 0.00 ± 0.05 0.13 ± 0.01 -0.27 ± 0.21 -0.06 ± 0.02 -0.23 ± 0.33 

2 0.04 ± 0.28 0.00 ± 0.10 0.09 ± 0.02 0.44 ± 0.35 -0.07 ± 0.01 0.06 ± 0.05 

3 -0.02 ± 0.00 0.09 ± 0.02 0.09 ± 0.01 0.01 ± 0.01 0.08 ± 0.25 0.08 ± 0.10 

4 -0.02 ± 0.00 0.08 ± 0.00 0.10 ± 0.01 0.21 ± 0.02 -0.04 ± 0.01 0.03 ± 0.18 

5 -0.04 ± 0.03 0.09 ± 0.00 0.03 ± 0.05 -0.18 ± 0.32 -0.21 ± 0.01 0.06 ± 0.01 

6 -0.04 ± 0.02 -0.08 ± 0.00 0.01 ± 0.02 0.09 ± 0.02 0.07 ± 0.18 0.09 ± 0.11 

7 -0.03 ± 0.00 0.04 ± 0.05 0.05 ± 0.01 0.11 ± 0.01 -0.03 ± 0.01 -0.06 ± 0.13 

8 -0.02 ± 0.00 0.06 ± 0.01 -0.09 ± 0.01 0.08 ± 0.01 0.28 ± 0.13 0.08 ± 0.05 

Av -0.02 ± 0.04 0.06 ± 0.02 0.05 ± 0.02 0.06 ± 0.14 0.00 ± 0.08 0.01 ± 0.12 

UB = upper-back; BW = bowling wrist; NBW = non-bowling wrist  

 
Intensity 

Mean ± SD 
(s) 

P-value for difference between  
 80% 100% 60% 

Back-foot 
contact and 
front-foot 

contact 

60% 0.18 ± 0.04 < 0.001 *  - - 

80% 0.17 ± 0.04 - < 0.001 * - 

100% 0.16 ± 0.04 - - < 0.001 * 

Front-foot 
contact and 

release 

60% 0.12 ± 0.01 0.709 - - 

80% 0.12 ± 0.02 - 0.175 - 

100% 0.12 ± 0.01 - - 0.047 1 
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 Association between key events and IMU variables at 100% intensity 

 The difference between the timing of discrete values from the IMU variables (e.g., 

minimum/maximum values) and key events in the bowling action are shown in Table 6-2. 

The mean values across the group were similar between variables, but there was greater 

variability between participants. For example, minimum GY from the non-bowling wrist had a 

mixture of positive and negative values, meaning that the minimum value occurred prior to 

the key event for some participants, but after the key events for others. A mixture of positive 

and negative values resulted in mean values of close to 0, such as seen with minimum GY 

from the non-bowling wrist and maximum GY from the upper-back relative to front-foot 

contact.  There were also instances of a particular variable being accurate for some 

participants and not for others. For example, minimum GX from the upper-back consistently 

occurred at back-foot contact for P3 but occurred before back-foot contact for P2 and after 

back-foot contact for P1, which may indicate inter-individual differences in the timing and 

magnitude of hip-shoulder separation and consequent axial rotation. 

 With the exception of P2 who had a standard deviation of 0.28 s, max AZ from the 

upper-back, or maximum forward acceleration, occurred consistently around release for all 

participants, on average 0.02 (± 0.04 s) before release. The maximum upper-back AZ, curve is 

shown in Figure 6-1. A directional change at back-foot contact has previously been discussed 

as an important factor for identifying back-foot contact (McNamara et al., 2015b), likely 

because the contact with the ground will cause linear deceleration.  It can be seen that all 

participants had a decrease in forward acceleration around back-foot contact, however the 

specific timing and magnitude of this change varied across the group. The decrease in 

forward acceleration around back-foot contact could indicate how well participants were able 

to transfer the momentum from the run-up into front-foot contact. There was also a much 
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larger negative change that occurred after release, as well as some negative changes 

throughout the run-up.   
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Figure 6-1 Average anterior-posterior acceleration (AZ) from upper-back IMU for each participant 
in 100% deliveries. The three dotted lines represent the average time of back-foot contact (BFC; 
labelled), front-foot contact and ball release when moving from left to right on the figure 
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 Association between key events and IMU variables across maximal and 

submaximal intensities 

 The variables that best aligned with key events at 100% intensity across the group 

(those presented in Table 6-2) are compared at the different intensities in Figure 6-2.  

Minimum GZ from the non-bowling wrist was the variable that was most similar and 

consistent in both timing and magnitude of peak across all three intensities, occurring just 

after back-foot contact. Maximum GX from the upper-back occurred consistently after release 

at all three intensities (mean = 0.06 ± 0.02 s), but the magnitude of the peak was more 

variable. Maximum AZ from the upper-back changed more than other IMU variables between 

intensities. On average the maximum value occurred close to release in the 100% deliveries, 

around front-foot contact in the 80% deliveries and around back-foot contact in the 60% 

deliveries. The timing was less consistent in both the 60% and 80% overs, indicating high 

inter-individual variability. 

 The variables that best aligned with key events across all intensities are compared 

across participants in Table 6-3. Specifically, it shows how the timing of maximum GX from 

the upper-back (relative to the timing of ball release) and minimum GZ from the bowling 

wrist (relative to the timing of back-foot contact) changed across intensities for each 

participant. In general, the minimum GZ values from the bowling wrist were consistent across 

all three intensities, with little difference between maximal and submaximal intensities. The 

maximum GX values from the upper-back were less consistent overall, but likewise were 

similar across intensities. Table 6-3 also highlights that some participants had results that 

differed greatly from the rest of the group. For example, P6’s GX maximum from the upper-

back and P8’s GZ minimum from the bowling wrist occurring prior to release and back-foot 

contact respectively.  
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Figure 6-2 Mean ± standard deviation for the time that key variables occur (x-axis) and the relative 
magnitude of the peak value at each intensity (y-axis). Variables include upper-back (UB) bowling 
wrist (BW) and non-bowling wrist (NBW) locations and both acceleration (A) and angular velocity 
(G) data. 

 

 

 

Table 6-3 Mean ± standard deviation for the time that certain discrete IMU variables occur relative 
to key events in the bowling action at each intensity. Positive values indicate min/max values 
occurring after key events; negative values indicate min/max values occurring prior to key events 

Par 
Upper-back GX max (ball release) Bowling wrist GZ min (back-foot contact) 

60% (s) 80% (s) 100% (s) 60% (s) 80% (s) 100% (s) 

1 0.04 ± 0.05 0.04 ± 0.05 0.00 ± 0.05 0.12 ± 0.01 0.11 ± 0.01 0.13 ± 0.01 

2 0.07 ± 0.09 0.05 ± 0.09 0.00 ± 0.10 0.09 ± 0.01 0.10 ± 0.01 0.09 ± 0.01 

3 0.09 ± 0.03 0.09 ± 0.04 0.09 ± 0.02 0.12 ± 0.01 0.11 ± 0.02 0.09 ± 0.01 

4 0.06 ± 0.01 0.05 ± 0.01 0.08 ± 0.01 0.10 ± 0.01 0.07 ± 0.01 0.10 ± 0.01 

5 0.10 ± 0.01 0.10 ± 0.01 0.09 ± 0.00 0.07 ± 0.01 0.07 ± 0.01 0.03 ± 0.05 

6 -0.05 ± 0.06 -0.08 ± 0.01 -0.08 ± 0.00 0.05 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 

7 0.06 ± 0.00 0.04 ± 0.05 0.04 ± 0.05 0.07 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 

8 0.05 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 -0.09 ± 0.02 -0.07 ± 0.01 -0.09 ± 0.02 

Av 0.05 ± 0.03 0.04 ± 0.03 0.04 ± 0.03 0.07 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 

 



134 
 
 

 Discussion 

 The aim of this study was to examine the association between the timing of the key 

bowling events and the maximum/minimum values from certain IMU variables across 

maximal and submaximal intensities. The three main objectives were to examine whether the 

timing of key events changed across maximal and submaximal intensities, determine which 

minimum/maximum values from IMU variables aligned best with the timing of key events in 

the bowling action in maximal intensity deliveries and examine whether the associations 

remained consistent at submaximal intensities.  

 In general, bowlers tended to decrease the time between back-foot contact and front-

foot contact when bowling faster but kept the time between front-foot contact and ball release 

similar. Being able to determine the timing of these key events accurately and consistently in 

the bowling action is a feature that would add value to the use of IMUs in fast bowlers. Not 

only would it allow calculation of the integral of PlayerLoad (i.e., accumulated PlayerLoad) 

over an appropriate time period, but it would also provide time-points on which performance 

analyses could be performed. For example, the time between back-foot and front-foot contact 

could be studied when looking to increase release speed in fast bowlers. 

 No single minimum/maximum value from IMU variables consistently aligned well 

with key events in the bowling action for all participants, even when only the maximal 

deliveries are considered. As mentioned already, a negative change in forward acceleration 

has been identified as important for determining back-foot contact (McNamara et al., 2015b). 

However, the results indicate that minimum/maximum values from other variables, like GX 

max from the upper-back, may align better with back-foot contact.  Comparable results are 

seen when examining the association between other IMU variables and other key events in 
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deliveries bowled at a maximal intensity, with few of the examined variables being accurate 

and consistent in terms of their timing across all participants. 

 Identifying key events using IMUs is further complicated when deliveries bowled at 

submaximal intensities are considered, with a likely change in technique leading to a change 

in both the timing and magnitude of minimum and maximum values from IMU variables.  

Some examined IMU variables remained consistent across intensities in terms of their timing 

(e.g., GX max from the upper-back and GZ min from the bowling wrist), while the timing of 

other variables differed across intensities (e.g., AZ max from the upper-back). Across 

intensities, the magnitude (calculated as the height of the highest peak relative to the second 

highest peak) of most variables remained relatively consistent, indicating that the magnitude 

of both the highest and second highest peak decreased with intensity. Although the 

magnitudes were consistent across intensities, there were inter-variable differences. For 

example, minimum GZ from the bowling wrist had a relatively small magnitude, which 

increases the likelihood of misidentifying the peak of interest at submaximal intensities when 

the magnitude of the peaks is likely smaller. 

 This study aims to highlight issues that could arise when using IMUs to determine key 

events in fast bowling - particularly when deliveries bowled at both maximal and submaximal 

intensities are considered. While ball detection algorithms generated by machine learning can 

detect bowling instances (Jowitt et al., 2020; McGrath et al., 2019; McNamara et al., 2015b), 

it is not known whether these same algorithms are able to detect the events within each ball 

or how reliable the detection of the events might be. Using video to compare the actual time 

of key events and those that are estimated from the ball detection algorithms is something 

that could be examined in future studies and would help to validate the use of IMUs in fast 

bowlers. The validity of this prediction should also be examined at submaximal intensities, as 
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well as in female bowlers who generally utilise a different movement pattern to males (Felton 

et al., 2019). 

 

 Limitations 

 The main limitation specific to this study is based around the determination of peaks 

in the IMU data. Although constraints can be applied to the ‘findpeaks’ function, such as 

minimum distance between peaks, minimum peak height etc., it is still difficult to know 

whether the peaks that are being identified are actually local maxima (which would represent 

directional changes in either acceleration or angular velocity) or just due to a noisy signal. If 

two ‘peaks’ are identified in the same local maxima, the size of the maximum peak would 

appear to be smaller than it actually is (as the magnitude was calculated relative to the size of 

the second largest peak). Heavily filtering the data would likely improve the event detection, 

but normally filtered data should still be used if intensity/workload values are to be calculated 

at that time, where the amplitude is going to be important. It is likely that peaks were 

correctly identified, however this cannot be known for sure, so should be noted as a 

limitation.  

  

 Conclusion 

 When working at submaximal intensities, bowlers release the ball at a slower speed 

which alters the timing of key events in the bowling action such as increasing the time 

between back-foot and front-foot contact. The timing of minimum/maximum values from 

some IMU variables aligns well with key events in the bowling action in some cases but is 

not consistent across all participants, nor across both maximal and submaximal intensities.  
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 Implications for Chapter seven 

 The results of this study indicate that bowlers may alter their technique in different 

ways in order to bowl slower, with the changes likely a mixture of both intentional and 

unintentional changes. Intentional changes to the run-up (both length and speed), will 

unintentionally change the energy transfer mechanisms between segments, thus causing 

subtle changes to bowling technique. How bowlers change their technique is investigated in 

Chapter seven by analysing previously collected IMU data from a new perspective. 

Specifically, clustering using self-organising maps was employed in Chapter seven reliable 

change indices were calculated to examine which variables are commonly altered by 

participants when bowling slower. 
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7 How do bowlers alter their technique when bowling at submaximal 

intensities?  

 Introduction 

 There are numerous research studies that identify specific characteristics of the 

bowling technique that are presumed to be critical to performance outcome or injury risk in 

fast bowlers.  For instance, certain characteristics have been associated with bowling faster, 

such as a faster run-up velocity (Worthington et al., 2013), higher angular velocity of the 

bowling arm and vertical velocity of the non-bowling arm (Salter et al., 2007), as well as 

maximum hip-shoulder separation late in the delivery stride (Portus et al., 2004). Hip-

Shoulder separation, described as the difference between hip orientation and shoulder 

orientation about the transverse plane (Elliott et al., 1993) has also been extensively 

examined as pertaining to spinal motion and resultant injury risk (Senington et al., 

2018).  The technique characteristics may also differ with bowler type (e.g., spin vs. fast), 

gender (Felton et al., 2019) and age.  The wide array of critical factors that have been 

identified is likely indicative of the complexity of the task combined with the unique 

signature of each bowler discussed in Chapter three.  The magnitude of complexity in the task 

means that there are numerous combinations of 'technique' factors that can be used by any 

individual bowler to achieve a similar outcome (i.e., inter-individual variability).  Moreover, 

an individual bowler may use different combinations of factors in response to specific 

internal or external stimuli, such as when trying to alter the speed of the release at 

submaximal intensities, or when physiologically fatigued (i.e., intra-individual 

variability).  The volume of sources of variability makes it difficult to identify a single 

variable that will be a significant predictor of performance outcome or injury for all bowlers 



139 
 
 

in all situations.   Likewise, a method for characterising workload should be flexible to the 

unique signature of each bowler and work across various stimuli responses.   

 By utilising IMU data in combination with qualitative visualisation of the event, the 

total number of technique characteristics available for analysis is reduced, thereby providing 

a simpler model for technique characterisation. Consequently, there is less redundancy than a 

linked segment model and is likely representative of the type and range of data that might be 

available to coaches and performance analysts in the field. In this study, IMU data collected 

for Chapters five and six is examined, focusing on two specific phases of the bowling action, 

the run-up (up to back-foot contact) and the delivery as identified from back-foot contact to 

release. Due to the nature and content of the IMU data, this study will focus on the 

spatiotemporal and kinematic characteristics of the action within these two phases. The aim 

of this exploratory study was to examine how individual bowlers adapted their technique to 

respond to the change in performance criterion (i.e., submaximal bowling) and highlight 

novel methods for identifying these individual adaptations within a group setting. The 

reliable change index (RCI) and clustering using self-organising maps (SOM) are two 

methods used to view changes to bowling technique. The results of this study will have 

implications for estimating workload – as any workload estimate should be sensitive to 

technique changes in all bowlers who are working across a range of intensities. 

 The reliable change index (RCI) (Jacobson & Truax, 1991) is used, which examines 

individual differences relative to group differences. Specifically, RCI values are calculated in 

order to compare specific technique factors across intensities. The second novel method is 

clustering SOM, which allows high dimensional data to be easily visualised and interpreted 

(Hébert-Losier et al., 2020). In this study, the SOM analyses illustrate both intra- and inter-

individual variability in technique factors that is heightened at submaximal intensities. 
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  Methods 

 The dataset from Chapter six was used in this chapter. The dataset comprises of IMU 

data from an upper-back and non-bowling wrist IMU, as well as video from eight pre-elite 

and elite fast bowlers. The participant demographics are described in Chapter four, five and 

six, while the equipment and procedure are described in Chapter five and six. 

 Data analysis 

 Maximum and minimum values for certain IMU variables from each ball were 

determined in MATLAB using the ‘findpeaks’ function. The number of steps in each run-up 

was determined from the upper-back IMU by examining the number of peaks in the forward 

acceleration (AZ) between the start of the run-up and back-foot contact, also using the 

‘findpeaks’ function. These were validated using video. Run-up time was calculated as the 

time between the start of the run-up (heel strike of the first step) and back-foot contact. 

Means and standard deviations for the number of steps in the run-up and run-up time were 

calculated for each participant at each of the three intensities. 

7.2.1.1 Reliable change index 

 In order to examine individual differences between intensities, a measure similar to 

the RCI (from Jacobson & Truax, 1991) was used. Standard calculation of a RCI requires 

knowledge of the test-retest reliability, which is not applicable in this case. Instead, standard 

error of difference between means was used. The following formula was applied: 

 

RCI =
𝜇𝜇1  +  𝜇𝜇2 

� 𝜎𝜎1 
√𝑡𝑡

+ 𝜎𝜎2 
√𝑡𝑡
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Where μ1 and μ2 are the mean values for the two intensities being compared, σ1 and σ2 are the 

standard deviations for the two intensities being compared and t is the number of trials across 

the two intensities. An RCI of > 1.96 or < -1.96 indicates a reliable change, or difference, 

between two intensities. This change can be visualised on a RCI plot (Figure 7-2).  

 Self-organising maps 

 Self-organising maps are a type of artificial neural network which are useful for 

clustering high-dimensional data and visualising these clusters on a low-dimensional map 

that can be easily interpreted (Lamb & Bartlett, 2017). In order to perform SOM analyses, 18 

meaningful variables describing the fast bowling technique were selected, which included run 

up variables (e.g., run-up time, number of steps) and IMU variables (e.g., max angular 

velocity, max forward acceleration); a full list of variables can be found in Appendix 10. 

Each ball 

(n = 288) was described according to the 18 variables (m = 18), meaning that an m x n matrix 

represented all deliveries from all participants. Two versions of this matrix were developed 

and used in the SOM analyses – one with non-normalised values and one with normalised 

values, calculated relative to participant maximums. All SOM procedures were performed 

using SOM-Toolbox in MATLAB (Vesanto et al., 1999), , specifically Version 2.1 that was 

updated in 2012. 

              The SOM analyses provide maps consisting of a lattice of nodes, with similar input 

data (i.e., variables describing the bowling technique) being located in similar map 

regions (Hébert-Losier et al., 2020). The k-means clustering algorithm was run several times 

in order to partition the SOM nodes into k = 2, …, 8 clusters. An appropriate number of 

clusters minimised the Davies-Bouldin Index (Davies & Bouldin, 1979) while maintaining 

clusters that were not just specific to each individual.  
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 Results  

 Changes to run-up 

 The changes that were made to run-up parameters, or intentional technique changes, 

differed across the group. Two run-up variables, the number of steps and time, are shown in 

Table 7-1. Some participants kept the number of steps similar across all intensities (P2 and 

P7), while others tended to increase the number of steps as the intensity increased (P5). Some 

participants also maintained run-up time across all intensities (P7), while some increased run-

up time (P5 and P8) and others decreased run-up time with intensity (P1 and P2). 

 Acceleration patterns in Figure 7-1, show the variability in run-up between 

participants across intensities. No participants had acceleration patterns that were similar 

across all intensities throughout the entirety of the run-up in terms of timing and amplitude. 

Some participants had a different acceleration pattern for each of the three intensities, while 

some had patterns that were similar in two intensities (e.g., 80% and 100% for P7 and 60% 

and 80% for P8). All participants had acceleration patterns that became very similar to one 

another prior to back-foot contact, with the three traces essentially overlaying each other from 

this point until after release. Some participants had no visible difference (P6 and P7), some 

appeared to stay consistent in terms of their timing, but differed in magnitude (P1 and P3), 

while others differed slightly in both timing and magnitude (P2 and P4). Although not shown, 

comparable features are seen with the graphs of other similar variables across the same time 

period such as axial rotation (GX). 
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Table 7-1 Mean ± standard deviation (SD) for two run-up variables – the number of steps and run-
up time for all eight participants at each of the three intensities (60%, 80% and 100%) 

Par 
Number of steps - mean ± SD Run-up time (s) – mean ± SD 

60% 80% 100% 60% 80% 100% 

1 12.9 ± 0.9 13.6 ± 0.9 14.2 ± 0.7 3.63 ± 0.17 3.61 ± 0.20 3.43 ± 0.14 

2 10.8 ± 0.7 11.1 ± 0.8 11.0 ± 0.7 2.98 ± 0.11 2.85 ± 0.11 2.60 ± 0.13 

3 7.9 ± 0.7 8.9 ± 1.2 9.4 ± 0.5 2.37 ± 0.12 2.51 ± 0.18 2.51 ± 0.21 

4 8.3 ± 0.8 9.7 ± 0.9 8.9 ± 1.2 2.40 ± 0.18 2.61 ± 0.19 2.42 ± 0.25 

5 12.2 ± 1.3 13.8 ± 0.7 15.3 ± 1.2 3.30 ± 0.32 3.66 ± 0.19 3.79 ± 0.24 

6 10.4 ± 0.5 12.1 ± 1.0 12.6 ± 0.9 3.12 ± 0.15 3.43 ± 0.17 3.18 ± 0.10 

7 11.8 ± 0.9 11.8 ± 0.6 11.6 ± 0.5 3.35 ± 0.15 3.35 ± 0.07 3.31 ± 0.05 

8 13.7 ± 0.9 14.1 ± 1.2 14.4 ± 1.0 3.47 ± 0.09 3.52 ± 0.17 3.59 ± 0.23 
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Figure 7-1 Average anterior-posterior acceleration (AZ) from upper-back IMU for each of the eight 
participants between the start of the run-up and follow through at each of the three intensities – 
60% (red), 80% (blue) and 100% (green). Dashed lines represent the average timing of key events at 
each intensity – A (back-foot contact); B (front-foot contact); C (ball release) 
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 RCI for discrete IMU values 

 In order to quantify the difference between discrete values at the three intensities, 

modified-RCI values were calculated. A visualisation of this can be seen in Figure 7-2, which 

shows how the maximum and minimum values for forward acceleration differ between 

intensities and sessions. Points that are below the lower dashed line are indicative of a 

reliable change in values between intensities. For example, from the top subplots, it can be 

seen that P3 (green) has a reliable change in upper-back AZ max between the 60% and 80% 

overs and 80% and 100% overs in both sessions. Some participants have a reliable change in 

only one of the sessions (e.g., P4 (orange), P7 (pink) and P8 (grey) between the 60% and 

80% overs). Meanwhile, P5 (gold) has a reliable change in both sessions between the 60% 

and 80% overs but does not in either session between the 80% and 100% overs.  

 The RCI values can also be quantified and are presented in Table 7-2 for the non-

bowling wrist AX values. All eight participants have a reliable change in the non-bowling 

wrist AX min values between the 80% and 100% overs in sessions one, however only four of 

these participants have a reliable change in session two. Other notable results include, P2 

having a reliable change between the 60% and 80% overs and 80% and 100% overs in both 

sessions, and P8 having very large changes between the 60% overs and 80% overs in both 

sessions, but much smaller changes between the 80% and 100% overs (although the change is 

still reliable in session one). There are also some examples of participants having a reliable 

negative change, where values are higher at a lower intensity, e.g., P8 having an AX max 

value from the non-bowling wrist that is larger in the 80% overs compared to the 100% 

overs.  
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Figure 7-2 Reliable change index (RCI) graphs showing how the minimum and maximum anterior-
posterior acceleration from the upper-back (UB AZ) values differed between the three intensities for 
all participants. Units are percentage of participant maximum across all intensities. Circles 
represent session one; squares represent session two. Solid line represents no difference between 
intensities; dashed lines represent a RCI = ± 1.96 
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Table 7-2 RCI values for non-bowling wrist AX which compare between intensities in session one (S1) 
and session two (S2) 

 RCI NBW AX max  RCI NBW AX min 

 (60% - 80%) (80% - 100%) (60% - 80%)  (80% - 100%) 

 S1 S2 S1 S2 S1 S2 S1 S2 

1 4.1* 1.7 -1.5 1.1 4.7* 1.3 -2.0* 6.5* 

2 1.3 2.7* 0.9 0.7 3.4* 3.3* 3.7* 6.1* 

3 -0.2 -1.0 0.9 0.6 3.1* 0.6 2.0* 1.2 

4 0.0 -1.5 0.0 -0.7 8.7* 3.3* 6.5* 9.0* 

5 3.2* 1.6 -1.0 2.3* 0.5 4.0* 4.6* 5.5* 

6 1.1 1.8 2.2* 0.7 -0.7 5.1* 5.9* 4.0* 

7 0.3 -0.4 -1.9 4.0* 1.7 0.3 6.5* -0.8 

8 1.7 -0.2 -2.6* -2.3* 10.3* 15.9* 4.5* 1.4 
RCI = reliable change index; NBW = non-bowling wrist 

* Reliable difference between intensities (i.e., RCI > 1.96) 
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 SOM clustering to compare techniques across intensities  

 Figure 7-3 shows the four clusters apparent in the SOM nodes that model the non-

normalised data; Figure 7-4 shows where each participant fits at each of the three intensities in 

both sessions. The most apparent feature of Figure 7-4 is that there is no overlap between 

participants at any intensity – further demonstrating the amount of inter-individual variability 

among fast bowlers.  

 The clusters separated participant-specific movement patterns as only two participants 

had trials represented by more than one cluster for all intensities across both sessions - P1 

(red) and P6 (brown). P1 had some 100% deliveries in a different cluster to their 60% and 

80% overs in both sessions, while P6 had some 60% and 80% deliveries in a different cluster, 

also in both sessions. All participants also had some overlap between intensities, however, 

these intensities tended to differ between sessions. For example, P6 (brown) had overlap 

between the 60% and 80% overs in both sessions, but between the 80% and 100% overs in 

session two only. Other participants were more consistent between sessions, e.g., P2 (blue) 

had overlap between the 60% and 80% overs in both sessions, while P8 (grey) had overlap 

between the 80% and 100% overs in both sessions. Only P7 (pink) had overlap between the 

60% and 100% overs. 
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  Figure 7-3 Components from SOM analysis using non-normalised data. Explanation 
and units for variables are shown in Appendix 10 
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S1 

S2 

Figure 7-4 SOM clustering using non-normalised data, which compares between intensities and 
sessions. Top three subplots use data from session 1 (S1); bottom three subplots use data from 
session 2 (S2). Different colours represent different participants 
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 The three cluster solution minimised the Davies-Bouldin index when the normalised 

data were used, with the components shown in Figure 7-5. Figure 7-6 shows how each 

participant fits into these clusters at each intensity and demonstrates inter-individual 

variability in the amount bowlers’ techniques change across intensities. With the exception of 

P4 and P6, all participants’ 100% trials (black) are in the same cluster, with the 60% and 80% 

overs spread between all three clusters. P8 has all their overs contained in one cluster and P7 

is similar (with the exception of some 60% trials in one session), indicating that both 

participants had similar techniques (according to the selected variables) across all intensities. 

Comparatively, P2 had 100% trials that were similar across the two intensities, but that 

differed greatly from their 60% and 80% trials. Additionally, P5 has all their trials across all 

intensities contained within the same node in session one, indicating a very similar technique 

(according to the selected variables) across all three intensities. 
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Figure 7-5 Components from SOM analysis using normalised data. Units are all 
percentages relative to participants maximums 
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Figure 7-6 SOM clustering using relative data showing where each participant (P) fits in 
session one (S1) and session two (S2). Different shades of grey represent the three 
different clusters. Different colours represent each intensity (60% - red; 80% - blue; 
100% - black) 
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 Discussion 

 The aim of this study was to examine how individual bowlers adapted their technique 

to respond to the change in performance criterion (i.e., submaximal bowling). Two phases of 

the bowling action were analysed and compared between intensities - the run-up, or approach 

phase, and the delivery phase. Additionally, this study aimed to highlight novel methods for 

identifying these individual adaptations within a group setting.  

 All fast bowlers made changes to the run-up when bowling at submaximal intensities, 

compared to maximal intensity; the number of steps, run-up time and the magnitude and 

timing of anterior-posterior acceleration during the run-up differed across intensities. There 

was both inter- and intra-individual variability in run-up variables – every participant adapted 

their run-up in some way when bowling slower, but the specific way differed across the 

group. The changes to the run-up were likely intentional, as run-up length was self-selected 

by participants during their first bowling session. While run-up speed was not measured in 

this study, it is positively associated with release speed (Worthington et al., 2013), as it 

affects the amount of linear momentum that can be transferred through the kinetic chain to 

generate release speed. It is therefore likely that reducing run-up speed was one change made 

by participants in order to bowl slower. 

 The intentional changes to the run-up will unintentionally change the energy transfer 

mechanisms between segments, thus causing subtle changes to bowling technique seen 

during the delivery phase. Two variables were focused upon in the study – the pull-down of 

the non-bowling arm (AX from the non-bowling wrist IMU) and forward flexion of the trunk 

(AZ from the upper-back IMU). While these variables do not necessarily represent the 

principal changes that will be made by bowlers to the delivery phase of the bowling action, 
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the results show both inter- and intra-individual variability in how specific variables are 

scaled differently by each participant.    

 The variability in technique that occurs as bowlers work across different intensities 

has important implications for the estimations of workload in fast bowlers. While studies 

have reported reduced loading at submaximal intensities (Greig & Child, 2019), it cannot be 

said that this reduced loading is beneficial without knowing how the movement pattern and 

resultant tissue stresses have been changed. It appears an assumption that that submaximal 

intensity bowling will load the same tissues to a lesser extent, compared to maximal 

intensities. However, it is reasonable that different movement patterns are used at 

submaximal intensities, which could change the tissues that are being loaded altogether. 

Although different movement patterns could look like a reduction in loading, it may just shift 

the loading away from tissues that low intensity/high volume bowling might be ‘targeting’ 

and decrease the positive training adaptations that the training can bring about.  

 This study offers an introduction to two types of analyses that have not been used in 

the fast bowling literature. The first is the reliable change index (from Jacobson & Truax, 

1991) which has primarily been used in the field of psychology to examine clinical 

significance, as opposed to statistical significance (Zahra & Hedge, 2010). It is valuable when 

analysing fast bowlers as it allows the change in each individual to be examined relative to 

the change across a group, which is important due to magnitude of inter-individual variability 

seen within a group of fast bowlers (as described in Chapter three). Calculation of RCI values 

quantified the change in certain IMU variables across different intensities during the delivery 

phase, thus indicating ways in which technique was altered by different participants. For 

example, as shown in Figure 7-2,  P3 (green) has a reliable change in AZ max between all 
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intensities in both sessions, indicating that decreasing the amount of forward acceleration is 

one alteration used by them when adapting their technique to bowl slower.  

 The second analysis that was introduced was clustering using self-organising maps, a 

technique has been used to examine technique differences between individuals in other sports 

such as rugby (Hébert-Losier et al., 2020), but not in fast bowlers. It allows each ball to be 

defined by numerous different variables, and groups certain individuals together based on the 

similarity of those variables. SOM analyses are useful in quantifying the movements of fast 

bowling because it is such a complex movement consisting of many segments. The 

effectiveness of the clustering is likely associated with the data from which the clusters are 

generated: In this study, run-up variables and acceleration and angular velocity values from 

an upper-back and non-bowling wrist IMU were used. Although this selection of input 

variables resulted in four clusters, the participants contained within each cluster did not 

necessarily appear to have similar technique characterisations when examined qualitatively, 

i.e., the four clusters were not the four most commonly identified bowling actions types - 

front-on, side-on, semi-open and mixed (Schaefer et al., 2020). A more comprehensive data 

set would likely lead to clusters being identified that are more representative of different 

bowling technique classifications. These data might include the magnitude and timing of hip-

shoulder separation – an identifying factor for bowlers who utilise a mixed action (Portus et 

al., 2004), or shoulder counter-rotation which can provide an estimate as to the spinal motion 

of fast bowlers (Senington et al., 2018).  
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 Limitations 

 Determining the number of steps in the run-up by examining peaks in the IMU data 

can be hard to do across different bowlers who have peaks of different magnitudes and is 

likely more accurate for those bowlers who have a more consistent run-up, and so more 

consistent peaks. Another limitation is the difference individuals had in release speed 

between sessions – with a difference between means as large as 4.5 kmh-1 in the 100% overs. 

In some cases, 80% overs in one session had a similar release speed to 100% overs in the 

other session. Consequently, when the sessions are examined together, a true representation 

of how bowlers bowl at each specific intensity might be misleading. The inter-session 

difference in release speed is further examined as a limitation in the discussion – particularly 

the reasons behind why the differences in release speed might exist. 

 Potentially, the high inter-session variability may be due to the order that the different 

intensity overs were performed in, with no participants performing the intensities in the same 

order in both sessions. There is the potential for a hysteresis effect (as seen in the walk-run 

transition (Diedrich & Warren, 1995)) where bowlers are more inclined to bowl like they 

have been. However, it is also possible that the inverse could be true, where bowlers are less 

likely to bowl like they have been, as they know they are ‘required’ to bowl at a different 

intensity. If either of these situations was an issue, it is likely that some sort of wash-out 

period could neutralise any changes that might occur as a result of the order in which certain 

intensities are performed at. 
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 Conclusion  

 Bowlers altered their technique in different ways when bowling at submaximal 

intensities. Intentional changes to the run-up, such as a shorter or slower run-up, 

unintentionally affected the energy transfer between segments, thereby causing changes to 

bowlers’ movements during the propulsive phase of the bowling action.  

 

 Implications 

 There is the potential that the fast bowling-research world has skipped an important 

step when looking to estimate workload. Before it can be hoped that workload can be 

estimated accurately and reliably across a range of intensities, it should first be understood 

how each individual bowler moves at different intensities. If changes to technique are 

consistent among groups of bowlers, then maybe workload variable(s) can be developed that 

are able to quantify the load that is placed on the body during fast bowling. However, it may 

be more realistic to expect that individual-specific workload variables would be required to 

deal with the high amount of variation seen in fast bowlers’ movement patterns. 
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8  General Discussion  

 The fast bowling movement involves large external forces, high rotational speeds, and 

spinal movements that places large amounts of stress on many different parts of the body. 

The large stresses can lead to microtraumas, which in turn can lead to pain and eventual 

injury if the microtraumas are not managed effectively. Controlling the number of 

microtraumas can be thought of as workload management, which is important due to 

workload’s association with injury commonly reported in the literature (e.g., Dennis et al., 

2005; Hulin et al., 2013; Orchard et al., 2015; Warren et al., 2018).  

 This thesis has investigated the most effective way to estimate and thereby monitor 

bowling workload in fast bowlers. It is important than any workload estimate is valid among 

bowlers with distinct movement patterns across both maximal and submaximal intensities. 

The thesis comprises of one systematic review (Chapter two) and five cross-sectional studies, 

with the data collected in two phases. The first data collection phase provided the data for 

Chapter three, while the second provided the data for Chapters four, five, six and seven. Each 

chapter has presented key finding(s) which contribute to the overall understanding of how the 

estimation of workload can be improved in fast bowlers. In this chapter, the findings are 

grouped into three main topics – workload, submaximal bowling, and lower-back injury. 

 

 Workload in fast bowlers 

 Chapter two highlighted the importance of alternate workload measures/estimates that 

complement the currently accepted external measure of counting the number of deliveries 

bowled, as the load placed on the body is unique to each delivery. Two alternate methods for 

estimating workload were investigated in the subsequent chapters: The first method involves 
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quantifying internal workload by measuring an effort variable and multiplying this by 

external workload. The second method involves quantifying the external workload from each 

delivery using an intensity- sensitive measure, with the sum of all deliveries bowled 

representing the total workload for a bowling session. 

 Internal workload method 

 Using an internal workload measure to estimate workload is an attractive method, 

because it can be done relatively easily by bowlers of all skill levels. In Chapter four It was 

found that peak heart rate, average heart rate and RPE were strongly associated with release 

speed (r = 0.80, 0.68, 0.77 respectively), meaning that any of the measures could be used to 

estimate intensity, and therefore the internal workload of fast bowlers across maximal and 

submaximal intensities. 

 RPE can be measured easily, as it requires no additional equipment, simply an 

understanding of the scale that is being used. However, one of the issues with using RPE is 

when to obtain the ratings within a bowling session. Previous studies have recorded one 

rating at the end of a session (Hulin et al., 2013; Vickery et al., 2017), while others have 

obtained ratings after each delivery (Feros et al., 2017), however there are issues with both: 

Giving ratings after each delivery would likely be tedious for both the bowler and recorder, 

particularly if there are multiple bowlers participating in a given training session. The 

efficacy of giving ratings after each delivery could also be questioned in a game situation, 

where persons recording the ratings would likely be more than 60 m away from bowlers. 

Alternatively, giving ratings at the end of a bowling session, which has been the most 

common method in the literature, effectively assumes a consistent work rate across the 

session, with the potential for recency bias to affect ratings if the work rate is not consistent. 

For example, if there are spikes in workload within a bowling session, the rating given at the 
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end of the session is likely to be dependent on when the spike occurred. Resultantly, session 

RPE measures may not be a true representation of the average effort across the bowling 

session and therefore an inaccurate estimation of internal workload. Again, how best to deal 

with session ratings in a game situation should be considered. During a game, bowlers will 

commonly bowl a number of non-consecutive overs in a row, meaning they will be active 

during their non-bowling overs, with this activity still being considered part of the ‘bowling 

session’. What these activities consist of is dependent on a number of factors, such as fielding 

position and the type of match: For example, a fast bowler who is in the slip cordon during a 

multi-day match would perform much less work during their non- bowling overs than a fast 

bowler on the boundary during a twenty20 match. It is likely that these activities will affect 

how bowlers perceive their exertion across the bowling ‘session’ so activities other than 

bowling should be given consideration when using session RPE. 

 An alternative to RPE is heart rate, with peak and average values able to be 

determined using most basic heart monitors. One factor that makes heart rate appealing 

compared to RPE is the increased objectivity of recordings. Measuring heart rate would mean 

that bowlers are not guessing how hard they have been working and cannot fabricate 

measures based on how they think they should be or need to be bowling. For example, a 

bowler may over-estimate workload if they have not been working at a high enough intensity, 

or under-estimate workload if they want to bowl more overs. The main issue with heart rate is 

similar to that of RPE – how to deal with the different responses that are likely to be seen 

when comparing trainings to games. Independent of the number of bowlers bowling at a time 

in a training session (which was discussed in Chapter four), a bowler’s movements following 

ball release are likely to differ between trainings and games. What the movements are will 

influence the time it takes for a bowler to return to their run-up, which is effectively the 
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recovery time they have between deliveries. The effect of a reduced recovery time can be 

seen in Figure 8-1 which compares between P3 (who used a very short run-up) and P8 (who 

used a long run-up). Because P3’s run-up was so short, there was very little time for recovery 

in between deliveries, meaning for the most part their heart rate continued to increase across 

the over. Conversely, P8 had a much longer run-up, so a much longer recovery time in 

between deliveries. Resultantly, the local maxima stayed relatively consistent across the over. 

While inter-individual differences are not crucial as workload should be relative to each 

individual, the figure shows the effect that altered recovery time can have on the heart rate 

responses of individuals. Although peak or average heart rate may accurately estimate total 

workload across a bowling session, it will not necessarily indicate the load on the body as a 

result of bowling – which is what bowling workloads should aim to do. Alternate methods to 

analyse heart rate plots might involve examining the magnitude of the local maxima relative 

to the amount of time in-between each maximum, which would represent the amount of time 

between deliveries if run-up length remained consistent. Analysing heart rate in this way 

would allow a better comparison between trainings, warm-ups, and games, however, would 

still not account for other movements that can follow ball release in game situations. 
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Figure 8-1 Heart rate comparison in 100% overs between participant 3 (top subplot) and participant 
8 (bottom subplot) 
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 Intensity-sensitive external workload method 

 Using a quantifiable external workload measure that is sensitive to intensity is a 

workload-estimating method that is less realistic for bowlers across all skill levels, primarily 

because of the additional equipment required. However, it is likely that this estimation of 

workload is more accurate than measuring internal and external separately, as it examines 

each ball that is bowled, as opposed to an average across an over or bowling session. There 

are two main approaches that have been discussed throughout the thesis: Measuring an 

outcome variable from the movement like release speed or by quantifying a certain 

movement in the bowling action, such as PlayerLoad. 

 Release speed can be measured easily and accurately using a radar gun and provides a 

good estimate as to the intensity at which fast bowlers are working. While basic level speed 

guns are relatively affordable, they are less accurate than the more advanced models. The 

drawbacks behind using speed guns in a large group setting have also been discussed 

(McNamara et al., 2018). For example, considerable resources are required to collect release 

speed data from multiple bowlers working at any one time across various training nets, 

particularly as it is hard to automate the collection of release speed data. A new application 

from Machineroad (Machineroad, Auckland, New Zealand) allows release speed to be 

measured using only a compatible smartphone, which increases the affordability and 

practicality of using release speed as workload measure. However, the validity and reliability 

still need to be investigated. It is also unlikely that the application could be used within 

games, which would decrease the overall effectiveness.  

  What has not previously been raised regarding release speed is whether it should be 

considered the gold-standard intensity measure - can we know the workload of a fast bowler 

simply by examining release speed? This question is particularly relevant at submaximal 
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intensities, where any number of variables relating to run-up length, run-up speed, effort at 

the crease etc. could be changed to decrease release speed. The change in these variables will 

affect the relative stresses on the body and therefore the workload, which will not necessarily 

be captured by release speed itself. For example, a slower ball bowled off a full-length run-up 

could have the same release speed as a seam-up delivery bowled off a shortened run-up, even 

though the load on the body would likely differ. 

 The use of microsensors to assist in the measurement of workload has become more 

common in the literature in recent years (Greig & Child, 2019; Jowitt et al., 2020; McGrath et 

al., 2019; McNamara et al., 2015b, 2018). Like radar guns, microsensors can also be 

expensive, with the price determining the amount of data that is available to be examined. For 

example, the less advanced models often present total loads from a bowling session, while the 

more advanced models provide ball-by-ball breakdowns. As microsensors are commonly 

used by elite teams to quantify other non-bowling demands such as the distance covered and 

time spent in certain speed zones, it is practical to have a bowling workload variable 

measured concurrently. However, if bowling workload is being estimated using 

microsensors, it is important that the variable is in fact providing an estimate as to the load 

being placed on the body. As mentioned in Chapter five, accumulated PlayerLoad has 

potential because it takes into account all parts of the bowling action – something that would 

likely increase its accuracy as a workload measure at submaximal intensities. However, it is 

reliant on being able to determine an appropriate window to calculate the value over, which 

may be hard to do accurately, particularly when considering deliveries bowled at submaximal 

intensities (Chapter six). In terms of location, data from the upper-back and the non-bowling 

wrist had similar associations with release speed. There is perhaps more potential in the non-

bowling wrist location in terms of accessibility, and it would likely also help to differentiate 
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between bowling and throwing events – an important feature when accurately quantifying 

workload in situations where activities other than bowling are being performed.  

 Submaximal intensity bowling   

 Few studies have investigated fast bowling at submaximal intensities. One study that 

did (Greig & Child, 2019) did not quantify how release speed changed at submaximal 

intensities; simply stating that there was a reduction in release speed. Melugin et al. (2019) 

reported that in baseball pitchers, perceived effort (prescribed intensity) did not match 

measured effort (throwing velocity) at submaximal intensities. This relationship was 

investigated in fast bowlers in Chapter four and similar results were found. There was a 

0.29% decrease in release speed for every 1% decrease in prescribed intensity in fast bowlers, 

compared to 0.44% decrease in throwing velocity in pitchers. However, the relationship 

between perceived and measured effort assumes two things: Firstly, that the prescribed 

intensity will always equal the perceived effort; for athletes unfamiliar with working at 

submaximal intensities, this is unlikely to be the case. Secondly, that intensity or effort can 

always be measured using throwing velocity/release speed, which is not necessarily the case. 

Further complicating the relationship between perceived and measured effort is the fact that 

there are realistic minimums for all of the potential intensity/effort measures: There is a 

minimum release speed for the ball to bounce only once, resting heart rate and an RPE of 6 

equalling no exertion. As a result, although 100% intensity can be easily determined based on 

release speed, 0% intensity is harder to comprehend and therefore so are the intensities in-

between, or submaximal intensities.  

 In order for a change in release speed to occur at submaximal intensities, there must 

be some change in the producing movement, or bowling action, which can be thought of as 

coordination variability (Preatoni et al., 2013). What, when and where this variability 
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manifests itself in the movement is likely specific to each individual or, potentially, groups of 

individuals who utilise similar bowling actions. In Chapter six, it was investigated how the 

timing of key events changed at submaximal intensities – these results could infer what the 

coordination variability looks like: Generally, the time between back-foot contact and front-

foot contact was increased when bowling at slower intensities. This decreased time could 

indicate a slower run-up, which would be aligned with previous studies that have reported 

run-up speeds being the fastest in bowlers with the fastest release speeds (Duffield et al., 

2009; Salter et al., 2007; Worthington et al., 2013). However, it is still not known what affect 

this reduced run-up speed would have on the propulsive movement of the bowling action nor, 

hence, the different stress that would be placed on the body as a result, which will affect 

workload. Understanding how a certain bowler changes their technique to bowl slower would 

inform how the stresses on the body change – something that should be understood if 

workload is to be accurately estimated across different intensities. 

 Any change to the bowling action at submaximal intensities, such as changing the 

time between back-foot and front-foot contact, is likely to be an unintentional change; 

however, it is also likely the effect of intentional changes to the run-up. In Chapter seven, it 

was found the way in which individuals changed their run-up differed greatly across the 

group: Some participants kept the number of steps in their run-up constant across all 

intensities, while others decreased the number of steps at submaximal intensities. There was a 

greater amount of variability in the run-up time: At submaximal intensities some participants 

kept run-up time constant, some increased the run-up time (indicating a slower run-up) and 

some decreased run-up time (indicating a shorter run-up). If submaximal intensities are to be 

prescribed, it should be individualised and specific in terms of the instructions given. The 

prescription should also be understood, in terms of what is trying to be achieved. For 
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example, using high volume, low intensity bowling will not necessarily be effective at 

reducing the load on the body if bowlers simply shorten their run-up – they could still have 

similar amounts of lateral bending and hip-shoulder separation, meaning the stress on the 

spine could be comparable to the maximal intensities. Variables that might be used to 

prescribe submaximal intensities could include run-up length, run-up speed and effort at the 

crease. Including variables such as those mentioned in submaximal prescriptions would leave 

less to be determined by the bowler themselves and should result in a better understanding of 

the stresses experienced by the body, i.e., the workload.  

 

 Lower-back injury in fast bowlers 

 In Chapter two it was found that there was a high risk of bias and low quality of 

evidence across studies that had previously investigated the association between external 

workload and lower-back injury. Although the systematic review was the only section of the 

thesis that focused specifically on lower-back injury, further sections touched on the subject 

and injury in general, with the presented findings summarised below. 

 Specifically, Chapter two highlighted a need for more specific delineations to identify 

or define the scope of injury to the lower-back.  Previous research has identified the 

prevalence of lumbar injuries in fast bowlers to be high, findings range from 21–65% 

presenting with some amount of lumbar disc degeneration and 24–81% presenting with bony 

abnormalities such as  pars interarticularis stress lesions or spondylolisthesis (see Arora, 

Paoloni, Kandwal, & Diwan (2014) for a review). Lower-back pain, while easily self-

identified, is a very broad and imprecise injury definition based solely on the location of 

symptoms. Clinically, it may be subdivided into specific and non-specific aetiologies: Non-
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specific lower-back pain is defined as pain that cannot be attributed to any recognisable, 

known specific pathology, while specific lower-back pain has an identifiable 

pathomorphological cause.  The term injury also refers to specific tissue damage resulting 

from stresses applied to the area in question.  Thus, the term “lower-back injury” is assumed 

to refer to specific forms of lower- back pain.  At minimum, the diagnosis of specific 

pathomorphological causes for lower-back pain requires a physical evaluation by a trained 

medical professional.  The most prevalent lumbar injuries in fast bowlers are best identified 

using valid imaging techniques such as MRI, CT or single-photon emission computed 

tomography (SPECT)(Campbell, Grainger, Hide, Papastefanou, & Greenough, 2005; Ranson, 

Burnett, & Kerslake, 2010).  Many of the studies that were included in the review (Chapter 

two) utilised the Orchard injury classification system which was designed to accurately 

classify diagnoses.  Usage of the tool should be combined with physical examination by 

trained medical professionals to rule out differential diagnoses, and clinical diagnosis of 

spinal injury should be validated with appropriate imaging (Campbell et al., 2005; Ranson et 

al., 2010).  If no imaging is possible, then only “lower-back pain” should be referred to.  

 The movement variability results from Chapter three also have implications for injury 

in fast bowlers. If bowlers subconsciously changing their technique avoids overloading of the 

same tissues from repetition to repetition (Bartlett et al., 2007), this technique change could 

be a protective mechanism. However, if the ‘new’ tissues that are being loaded are not 

adequately prepared, then the added stress could be harmful. Understanding the relationship 

between fatigue and movement variability may give a better idea as to injury mechanisms – 

particularly understanding what changes happen to the movements of bowlers when they are 

fatigued. In other activities, it is suggested that the relationship between fatigue and 

movement variability is bidirectional and influenced by factors such as the level of fatigue 
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and the task being performed (Cortes et al., 2014; Gates & Dingwell, 2011). It is likely that 

the relationship between fatigue and movement variability would be specific to individuals or 

groups of bowlers with certain techniques changing in a particular way, which was broadly 

investigated in Chapter seven. In order to investigate the relationship, however, an accurate 

and quantifiable fatigue measure is necessary, and the ethics behind inducing high levels of 

fatigue should be considered too.  

 The amount of movement variability seen and its association with injury becomes 

more complex when submaximal deliveries are considered. Although the amount of 

variability was not quantified in any of the studies that examined submaximal deliveries, it is 

logical to expect that both inter- and intra-individual coordination variability would increase 

given the greater range of end-point point variability, i.e., release speed (Preatoni et al., 

2013). The amount of variability a bowler displays across a range of intensities is an 

important consideration from an injury standpoint. If bowlers have a similar technique that is 

repeatable at both maximal and submaximal intensities, it is likely that the inherent variability 

will be beneficial by allowing the applicable tissues to be stressed in different ways. 

However, if bowlers do not have a technique that is repeatable at submaximal intensities, it 

could lead to too much variability in their movements. As a result, those tissues primarily 

stressed in maximal intensity deliveries may not be sufficiently loaded during submaximal 

intensity deliveries due to a greatly altered movement pattern. 
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 General conclusion 

 This thesis has covered a range of topics relating to the estimation of workload, with 

specific conclusions presented in each chapter. The major conclusions for the thesis as a 

whole are presented as follows: 

1) External workload is an insufficient workload measure for effective workload 

monitoring. It informs about the number of repetitions of the fast bowling movement 

that have been performed, but the stresses that are experienced by structures of the 

body as a result of these repetitions can only be inferred using additional workload 

measures. Heart rate, RPE, release speed and IMU variables like PlayerLoad all have 

a substantial association with release speed, so could be used to improve the 

estimation of workload 

2) The fast bowling movement is complex and involves many parts of the body moving 

quickly through large ranges of motion. As a result, there are countless ways in which 

the action can be performed thus, there is a high amount of inter-individual variability 

in the fast bowling movement, even among high-performance athletes. It is important 

that any workload estimate is sensitive to bowlers’ distinct movement patterns. 

Additionally, the workload estimate should be effective at quantifying the load on the 

body when bowlers' techniques change due to fatigue or when they are working at 

submaximal intensities. 

3) Microsensors can be used to improve the estimation bowling workload. However, 

there is still much to learn about the best-practice methodology around IMU usage, 

such as where to place the IMU, how many IMUs to employ, which variables to 

extract, how to process the data, how to interpret the data etc. The variable that is 
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measured should effectively characterise the load on the body as a result of each 

delivery bowled and it is likely that multiple sensors would be required in order to 

gain the best understanding of these stresses. 

 

 Limitations 

 The limitations for each individual study have been discussed in the respective 

Chapters. In this section, the main limitations of this thesis as a whole are presented, which 

relate to the motivation and recruitment of participants, only examining one delivery type, 

and total bowling workload versus total workload.  

 The small number of elite and pre-elite bowlers in the Otago region meant that 

recruitment had to be very targeted - players were not exactly lining up to participate. The 

data collection for all studies was also in-season, meaning that some bowlers were hesitant to 

participate because of the additional workload, perhaps the main reason why there was a 

limited number of First-Class players that were willing to participate. It is also likely that the 

tedious procedure in the first data collection phase, which involved having to attach ~20 

motion tracking markers, influenced participants’ eagerness to volunteer for the subsequent 

studies; only one bowler participated in both phases of data collection. For the 

aforementioned reasons, sample sizes in the respective studies were small. Although the 

movement variability study (Chapter three) was sufficiently powered, the remaining studies 

were not (N = 8). However, as noted previously, the total number of deliveries bowled was 

the same as other similar studies that had examined fast bowlers (McNamara et al., 2015b, 

2018). Ideally, more participants would have participated, had the COVID-19 outbreak not 

shortened the second data collection phase, but small sample sizes are always likely to be an 
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issue when examining high-performance fast bowlers. Using repeated sessions, as performed 

in this thesis, is one way to increase the amount of collected data. However, due to the high 

inter-individual variability among fast bowlers, results obtained from one cohort of bowlers 

cannot be assumed to represent another cohort, even if they are of a similar skill level.  

 The motivation of participants was another issue encountered in this thesis – the 

limitation being that it differed across bowling sessions, which may be responsible for the 

large inter-session differences seen within studies. Purely from observations, very few 

participants appeared to bowl as fast as possible in both sessions in either data collection 

phase; some did in one session, while some did not appear to in either. While voluntarily 

bowling at a submaximal intensity is somewhat understandable in the first data collection 

phase because of the unfamiliar laboratory conditions they were bowling in, the second phase 

was performed in a cricket-specific facility that all bowlers were familiar with. It was also 

made clear to participants that accuracy was not being measured in any of the studies – 

something that might have constrained their willingness to bowl as fast as possible. 

Recording a measure such as motivation level or having a coach present at the testing 

sessions may help to alleviate and/or explain any inter-session differences in future studies. It 

could also be investigated how fast bowlers’ motivation and effort differs when bowling to a 

batsman. 

 Throughout the thesis, the only delivery that participants were instructed to bowl was 

a seam-up delivery and in the second phase of the data collection, participants were always 

aiming at the top of off stump. However, this is not representative of what happens in the 

field, so it needs to be noted as a limitation for this thesis. Typically, bowlers will aim in 

different locations and will also use a variety of delivery types, such as slower deliveries, in 

order to deceive the batters that they are bowling to. The way in which these different 
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delivery types affects workload estimates is an important consideration before implementing 

any workload variable in the field.  As mentioned by Hulin et al. (2013), bowling workloads, 

regardless of how they are measured, do not take into account other activities that place load 

on the body such as running, batting, throwing, fielding etc. These aspects of cricket are, for 

the most part, unavoidable, so should be considered if the total workload of a bowler is to be 

estimated, as should non-cricket forms of training such as activities performed in the gym. 

However, it is likely that the highest magnitude of stresses experiences by the structures of a 

fast bowler’s body come from the action of bowling, and so estimating these stresses as 

accurately as possible should be the primary focus – hence the aim of this thesis.  
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9 Practical implications and future research directions 

 Implications for estimating workload 

 Some implications for measuring workload in fast bowlers have been discussed 

already in certain chapters. This section provides a summary of these implications, which are 

applicable to players, coaches, and other practitioners alike. 

 Firstly, it is important that workload is estimated in fast bowlers due to its association 

with injury (e.g., Alway et al., 2019; Dennis et al., 2005; Hulin et al., 2013; Warren et al., 

2018). External workloads on their own are not sufficient as they do not consider the load 

that each ball will place on the body. There are two main ways in which total bowling 

workload can be estimated, both are improved if data is analysed relative to individualised 

thresholds: 

 The first is by estimating internal workload, which can be done by measuring an 

effort variable such as heart rate or RPE, and multiplying this internal workload estimate by 

an external measure like the number of deliveries bowled. Whether this can be done 

accurately and reliably by bowlers themselves remains unknown, with disagreement between 

studies (Dennis et al., 2008; Warren et al., 2018). An important implication from the results 

presented in this thesis is understanding how internal workload measures are likely to differ 

between training, games, and warm-ups – with considerations required around when to record 

RPE and heart rate if they are going to be used to estimate internal workload. It is likely that 

examining both RPE and heart rate across each over (as in Chapter four) will be the most 

effective – as it is a short enough time period to capture spikes in work rates across long 

bowling spells, but a long enough time period so that the recording is neither annoying nor 

tedious for bowlers and/or practitioners. 
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 The second method of workload estimation is measuring a quantifiable external 

workload measure that is sensitive to intensity, therefore assuming the internal workload. 

Perhaps the simplest measure is release speed, however the practicality in large-group 

bowling sessions should be recognised (McNamara et al., 2018), as should the difficulty to 

automate data collection while using speed guns. It should also be understood that a total 

knowledge of bowlers’ workloads on different areas of the body may not be possible from 

simply examining release speeds – particularly when submaximal intensities and resultant 

changes to movement patterns are considered. 

 Microsensors, particularly those that are commercially available can be expensive, but 

can provide valuable information on bowling workload, with PlayerLoad commonly used 

already. If PlayerLoad is to be determined from a singular IMU, the accumulated value 

should be calculated, but only if an appropriate time over which this value can be computed 

is able to be determined. Additionally, IMUs/microsensors do not necessarily have to be 

placed on the upper-back when estimating workload, with PlayerLoad calculated from the 

non-bowling wrist having similar associations with release speed. It is likely that collating the 

data from multiple sensors in different locations could improve the estimation of workload. 

However, when considering the use of multiple microsensors, a balance should be found 

between practicality and accuracy of workload estimation. 

 There are some further practical and logistical considerations that need to be made 

when practitioners are selecting which workload variables they are going to measure. As well 

as the cost of the equipment which has been mentioned already, the time cost associated with 

both the data collection and post-processing needs to be considered. For example, a basic-

level IMU may make data collection quick and simple, but the time necessary for post-

processing would likely be large. Alternatively, post-processing for RPE would be minimal, 
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but the number of personnel required to collect data from all individuals within a squad may 

be infeasible.   

 Implications for future fast bowling studies 

 This thesis has presented certain findings that will be of use to future studies that 

examine fast bowlers: 

1) The amount of movement variability that is likely to be seen across a group of fast 

bowlers is high – even if the group contains elite and pre-elite bowlers. The majority 

of this variability is likely to be inter-individual variability because each individual 

utilises their own movement pattern (bowling action) that is specific to them. There is 

also going to be intra-individual variability present, with some bowlers able to 

perform their movement more consistently than others. Both inter- and intra-

individual variability should be expected and considered when designing and 

analysing future studies. In terms of design, using repeated sessions is important, as it 

cannot be expected that a true representation of bowlers’ movements can be gained 

from a single session at a specific point in time. In terms of analysis in future studies, 

it is important to consider each individual within the group; where possible, individual 

analyses should be performed. The risks of group-individual generalisability (Fisher 

et al., 2018) were discussed in Chapter three and particularly apply if future studies 

have an intervention aspect to them – how the intervention affects participants cannot 

simply be determined by looking at the average result of the group.  

2) The heart rates of fast bowlers fluctuate greatly over the course of an over, with local 

peaks occurring ~3-4 seconds after ball release, followed by a recovery as bowlers 

return to the start of their run-up.  If heart rate is being tracked over a certain number 
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of deliveries, the recording should continue for more than five seconds after the final 

delivery of interest, in order to capture all peaks of interest. 

3) The acceleration and angular velocity of the bowling wrist is likely to exceed the 

limits of regular IMUs about certain axes if the limits are similar to those used in this 

thesis (tri-axial accelerometer (± 16 g), gyroscope (± 2000 °/s)). If this is the case and 

information on the bowling arm is sought after, a more proximal location such as the 

elbow should be investigated.   

4) Bowlers bowl slower at submaximal intensities, however the decrease in release speed 

does not match the decrease in prescribed intensity. Although this relationship 

between prescribed and measured intensity had previously been reported in baseball 

pitchers (Melugin et al., 2019), it had not been in fast bowlers. Future studies that 

observe bowlers across submaximal intensities should expect similar results to those 

presented in Chapter four: A 0.25% drop in release speed relative to participants’ 

maximum release speed for each 1% drop in prescribed intensity.  

5) The way in which bowlers alter their technique to bowl at submaximal intensities 

differs between individuals. If the effect of certain constraints like a reduced run-up 

length or speed is of interest, then these effects should be stipulated.   

 

 Future research directions  

 Future research should continue to investigate ways in which the estimation of 

workload in fast bowlers can be improved – particularly across submaximal intensities. A 

crucial step is gaining a better understanding of how certain bowlers change their techniques 

to bowl at these submaximal intensities. A whole-body analysis (likely using 3d motion 
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tracking) of bowlers would give information on aspects of the bowling action that are altered 

when bowling at a lower intensity. It is possible that technique changes across intensities will 

be consistent within different groups of bowlers, which could mean different workload 

variables are required for different individual or groups. 

 The location of microsensors used should also continue to be investigated in fast 

bowlers – however this should be dependent on the point mentioned in the previous 

paragraph; if the movement of certain segments remains constant across intensities, then a 

sensor placed on this segment is unlikely to be beneficial. Some considerations for potential 

sensor locations beyond just their workload estimate, are how well key events in the bowling 

action can be determined and whether that location is able to differentiate between bowling 

and throwing events.  

 The use of multiple sensors to give several workload variables could also be 

examined. For example, an upper-back sensor to inform about run-up parameters, a lower-

back sensor to inform about hip-shoulder separation and lateral bending relative to the upper-

back sensor, and a bowling arm sensor to inform about arm-speed and/or to estimate ball 

speed. However, the feasibility of using multiple microsensors should be investigated, with a 

balance found between practicality and accuracy of workload estimation. This would be 

particularly useful when prescribing submaximal intensities, as it would allow it to be seen 

whether the prescriptions had been ‘successful’ at reducing loading, as mentioned by Greig et 

al. (2019). Multiple sensors have already been used to examine loading from an injury 

perspective (Senington et al., 2020), but not from a workload estimation perspective.  

 Once workload can be accurately estimated in different individuals across maximal 

and submaximal intensities, the association between workload and injury can be investigated 
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further. In particular, variables like ACWR and ‘differential load’ (Tysoe et al., 2020) can be 

studied. These workload variables have been shown to have potential as injury predictor 

variables, despite often being calculated using only external measures. A greater 

understanding of what workloads commonly lead to injury in fast bowlers should mean that 

prescription of bowling loads can be effective – hopefully leading to a decrease in the number 

of fast bowlers that become injured.  
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Appendix 1: Demographic data and injury history 

1. Name ……………………………………………  

2. Age ………………… 

3. Ethnicity (circle)  NZ European   NZ Māori Samoan 

 Cook Island Maori 

4. Tongan  Niuean  Chinese  Indian   Other 

……………………………………… 

5. Height (cm)  …………………………………  

6. Weight (kg)  …………………… 

7. Highest level of cricket played e.g., First-class/U19 

…………………………………………………… 

8. Number of seasons at/above senior club level 

……………………………………………. 

9. Bowling style e.g., Fast/medium-fast ………………………………………… 

10. Do you have a history of lower-back stress fractures or disc herniations in the last 

12 months? 

i. Yes  No 

11. Please list any other injuries that have resulted in prolonged time out of the 

game: 

…………………….……………………………………………………………………

…………………………………………………………………………………………

………………………………. 

12. Estimated number of overs bowled per week 

………………………………………… 
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Appendix 2: Participant information sheet (Chapter three) 

 

The effect of fatigue on spine motion in cricket fast bowlers 

Introduction 

Thank you for showing an interest in this project.  Please read this information sheet carefully. Take 
time to consider and, if you wish, talk with relatives or friends, before deciding whether or not to 
participate.  

If you decide to participate we thank you.  If you decide not to take part there will be no disadvantage 
to you and we thank you for considering our request.   

What is the aim of this research project? 

The aim of this research is to determine whether there is potential for increased risk of injuries in fast 
bowlers following acute high workloads. 

This research will contribute to improving health outcomes by providing knowledge of injury risk in 
cricket bowling. 

Who is funding this project? 

This project is internally funded by the School of Physical Education, Sport and Exercise Sciences. 

Who are we seeking to participate in the project? 

Competitive level cricket fast bowlers are sought to participate in the study. Participants will be 
included only if they are apparently healthy, with no known physical disabilities that might place 
them at risk during physical exercise. A brief physical activity questionnaire should be completed in 
advance by participants. In particular, participants should not have experienced lower back stress 
fractures or disc herniation in the past 12 months.  

If you participate, what will you be asked to do? 

Should you agree to take part in this study, you will be asked to participate in two data collection 
sessions, one week apart. Each data collection session will consist of a short warm-up followed by the 
performance of bowling six overs with match-like breaks between bowls and overs. You will be asked 
to wear athletic shorts, shoes and no top and will be fitted with reflective markers on your hips, back 
and shoulders. The researcher and technical staff present will have first-aid qualifications to ensure 
your safety. Between the data collection sessions, you will be asked to maintain a “high acute 
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workload”, which is consistent with regular cricket training; on non-training days, moderate activity 
such as 30 minutes of running or swimming is suggested. 

Please be aware that you may decide not to take part in the project without any disadvantage to 
yourself of any kind. 

Is there any risk of discomfort or harm from participation? 

Participation may potentially cause physical discomfort or exhaustion as a result of bowling six overs 
with regular, match-like, breaks. As a participant, you will be free to stop or withdraw from the study 
at any time if physical discomfort or exhaustion is experienced.   

What specimens, data or information will be collected, and how will they be used?  

Reflective markers will be attached to your skin by double-sided tape. We will record the 3D 
positions of the markers for all bowls; we will also record ground reaction forces of the final step and 
high-speed video of ball release. Three-dimensional motion of the spine of each bowl will be 
examined. All raw data will be assigned to a participant ID to preserve your anonymity. Anonymous 
raw data will be securely stored in such a way that only the researchers will be able to gain access to 
it. Data obtained as a result of the research will be retained for at least 10 years in secure storage. 

What about anonymity and confidentiality? 

We will collect participant contact details that only the researchers will have access to during the 
study. After completion of the study personal information will be destroyed; no personal information 
will be published. Statistics describing gender, age and ethnicity will be reported in publications, but 
will not identify any individuals in the study. There will be no negative consequences to you should 
you decide not to supply any personal information. The results of the project may be published and 
will be available in the University of Otago Library (Dunedin, New Zealand). 

If you agree to participate, can you withdraw later? 

You may withdraw from participation in the project at any time and without any disadvantage to 
yourself of any kind. 

 

This study has been approved by the University of Otago Human Ethics Committee (Health). If you 
have any concerns about the ethical conduct of the research you may contact the Committee through 
the Human Ethics Committee Administrator (phone +64 3 479 8256 or email 
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated and you 
will be informed of the outcome. 
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Appendix 3: Participant information sheet (Chapter four, five, six and 

seven) 

 

 

Quantifying workload in fast bowlers using IMUs 

Introduction 

Thank you for showing an interest in this project.  Please read this information sheet 
carefully. Take time to consider before deciding whether or not to participate. If you decide 
to participate, we thank you.  If you decide not to take part, there will be no disadvantage to 
you, and we thank you for considering our request.   

What is the aim of this research project? 

The aim of this research is to develop a reliable method for measuring fast bowlers’ workload 
that is sensitive to intensity. Being able to accurately quantify bowling workload will 
contribute to improving health outcomes by providing knowledge of the workloads that 
typically cause injury among fast bowlers. 

Who is funding this project? 

This project is internally funded by the School of Physical Education, Sport and Exercise 
Sciences. The student investigator is supported by the University of Otago through a doctoral 
scholarship.  

Who are we seeking to participate in the project? 

Competitive level cricket fast bowlers are sought to participate in the study. Participants will 
be included only if they are apparently healthy, with no known physical disabilities that 
might place them at risk during physical exercise. A brief physical activity questionnaire 
should be completed in advance by participants. In particular, participants should not have 
experienced lower-back stress fractures or disc herniation in the past 12 months.  

If you participate, what will you be asked to do? 
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Should you agree to take part in this study, you will be asked to participate in two data 
collection sessions. Each data collection session will consist of a short warm-up followed by 
the performance of bowling three overs. You will be asked to wear appropriate clothing to 
bowl in and will have a HR monitor placed around your chest, as well as an IMU placed on 
each of your left and right wrists and on your upper-back. The researcher will have first-aid 
qualifications to ensure your safety.  

Please be aware that you may decide not to take part in the project without any disadvantage 
to yourself of any kind. 

Is there any risk of discomfort or harm from participation? 

Participation may potentially cause physical discomfort or exhaustion as a result of bowling 
three overs. As a participant, you will be free to stop or withdraw from the study at any time 
if physical discomfort or exhaustion is experienced.   

What specimens, data or information will be collected, and how will they be used?  

The speed of ball release will be measured using a radar gun and heart rate will be measured 
across each over. IMUs will be attached using double sided tape to the left and right wrists 
and placed in a GPS unit harness on the upper-back, with accelerometer and gyroscope data 
collected. All raw data will be assigned to a participant ID to preserve your anonymity. 
Anonymous raw data will be securely stored in such a way that only the researchers will be 
able to gain access to it. Data obtained as a result of the research will be retained for at least 
10 years in secure storage. 

What about anonymity and confidentiality? 

We will collect participant contact details that only the researchers will have access to during 
the study. After completion of the study personal information will be destroyed; no personal 
information will be published. Statistics describing gender, age and ethnicity will be reported 
in publications, but will not identify any individuals in the study. There will be no negative 
consequences to you should you decide not to supply any personal information. The results of 
the project may be published and will be available in the University of Otago Library 
(Dunedin, New Zealand). 

If you agree to participate, can you withdraw later? 

You may withdraw from participation in the project at any time and without any disadvantage 
to yourself of any kind. 

This study has been approved by the University of Otago Human Ethics Committee (Health). 
If you have any concerns about the ethical conduct of the research you may contact the 
Committee through the Human Ethics Committee Administrator (phone +64 3 479 8256 or 
email gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and 
investigated and you will be informed of the outcome.  
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Appendix 4: Physical activity readiness questionnaire 

You are asked to perform an activity that may require you to reach close to maximum effort. The 
details of procedures are outlined in the Information Sheet for Participants. Please familiarise yourself 
with the protocol and feel free to discuss it with the researcher or research assistant before you 
complete this form. Exercise to near maximum effort can be dangerous for some people. Therefore, 
please read and answer the following questions: 

 

Has a doctor ever advised you to avoid hard exercise?     yes  no 

Has a doctor ever said you have high blood pressure?     yes  no 

Do you suffer from heart disease, diabetes or asthma?     yes  no 

Do you have a health problem that exercise makes worse?    yes  no 

Do you feel particularly anxious or nervous about doing these tests?   yes  no 

When you exercise… 

…Do you have pain in your heart, chest, neck or arms?     yes  no 

…Do you have severe pain in the legs?       yes  no 

…Do you feel unusually faint, dizzy or breathless?     yes  no 

 

If you answered "no" to all the above questions you may participate in this study. 

 

Participant's declaration 

• I have read the Information Sheet for Participants. 

• I have answered "no" to all the above questions about exercise. 

• I have no other existing medical conditions, particularly any that could possibly prevent me, or be 
made worse by, participating in this study (if in any doubt, discuss this with the researcher or research 
assistant). 

• I hereby give my consent to be a participant in this study. 

• I understand that I can withdraw my consent and stop participation at any time. 

 

PARTICIPANT 

Name ………………………………… Signature ………………………………          Date 
……………………… 

WITNESS 

Name ………………………………….  Signature ………………………………          Date 
………………………  
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Appendix 5: Consent form  

Quantifying workload in fast bowlers using IMUs 

Principal Investigator: Dr Peter Lamb (peter.lamb@otago.ac.nz);  

Student investigator: Corey Perrett (corey.perrett@otago.ac.nz)  

Following signature and return to the research team this form will be stored in a secure place for ten 

years. 

Name of participant: ………………………………………….. 

1. I have read the Information Sheet concerning this study and understand the aims of this 
research project. 

2. I have had sufficient time to talk with other people of my choice about participating in the 
study.   

3. I confirm that I meet the criteria for participation which are explained in the Information 
Sheet. 

4. All my questions about the project have been answered to my satisfaction, and I understand 
that I am free to request further information at any stage.  

5. I know that my participation in the project is entirely voluntary, and that I am free to 
withdraw from the project before its completion. 

6. I know that as a participant I will be required to bowl three overs at each of the two data 
sessions and that ball velocity, IMU outputs and heart rate data will be collected. 

7. I understand the nature and size of the risks of discomfort or harm which are explained in 
the Information Sheet. 

8. I know that when the project is completed all personal identifying information will be 
removed from the paper records and electronic files which represent the data from the 
project, and that these will be placed in secure storage and kept for at least ten years.  

9. I understand that the results of the project may be published and be available in the 
University of Otago Library, but I agree that any personal identifying information will 
remain confidential between myself and the researchers during the study, and will not 
appear in any spoken or written report of the study. 

10. I know that there is no remuneration offered for this study, and that no commercial use will 
be made of the data.  

Signature of Participant: ……………………………………… Date: …………………… 

Name of person taking consent: ……………………………………… Date: …………….  

mailto:peter.lamb@otago.ac.nz
mailto:corey.perrett@otago.ac.nz
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Appendix 6: RPE Scale 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RATING PERCEIVED EXERTION 

6 No exertion 

7 Extremely light 

8  

9 Very light 

10  

11 Light 

12  

13 Somewhat hard 

14  

15 Hard 

16  

17 Very hard 

18  

19 Extremely hard 

20 Maximal exertion 
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Appendix 7: Experimental recording sheet 

 

Name  …………………………………………… 

 Date……………………………… 

 

 Session: 1st     / 2nd   HR before 1st over (bpm) ……………………… 

 

         

 

 

       Comments: 

………………………………………………………… 

………………………………………………………… 

…………………………………………………………       

 

      

 

     

  

Over Ball 
Speed 

(km/h) 

1 1  

 2  

 3  

 4  

 5  

 6  

2 1  

 2  

 3  

 4  

 5  

 6  

3 1  

 2  

 3  

 4  

 5  

 6  

Over Intensity RPE 

1   

2   

3   
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Appendix 8: Ethical approval for Chapter three 
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Appendix 9: Ethical approval for Chapters four, five, six and seven 
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Appendix 10: Maori consultation 
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Appendix 11: Variables for SOM cluster analyses 

 

BFC = back-foot contact; FFC = front-foot contact; UB = upper-back; PL = PlayerLoad; NBW = 
non-bowling wrist 

Variable type Figure label Variable Units 

Run-up 

Number of steps Number of steps between start 
of run-up and back-foot contact 

NA 

Step time Average step time s 

Step time (var) Variability (SD) of step time s 

Run-up time Run-up time s 

BFC-FFC time Time between back-foot contact 
and front-foot contact 

s 

FFC-release time Time between front-foot contact 
and ball release s 

Upper-back IMU 

Step magnitude (var) Variability in forward 
acceleration peak magnitude 

(AZ) during run-up 

milli-
g 

UB PL run-up Accumulated PlayerLoad during 
run-up 

AU 

UB A_Z min Max forward deceleration (-AZ) milli-
g 

UB A_Z max Max forward acceleration (+AZ) milli-
g 

UB G_X max Max angular velocity (+GX) ˚ s-1 

UB G_X min Max negative angular velocity (-
GX) ˚ s-1 

Max lateral rotation Max lateral rotation (+GZ) ˚ s-1 
UB A_R (release) Resultant acceleration at release 

(AR) 
milli-

g 
UB G_R (release) Resultant angular velocity at 

release (GR) ˚ s-1 

Non-bowling wrist 
IMU 

NBW A_R Max resultant acceleration (AR) 
in delivery stride (between back-

foot contact and ball release 

milli-
g 

NBW pronation Max left wrist pronation (GX) in 
delivery stride ˚ s-1 

Release speed Release speed Ball release speed Kmh-1 
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