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Abstract 

Fast bowlers have consistently been reported to suffer with the greatest frequency of injury, 
with the lower back being the most common site. The biomechanics of technique, 
musculoskeletal fitness and workload parameters have all been implicated in the risk of 
injury.  Conversely, aspects of spinal morphology (spinal shrinkage and lumbar curvature) 
have received little attention, and thus this thesis aimed to investigate whether these 
should be considered as part of the multifactorial risk of injury to elite fast bowlers. 

The Spinal Mouse demonstrated good to high within and between day inter- and intra-rater 
reliability for measuring sagittal lumbar lordosis, although no acute changes were found 
after bowling in club standard fast bowlers.  Stature measured before, during and after 
bowling, using a custom-built laboratory stadiometer, resulted in 5-6 mm of spinal shrinkage 
in club standard fast bowlers. However, this stadiometer did not provide adequate reliability 
for between-day intra-rater measurements and an alternative device for measuring stature 
changes in the field was required. The Seca 287 ultrasound stadiometer demonstrated 
excellent within- and between-day reliability alongside excellent concurrent validity for 
measuring large stature changes associated with exercise such as fast bowling.  

Using the Seca 287 and Spinal Mouse, spinal morphology measurements before and after 
bowling, were included as injury risk factors alongside three-dimensional kinematics of the 
bowling action, fitness measures and musculoskeletal function of 14 First-Class county 
cricket elite fast bowlers. A retrospective analysis of injuries over the 2019 season 
supported previous research demonstrating that elite fast bowlers experienced a high injury 
incidence.  Bowlers who suffered lower back injuries experienced significantly more spinal 
shrinkage after five overs of bowling than those who remained injury free (8 ± 1 mm vs 4 ± 3 
mm), indicating that this may be of clinical significance. Lumbar lordosis of the injured 
bowlers (31 ± 2°) was not significantly greater than the non-injured bowlers (25 ± 6°), 
although the effect size was large (r = 0.5), indicating its potential importance as an injury 
risk factor. Biomechanical parameters of the action, fitness measures and musculoskeletal 
function were not found to be related to lower back injury. 

Bowling and physical workload were measured across 4-day, 50 over and T20 cricket 
formats during the 2019 season in 10 elite bowlers, using GPS units, as additional risk 
factors. More deliveries were bowled in 4-day and 50 over matches when compared to T20, 
although adjusting for deliveries per hour resulted in no difference between formats. 
Intensity of bowling in T20 cricket was perceived to be lower than other game formats, 
although GPS metrics that calculated changes in acceleration indicated that the T20 format 
placed an increased intensity on the body when bowling. A lack of high intensity running 
and sprinting during bowling training sessions was associated with a high injury rate, 
although bowling workload was not associated with injury to fast bowlers.   

This thesis has shown that measures of spinal shrinkage and lumbar lordosis should be 

added to other injury risk factors measured during pre-season screening. These new risk 

factors should not be viewed in isolation, but as part of an approach that examines the 

interrelationships between the factors that could potentially lead to injury. Utilizing big 

data, machine learning, and a new injury model for fast bowlers may aid future research. 
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Introduction 

Cricket is a popular team sport played in over one hundred countries with the professional 

game mainly found in those linked to the Commonwealth (Johnstone et al., 2014, 

McNamara et al., 2015). The game comprises of two teams of eleven players each with a 

specific role, including fast-bowlers, batsmen, spin bowlers and wicket keepers, with all 

players also required to undertake fielding activities (McNamara et al. 2015). Cricket is 

played over three formats (multi-day, one-day and twenty-over), with each taking a 

different amount of time to complete. Multi-day games include five-day Test matches 

played at an international level and four-day professional matches (referred to as ‘First-class 

cricket’). These games usually consist of both teams batting twice, with the duration of 

batting designated as an innings. In each format the bowler will deliver six balls (also 

referred to as ‘deliveries’) to a batsman and this is called an ‘over’ and is the unit by which 

shorter formats of the game are measured. One-day matches last 50 overs, and the shortest 

form of cricket involves 20 overs (T20) with both formats consisting of a single innings per 

team. 

Among different playing positions fast bowlers have consistently been reported to have the 

greatest frequency of injury, with the lower back being the most common site (Langley et 

al., 2015; Orchard et al., 2015; Alway et al., 2019; Goggins et al., 2020). Research into injury 

and sport has been influenced by the development of models to aid investigation into the 

complexity and interaction of associated factors (Bittencourt et al., 2016). These factors 

have been classified as intrinsic (person related) and extrinsic (environment related) (Olivier 

et al., 2015). Injury occurs when an internal structure (bone, tendon, ligament, or muscle 

etc.) fails to cope with the external load applied. Fast bowling applies high loads to bowlers 

(McNamara et al., 2017), and thus the volume and intensity of bowling (workload) is the 

major external risk factor. The capacity of a bowler’s internal structures to withstand the 

bowling workload is a key internal factor influencing injury risk. Measurement of the 

biomechanics of bowling technique, as well as fitness and musculoskeletal parameters have 

been used to investigate internal risk factors for fast bowlers, alongside workload in 

different game formats as key external factors (Olivier et al., 2016). Several musculoskeletal 

screening and fitness tests have been employed to investigate risk of injury to fast bowlers 
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(Bayne et al., 2015) but measures of shrinkage and curvature of the spine have not been 

included. 

Since the early 1980’s, reduction in stature has been used as an index of spinal loading 

reflecting the creep behaviour of intervertebral discs (IVD), referred to as spinal shrinkage 

(Dowzer et al.,1998). Moreover, unloading of the spine has shown that a growth in stature 

may be used as an indirect measure of recovery of IVD height (Healey et al., 2005). Spinal 

shrinkage research in cricket has been limited to injury-free amateur fast bowlers being 

investigated (Reilly & Chana 1994; Barry 2007). Other research into spinal morphology has 

revealed an association between increased lordosis of the lumbar spine and risk of 

developing lower back injuries in the general population (Been et al., 2009; Kalichmann et 

al., 2011). However, again, only limited research has been conducted on adolescent 

amateur cricket bowlers in relation to injury (Hecimovich & Stomski 2016).  Despite the 

early work of Dunlop et al. (1984), who reported that increased lumbar lordosis in 

combination with loss of IVD height, significantly increased forces that could contribute to 

lower back injury, no detailed analysis of spinal curvature or shrinkage has ever been 

included in the analysis of intrinsic injury risk factors for fast bowlers.  

 

This thesis aims to investigate whether spinal shrinkage and lumbar curvature should be 

considered as internal risk factors for injury to elite fast bowlers. The first chapter reviews 

the literature on internal and external risk factors associated with injury to fast bowlers, 

models used to understand the aetiology of injury, as well as spinal morphology. The second 

chapter examines the effect fast bowling has on spinal shrinkage and curvature, in 

conjunction with investigations into the reliability of devices used to measure these 

variables. Further analysis on the reliability and validity of a novel device for more practically 

measuring spinal shrinkage is presented in the third chapter. Working with elite fast 

bowlers, Chapter 4 investigates the relationship between spinal shrinkage, lumbar curvature 

and injury, whilst also exploring associations with other internal risk factors. Chapter 5 

analyses bowling workload as the key external risk factor associated with injury over a full 

First-class season. Chapters two to five are experimental in nature, each structured to 

include an introduction, methods, results, discussion, and conclusion. The final chapter will 

review the major findings and provide recommendations for future research.  
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Overall aim of thesis 

 

To investigate the role of spinal shrinkage and lumbar curvature as part of a multifactorial 

analysis of injury to elite fast bowlers. 

 

Chapter Aims 

Chapter one  

To review the literature on injury to fast bowlers in cricket, injury modelling, curvature of 

the vertebral column and spinal shrinkage. 

 Chapter two 

To investigate the acute effect of fast bowling on spinal shrinkage and curvature of the 

spine, including an examination of the reliability of current measurement devices. 

 Chapter three 

To investigate the reliability and validity of an ultrasound Stadiometer for measuring stature 

and spinal shrinkage. 

 Chapter four 

To assess the association between internal risk factors and lumbar injury in a group of elite 

fast bowlers.  

 Chapter five 

To examine the relationship between injury and workload during a first-class cricket season. 

 Chapter six 

To review the major findings of the thesis and offer recommendations for future research, 

including the development of a fast-bowling injury aetiology model for cricket. 
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Chapter 1 - Literature review 

This chapter provides a narrative review of injury to fast bowlers in cricket and injury 

modelling. It focuses on the underpinning mechanisms of injury including biomechanics of 

the action, workload, and musculoskeletal parameters. The review further explores the 

literature on the morphology of the spine, specifically on curvature and spinal shrinkage. 

Since the topic is complex in nature, draws on a number of academic disciplines (exercise 

physiology, biomechanics, sports medicine) and requires a correspondingly diverse source 

of literature, a narrative approach has been adopted to allow wider understanding 

(Greenhalgh et al. 2018).  

 

1.1 Incidence and prevalence of spinal injury in fast bowling 

The first reported research into the analysis of fast bowlers was presented by Davis & 

Blanksby (1976). Interest stemmed from the incidence of multiple lumbar fractures to the 

great Australian fast bowler Dennis Lillee in the 1970’s and the task of rehabilitating him 

(Pyke et al., 1975).  Early research into spine injuries in fast bowlers in cricket was 

undertaken by Professor Bruce Elliott and his team at the University of Western Australia 

(Elliott & Foster, 1984). This group published a seminal prospective study of 82 high-

performance adolescent fast bowlers and found that 38% of them sustained a lumbar injury 

during the season, while 11% were diagnosed with a stress fracture of the spine (Foster et 

al., 1989).  

Studies published since the early 1990s continued to demonstrate the high incidence of 

spinal injuries in senior (Olivier et al., 2013), adolescent (Hardcastle et al., 1992; Burnett et 

al., 1996; Elliott & Khangure, 2002), elite (Leary & White, 2000; Orchard et al., 2002; Portus 

et al., 2004; Ranson et al., 2005; Frost & Chalmers, 2014; Alway et al., 2019; Goggins et al., 

2020) and club standard fast bowlers (Payne et al., 1987; Ferdinands et al., 2009; Soomro et 

al., 2018). The epidemiological work of Stretch (2001) in South Africa found that between 

38% and 47.4% non-elite young bowlers sustained back injuries, compared with 33.0% to 

65.7% in the case of elite bowlers.  Further work by the same author followed 436 elite 

cricketers from all playing positions over three seasons and reported 33.2% of the injuries to 
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fast bowlers, with 47.6% of these injuries in the lumbar region (Stretch 2003). Injuries in the 

lumbar spine were noted exclusively for bowlers and were not seen in batsmen, fielders and 

wicket-keepers (Stretch 2003). 

 

In 2005 cricket became the first sport to publish an international consensus statement 

outlining the methods for injury surveillance among its players (Orchard et al., 2005). This 

was updated in 2016 and defined injury incidence as the number of new (or new plus 

recurrent) injuries occurring during matches, training, and the calendar year (Orchard et al., 

2016). Recommendations included reporting the incidence of bowling injuries in matches or 

training per 10 000 deliveries, as well as annual injuries per 100 players per year. Injury 

prevalence measures were defined as the average number of squad players not available for 

selection during matches due to injury, or over a 365-day period, presented as a percentage 

(Orchard et al., 2016). 

 

Using these consensus guidelines in a prospective injury surveillance study conducted over 

five years including all 18 first class English counties, Langley et al. (2015) found that when 

comparing the occurrence of different types of injury, bowling injuries had the highest 

incidence (5 per team per 100 days), with prevalence at 8% and a mean of 37 days lost to 

injury.  Further epidemiological injury analysis of 507 elite cricketers in England between 

2010 and 2018 confirmed that bowling related lumbar injuries had the highest prevalence of 

all recorded injury types with an average of 1.3% of players unavailable for this reason on 

any given day during the season (Goggins et al., 2020). These findings supported those of 

Orchard et al. (2016), who had reported a 1.9% injury prevalence for lumbar stress fracture 

accounting for 15% of all missed playing time across ten seasons of elite cricket in Australia. 

 

Further exploration of the nature and location of injuries to the spine has highlighted the 

severity of bone and disc injury to the lumbar area. A number of studies reported 24-54% of 

younger bowlers (ages 13-18) with pars interarticularis defects (Hardcastle et al., 1992; 

Engstrom & Walker, 2007; Bayne et al., 2015), a far higher incidence than among the 

general Caucasian population (5-7%) (Fredrickson et al., 1984). The increased risk of lumbar 

stress fracture at a younger age has been supported by the longitudinal work of Alway et al. 

(2019) who followed 368 professional English fast bowlers between 2010-2016. An annual 
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incidence of lumbar stress fracture of 4.9 per 100 fast bowlers was found in the 18-22 years 

age group compared to 2.46 for all bowlers, and the match incidence was 0.13 per 10 000 

deliveries with a prevalence of 1.67% of squad days being missed. 

 

Elliott and his team demonstrated that young bowlers with a mean age of 13.7 years had a 

21% incidence of lumbar disc degeneration or herniation, which increased to 65% for a 

group of 18-year-old bowlers (Elliott et al., 1992; Elliott et al., 1993; Elliott & Khangure, 

2002). Similarly, Crewe et al. (2012) found that bowlers under 15 years had a prevalence of 

21-35% that increased to 43-58% for those over 15. These results suggest that the increase 

in the incidence of lumbar injury is non-linear with increasing age through the adolescent 

years. This could be linked to changes in the biomechanics of the action, workload increases, 

increased force absorption, bone mineral changes and morphology development but no 

research has confirmed the exact mechanism (Elliott et al., 1992; Elliott et al., 1993; Elliott & 

Khangure, 2002; Crewe et al., 2012). 

 

Research using MRI to investigate the location and severity of disc degeneration has 

demonstrated that the lowest two lumber discs were the most common sites of 

degeneration (Ranson et al., 2005; Crewe et al., 2012; Alway et al., 2019). Ranson et al 

(2005) showed severe disc degeneration in 12 of the 36 fast bowlers studied with 17% 

occurring in more than one disc, whilst Crewe et al. (2012) found that only one (4%) of the 

bowlers had severe degeneration and 52% had moderate severity. Although both studies 

used the same radiological guidelines and independent radiologists to examine the scans, 

the difference may be explained by the younger mean age of bowlers (16.1 years) tested by 

Crewe et al. (2012) compared to Ranson et al ’s (2005) bowlers (mean of 26 years).  The 

cumulative spinal loading and workload of older bowlers could be associated with higher 

prevalence of bone and disc abnormalities. 

 

Ranson et al. (2005) further noted that a loss of disc height associated with degeneration 

could lead to increased stress being placed on the posterior bony elements of the lumbar 

spine. However, further work reported that the discs of 42.9% of fast bowlers who had a 

chronic stress reaction and lumbar stress fracture were of normal height and appearance 
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(Ranson et al., 2010). Interestingly among bowlers, disc degeneration did not correlate well 

with low back pain, but those with chronic bilateral stress fractures (spondolylolithesis) 

displayed severe disc degeneration at the corresponding spinal level. Whether the stress 

fracture led to disc degeneration or vice versa was not possible to ascertain (Ranson et al., 

2010).  

Other research by Ranson et al. (2007) highlighted that junior fast bowlers appeared to 

develop bone problems before disc degeneration and emphasised the need to use imaging 

modalities to establish the relationship between acute changes in healthy intervertebral 

discs and lumbar stress injury.  Due to the logistical and financial viability of regular 

screening, MRI has not been used in cricket to measure acute disc height changes (Ranson 

et al., 2010).  Acute changes in disc height (spinal shrinkage) can be measured indirectly 

through the use of stadiometry to determine stature loss (Reilly et al., 1988). However, no 

previous research has investigated shrinkage of healthy discs as a potential mechanism for 

injury, and no literature currently exists on shrinkage among fast bowlers in relation to 

injury, thus providing a clear rationale for the studies in this thesis.  

As noted above, cricket has led the way in world sport in developing a framework for injury 

surveillance to aid the reporting of injury incidence and prevalence (Orchard et al., 2005; 

Orchard et al., 2016). The extent of the lumbar injury problem among fast bowlers is clear 

but to help explore the cause of these injuries and to be able to predict them, the utilisation 

of injury aetiology models may be useful (Meeuwisse, 1994). Only one study in cricket has 

explicitly highlighted the use of such a model (Bayne et al., 2015), thus further exploration is 

warranted. 

 

1.2 Injury modelling 

Researchers have argued that the nature of sports injury is complex and multifactorial, 

caused by the interaction of many risk factors (Meeuwisse, 1994; Bahr & Krosshaug, 2005; 

Bittencourt et al., 2016). Early injury research proposed the stress-strain-capacity model, 

where stress is influenced by external factors while the capacity of bodily tissues to cope 

with load is subject to internal factors (Meeuwisse, 1994). Van Mechelen et al. (1992) 

recommended a four-step sequence model for sports injury prevention forming a 
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foundation for future models (Finch, 2006; Bolling et al., 2018). The four steps involved 

measuring the extent of the injury problem, investigating the mechanism of injury, 

introducing preventative measures, and finally reflecting on the success of the prevention 

by measuring injury incidence again (see Figure 1.1). 

 

 

Figure 1.1 - Injury prevention model (Van Mechelen et al., 1992)  

 

More comprehensive frameworks have since been developed to explore the steps in greater 

detail including the multifactorial aetiology of sports injury model by Meeuwisse (1994) (see 

Figure 1.2). This model emphasised how multiple factors interact to examine causation in 

athletic injury. It highlights how intrinsic factors may determine the level of risk to the 

athlete, but exposure to extrinsic factors will make the athlete more susceptible to an event 

that might cause an injury. 

 

Figure 1.2 - A new multifactorial model of athletic injury aetiology (Meuwisse, 1994) 

 

Further improvements of the multifactorial model included a focus on biomechanics 
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(McIntosh, 2005; Hewett and Bates, 2017) (see Figure 1.3). Bahr and Krosshaug (2005) 

combined aspects of Meeuwisse’s and McIntosh’s models emphasising that internal and 

external risk factors needed to be considered together at the time of injury. The authors 

suggested that the biomechanical properties of the inciting event should be thoroughly 

analysed to augment injury prevention research (see Figure 1.4). Further additions to injury 

modelling included the recurrence of injury and an emphasis on injury risk as dynamic, 

rather than linear in nature (Meeuwisse et al., 2007) (see Figure 1.5).  

 

Wind & Gabbett (2017) further developed Meeuwisse et al’s (2007) recursive model to 

emphasise workload (see Figure 1.6), characterising this as the vehicle by which athletes 

were exposed to external risk factors and potential inciting events. As well as exposure to 

external factors, workload influenced subsequent risk via modifiable internal risk factors 

such as fatigue and fitness. 

 

 

Figure 1.3 - Sport injury model – biomechanical focus (McIntosh, 2005) 
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Figure 1.4 – Comprehensive model for injury causation (Bahr & Krosshaug 2005) 

 

 

Figure 1.5 - A dynamic, recursive model of aetiology in sport injury (Meeuwisse et al., 2007) 
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Figure 1.6 - Workload – Injury aetiology model (Windt & Gabbett 2017) 

 

 More recently a simplified model of load tolerance and load application was developed by 

Kalkhoven et al. (2020). The six-layer model (see Figure 1.7) considers how bodily tissues 

cope with stress, defined as ‘internal forces experienced by a structure’ and strain defined 

as ‘the amount of deformation or length change in the direction of an applied force.’ This 

simplified model sought to provide a pathway for causation of injury integrating 

physiological and mechanical characteristics of the human body whilst also incorporating 

the external forces applied that when excessive, may result in injury (Kalkhoven et al., 

2020). 

 

Complexity and dynamism have been highlighted as integral components of sport injury 

research (Bittencourt et al., 2016; Pol et al., 2019). The move towards a complex systems 

approach arose from the assertion that the aetiology of injuries arises from the interactions 

between the risk factors rather than from any one risk factor in isolation. Bittencourt et al. 

(2016) developed a model to highlight these interrelationships in a non-linear fashion (see 

Figure 1.8). The non-linear interaction implies that conventional univariate and multivariate 

regression analysis may not capture the dynamic and complex interplay of risk factors 

(Ruddy et al., 2019). This is not to say that the reductionist approach is not crucial in 
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establishing individual associations between risk factors and injury, but that it should be 

used as part of a complex systems approach for further research (Ruddy et al., 2019).  The 

shifting paradigm towards complexity and growth of data linked to injury will necessitate 

that researchers review methodologies and the formulation of research questions (Nielson 

et al., 2020).  

 

 

 

 

 

 

 

Figure 1.7 - A conceptual model for athlete injury (Kalkhoven et al., 2020) 
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Figure 1.8 - Complex model of sports injury (Bittencourt et al., 2016) 

 

 

Research into fast bowling injury in cricket has tended to isolate risk factors in the 

identification process (Bayne et al., 2015; Morton et al., 2013; Olivier et al., 2016). Edouard 

& Ford (2020) emphasised that understanding the causation of sporting injuries can be 

aided by the use of injury aetiology models, but only one study in cricket has explicitly 

highlighted the use of such a model (Bayne et al., 2015). The application of a complex 

system analysis to cricket may reveal, for example, that two players respond differently to 

the same set of risk factors, with the result that the researcher may want to find out ‘How 

much bowling is too much or too little before fast bowlers with different characteristics 

sustain an injury?  These characteristics can be biomechanical, psychological, physiological, 

and environmental; they will require the researcher to be selective about the use of injury 

risk variables (Bittencourt et al., 2016; Nielsen et al., 2019).  The aim for cricket research 

should be to develop risk profiles and provide a personalised injury prevention programme, 

giving bowlers with specific characteristics different training advice. Bertelsen et al. (2017) 

have suggested that there is a growing need for individual sports to develop their own injury 

models, and cricket may benefit from such a recommendation. It may be pertinent to go 

one or two steps further and to try and identify injury models for different playing positions 

within cricket, moving even further towards a more personalised approach to injury 

prevention. 
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1.3 Mechanisms associated with spinal injury in fast bowlers.  

Olivier et al. (2016) adopted an internal/external binary classification of injury risk factors 

with reference to fast bowlers. Intrinsic factors included the biomechanics of technique 

used during bowling and musculoskeletal measures such as muscle strength, flexibility, back 

muscle asymmetry, foot arch height and hip range of motion. Extrinsic factors were 

environment related such as bowling workload (number of deliveries bowled), game type 

and length (from five-day tests to 20 over format) and context of the game (bowling in first 

or second innings).  The binary approach has included the major risk factors shown to be 

associated with injury to fast bowlers, in the published literature from over thirty years 

(Olivier et al., 2016). However, the classification did not include developmental issues such 

as differences in bone mineral density (BMD) in areas of the spine and growth spurts during 

puberty that have recently been implicated in the aetiology of fast bowler spinal injuries 

(Micklesfield et al., 2012; Lees et al., 2016; Alway et al., 2019). Spinal morphology has also 

been absent from the research on fast bowling injury risk factors. Given the complex 

interrelationship of all these factors future models of injury risk need to be developed to 

allow a more nuanced analysis of fast bowling injury. 

1.3.1 The biomechanics of technique 

Early research used kinematic analysis to classify the fast bowler’s action into front-on and 

side-on (Elliott & Foster 1984; Elliott et al., 1986; Elliott et al., 1990). Both actions were 

characterised by the hips and shoulders being in alignment at back foot impact with no 

major deviation from this until ball release.  Elliott et al. (1992) later focussed classification 

on the counter-rotation of the shoulders during the delivery stride, which they thought 

occurred in an endeavour to improve the side-on position of the shoulder alignment 

between back foot and front foot impact.  The same authors proposed that counter rotation 

placed stress on the lower lumbar vertebrae (Elliott et al., 1992).  Foster et al’s (1989) 

prospective study found that bowlers who counter rotated their shoulders more than 40 

degrees from the shoulder alignment at back foot impact (BFI) to a more side-on position 

were more likely to sustain back injuries, with 11% recording a lumbar stress fracture and 

21% a muscle strain to the back.  The authors were not able to state whether these defects 

existed prior to the season but the bowlers were asymptomatic.  
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A new classification of the bowling action emerged in the 1990’s as researchers focussed on 

shoulder counter rotation (SCR) as a key risk factor in the development of spine injury.  Four 

distinct bowling techniques: side-on, front-on, mid-way and mixed actions were described in 

the literature (Foster and Elliot, 1989; Burnett et al., 1995; Bartlett et al., 1996). 

Classification was based on the relationships between shoulder angle at back foot contact, 

SCR and pelvis-shoulder separation at back foot contact (Portus et al., 2004) (see Figure 1.9 

and Table 1.1) 

 

Figure 1.9 - Angles used in classifying bowling action in a right-handed bowler. (Glazier & 

Wheat 2014) ( -90° equates to 270° - see Table 1.1)  

 

Table 1.1 Fast bowling action classification variables (Portus et al., 2004) 

Action Type Back foot contact 

shoulder angle 

Shoulder counter-

rotation 

Back foot contact pelvis-

shoulder separation 

Front-on >240° <30° <30° 

Mid-way 240-210° <30° <30° 

Side-on <210° <30° <30° 

Mixed NA ≥30° ≥30° 
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In defining the mixed action, Foster et al. (1989) identified counter rotation of 30° or greater 

as an observable movement characteristic these movements were correlated with disc 

degeneration in fast bowlers. 

 

Stockhill & Barlett (1996) argued that shoulder counter rotation was not a good indicator of 

lumbar torsional stress especially when the spine was laterally flexed and hyperextended, as 

occurs in the bowling action.  Burnett et al. (1998) addressed this limitation by using an 

electromagnetic device (Fastrack - 3-Space®Fastrak™) attached to the lumbar spine.  In 20 

fast bowlers, greater contralateral flexion, angular velocity of the trunk and a more 

extended spine at front foot impact (FFI) were discovered in those with a mixed action.  

Improvements in digital image-based approaches including the development of opto-

reflective systems such as Vicon, high camera resolution and greater capture rates allowed 

more detailed analysis of trunk motion to be studied (Elliott & Alderson 2007). Using the 

Vicon system Ranson et al. (2008), reported no significant range of motion differences in 

lumbar kinematic variables between the mixed and non-mixed bowling actions. A recent 

prospective study of 50 elite fast bowlers has supported the assertion that increased 

lumbopelvic extension at FFI increases the risk of sustaining a lumbar bone stress injury 

(Alway et al., 2020). 

Researchers began to question the importance of the mixed action as an injury risk factor, 

as the large forces experienced by the spine were occurring during and after the FFI in the 

delivery stride (Ranson, et al 2008; Ferdinands et al., 2009).  Ranson et al. (2008), whilst 

showing SCR was high, found that the lower trunk was in a relatively neutral position 

between back foot impact (BFI) and FFI.  Ferdinands et al. (2009) found no correlation 

between SCR and lumbar extension, and only a small proportion of the full range of motion 

of extension was used during the delivery stride (26%), thereby questioning the importance 

of this movement in the aetiology of lumbar stress injuries.   

 

Lateral trunk flexion to the non-bowling side at FFI has been highlighted as an important risk 

factor in the aetiology of lumbar spinal injury. Ranson et al. (2008) stated that extreme 

lateral flexion during early FFI in the bowling action was 1.3 times the standing range of 

motion, whilst Ferdinands et al. (2009) noted considerable lumbar bending utilising 74.3 ± 
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16.6% of the available range of motion.  Furthermore, Bayne et al. (2015) reported that 

greater lateral flexion at ball release (BR) (50° ± 6° vs 40° ± 8°) was associated with lumbar 

stress injury in fast bowlers. More recent research has confirmed the importance of 

lumbopelvic lateral flexion at ball release as a risk factor for lumbar bone stress injury 

(Alway et al., 2020). 

 

Previous studies have developed musculoskeletal models of the lumbar spine to estimate 

loading during bowling (Ferdinands et al., 2009; Crewe et al., 2012). Ferdinands et al. (2009) 

noted a relatively small extension of the lumbar spine during the early phase of delivery (BFI 

to FFI), but found large flexion torques (160 ± .3 Nm) as the lumbar spine coped with a 

combination of high load and angular velocity from FFI to ball release (power phase). Crewe 

et al. (2012) reported lumbar rotation and lateral flexion (BFI to FFI), and lumbar rotation 

(FFI – BR) were significantly correlated with SCR. High flexion (20 Nm·kg-1), lateral flexion 

(25·7 Nm.kg-1) and right rotation (20·7 Nm·kg-1) torques were recorded leading the authors 

to suggest that measuring SCR could be used to indicate lumbar loads.  A recent prospective 

analysis of 25 adolescent fast bowlers which utilised Crewe et al’s (2012) model, found that 

those with greater lumbar flexion (10.5 ± 4.9 Nm.kg−1 m−1 vs 6.9 ± 2.5 Nm.kg−1 m−1) and 

lateral flexion moments (12.5 ± 2.6 Nm·kg−1 m−1 vs 10.6 ± 1.9 Nm·kg−1 m−1) were at 

increased injury risk (Bayne et al., 2015).  Large amounts of contralateral side flexion and 

rotation continue to be highlighted as principal risk factors, but the threshold for these 

values is yet to be determined (Ranson et al., 2008; Stuelcken et al., 2008; Senington et 

al.,2018).  

Finite element analysis and 3D simulators have been used to model the response of the 

spine to different loading patterns (Chosa et al., 2004; Bruno et al., 2017). Loading under 

compression, flexion, extension, and rotation all showed the location of stress principally in 

the pars interarticularis (Chosa et al 2004). The stress at L5 pars interarticularis was highest 

under compression with extension followed by compression with rotation, flexion, and 

lateral bending. Bruno et al. (2017) stated that the highest compressive loads experienced at 

L5 occur during the action of flexion with loading. Ranson et al. (2008) emphasised that 

during the bowling action fast bowlers subject the lumbar spine to similar movements and 

forces to those modelled by Chosa et al. (2004).  
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Despite hyperlordosis of the lumbar spine being associated with lumbar stress fractures 

(Been et al., 2011) and disc height loss being an indicator of spinal load (Dowzer et al., 

1998), no detailed analysis of spinal morphology or shrinkage has ever been included in the 

analysis of intrinsic risk factors for fast bowling. As long ago as 1992, Elliott and colleagues 

noted that bowlers had slight lateral curvature of the spine and eight of the 20 bowlers with 

abnormal radiological features had marked lumbar lordosis (Elliott et al., 1992). Ranson et 

al. (2007) also stated that there was a need to investigate imaging modalities as a way of 

establishing the relationship between acute intervertebral disc changes and lumbar stress 

injury.    

 

1.3.2 Front leg parameters    

Lumbar stress fracture has been associated with an extended knee (167° ± 9°) at FFI 

compared to the non-injured bowlers (154° ± 13°) despite this difference not being 

statistically significant (Portus et al 2004). In contrast, Olivier et al. (2015) found that of 17 

fast bowlers analysed pre- and post-season, those with no injury (n=8) at the end of the 

season had a similar knee angle at FFI (157° + 12°) to the injured cohort (9) (161° + 8°). 

Portus et al. (2004) and Worthington et al. (2013) confirmed that flexion and then extension 

of the knee, or having the knee already extended in the early part of FFI increased ground 

reaction force (GRF). Thus, the relationship with GRF may help in identifying the aetiology of 

spinal injury.   

A review of vertical and horizontal components of GRF during bowling revealed a range of 

3.5 – 7.3 body weight and 1.4 – 4.5 body weight respectively at FFI (Sennington et al., 2018). 

Although it is noted in the literature that GRF represents the considerable load that fast 

bowlers are required to absorb, particularly at FFI, no study has reported a relationship with 

either bowling action or back injury. Whilst GRF measured in the single delivery does not 

appear to be related to the aetiology of injury, the volume and rate of the application of 

these forces has merited attention (Sennington et al., 2018). 

 

Bayne et al. (2015) showed statistically significant differences in front leg hip flexion angle at 

FFI (injured 46° ± 6°, non-injured 51° ± 6°), thereby supporting previous research that 

showed an association between a more extended front hip and low back injury (Foster et 

at., 1989; Elliott et al., 1992; Portus et al., 2004). Worthington and colleagues reported the 
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plant angle as the angle between the vertical line from the centre of the hip joint to a line 

joining the centre of the ankle joint to the hip joint. A larger plant angle (i.e., a more flexed 

hip) and a heel strike technique at FFI were associated with lower peak GRF and a longer 

time to peak GRF (Worthington et al., 2013). Alway et al. (2019) reported that increased 

rear hip and knee angles at BFI were associated with increased risk of lumbar injury. 

Interestingly this study used logistic regression analysis to help predict injury. This form of 

statistical analysis using an algorithm for binary prediction (i.e.yes/no) of injury, has been 

suggested as a new approach to investigate injury risk analysis (Ruddy et al., 2019).  

 

 1.3.3 Workload 

The number of balls bowled (deliveries) has been used as a measure of external workload 

for fast bowlers (Perrett et al., 2020).  Research has proposed a dual workload threshold for 

injury risk where both under and over bowling are implicated (Alway et al., 2019; Perret et 

al., 2020; Tysoe et al., 2020), with a minimum of 123-188 deliveries per week suggested to 

increase resilience to injury (Dennis et al. 2003). Furthermore, Alway et al. (2019) reported 

that bowlers who exceeded 300 deliveries per week compared to those not achieving this 

total, were 1.7 times more likely to sustain a lumbar stress fracture injury (relative risk (RR) 

1.77 95% CI 1.05-2.98). Similarly, Orchard et al. (2009) found that those bowlers bowling 

234 deliveries per week compared to 193 were 3.18 times more likely to sustain the same 

injury (RR 3.18 95% CI 1.72-3.63). 

The Acute Chronic Workload Ratio (ACWR) has compared the relationship of workloads over 

various time periods in relation to injury risk in fast bowlers (Hulin et al., 2014; Sims et al., 

2017; Warren et al., 2018; Tysoe et al., 2020).  ACWR is calculated by dividing the weekly 

bowling workload in balls delivered (acute) by a 28-day average (chronic) (Hulin et al., 2014).  

An ACWR of more than 1.42 (Warren et al., 2018) and 2.00 (Hulin et al. 2014) has been 

associated with relative risks of lumbar injury of 1.6 (95% CI 1.06-2.59 – compared with an 

ACWR of 0.87) and 4.5 (95% CI 3.43-5.90 – compared with an ACWR 0.5-0.99) respectively. 

Both groups reported that a higher chronic workload over 28 days (>83 deliveries) served to 

attenuate the risk, supporting the work of Dennis et al. (2003), that there is a need to 

maintain a bowling load in order to enhance injury resilience.  Other ACWR timeframes have 

been postulated with a nine-day acute and 21-day chronic comparison resulting the best fit 
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for the multivariable model proposed by Tysoe et al. (2020). The same authors also 

advocated using ‘differential load’, representing the smoothed week-to-week rate change in 

workload, to measure injury risk. A twice-the-standard-deviation increase in seven-day 

differential load (22 overs - RR 2.47 90% CI 1.27-4.8), 42-day chronic load (17.5 overs/week - 

RR 6.77 90% CI 2.15-21.33) and a high 9-day acute load (45.5 overs/week – RR 133.33 90% 

CI 25.26-703.81) were all independently associated with an increased risk of injury (Tysoe et 

al., 2020).  

In contrast to the studies above, Sims et al. (2017) did not support the use of ACWR as they 

found no relationship between injury and spikes in workload in a prospective study of 65 

fast bowlers with 12 lumbar fractures. Recent research has also criticised the use of ACWR 

highlighting limitations of using ratios to calculate injury risk as they are prone to 

mathematical artefacts influencing the results (Impellizerri et al., 2020; Wang et al., 2020). A 

key artefact lies in scaling a value to another value, with the assumption of linearity in the 

relationship between the two variables. If this is not the case between variables, then the 

ratio under/overestimates injury risk, and most likely, not consistently (Impellizerri et al., 

2020). Bayne et al. (2015) also found that bowling workload was not an injury risk factor in 

adolescent fast bowlers, although the authors did not use ACWR in their analysis.  The 

contradictory nature of different studies that have investigated links between workload and 

injury to fast bowlers may be due to the limitations they have in self-reporting their 

workloads. 

High chronic workload and cumulative loading over time have also been implicated in spinal 

injury (Orchard et al., 2015; Sims et al., 2017; Warren et al., 2018). Bowling workload 

exceeding 900 deliveries in 90 days increased injury risk significantly (Orchard et al., 2015). 

However, despite statistically significant differences in 28- and 90-day workloads between 

non-injured and injured fast bowlers, neither was associated with a significant risk of lumbar 

stress fracture (Alway et al., 2019). Interestingly, a career bowling workload of over 12 000 

overs appears to have a protective effect (Orchard et al 2015), although this could also be a 

selection effect in that to achieve such a career level you have to have avoided injury. The 

dilemma is that fast bowlers must bowl to allow the body’s tissues to adapt to the forces 

placed on them, but too much may tip the balance in favour of microdamage to biological 

structures and their potential failure.  The time between bowling events is important to 
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allow recovery, but also to maintain fitness to bowl. An average of less than two days (RR 

2.4; 95 % CI 1.6–3.5) (Dennis et al., 2003), or greater than five days (RR 1.8; 95 % CI 1.1–2.9) 

(Sims et al., 2017) between bowling sessions has been shown to increase the risk of injury. 

Research using four- and five-day matches has also shown a significantly increased risk of 

injury to bowlers delivering more than 50 overs in a single game (Orchard et al., 2009; 

Orchard et al. 2015). Dennis et al. (2003) reported that bowling second in a multi-day match 

also increased the risk of injury, indicating the potential effect of fatigue on the risk.  

However, no research has investigated the density of bowling activity within a match in 

relation to injury such as the number of overs delivered within a spell of bowling, the 

number of spells or the rest between spells. With the growth in different forms of the game 

(five-day Test matches, four-day domestic competitions, one-day 50 over and 20 over 

formats) research has also looked at injury risk across the season. Alway et al. (2019) 

highlighted an increase of lumbar stress fracture risk in multi-day formats in mid (July) and 

late season (September) in English first class cricket. This could be due to the reduced 

bowler workload during the mid-season 20 over competition needed to maintain injury 

resistance.   

Although workload has been measured in relation to the volume of deliveries bowled, 

intensity of the delivery has only recently been studied. McNamara et al. (2017) used 

microtechnology to measure the intensity of bowling by investigating the correlation 

between the PlayerLoadTM metric (MinimaX S4, Catapult Innovations, Melbourne, Australia) 

and ball velocity. A strong association was reported between the two variables highlighting 

that the growth of microtechnology and GPS technology (housing accelerometers, 

magnetometers, and gyroscopes) allows bowling workload and the intensity of a delivery to 

be captured during playing and training and related to injury risk (McNamara et al., 2017).   

 

The total physical demands of playing in matches lasting from four hours to five days and 

associated fatigue have received little attention. Noakes & Durandt (2000) estimated that 

elite cricketers could play more than 100 days in a year, which has increased dramatically 

since the advent of 20 over cricket in 2005 (Orchard et al., 2015).  Utilising GPS units 

Peterson and colleagues showed that fast bowlers covered approximately 22 km in a single 
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day of a multi-day game, 13 km in a one-day format and 5.5 km in a 20 over game.  

Importantly fast bowlers had a greater number of high intensity events over 14.4 km·h-1 

compared to other player types (Peterson et al., 2009; Peterson et al., 2010; Peterson et al., 

2011).  Despite this research, indicators of fatigue such as blood lactate, heart rate, core 

temperature, pH, glucose, and markers of muscle damage (creatine kinase, C-reactive 

protein) in training and match play indicate that bowlers are well prepared for individual 

bowling sessions and for more than one bowling spell in a session (Duffield et al., 2009; 

Lombard et al., 2012; McNamara et al., 2013; Maunder et al., 2017). The combination of 

bowling workload and additional physical demands within the game require further 

investigation. 

  

 1.3.4 Musculoskeletal parameters 

Cricket researchers have used a battery of musculoskeletal screening and fitness tests in 

their investigations, with several being linked to injury risk.  Muscles of the trunk have been 

shown to play an important role in stabilising the lumbar spine during bowling, with the 

erector spinae helping to control spinal flexion during the delivery stride and follow through 

(Cholewicki & VanVliet, 2002; Bayne et al., 2016). The association between hamstring 

tightness and lumbar lordosis in the predisposition to lower back injury in football has been 

described by Bruckner et al. (2013). Research with fast bowlers has shown a link between 

poor hamstring flexibility and intervertebral disc abnormalities in fast bowlers (Elliott et al., 

1992). Further research within this population has demonstrated that poor test scores in the 

single leg decline test (Sims et al., 2010), lumbo-pelvic stability, hip internal rotation (Bayne 

et al., 2016) and ankle dorsiflexion (Olivier et al., 2015) were related to low back injury. 

 

Muscle asymmetry within the trunk has provided conflicting evidence in relation to injury to 

fast bowlers. Engstrom et al (2007) found that bowler’s asymmetry in the Quadratus 

Lumborum (QL), consisting of a 25% larger muscle mass on the bowling side was associated 

with lesions to L4, which the authors theorised could lead to greater shear forces on the 

pars interarticularis.  In contrast other research has found larger asymmetrical QL 

differences in non- injured bowlers (20.2%) than in injured bowlers (9.1%) advocating the 

protective nature of QL asymmetry (de Visser et al., 2007; Ranson et al., 2008; Kountouris et 
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al., 2012). Moreover, Johnson et al. (2012) suggested that developing a larger QL on the 

bowling side may be the result of coping with greater lumbo-pelvic lateral flexion during 

bowling and was thus a symptom rather than a cause of potential injury. 

 

Bone mineral density (BMD) has also been a focus of research into lumbar stress fractures in 

fast bowlers (Mickelsfield et al., 2012; Lees et al., 2016; Alway et al., 2019). Significantly 

greater lumbar spine BMD has been found in bowlers compared to physically active controls 

and other playing positions in cricket (Mickelsfield et al., 2012; Alway et al., 2019).  Using 

Dual X-ray absorptiometry (DXA) has shown greater BMD contralateral to the bowling arm 

from L3 to L4, which is the most common site for a stress fracture (Alway et al., 2019). 

Furthermore, fast bowlers who had a lumbar stress fracture had slightly lower, but non-

significant, bilateral BMD in the lumbar vertebrae compared to those who never suffered a 

fracture Alway et al., 2019). More research is needed to ascertain thresholds for BMD 

associated with increased injury resistance. 

 

1.4 Spinal curvature 

1.4.1 Anatomy  

The spinal column consists of 33 vertebrae, arranged in five regions (see Figure 1.10). The 

cervical, thoracic, and lumbar regions consist of vertebrae that are moveable with the 

sacrum (S1) and coccyx being fused in adults.  The 24 moveable vertebrae normally consist 

of seven cervical (C1-C7) in the neck or cervical region, twelve thoracic (T1 – T12) connected 

with the ribs and five lumbar (L1-L5) in the lower back (McGill 2015).   Care must be taken 

when assuming the typical distribution of vertebrae as Paik et al. (2013) reported that from 

a review of 8280 patients who underwent medical imaging of the lumbar spine, 2.6% and 

8.2% displayed four and six lumbar vertebrae, respectively.  The vertebrae are connected by 

resilient intervertebral discs and in conjunction with the vertebrae function to support the 

trunk, allow movement, locomotion and protect the spinal cord (Middleditch & Oliver, 

2005).  The vertebrae of the spine are a series of movable joints and when two vertebrae 

are linked, they are referred to as a motion segment (McGill 2015). One motion segment 

comprises three joints, one formed from two vertebral bodies with an intervertebral disc in 

between and two facet joints created by the articulation of the superior and inferior 
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articular processes (Bogduk, 2005).  As humans are bipedal the evolutionary development of 

the S shape of the spine (Figure 2) allows weight bearing and shock absorption to be 

transmitted through the curves of the vertebral column (Harris & Ranson, 2011).   

 

A typical vertebra is composed of two sections, a body lying anteriorly, and a vertebral arch 

positioned posteriorly (see Figure 1.11). The vertebrae of different regions vary according to 

their function (Harris & Ranson, 2011). The cervical vertebrae provide support and 

movement for the skull with the intervertebral discs below C2 allowing general flexion, 

extension, lateral flexion, and rotation of the neck (McGill, 2015). The thoracic vertebrae 

show an increase in size further down the column and the horizontal orientation of the facet 

joints in the mid-thoracic region allows for rotation, but other movements are restricted by 

the presence of the ribs (Harris & Ranson 2011). 

 

 

Figure 1.10 - Lateral view of the areas of the spine that give the column its ‘S’ shape. The  

cervical and lumbar vertebrae concave anteriorly (lordosis) whereas the thoracic and sacral 

regions concave posteriorly (kyphosis) (from Bridwell & Dodds, 2020) 
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Figure 1.11 – Lumbar Vertebra including vertebral body and neural arch (adapted from 

Bijendra et al., 2018) 

 

Typical lumbar vertebrae have a large body that is kidney shaped when viewed superiorly 

and are designed for weight bearing purposes, to accommodate axial compression (see 

Figure 1.11). The design of the body, with a shell of cortical bone and a cancellous cavity of 

vertically and horizontally arranged trabeculae, confers the added advantage of stability for 

dynamic load bearing (Bogduk & Twomey, 1987). The posterior elements of the vertebrae 

included in the lumbar region are referred to as the vertebral or neural arch, which 

comprises two pedicles and two laminae supporting two transverse processes, one spinous 

process and four articular processes (two superior facets and two inferior facets that 

comprise the facet or zygapophyseal joints) (McGill, 2015).  The orientation of the facet 

joints becomes increasingly vertical in the lumbar region, which helps to prevent sliding of 

adjacent vertebrae and resists rotation that occurs during the bowling action and that may 

contribute to the risk of lumbar injury (Ranson et al., 2008). 

 

The pars interarticularis, which lies at the junction of the vertical lamina and horizontal 

pedicle, bear 40% of the loads on the facet joints at L4/L5 and L5/S1 (Vandlen et al., 2012). 

Such a high load, particularly with increasing lumbar lordosis, makes this region more 

https://www.researchgate.net/figure/Illustration-of-lumbar-vertebrae-showing-vertebral-body-pedicles-facets-transverse_fig3_323804926
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwicxdf65vbeAhUFzqQKHTopDlUQjRx6BAgBEAU&url=https://www.researchgate.net/figure/Illustration-of-lumbar-vertebrae-showing-vertebral-body-pedicles-facets-transverse_fig3_323804926&psig=AOvVaw0SV3eCkrjD-w-hRR7QoQpb&ust=1543484749794340
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vulnerable to stress fracture (Adams et al., 1980; Adams & Hutton, 1980).  A lordotic 

increase of 2° from a neutral position results in an elevated compression force of between 

1% and 16% through the facet joints (Adams & Hutton 1980). 

 

1.4.2 Lumbar lordosis  

The concave posterior curve of the lumbar spine offers some movement and flexibility 

through sagittal extension and flexion (see Figure 1.12). Wedging of the intervertebral discs 

and vertebral bodies, with the anterior parts longer than the posterior, contributes to the 

lordotic angle (Been & Kalichman, 2014).  Up to 40% of the lumbar lordosis can be 

accounted for by the L4/L5 segment and a more horizontal orientation of facets joints 

correlate with increased lumbar lordosis (Been et al., 2007; Been et al., 2010).  Quantitative 

evaluation of spinal curvature has been highlighted as essential for monitoring progression 

and treatment of spinal deformities and for planning surgical interventions (Vrtovec et al., 

2009). The clinical and functional importance of lordosis has been reported in the literature 

(Troup 1976; Adams, et al., 1999; Chen & Wei, 2009) with typical sagittal lordotic angles 

ranging from 49° - 61° in erect standing (Jackson & McManus, 1994; Lord et al.,1997) and a 

normal range defined as being between 30° – 80° (Been & Kalichman, 2014) (see Figure 12). 

Within sport, studies measuring spinal curvature have used narrower ranges with normal 

lordosis between 20° - 40°, hyperlordosis greater than 40°, and hypolordosis less than 20° 

(Lopez- Minarro et al., 2010; Lopez-Minarro et al., 2012; Muyor et al., 2013). Been & 

Kalichman (2014) stated that because the normative ranges for lordosis are so high (30°- 

80°), determining the optimal angle for health is difficult and more studies are required to 

investigate the association of lordosis with sporting activity. There may also be a need to 

further narrow the classification down to ranges that typically occur in particular sports as 

well as playing positions, such as fast bowlers in cricket to ascertain the importance of 

specific lordotic angles. 
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Figure 1.12 - Thoracic and lordotic curvature angle methodology using the mid-line of the 

vertebral body (from Miyazaki et al., 2013). 

 

1.4.3 Lumbar curvature and injury 

Research has shown that a greater lordortic angle may be a risk factor for developing a 

unilateral lumbar stress fracture (spondylolysis) and bi-lateral fracture (spondylolisthesis) 

(Berlemann et al., 1999; Been et al., 2009; Labelle et al., 2009; Kalichmann et al., 2011; Been 

et al., 2014). It has been postulated that increasing lordosis leads to a greater shear force 

concentrating on the pars interarticularis (Been et al., 2011).  However, only limited 

research has been conducted in sport in relation to the association between injury and 

curvature of the spine. Alricsson & Werner (2006) found no significant difference in lumbar 

lordotic angles over five years between skiers who experienced back pain and those who did 

not. Hecimovich & Stomski (2016) also retrospectively compared lumbar sagittal curvature 

in a group of 59 (male = 33, female = 26) junior fast bowlers (14 ± 3 years) between those 

with a history of low back injury and asymptomatic individuals.  No statistically significant 

difference was found between the lordosis of males and females but the group with a 

previous injury had significantly more curvature (42.53° ±9.10°) than those with no injury 
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history (30.33° ±8.36°; p<0.01). Unfortunately, no details were given on the type and 

severity of injury and the study relied on the accuracy of the players’ own recollection of 

previous injury. These findings highlight the need to use more sophisticated injury reporting 

when investigating curvature as a possible risk factor for fast bowling injury. 

 

1.4.4 Measuring curvature 

The accepted gold standard for measuring sagittal spinal curvature is the lateral radiograph 

(Hwang et al., 2010; Barrett et al., 2013).   Investigations in the medical imaging literature 

reveal that there are up to 14 methods of measuring lumbar curvature of the spine using 2D 

radiographic images (Vrtovec et al., 2009). These include angles from the top of L1 to the 

top of the sacrum (S1), from the top of L2 to the top of S1, from the top of L2 to the bottom 

of L5, and from the bisect of the disc at L1-L2 to the bisect at L5-S1 (Bogduk, 2005).  The 

variety of approaches make it difficult for comparisons to be made between studies and 

indicate the likelihood of flaws in published classifications. 

   

The Cobb method has been used extensively to calculate curvatures in the frontal and 

sagittal planes in the clinical setting (Hwang et al., 2010).  The Cobb angle recorded from this 

method, measured from lateral radiographs, is calculated as that between the superior 

endplate of L1 and the superior endplate of S1, or the superior endplate of L1 and the 

inferior endplate of L5 (Hwang et al 2010). Mac-Thiong et al. (2003) noted that lumbar 

lordosis measured using the Cobb angle can be affected by the deformity in the coronal 

plane and sagittal alignment of the pelvis, whilst Harrison et al. (2001) indicated that it may 

be influenced by vertebral end plate geometry. One of the limitations of all 2D 

measurement devices is their inadequate representation of the complex 3D anatomical 

structure of the spine in either a frontal or sagittal 2D image (Vrtovec et al 2009).  Other 

problems associated with radiographic methods (X-ray, Computed Tomography) include the 

dangers of exposure to ionising radiation. This makes the use of such methods with 

asymptomatic participants ethically questionable and may be the reason for the paucity of 

studies in sport using such approaches.  MRI offers a 3D solution, but cost is a major limiting 

factor in research using this mode of image acquisition (Barrett et al., 2014). In response to 

these issues many researchers have utilised a variety of non-invasive devices (Barrett et al., 

2014). 
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1.4.5 Non-radiographic methods for measuring curvature  

The means for measuring curvature of the spine without exposing the participant to 

radiation doses can be categorised into skin-surface devices and technical-based equipment 

(Barrett et al., 2013).  Skin-surface tools include Debrunner’s kyphometer (Nillson et al., 

1993; Alricsson & Werner, 2006; Todd et al., 2015), the arcometer (Chaise et al., 2011), 

goniometers (Gravina et al., 2012), the spinal wheel (Sheeran et al., 2010), the flexicurve 

(Hecimovich & Stomski, 2016) and the Spinal Mouse (Lopez-Minarro et al., 2011; Muyor et 

al., 2013 a; Muyor et al., 2013 b; Lopez- Minarro et al., 2017). Technical-based equipment 

consists of the use of computer posturography (Grabara. 2012) and 3D Ultrasound (Folsch et 

al., 2012; Prushansky et al., 2013).  By Currier’s criteria (1990), these devices demonstrate a 

range of poor to high between-day and within-day, inter-rater and intra-rater reliability for 

measuring lumbar lordosis (ICC of 0.90-0.99 = high reliability, 0.8-0.89 = good reliability, 

0.70-0.79 = fair reliability and <0.69 = poor reliability). Hecimovich & Stomski (2016) used a 

flexicurve to measure lumbar lordosis only in junior level fast bowlers and reported fair 

within-day intra-rater reliability (ICC 0.7).  

The Spinal Mouse is a hand-held computer based electromechanical device that measures 

spinal curvature in the sagittal and frontal planes. It has been used in research on tennis 

(Muyor et al., 2013 a), canoeing (Lopez-Minarro et al., 2011), kayaking (Lopez- Minarro et 

al., 2017) and cycling (Muyor et al., 2013 b). High within day intra-rater reliability for the 

device has been reported for measuring upright lumbar sagittal curvature (ICC 0.9 – 0.985) 

(Keller et al., 2000; Manion et al., 2004; Kellis et al., 2008; Topalidou et al., 2014; Roghani et 

al., 2017). However, between-day inter-rater reliability has ranged from poor to high (ICC 

0.61 – 0.96), with a measurement error between 0.72° – 13.18° (Kellis et al., 2008). Two 

studies have demonstrated lower measurement error (SEM 0.39° - 1.7°) for lumbar lordosis 

due possibly to the use of a more precise standardized protocol and more experienced 

testers (Topalidou et al., 2014; Roghani et al., 2017). Researchers have highlighted the 

following advantages of using the Spinal Mouse; speed of measurement, automation of 

calculations, relative cost, and the ability to monitor and record continuously without 

exposure to ionising radiation (Keller et al., 2000; Manion et al., 2004; Kellis et al., 2008; 

Topalidou et al., 2014; Roghani et al., 2017).  
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 The Spinal Mouse has been compared to radiographic measurements in two investigations. 

Ripani et al. (2008) reported weak correlations with radiographic analysis and none for 11 of 

the 17 segmental measures taken in the frontal plane, concluding that the device was not 

valid for measurements in this plane.  Conversely, Livanelioglu et al. (2015) reported strong 

or very strong associations between frontal plane measurements using the radiographic 

Cobb angle and the Spinal Mouse. This may have been due to measurements being taken by 

more experienced raters. Unfortunately, neither author measured global angles for lordosis 

or kyphosis in the sagittal plane, and no studies have measured the validity of the Spinal 

Mouse in this plane.  

 

1.5 Spinal shrinkage 

1.5.1 Anatomy of intervertebral discs 

The intervertebral discs provide the strongest attachment between the bodies of the  

vertebrae (McGill, 2015) and vary in size and thickness in different regions with those in the 

lumbar region being thickest (Adams et al., 2006).  The same authors state that the 

structure of the discs must be pliable enough to allow for small movements whilst 

maintaining appropriate stiffness to cope with compression loads. The height of a typical 

lumbar disc has been reported at 10 mm (Adams et al., 2006) and a 1 mm loss in disc height 

has been shown to lead to a four-fold increase in forces through the facet joints (Adams & 

Hutton, 1980). Dunlop et al. (1984) reported that this loss in height coupled with an increase 

in lordotic angle, especially in extension, led to markedly increased forces that could 

contribute to damage of the facet joints. As previously mentioned, wedging of the 

intervertebral discs, with the anterior parts thicker than the posterior, contributes to the 

lordotic angle of the lumbar region.  Thus, measuring alterations in disc height either 

directly or indirectly is important when trying to understand load and potential injury to the 

lumbar spine (Been & Kalichman, 2014).  

An intervertebral disc is composed of an annulus fibrosus (AF), which surrounds the internal 

gelatinous nucleus pulposus (NP), with both structures sandwiched between a pair of 

cartilaginous vertebral end plates (McGill 2007).  The AF consists of concentric sheets of 

collagen fibres named lamellae (see Figure 1.13) which display alternating orientation in up 

to 20 successive layers aligned to withstand multidirectional forces and provide tensile 
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strength (Adams et al., 2006). The lamellae have been shown to be thinner and less 

numerous posteriorly than they are anteriorly or laterally.  Gower and Pedrini (1969) stated 

that the AF consisted of 60% to 70% water, with 50% to 60% and 20% of the remaining dry 

matter coming from collagen and proteoglycan cells, respectively.  The hydrophilic nature of 

the proteoglycan molecules has been reported to give the disc a high osmotic pressure, 

which maintains its fluid content (Middleditch & Oliver, 2005). With increasing age 

proteoglycan and, thus, water content has been shown to decline (Gower & Pedrini, 1969).   

 

 

 

 

Figure 1.13   Arrangement of the annulus fibrosus lamellae in vertebral disc  

(adapted from Tomaszewski et al., 2015) 

 

The semifluid NP is composed of 70% - 90% water with proteoglycan constituting 65% of the 

dry weight and collagen compromising 15% - 25% (Gower & Pedrini, 1969). The nucleus 

forms the central core of the disc and lies posteriorly in the cervical and lumbar regions.  Its 

main function is as a shock absorber for axial forces and it has been proposed to act like a 

semifluid ball- bearing during flexion, extension, rotation, and lateral flexion (Bogduk and 

Twomey, 1987).  Intervertebral discs play an essential role in fast bowling where they must 

absorb forces as the bowler’s trunk is hyperextended, laterally flexed, rotated and flexed 

(Burnett et al., 1995). 
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1.5.2 Stature loss and spinal shrinkage 

Early research by De Puky (1935) showed that in a sample of 1216 males and females 

ranging from five to ninety years of age, average stature was reduced by 1% during the 

activities of a day with diurnal variation for children being 2% and, for older adults, 0.5% of 

height.  Later research confirmed the circadian nature of stature loss to be approximately 

1% of body height (20mm) during the day with subsequent recovery during lying down at 

night (Eklund & Corlett, 1984; Reilly et al., 1984; Tyrrell et al., 1984).  Reilly et al. (1984) also 

stated that a rapid loss in stature occurred in the first hour after rising, accounting for up to 

50% of the diurnal loss under constant loading conditions with a slowing in the rate of loss 

throughout the remainder of the day. 

The deformation of body tissue under load over time is defined as ‘creep’, and usually 

involves expulsion of water from the NP (Adams et al., 2006). Kramer et al. (1985) noted 

that the opposite occurred when a load was removed involving an influx of water into the 

disc that contributed to the increase in height. Examination of the creep response has 

shown the initial displacement of the disc upon loading to be caused by mechanical 

deformation of the AF through sideways expansion (bulging) and vertical changes to the 

vertebral endplate, while longer term displacements were due to fluid flow from the NP and 

AP (Van Dieen & Toussaint, 1993; MacLean et al., 2007; van der Veen et al., 2008). 

 

1.5.3 Spinal shrinkage as a measure of spinal load 

Direct measurements of disc height loss have included in-vitro analysis of cadavers (Senck et 

al., 2019) and animal spines (Nikkhoo et al., 2015) as well as MRI (Kimura et al., 2001; Lewis 

& Fowler, 2009), X-ray (Pooni et al., 1986), ultrasound (Sobczak et al., 2016) and finite 

element analysis (FEA) (Schmidt et al., 2007).  Stadiometry has been used extensively in 

clinical settings as an indirect measure of disc height loss, with total stature loss (1.8 - 

4.2mm) corresponding to increased loads on patients’ shoulders (Tyrrell et al., 1985; Corlett 

& Eklund 1986; Altoff et al., 1992). Weight training and circuit training have consistently 

shown spinal shrinkage ranging from 4.3 ±0.3 mm to 5.4 ±0.3 mm (Leatt et al., 1986; Wilby 

et al., 1987; Bourne & Reilly 1991; Garbutt et al., 1994) Shallow water running for 30 

minutes resulted in greater shrinkage (5.51 ±2.18 mm) than treadmill (4.59 ±1.48 mm) and 

deep water running (2.92 ±1.7 mm) (Dowzer et al.,1998), due possibly to greater rotational 

and torsional stress whilst running in water.  
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1.5.4 Recovery of spinal height 

Reilly et al. (1984) demonstrated that restoration of height lost during the day occurred 

during the night with 71% of recovery in the first half of the night’s sleep.  Studies 

measuring response to load have tried to replicate this recovery using a variety of methods, 

including horizontal lying (Eklund and Corlett 1984), side lying (Rodacki et al., 2003), 

adopting the Fowler position (Tyrrell et al., 1985; Rodacki et al., 2003), gravity inversion 

(Leatt et al., 1986; Boocock et al., 1990), spinal hyperextension (Magnusson & Pope, 1996; 

Owens et al., 2009; Munster et al., 2018), 110° supported sitting (Magnusson & Hansson, 

1994), and abdominal crunch exercises (Rodacki et al., 2008). Healey et al. (2005) reported 

that whilst no significant difference occurred in shrinkage after loading in participants with 

and without low back pain, those with pain experienced significantly reduced recovery in a 

variety of unloaded positions. 

 

1.5.5 Spinal shrinkage in cricket  

Eklund & Corlett (1987) reported that spinal shrinkage is affected by both load and its 

temporal pattern, and Koeller et al. (1984) showed a greater rate of deformation with 

intermittent compared to continuous loading of similar magnitude. The dynamic nature of 

loading at intervals has also been tested by Tyrrell et al (1985), who found that it caused 

significantly greater shrinkage when compared to a static protocol.  As fast bowling has 

been shown to involve the bowler typically experiencing peak vertical forces at front foot 

impact of between four- and six-times body weight (e.g. Foster et al., 1989), repeated six 

times an over, with the potential for many overs per day, it seems reasonable to categorize 

this as dynamic loading.  

 

Reilly & Chana (1994) compared spinal shrinkage in 18 young fast bowlers delivering 60 balls 

(bowling trials) with the same group only running into bowl (run-up trials).  The bowling 

trials were repeated after unloading through body inversion on a tilted table for five 

minutes at 50° to the vertical. Bowling trials resulted in shrinkage of 2.30 ±1.58 mm whilst 

the run-up only trials caused a loss of 0.29 mm. The loading during delivery was assumed to 

be the cause of additional shrinkage. Gravity inversion increased stature by 2.66 mm and 

subsequent bowling resulted in 2.68 +1.9 mm shrinkage, highlighting the protective nature 
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of the recovery method.  The ecological validity of the protocol could be criticized as 

bowlers did not rest between each over and the 20-minute standing period prior to 

measurement may not be considered a suitable unloading protocol.  

Barry (2007) found shrinkage during eight overs of bowling in nine male fast bowlers to be 

similar in those with a mixed action (3.41 +0.85 mm) and the front/side on techniques (4.14 

+ 1.44 mm). Reilly & Chana (1994) and Barry (2007) both found shrinkage to have a linear 

nature with the overs bowled, thus indicating that the intervertebral discs may have the 

capacity for further creep activity.  Barry (2007) allowed more relevant breaks between 

overs and the overall volume of deliveries (thus load) was lower compared to Reilly & Chana 

(1994) (48 v 60 deliveries). Despite this, greater shrinkage was found by Barry (2007), which 

may be due to the 40 minutes standing prior to bowling, as advocated by Reilly & Chana 

(1994) or that different and individually modified versions of the stadiometer first proposed 

by Eklund & Corlett (1984) were used. Moreover, Barry (2007) reported that neither peak 

vertical nor peak horizontal forces, normalized to body weight, at FFI or time to reach peak 

force were related to shrinkage rates.   

 

1.5.6 Stadiometry  

The indirect measurement of spinal shrinkage in vivo is based on changes in stature. Eklund 

& Corlett (1984) developed a stadiometer that became the blueprint for other researchers 

to adapt and modify as they measured changes in body height to within 0.1 mm.  Such 

stadiometers comprise an inclined frame of between 5-15° to the vertical, allowing the 

participant to adopt a relaxed posture, whilst using support switches or postural rods to 

maintain the individualized curvature of the spine (Reilly et al., 1984; Boocock et al., 1990). 

Having a reliable individualized curvature of the spine is crucial to the validity of the 

measurements as Goode & Theodore (1983) reported voluntary variations of spinal 

curvature could lead to changes in stature of up to 36 mm. Weight distribution between 

heels and forefeet, the phase of the respiratory cycle, and control of the head angle were 

also important in achieving valid and reliable measures (Reilly et al., 1984).  

 

1.5.7 Reliability and validity of stadiometry 

The criterion used for determining adequate reliability in a custom-built stadiometer is ten 

successive participant measurements with a standard deviation (SD) ≤0.5 mm (Tyrrell et al., 
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1985).  This represented a target that was realistic whilst being smaller than normal 

observed changes in stature (Healey et al., 2005). Participants are often required to attend 

training on multiple occasions, lasting no more than one hour to attain an appropriate level 

of reliability (Leatt, 1986; Corlett et al., 1987).  

 

Reliability of stature has involved within-day and between day measurements as well as the 

same rater and different raters (Leivseth & Drerup 1997; Kanlayanaphotporn et al., 2002; 

Healey et al., 2005).  Leivseth & Drerup (1997) measured shrinkage on two consecutive days 

and found good reliability with reported mean SDs of 0.51 mm with a standing load. 

Kanlayanaphotporn et al., (2002) and Healey et al., (2005) reported between-day intra- rater 

reliability using a custom-built stadiometer, with Standard Error of the Measurement (SEM) 

ranging from 0.8 mm to 1.9 mm.  Recently two commercially available stadiometers from 

Seca demonstrated good within-day inter-rater and intra-rater reliability (ICC - 0.999; SEM - 

1mm) (Baharudin et al., 2017).   

MRI has been used as the gold standard for measuring disc height loss (Boos et al., 1996; 

Park, 1997).  Lewis & Fowler (2009) reported a moderate correlation between stature loss 

measured using a stadiometer and posterior spine length from an MRI (r = 0.61, p=0.02). 

The same authors reported difficulties using MRI to measure spine length, first in controlling 

posture and secondly in obtaining clear images. Within-day intra-rater SEM of 0.4mm for 

each disc was reported by Lewis & Fowler (2009), thus questioning the role of upright MRI 

as the gold standard for spinal shrinkage measurements. 

 

Before investigating spinal shrinkage and lumbar lordosis as risk factors in the injury of fast 

bowlers, investigation of the reliability and validity of stadiometers used in the field is 

needed. The following chapter addresses this issue and includes the measurement of spinal 

morphology alterations in response to bowling in amateur bowlers. 
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Chapter 2 – The acute effect of fast bowling on the morphology of the spine 

and an examination of the reliability of current measurement devices. 

 

2.1 Introduction 

Epidemiological research has shown that, among cricketers, fast bowlers are at greatest risk 

of injury, with the back being the most common site of injury (Johnson et al., 2012; Arora et 

al., 2014; Langley et al.,2015; Orchard et al., 2016; Goggins et al., 2020). Analysis of fast 

bowlers’ actions has demonstrated that during the delivery stride the trunk must be 

hyperextended, laterally flexed, rotated and then flexed while ground reaction forces up to 

six times the body weight are absorbed (Elliott et al., 1992). The stress resulting from these 

mechanical loads has resulted in a high prevalence of lumbar disc abnormalities, bone stress 

reactions and lumbar stress fractures (spondylolysis and spondololithesis) in fast bowlers 

(Elliott et al., 1992; Elliott et al., 1993; Elliott & Khangure, 2002; Ranson et al., 2005; Crewe 

et al., 2012; Alway et al., 2019). Ranson et al. (2005) noted that bowlers appear to develop 

bone problems before disc degeneration and stressed the need to investigate imaging 

modalities to establish the relationship between acute intervertebral disc (IVD) changes and 

lumbar stress injury.   

Shrinkage, or decrease in stature, has been used as an indirect measure of IVD height loss 

and as an index of spinal loading in both occupational (Eklund & Corlett, 1987; Stahlhammar 

et al., 1989; McGill et al., 1996; Van Dieen et al., 1998; Benyon et al., 2000; Kuiper et al., 

2004; Healey et al., 2005; van Deursen et al., 2005; Munster et al., 2018) and sporting 

contexts (Leatt et al., 1986; Wilby et al., 1987; Bourne & Reilly, 1991; Garbutt et al., 1990; 

Garbutt et al., 1994; Fowler et al., 1997; Dowzer et al., 1998; Reilly & Freeman 2006; Rodaki 

et al., 2008).  Adams & Hutton (1980) demonstrated that any loss of disc height increased 

the load on the facet (zygapophyseal) joints in cadaver specimens, with a reduction of 1 mm 

resulting in an increase in load from 4% to 16% when a compressive force of 1 kN was 

applied.  Moreover, an increase in load on the facet joints when the spine laterally flexes is 

implicated in the aetiology of spondylolysis (Adams et al., 2006), indicating the relevance to 

fast bowlers of spinal shrinkage as a measure of spinal load.  Spinal shrinkage has not been 
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implicated in the aetiology of injuries to fast bowlers, and only two studies have measured 

shrinkage through stature loss in this population.  Reilly and Chana (1994) reported 2.3 

±1.58 mm shrinkage after 30 minutes of bowling, and Barry (2007) demonstrated a mean 

linear shrinkage of 3.8 ±1.15mm after eight overs of fast bowling in asymptomatic bowlers.    

 

Excessive curvature of the spine along with the narrowing of disc space has also been 

implicated in a variety of spinal disorders including low back pain, spondylolysis, and disc 

degeneration (Keller et al., 2005; Kimura et al., 2001). Been & Kalichman (2014) reported a 

greater lumbar lordotic angle to be a risk factor in developing spondylolysis, as changing 

lumbar lordosis from the neutral position to a further 2° of lordosis increased the 

compression force through the facet joints from 1% to 16% (Adams & Hutton 1980).  

Specifically among junior fast bowlers, Hecimovich and Stomski (2015) found that those 

reporting low back pain in the previous season had higher levels of lumbar lordosis than 

those with no injury history (42.53 ± 9.10° v 30.33 ± 8.36° ; p<0.01). The paucity of research 

highlighting the clinical and functional importance of lumbar lordosis in cricket may be due 

to ethical issues regarding exposure of asymptomatic young bowlers to doses of ionising 

radiation through x-rays. A variety of skin surface measurement devices including 

goniometers, inclinometers, and accelerometers provide an alternative solution to this 

measurement problem (Barrett et al,.2014).  The Spinal Mouse (Idiag, Volkerswill, 

Switzerland) is a hand-held computer based electromechanical device housing an 

accelerometer that has been used to measure spinal curvature in the sagittal and frontal 

planes in tennis (Muyor et al., 2013 a), canoeing (Lopez-Minarro et al., 2013), kayaking 

(López- Miñarro et al., 2017) and cycling (Muyor et al., 2011). The device has never been 

used in cricket, despite lumbar lordosis being implicated as a risk factor in the aetiology of 

spondylolysis (Been & Kalichman 2014).   

Reliability of devices to measure both stature loss and curvature of the spine should involve 

good reproducibility of an observed value when the measurement is repeated (Hopkins, 

2000). Stability reliability can involve within-day and/or between-day measurements and 

the same or a different rater (Atkinson & Nevill, 1998). Changes in body height to within 0.1 

mm have been measured using a stadiometer developed by Eklund and Corlett (1984) (see 

Figure 2.1). The criterion for determining adequate within-day reliability of such a custom-
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built stadiometer is ten successive participant measurements with a standard deviation (SD) 

≤0.5 mm (Tyrrell et al., 1985; Leivseth & Drerup 1997). Between-day reliability has been 

reported as a SEM ranging from 0.8 mm to 1.9 mm (Kanlayanaphotporn et al., 2002; Healey 

et al., 2005).  

The Spinal Mouse has been shown to have good within day reliability when measuring 

upright lumbar sagittal curvature with ICCs ranging from 0.90 – 0.98 (Keller et al., 2000; 

Manion et al., 2004; Roghani et al., 2004 Topalidou et al., 2015). However, between-day 

inter-rater reliability has ranged from poor to high (ICC 0.61 – 0.96) for sagittal lumbar and 

thoracic measurements in upright standing, flexion, and extension.  For the same 

movements, measurement error has been reported between 0.72° – 13.18° (Kellis et al., 

2008), although error has been shown to be reduced (SEM 0.39° - 1.7°) for lumbar lordosis 

(Topalidou et al., 2014; Roghani et al., 2017).  No research on the reliability of stadiometer 

and the Spinal Mouse within the population of fast bowlers is available.  

 

Aim – To investigate the acute effect of fast bowling on spinal shrinkage and curvature of 

the spine, including an examination of the reliability of current measurement devices. 

Objectives 

To ascertain the alterations in spinal shrinkage and curvature after eight overs of 

fast bowling (Study 1). 

To establish the within-day and between-day reliability of Spinal Mouse 

measurements of lumbar curvature in the sagittal and frontal planes (Study 2). 

To determine the within-day and between- day reliability of the custom-built 

stadiometer measurements of spinal shrinkage (Study 3). 

 

2.2 Methods 

2.2.1 Preamble 

This chapter consists of three studies. Study 1 measured alterations in spinal shrinkage and 

curvature after eight overs of fast bowling. The second study focussed on within-day and 

between-day reliability of the Spinal Mouse measurements of lumbar curvature in the 

sagittal and frontal planes. Study 3 assessed between-day reliability of the custom-built 

stadiometer.  All studies received ethical approval from the University of Cumbria Research 

Ethics Committee. Participants were fully briefed about the procedures prior to the 
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commencement of any testing and were given the opportunity to ask any questions after 

reading the participant information sheets (see Appendix 1). Informed consent was 

obtained from all participants (see Appendix 2). 

 

2.2.2 Spinal shrinkage (Study 1 and Study 3) 

A custom-built stadiometer based on the design of the apparatus used by Eklund and 

Corlett (1984) was used to measure stature change, following the established method for 

such a device (Lewis & Fowler 2009).  It consisted of a central pillar supported by an 

aluminium framework, inclined at an angle of 15° to the vertical to encourage the 

participants to relax during measuring (see Figure 2.1).  Postural pads contacted and 

maintained the prominent curvatures of the spine and head at four anatomical points. 

These were identified as (1) the most posterior point of the head at the occiput, (2) the 

deepest point of cervical lordosis, (3) the most prominent point of thoracic kyphosis, and (4) 

the deepest point of lumbar lordosis. Repeatable head alignment was achieved by having 

the participant wear spectacle frames with a laser emitter in the arms, that shone vertically 

on to moveable magnetic plates above the participant.  A high-resolution linear variable 

displacement transducer (LVDT) was lowered until contact with the apex of the participant’s 

head.  Changes in electrical current were converted by custom build software to detect 

variations in vertical displacement to an accuracy of 0.1mm. A sampling rate of 100Hz was 

used with data collected and stored digitally for later analysis.  Participants were without 

shoes, and their measurements were taken after they had been standing for two minutes to 

allow any soft tissue changes to stabilise (Foreman & Linge 1989). 

2.2.3 Spinal curvature (Study 1 and Study 2)  

The handheld Spinal Mouse (ldiag, Volkerswill, Switzerland) was used for all curvature 

measurements (Figure 2.2). The device includes two rolling wheels that follow the contours 

of the spinous processes with data points sampled approximately every 1.3 mm via inbuilt 

accelerometers (Manion et al., 2004; Muyor et al., 2011). The time required to cover the 

length of the spine was roughly 3 s. With the sampling frequency at 150 Hz, this computed 

to approximately 420 measurements. The information was relayed via Bluetooth to a 

personal computer located within 1-2 m of the device. 
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Figure 2.1 - Lateral view of custom-built stadiometer based on design of Eklund & Corlett 

(1984) (from Healey et al. (2005). 

 

 

 

 

Figure 2.2 - Spinal Mouse and measurement angles. (from Spinal Mouse user manual - 

https://static1.squarespace.com/static/51763de2e4b0e95e599b4f29/t/52fceaa5e4b01b2bb

4f8caba/1392306853736/xUser_Guide_SM_SW_EN_16.10.13.pdf) 
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Utilising intelligent recursive algorithms, the manufacturer’s software converted the data 

into positions of the vertebral bodies (Manion et al., 2004). Results were reported in 

degrees with positive values for thoracic curvature and negative for lumbar (Figure 2.2). 

Prior to measurement, the spinous process at C7 was palpated and marked on the skin and 

a second mark was placed at the top of the rima ani (corresponding to S3), (Mannion et al., 

2004; López- Miñarro et al., 2010; Post & Leferink 2004).  The device was then rolled in a 

caudal direction in a slow controlled manner between the two marks on the skin. The 

participants were barefoot for all three measurements, before the mean value was 

recorded. 

Sagittal plane measurements consisted of lumbar lordosis from L1-L5, and thoracic kyphosis 

from T1-T12, in upright, flexed, and hyperextended positions (see Figure 2.3 a-c).  For 

upright measurements, participants were instructed to remain in a neutral position, 

focussing on a marker at eye level, with knees extended, feet shoulder width apart and arms 

hanging by the side. 

 

 

 

Figure 2.3 - Sagittal upright (a), flexion (b) and extension (c) positions for measuring 
curvature (from Kapitan et al., 2019) 
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In maximal flexion the bowlers flexed their trunk in a controlled manner, with straight legs, 

whilst attempting to curl the head towards the knees. In hyperextension, their hands were 

placed across the chest with the thighs and hips still. The head was kept in a neutral position 

while the bowlers hyperextended their trunk as far as was comfortably possible. 

Participants were asked to move at a controlled speed and hold the end position (flexed and 

hyperextended) for 3 s to ensure measurements were completed.  

After further palpation, additional marks were placed on each of the spinous processes 

between C7 and L5.  Frontal plane measurements for thoracic and lumbar joint angles were 

then conducted in the upright, left and right lateral flexion positions (Figure 2.4). For lateral 

flexion, bowlers kept their hands by their sides, sliding the palm down the outside of the 

appropriate thigh and holding at end range for 3 s.  They maintained extended legs and 

slowly moved laterally (left and right) to a comfortable end range of motion. When 

measuring the lateral flexion movements, the rater followed the line created by joining the 

marks made on the spinal processes.  

 

 

 

Figure 2.4 – Upright and lateral flexion frontal plane measurements                                                
(from Spinal Mouse user manual 
https://static1.squarespace.com/static/51763de2e4b0e95e599b4f29/t/52fceaa5e4b01b2bb
4f8caba/1392306853736/xUser_Guide_SM_SW_EN_16.10.13.pdf) 
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2.2.4 Participants 

In Study 1 eleven male fast bowlers (all right arm dominant) aged (mean ± SD) 20.9 ± 1.07 

years, mass 75.4 ± 6.03 kg and height 179.9 ± 3.3 cm who self-reported as playing first team 

adult club cricket in premier leagues in the north west of England were recruited for the 

study. In Studies 2 and 3 ten male fast bowlers (all right arm dominant) of a similar standard 

aged 20.8 ± 1.22 years, mass 84.7 ± 15.65 kg and height 179.8 ± 4.6 cm volunteered. All 

participants had been free from back pain within the previous six months.  Bowlers were 

instructed to refrain from exercise on the day prior to testing and requested to rise from 

bed at least four hours prior to testing to minimise the effects of circadian variation (Tyrrell 

et al., 1985). 

 2.2.5 General protocol 

Each bowler’s stature and curvature were measured between 11:00-16:00 hrs for the 

respective studies.  They were required to bowl eight overs in Study 1 and six overs in 

Studies 2 and 3, at approximately one delivery every 28 seconds. Four minutes walking at a 

self-controlled pace between overs served to mimic the demands of fielding between overs 

in a game (Payne et al., 1987). All bowlers were given a standard warm-up of gentle jogging 

for ten minutes, followed by a pre-set stretching routine.  The mean of three stature 

measurements were recorded on arrival and after the 2nd, 4th, 6th and 8th overs in Study 1. 

Curvature measurements were taken prior to warm-up and after the required overs had 

been bowled in each study.    

In Studies 2 and 3 testing occurred on two separate sessions, one week apart and at the 

same time of day to minimise any circadian variations.   Study 2 used a randomised cross 

over design to investigate between day intra-rater reliability, and both within day and 

between day inter-rater reliability of the Spinal Mouse measurements in the sagittal and 

frontal planes. Rater 1 and Rater 2 completed the measurement of participants in a 

randomised order (see Figure 2.5). For inter-rater reliability measurements marks on the 

spinous processes were wiped away before the second rater carried out their set of sagittal 

and frontal measurements. Each rater carried out the measurements three times with the 

mean recorded.  
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Study 3 measured within-day and between-day intra reliability of the custom-built 

stadiometer. Measurements were taken on arrival, post 20 minutes unloading in the Fowler 

position, after the warm-up, and post the 2nd, 4th and 6th overs (see Figure 2.6). prior to 

testing all participants visited the laboratory for a familiarisation study which required them 

to remain within the stadiometer for 10 measurements as proposed by Stohart & McGill 

(2000). Acceptable within-day intra-reliability for participants was assumed when ten 

successive measurements showed a standard deviation of ≤ 0.5mm (Garbutt et al 1994; 

Reilly and Chana 1994; Dowzer et al 1998).  

 

 

 

Figure 2.5 – Protocol for sagittal and frontal plane reliability measurements of spinal 
curvature using the Spinal Mouse (Study 2) 
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Figure 2.6 - Timing protocol for measuring spinal shrinkage using a custom-built stadiometer 

based on Eklund and Corlett (1984) (Study 3) 

 

2.2.6 Statistical analysis 

The normality of the data was examined and confirmed using the Shapiro-Wilk test, and 

test-retest score differences and mean scores were correlated to examine for 

heteroscedasticity (Atkinson & Neville 1998). In Studies 1 and 3 a One-Way Repeated 

Measures Analysis of Variance (ANOVA) was conducted to compare the effect of overs 

bowled on spinal shrinkage using the custom-built stadiometer. Mauchly’s test of sphericity 

was conducted; and when not satisfied, a Greenhouse-Geisser correction was applied.  

Curvature was analysed under the classification values proposed by López-Miñarro et al., 

(2017). Thoracic kyphosis was neutral for values between 20° and 45°, with hypokyphosis 

below 20° and hyperkyphosis above 45°. Lumbar lordosis values between 20° and 40° were 

considered neutral, with hypolordosis below 20° and hyperlordosis above 40°.  Paired 

sample t-tests were used to analyse the effect of bowling on curvature in Study 1. A Pearson 

Product Moment Correlation was used to determine the relationship between spinal 

shrinkage after eight overs and thoracic and lumbar curvature pre and post bowling in Study 

1, with a significance set at p<0.05.  

In Studies 2 and 3 reliability was calculated using Intra-class Correlation Coefficient (ICC3,1 - 

where the "3" refers to the type of ICC in which the subjects is a random effect and the trials 

is a fixed effect, while the "1" refers to the reliability of single repeated measurements). ICC 

was calculated as 1-TE2 divided by mean between participant standard deviation between 

trials) and Typical Error (TE) (calculated as standard deviation of the change scores between 

trials divided by square root of 2). ICC and the TE are reported with 95% confidence intervals 

in parenthesis. Both the ICC provides an indication of agreement between trials including 
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rank order, whereas TE provides an indication of the error expected from measurement to 

measurement (Hopkins 2000). Currier’s (1990) criteria for reliability were adopted for ICCs, 

with 0.90-0.99 = high reliability, 0.8-0.89 = good reliability, 0.70-0.79 = fair reliability and 

<0.69 = poor reliability.   

In Study 2 within-day and between-day intra-rater and inter-rater reliability were calculated 

for lumbar lordosis using the Spinal Mouse, again using the ICC and TE.  A 2x2 factorial 

ANOVA also served to examine the effect of the two raters, pre- and post-bowling on two 

separate days, on the means of lumbar lordotic angles in the sagittal and frontal planes 

using the Spinal Mouse. Significance level was set at p ≤ 0.05 and all statistical tests were 

conducted with SPSS version 24.  

2.3 Results 

2.3.1 Study 1 - Alterations in stature and curvature after eight overs of fast bowling. 

All bowlers had good within-day intra-rater reliability demonstrating ten successive stature 

measurements with a standard deviation of ≤0.5mm, thus all were deemed to be 

successfully trained on the use of custom-built stadiometer.  

A significant main effect was found for overs on stature (F1,10 = 37.33, p<0.001) (see Figure 

2.7).  Bonferroni post hoc tests showed a significant loss of height (shrinkage) between pre-

measurements and the 2nd, 4th, 6th & 8th overs (p< 0.001). Statistically significant shrinkage 

was also demonstrated between the 2nd and 4th and 2nd and 8th overs (p<0.05).   

No significant differences were found in lumbar lordosis or thoracic kyphosis in upright 

standing, flexed and hyperextended positions after eight overs of bowling (p>0.05). Neither 

were significant differences found for any of the frontal plane curvature measurements 

after eight overs (p>0.05) (see Table 2.1).  Hypolordosis in the lumbar spine was found in 

25% of bowlers with 75% classified as neutral, and no changes seen after bowling. 75% of 

bowlers were classified with thoracic hyperkyphosis before bowling, which reduced to 50% 

after 8 overs. Conversely neutral classification rose from 25% to 50% after 8 overs.  
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Figure 2.7 Mean (±SD) spinal shrinkage during eight overs of fast bowling 

 

 

Table 2.1- Mean (±SD) spinal curvature (degrees) before and after 8 overs of fast  

 Pre-Bowling 
Degrees  

Over 8 
Degrees 

Sagittal Plane    
Thoracic Upright (STU) 45.1 (±9.6) 46.2 (±8.9) 
Lumbar Upright (SLU) -27.9 (±7.2) -28.1 (±8.3) 
Thoracic Flexion (STF) 57.7 (±9.7) 58.5 (±11.0) 
Lumbar Flexion (SLF) 30.1 (±20.8) 35.8 (±20.8) 
Thoracic Extension (STE) 30.2 (±20.6) 35.8 (±20.8) 
Lumbar Extension (SLE) 
 

-42.2 (±6.8) -42.4 (±7.4) 

Frontal Plane   
Thoracic flexion to left 30.7 (±4.4) 33.5 (±6.8) 
Thoracic flexion to right 33.1 (±11.3) 32.6 (±6.9) 
Lumbar flexion to left 23.8 (±6.8) 24.5 (±7.1) 
Lumbar flexion to right 26.7 (±3.6) 27.7 (±5.1) 

 

After 8 overs, no significant correlations were found between spinal shrinkage and sagittal 

lumbar and thoracic curvature in the upright, flexed, and extended positions (p>0.05). 
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  2.3.2 Study 2 - Within and between day reliability of Spinal Mouse measurements of 

lumbar curvature in the sagittal and frontal planes. 

 

Sagittal spinal curvature before bowling showed good between-day intra-rater reliability for 

the lumbar upright (SLU) position with an ICC for rater 1 and rater 2 of 0.81 (0.51-0.93) and 

0.88 (0.67-0.96).  After six overs a higher between-day intra-rater reliability ICC of 0.94 

(0.84-0.98) for rater 1 and 0.93 (0.79-0.97) for rater 2 was shown (see Tables 4 & 5). Prior to 

bowling, TE for SLU was 3.50° (2.59°-5.57°) for raters 1 and 2, with the 6th over yielding 

values of 1.96° (1.45-3.12°) and 2.46° (1.82-3.92°) respectively (see Tables 2.4 & 2.5).  

Significant main effects were found between raters for SLU curvature (F1,10 = 11.2, p=0.007), 

with rater 2 recording a value of 4.75° (p= 0.007) lower than rater 1 ( p=0.007;see Tables 2.2 

& 2.3). No significant main effects were found for bowling or days on SLU curvature, and for 

raters, bowling or days for sagittal lumbar flexion (SLF) and sagittal lumbar extension (SLE) 

measurements (p>0.05). There were no significant interactions for raters, bowling or days 

on SLU, SLF and SLE (p>0.05). 

 

Table 2.2 – Mean (±SD) spinal curvature (degrees) pre- and post- eight overs of bowling in 
the sagittal and frontal planes between day 1 and 2 for rater 1. 

 Rater 1 pre 
bowling 

 Rater 1 post 
bowling 
 

 

Position Day 1 Day 2  Day 1  Day 2  
Sagittal     
Lumbar upright -33.2 (±6.6) 35.1 (±7.8) -33.4 (±7.2) -36.3 (±7.4) 
Lumbar flexion 33.4 (±4.4) 30.3 (±2.6) 32.2 (±5.0) 31.4 (±4.1) 
Lumbar extension -49.5 (±7.4) -49.5 (±9.5) -46.4 (±13.0) -49.5 (±9.9) 
Frontal     
Lumbar upright 25.2 (± 4.9) 24.0 (±5.0) 23.5 (±9.5) 22.4 (±3.8) 
Lumbar left 6.6 (±3.4) 6.5 (+2.8) 7.3 (±2.8) 5.0 (±2.2) 
Lumbar right 20 (+4.9) 20.7 (+5.3) 19.4 (+5.4) 20.5 (+6.0) 
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Table 2.3 – Mean (±SD) spinal curvature (degrees) pre- and post-eight overs of bowling in 

the sagittal and frontal planes between day 1 and 2 for rater 2.  

 Rater 2 pre 
bowling 
 

 Rater 2 post 
bolwing 

 

Position Day 1  Day 2  Day 1  Day 2  
Sagittal     
Lumbar upright -29.6 (±6.6) -30.7 (±8.6) -31.0 (±7.5) -31.2 (±8.5) 
Lumbar flexion 32.8 (±4.4) 31.4 (±2.9) 32.5 (±3.6) 31.3 (±2.7) 
Lumbar extension -44 (±11.1) -46.8 (±12) -46.6 (±11.1) -45.6 (±7.9) 
Frontal     
Lumbar upright 23.5 (±7.6) 25.5 (±5.7) 22.5 (±7.7) 24.5 (±4.3) 
Lumbar left 6.9 (±3.7) 7.1 (±2.0) 7.3 (±3.4) 6.3 (±2.8) 
Lumbar right 22.3 (±4.3) 22.1 (±4.9) 20.7 (±5.7) 21.9 (±6.4) 

 

Table 2.4 - Intra-rater reliability of spinal curvature in sagittal and frontal planes pre-and 

post-eight overs of bowling between day 1 and 2 for rater 1. 

 Rater 1 pre day 1 v pre day 2 Rater 1 post day 1 v post day 2 
 

Position ICC (95% CI) Typical error 
(95% CI) ° 

ICC (95% CI) Typical error 
(95% CI) ° 

Sagittal     
Lumbar upright 0.81(0.51-0.93) 3.50 (2.59-5.57) 0.94 (0.84-0.98) 1.96 (1.45-3.12) 
Lumbar flexion 0.63 (0.20-0.86) 2.33 (1.72-3.72) 0.42 (-0.10-0.76) 3.59 (2.65-5.72) 
Lumbar extension 0.69 (0.29-0.88) 5.11 (3.78-8.14) 0.60 (0.15-0.85) 7.72 (5.71-12.30) 
Frontal     
Lumbar upright 0.38 (-0.14-0.74) 5.36 (3.96-8.54) 0.54 (0.06-0.82) 5.14 (3.80-8.18) 
Lumbar left 0.56 (0.09-0.83) 2.20 (1.63-3.51) 0.43 (-0.09-0.76) 2.00 (1.48-3.19) 
Lumbar right 0.50 (0.0-0.8) 3.78 (2.80-6.03) 0.79 (0.49-0.93) 2.83 (2.09-4.50) 
ICC = Intraclass correlation coefficient   Cl = Confidence interval 

 

Table 2.5 - Intra-rater reliability of spinal curvature in sagittal and frontal planes pre- and 

post-eight overs of bowling between day 1 and 2 for rater 2. 

 Rater 2 pre day 1 v pre day 2 
 

Rater 2 post day 1 v post day 2 

Position ICC (95% CI) Typical error 
(95% CI) ° 

ICC (95% CI) Typical error 
(95% CI) ° 

Sagittal     
Lumbar upright 0.88 (0.67-0.96) 3.50 (2.59-5.57) 0.93 (0.79-0.97) 2.46 (1.82-3.92) 
Lumbar flexion 0.77 (0.45-0.92) 1.93 (1.43-3.08) 0.45 (-0.07-0.77) 2.47 (1.83-3.94) 
Lumbar extension 0.83 (0.58-0.94) 5.27 (3.90-8.40) 0.73 (0.36-0.90) 5.45 (4.03-8.68) 
Frontal     
Lumbar upright 0.51 (0.02-0.81) 4.90 (3.62-7.80) 0.79 (0.49-0.93) 3.09 (2.28-4.92) 
Lumbar left 0.25 (-0.28-0.66) 2.64 (1.95-4.21) -0.13 (-0.59-0.4) 3.29 (2.43-5.24) 
Lumbar right -0.23 (-0.65-0.31) 5.08 (3.75-8.09) 0.62 (0.17-0.85) 3.99 (2.95-6.35) 
ICC = Intraclass correlation coefficient   Cl = Confidence interval 
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In the case of frontal lumbar flexion to the left (FLL) and frontal lumbar flexion to the right 

(FLR), there were no statistically significant main effects for rater, bowling or days (p>0.05).  

Lumbar flexion upright (FLU) had no main effects for rater or days (p>0.05). There were also 

no statistically significant interactions for rater, bowling and days for FLU and FLR (p>0.05).   

Pre-bowling within day inter-reliability was high for lumbar flexion (ICCs 0.90 (0.74-0.97)) 

and good for the lumbar upright position in the sagittal plane (ICC ranges 0.89 (0.70-0.96) - 

0.80 (0.50-0.93). Lumbar measurements showed poor to fair within-day inter-rater 

reliability (ICC 0.53 (0.04-0.81) - 0.78 (0.46-0.92) for post bowling in the sagittal plane. 

Within-day TE ranged from 1.38° (1.02°-2.20°) to 8.11° (6.00°-12.93°) (see Table 2.6).  SLU 

showed fair between-day inter-reliability both pre and post bowling (ICC 0.78 (0.46-0.92)) 

and good inter-rater reliability for SLF pre bowling (ICC 0.80 (0.5-0.93) (see Table 2.7). 

From the frontal parameters measured pre and post bowling, good within-day pre bowling 

inter-rater reliability was demonstrated for lumbar upright (ICC 0.83 (0.56-0.94) and lumbar 

right lateral bend (ICC 0.88 (0.67-0.96)). Poor within and between-day inter-reliability was 

demonstrated in all other frontal parameters (see Tables 2.6 & 2.7). Frontal TE ranged from 

2.45° (1.81°- 3.91°) - 6.26° (4.63°-9.98°) for all inter-rater measurements. 

 

Table 2.6 Within-day inter-rater reliability of spinal curvature in sagittal and frontal planes 

pre- and post-bowling. 

 Rater 1 pre-day 1 v Rater 2 pre-day 1  Rater 1 post-day 1 v Rater 2 post-
day 1  

Position ICC (95% CI) Typical error 
(95% CI °) 

ICC (95% CI) Typical error 
(95% CI) ° 

Sagittal     
Lumbar upright 0.81 (0.53-0.93) 3.81 (2.82-6.07) 0.75 (0.41-0.61) 3.96 (2.93-6.31) 
Lumbar flexion 0.90 (0.74-0.97) 1.53 (1.13-2.44) 0.78 (0.46-0.92) 2.22 (1.64-3.54) 
Lumbar extension 0.29 (0.24-0.69) 8.11 (6.00-12.93) 0.53 (0.04-0.81) 1.38 (1.02-2.20) 
Frontal     
Lumbar upright 0.85 (0.60-0.95) 3.36 (2.49-5.36) 0.88 (0.67-0.96) 3.38 (2.50-5.39) 
Lumbar left 0.58 (0.12-0.84) 2.45 (1.81- 3.91) 0.21 (-0.33-0.64) 2.85 (2.10-4.53) 
Lumbar right 0.23 (-0.30-0.65) 4.11 (3.04-6.55) 0.83 (0.56-0.94) 2.55 (1.89-4.07) 
ICC = Intraclass correlation coefficient   Cl = Confidence interval 
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Table 2.7 - Between day inter-rater reliability of spinal curvature in sagittal and frontal 

planes pre- and post-bowling. 

 Rater 1 pre-day 1 v Rater 2 pre-day 2  Rater 1 post-day 1 v Rater 2 post-
day 2  

Position ICC (95% CI) Typical error 
(95% CI) ° 

ICC (95% CI) Typical error 
(95% CI) ° 

Sagittal     
Lumbar upright 0.78 (0.46-0.92) 3.96 (2.92-6.30) 0.78 (0.46-0.92) 4.05 (2.99-6.45) 
Lumbar flexion 0.80 (0.5-0.93) 1.84 (1.36-2.94) 0.41 (0.11-0.75) 3.17 (2.34-5.05) 
Lumbar extension 0.47 (0.03-0.79) 7.51 (5.55-11.96) 0.45 (0.06-0.77) 8.28 (6.12-13.20) 
Frontal     
Lumbar upright 0.19 (-0.34-0.63) 6.26 (4.63-9.98) 0.66 (0.24-0.87) 4.59 (3.39-7.32) 
Lumbar left 0.29 (-0.25-0.69) 2.44 (1.80-3.88) -0.05 (-0.54-.45) 2.86 (2.12-4.56) 
Lumbar right 0.31 (-0.22-0.70) 4.18 (3.09-6.65) 0.57 (0.10-0.83) 4.10 (3.03-6.54) 
ICC = Intraclass correlation coefficient   Cl = Confidence interval  

 

 

2.3.3 Study 3 – Within-day and between-day reliability of spinal shrinkage. 

All bowlers demonstrated within-day reliability with ten successive measurements on the 

custom-built stadiometer less than a standard deviation of 0.5mm.  Between-day intra-rater 

reliability was poor for stature change when unloaded, and during a fast bowling spell of six 

overs, with ICCs ranging from 0.00 (0.00-0.29) to 0.49 (0.00-0.8). TE ranged between 2.53 

mm (1.85-4.17 mm) – 5.42 mm (3.95-8.92 mm) (see Table 2.8). 

 

 

Table 2.8 - Reliability of spinal shrinkage pre, during and post six overs of bowling. 

 Unloaded Post warm-up 2nd over 4th over 6th over 

ICC (95% CI) 0.16 (adj 
0.00-0.63) 

0.49 (adj 
0.00-0.8) 

0.34 (adj 
0.00-0.73) 

adj - 0.00 
(adj 0.00-
0..29) 

adj 0.00  
(adj 0.00-
0.46) 

Typical error 
(°) (95% CI) 

3.44 (2.51-
3.66) 

2.53 (1.85-
4.17) 

4.28 (3.12-
7.05) 

4.60 (3.35-
7.56) 

5.42 (3.95-
8.92) 

 ICC = Intraclass correlation coefficient; CI = Confidence interval; Adj = adjusted negative ICC to 0.00. 
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Figure 2.8 - Spinal shrinkage – pre unloaded (PRU), post unloaded (POU), post warm-up 
(PWU), and after the 2nd over (P2O), 4th over (P4O), 6th Over (P6O). 

 

No significant differences were found in shrinkage between day one and day two for 

unloaded, post warm-up, 2nd, 4th and 6th overs (p>0.05).  Spinal shrinkage differed 

significantly as a result of bowling on both day one (F 1.78, 16 = 25.97, p < .001) and day 2 (F 

1.83, 16.43 = 19.14, p < 0.001). Bonferroni post hoc tests showed that the warm-up did not 

significantly increase shrinkage on either day (p> 0.05).  On day 1, bowlers’ stature 

significantly reduced by 8.57 mm (95% CI 2.07-15.08 mm) between the unloaded condition 

and after the second over (p=0.009). Significant shrinkage of 9.17 mm (95% CI 4.16-14.18 

mm) and 10.47 mm (95% CI 5.78-15.16 mm) occurred between unloaded and the 4th 

(p=0.001) and 6th overs (p<0.001) respectively.  Significant shrinkage was also found 

between post warm-up and the 2nd (p= 0.026), 4th (p=0.019), and 6th overs (7.14 mm, 95% CI 

2.32 – 11.96, p=0.004). On day 2 significant shrinkage occurred between the unloaded 
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condition and the 4th over (p=0.037) and the 6th over (10.11 mm, 95% CI 0.21 – 20.01 mm, 

p=0.044). The same was true between post warm-up and the 4th over (p=0.029) and 6th over 

(5.4 mm 95% CI 0.37 – 10.43 mm, p=0.033). No significant differences in shrinkage were 

observed between the 2nd, 4th and 6th overs (p>0.05) on both days of testing (see Figure 2.8). 

 

2.4 Discussion 

Fast bowling between six and eight overs placed a noteworthy spinal load on the bowlers 

accounting for 25-35% of a predicted maximal diurnal shrinkage of approximately 20 mm 

(Eklund & Corlett 1987).  A plateau in shrinkage occurred after the second and fourth overs 

in Studies 3 and 1 respectively. Spinal curvature was not altered by the acute effects of fast 

bowling in the club standard fast bowlers when measured with the Spinal Mouse. This 

finding further supports the assumption that a loss in stature is due to alterations of the 

intervertebral discs in response to the load of fast bowling. The Spinal Mouse demonstrated 

good to high between-day reliability for both raters when measuring sagittal lumbar lordosis 

in the upright position. Within-day inter-rater reliability was also proved to be good for the 

same measurement pre-bowling. The custom-built stadiometer based on the design of 

Eklund & Corlett (1984) demonstrated good within-day intra-reliability for 10 successive 

measurements prior to bowling. However, it did not provide adequate reliability for 

between-day intra-rater reliable measurements of stature changes during the five 

conditions (i.e., unloaded, post warm-up, 2nd, 4th and 6th over). 

Rodacki et al. (2001) recommended sufficient familiarization sessions when using a custom-

built stadiometer, so that participants achieve an accepted level of reliability. All bowlers in 

Studies 1 and 3 achieved 10 measurements with an SD of <0.5mm, the most used criterion 

for confirming the participant can repeat stature measurements (Garbutt et al. 1990, Fowler 

et al. 1997; Rodacki et al. 2001). The poor between-day intra-rater reliability when using the 

stadiometer on the other hand, needs exploring.  

Previous research using similar apparatus, conducted on participants with and without 

chronic low-back pain, also demonstrated poor reliability for measurements in the unloaded 

condition and in the first 10 minutes of loading (Kanlayanaphotporn et al., 2002).  In 

contrast, Healey et al. (2005) reported an ICC (1,1) of 0.99 for control and chronic low-back 
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pain groups (12 in each group).  The Typical Error in study 3 ranged from 2.53 mm (1.85-

4.17mm) to 5.42 mm (3.95-8.92mm) which is much higher than in previous research. Healey 

et al. (2005) demonstrated TE values of 0.043 mm and 0.041 mm in CLBP and control 

groups, respectively, while Kanlayanaphotporn et al. (2002) reported a range of TE 1.02-1.98 

mm.   

Healey et al. (2005) suggested that three sets of measurements are optimal to achieve the 

desired SD (<0.5 mm). Studies 1 and 3 showed that participants can repeat the 

measurements to a SD of <0.5mm in one familiarisation session, if they follow the protocol 

of remaining in the stadiometer for the 10 measurements as advocated by Stohart & McGill 

(1999).   The subsequent conditions (unloading, loading through warm-up, and bowling), 

necessitated the participants move in and out of the stadiometer between measurements, 

which may have contributed to the poor between-day reliability and large TE in Study 3. As 

the results of that Study 3 indicate, participants having been trained to ensure repeatable 

measurements does not guarantee between-day reliability. If measurements are to be 

made on a population of active individuals such as fast bowlers, then there may be a need 

to train the participants on each visit to the laboratory. 

The focus in the literature has been on participants being able to repeat the measurements 

but there has been no mention of the training needed by the experimenter or rater. 

Inconsistencies in the measurement protocol undertaken by the raters could be linked to 

participants who have just finished a physically demanding task and may have difficulty 

remaining still in the stadiometer.  The ability of the bowler to maintain postural integrity 

and replicate the correct measurement position may have hindered the correct placement 

of the postural rods. Maintaining head position is crucial to the success of the 

measurements and was achieved with the help of two infra- red lasers on either side of a 

spectacle frame pointing upwards (Healey et al., 2008, Lewis & Fowler 2009). Having the 

one size frames meant that no account was taken of different head sizes and concomitant 

movement. Having to align two lasers may have increased the error, so other authors have 

used a single light emitting laser located on bridge of spectacles pointing in a forward 

direction (Leatt et al., 1986, Reilly & Freeman 2006).   

Participants achieving a relaxed state immediately after strenuous exercise such as fast 

bowling represents a significant challenge to the researcher. The paucity in previous 
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literature of reliability studies over separate days and the variety of adaptations of the 

original Eklund & Corlett (1984) stadiometer model suggest that each variant on the original 

design should undergo within-day and between-day reliability testing to ensure that both 

the rater and the participant are trained to use the equipment.  Future investigations of 

active populations, such as fast bowlers, should consider the amount of practice and time 

required to attain the appropriate level of within-day and between-day reliability. Rather 

than following the approach of Stohart & McGill (1999), where participants remain in the 

stadiometer for 10 repeatability measurements, research should ensure that the method of 

moving in and out of the stadiometer in the same way that field measurements are taken, is 

also part of the procedure.     

The time taken for training reliability in a custom-built stadiometer has been shown to be 

influenced by coordination and proprioceptive qualities (Van Dieen and Toussaint 1993), 

which could have contributed to the error measurements.  Participants were trained within 

one familiarisation session with no one session taking longer than 45 minutes. This 

compares favourably with the mean training time of 46 minutes for Reilly and Chana’s 

(1994) study on fast bowling, although Corlett et al. (1987) stated that for some participants 

training took more than one hour. It is possible that although participants achieved the 

repeatability standard of 10 measurements with an SD of <0.5 mm they were still not fully 

trained to undertake the shrinkage measurement after exercise. The time needed for 

reliability training raises questions regarding the ecological validity of using such a 

stadiometer in a field setting.  If future research goals include establishing the clinical 

significance of shrinkage within a sporting population in the field, such modified equipment 

may not be suitable and other solutions may need to be found. The ethical dimension of 

exposing participants to such an arduous testing regime with potentially poor reliability 

must also be considered. For example, testing lasting up to an hour, adds to a bowler’s 

workload and potentially detracts from valuable technical and physical training, especially in 

the case of elite performers. 

The poor reliability is indicated by negative ICC levels reported in Table 8. Since ICCs are 

defined to be the proportion of between-subjects variance, theoretically they should range 

from 0 to 1. In practice, the negative ICC can be due to the variance in sample size. If the TE 

is larger than the between group SD, as found for the shrinkage measurements of the 
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custom-built stadiometer, then the ICC will be negative. In the current study large variance 

within the small sample size of 11 is the cause of the negative value. Due to this sampling 

uncertainty, the calculated values of ICCs were out of the theoretical range, so to make the 

negative ICC values meaningful they were adjusted to zero as suggested by Salthouse (1994) 

(see Table 2.8). 

Despite poor reliability, overall shrinkage during bowling ranged from of 4.99 ± 2.35 mm to 

6.05 ± 5.26 mm in Studies 1 and 3 (without unloading), respectively. These values are higher 

than previous research and Study 3 measures demonstrate larger standard deviations that 

shows greater variability (Reilly and Chana 1994; Barry 2007).  This is likely due to the 

different protocol used with Study 3 with the additional measurement of 15 minutes 

unloading in the Fowler position prior to warm-up and subsequent bowling.  The different 

individual effects of unloading on stature gain have potentially led to an increase in the 

variance of subsequent shrinkage measurements duirng the warm-up and bowling. Whereas 

previous research reported a linear increase in stature loss as bowling progressed (Reilly and 

Chana 1994; Barry 2007), this is the first study to demonstrate a plateau in shrinkage 

between the second and fourth overs.  This is of potentially greater significance since a 

plateau in shrinkage may imply that the shock absorbing capacity of the intervertebral discs 

is reduced as bowling continues beyond four overs. Further research is required to 

determine the exact pattern of stature loss during fast bowling. 

Because hyperlordosis has been associated with lumbar stress injuries (Been & Kalichman 

2014), it is important to have a reliable device for measuring lumbar curvature that does not 

expose the patient to unnecessary ionising radiation. Study 2 demonstrated that the Spinal 

Mouse has high to good between-day intra-reliability for 2 raters measuring sagittal lumbar 

lordosis in the upright position. This is in agreement with previous research using the same 

device, which has shown high within-day intra-rater reliability for the same measurement 

with ICCs ranging from 0.90 – 0.98 and Typical Errors of 1.7° – 2.5° (Keller et al., 2000; 

Manion et al., 2004; Roghani et al., 2004 Topalidou et al., 2015). Similarly, within-day inter-

rater reliability was good pre-bowling for the sagittal lumbar upright position with fair 

between-day inter-rater reliability both pre- and post-bowling. These results confirm that 

the Spinal Mouse is a reliable device, for sagittal curve measurements of the lumbar spine in 

the upright position in fast bowlers. Moreover, when implementing Spinal Mouse 
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measurements during studies lasting multiple days or weeks, best results will be obtained 

by using the same rater.  

The reliability of the Spinal Mouse when measuring in the flexed and extended positions 

was somewhat mixed.  Between-day intra-rater reliability was poor for lumbar 

measurements in both positions, whilst within-day inter-rater reliability was high for lumbar 

flexion and poor for extension. These results agree with Kellis et al. (2008) who reported a 

greater range of ICC measures (0.61-0.92) for lordosis in flexion and extension but contrast 

with Manion et al., (2004) reported good reliability for these measurements. The 

uncertainty of measurements in the flexed and extended positions is likely due to the 

variability of individuals in reaching these positions.  The protocol requires the mean 

measure to be taken from the three trials and repeating the same flexed and extended 

position proved difficult for some bowlers. Similarly, for post bowling poor to fair within-day 

inter-rater reliability was found for flexed and extended positions, highlighting the 

differential effect that eight overs of bowling had on the range of movement for each 

bowler. These results are consistent with previous between-day inter-rater reliability that 

ranged from poor to high (ICC 0.61 – 0.96) for sagittal upright, flexion and extension lumbar 

measurements, albeit with a much younger population (Kellis et al., 2008). The same 

authors also reported Typical Error between 1.47° – 7.58° for the same measurements, 

which are similar to those reported in Study 2.  

For raters to reach a good level of reliability, below a TE of 3.5° they must be aware of issues 

that may affect the measurement process (Kellis et al 2008; Roghani et al 2017). For 

example, when using the Spinal Mouse, they must consider adipose tissue overlying the 

spinous processes and the morphology of lumbar muscles (Manion et al 2004). The ability to 

palpate the correct bony landmarks and follow the midline with the device and apply the 

correct pressure may all influence results (Kellis et al., 2008; Ripani etal., 2008). Maintaining 

the correct, repeated posture and utilising a standardized protocol with experienced testers 

have been reported as essential to reduce error (Kellis et al 2008; Roghani et al 2017). 

Clearly, more research is needed to determine the reliability of using the Spinal Mouse to 

measure lumbar lordosis in flexion and extension positions in an adult athletic population. 

Poor within- and between-day inter-rater reliability in nine out of the 12 frontal plane 

parameters demonstrates the need for caution in the use of skin surface devices in this 
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plane. The protocol for measuring the spine in the frontal plane requires the rater to mark 

the spinous processes along the spine and follow the contours of the marks when measuring 

in all positions. The assumption is that the marks reflect the vertebral bodies (Manion et al., 

2004) but as the participant flexes laterally to the left and right, the marks made on the 

spine move away from the spinous processes. This affects the accuracy and reliability of the 

measurements. It is therefore recommended that the Spinal Mouse not be used for frontal 

plane measurements with fast bowlers. 

To the author’s knowledge this is only the second study to report curvature of fast bowlers. 

Hecimovich & Stomski (2016) measured lordosis in male and female bowlers using a 

flexicurve which resulted in a different calculation for the lordotic angle, thus making a 

direct comparison of absolute values difficult.  In Study 1 upright sagittal thoracic kyphosis 

(45.1 ±9.6°) and lumbar lordosis (-27.9 ±7.2°) in fast bowlers equated to Spinal Mouse 

measurements from other athletic populations. Tennis players reported kyphotic and 

lordoctic angles of 43.83 ±7.87° and -27.58 ±7.01° respectively (Muyor et al., 2013a), whilst 

Lopez-Miñarro and colleagues found similar results for canoeists (kyphosis 44.66 ±8.80°; 

lordosis -30.34 ±8.31°) and kayakers (kyphosis 44.5 ±7.61°; lordosis -27.27 ±7.06°).  Muyor 

et al. (2011) also reported a mean lordotic angle of   -27.32 ±7.23° for cyclists. 

Hyperlordosis in the lumbar spine was observed in sagittal upright position in 23% of 

bowlers and in neutral position in 77% and remained the same after bowling. Thoracic 

classifications were split equally between hyperkyphosis (50%) and neutral (50%) for all 

bowlers. These results accord with reported thoracic and lumbar spines of canoeists (Lopez-

Minaro et al., 2011). 

 Lumbar lordosis and thoracic kyphosis have geometric properties that influence mechanical 

properties of the spine during compressive loading. The noteworthy occurrence of 

hyperlordosis and hyperkyphosis in the current population of club standard fast bowlers 

may be due to exposure to intensive training (Wojtys et al., 2000).  Arlicsson & Werner 

(2006) found increased thoracic kyphosis in skiers after a period of 5 years intensive 

training, whist Förster et al. (2009) reported high lordotic and kyphotic angles in climbers.  

Increasing curvature angles in both lumbar and thoracic regions of the spine has been 

associated with larger shear forces (McGill 2015), greater intradiscal pressures (Wilke et al., 

2001) and an increased risk of stress fractures particularly in the lumbar spine (Been & 
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Kalichman 2014). The link reported by Hecimovich & Stomski (2015) between hyperlordosis 

and back pain in junior level fast bowlers highlights the need for further investigation into 

whether such morphology might be a risk factor associated with injury to the spine in elite 

fast bowlers. 

Study 1 found no acute effect of bowling six overs on spinal curvature. Limited research 

evidence is available on the acute effects of physical activity or sporting action on the 

curvature of the spine.  Similarly, Lopez Miñarro et al. (2012) investigated the acute effect of 

eight minutes of hamstring stretching on upright curvatures and found no difference 

between prior and post measurements.  Although loading the spine during bowling appears 

to influence spinal shrinkage, curvature in the upright position remains unaltered. 

Furthermore, no correlation exists between shrinkage and curvature measurements either 

before or after bowling. Therefore, it is likely that loss of stature during is related to disc 

height loss rather than any change in lordosis and future research with fast bowlers should 

measure both spinal shrinkage and curvature. 

  

2.5 Conclusion 

Results from the Spinal Mouse reveal that lumbar and thoracic curvature is not altered by 

the acute effects of fast bowling in club standard fast bowlers.  Within this population, the 

Spinal Mouse is a reliable device for measuring sagittal curves of the lumbar and thoracic 

spine in the upright position. For enhanced between-day reliability the same trained rater is 

recommended for repeated measurements with this device.   

Six to eight overs of fast bowling have been shown to place a considerable load on the spine 

as indicted by stature loss. When measuring shrinkage, the custom-built stadiometer shows 

good within day-intra-rater reliability, but it is not reliable for use in populations that 

undertake vigorous exercise, such as fast bowling. As measurement of spinal shrinkage may 

play a role in identifying injury risk in fast bowlers, alternative devices that use modern 

technology and lend themselves easily to application in the field need to be sought.  
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Chapter 3 – Reliability and validity of the Seca 287 ultrasound stadiometer 

for measuring stature and spinal shrinkage. 

 

3.1 Introduction 

Stature is normally obtained with a stadiometer that has a moveable head caliper. Such 

commercially available stadiometers are widely recognised for within and between rater 

reliability, when measuring the height of children (Ayle et al., 2012; Voss et al., 1990; Voss et 

al., 1994; De Miguel-Etayo et al., 2014), adults (Geeta et al., 2009; Bahrudin et al 2017) and 

the elderly (Gomez-Cabello et al., 2012). Moreover, reliability does not appear to be 

compromised by the type/cost of most devices used in medical settings (Voss et al., 1990; 

Voss et al., 1994). Intra-rater reliability is also either similar to (Geeta et al., 2009; Bahrudin 

et al 2017) or slightly better than (Ayle et al., 2012; Gomez-Cabello et al., 2012; De Miguel-

Etayo et al., 2014) inter-rater reliability. Voss et al., (1990) reported that experienced raters 

generally produce more reliable measures than those who are inexperienced. Nevertheless, 

the same authors also noted a significant difference (0.20 cm) in the mean height of the 

same children measured by two experienced observers, due to differences in their 

measuring techniques. Whilst such differences may appear trivial in the detection of height 

changes during growth, they may be clinically important in the measurement of spinal 

shrinkage. 

In contrast to previously reported research, which used controlled, experimental conditions, 

Mikula et al. (2016) assessed the reliability of 32 stadiometers by comparing multiple height 

measures obtained from patient records. Their results found that incorrect installation of 

devices and failure of staff to follow recommended guidelines resulted in 18% of patients’ 

measurements differing by up to 2 cm over three months. By measuring a rod of known 

length, spot checks of stadiometers in medical centres also revealed that incorrect 

installation led to errors of between -1.3 cm to +1.1 cm (Geeta et al., 2009), and >1.5 cm 

(Mikula et al., 2016). Correct installation was shown by Voss et al., (1994) to improve 

accuracy across a range of height measuring devices to ±0.1 cm.  

 

The Seca 287 (Seca, Gmbh, Hamburg, Germany) is a sophisticated stadiometer that uses 

three pairs of ultrasonic sensors to measure height with a resolution of 1 mm. Elia et al. 
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(2019) evaluated the use of this sonic technology to measure stature in healthy and 

malnourished populations. Intra-rater reliability showed a TE 1.86 mm for healthy 

participants and 3.68 mm for patients. The results were compared to measurements taken 

on a mechanical stadiometer using a head caliper, but validity of the device was not 

investigated. 

As stated in the previous chapter, alterations in the height of participants in response to 

loading and unloading has also been used to estimate indirectly intervertebral disc (IVD) 

height changes and is termed ‘spinal shrinkage’ (e.g Tyrrell et al., 1985; Munster et al., 

2018). Pennell et al. (2012) assessed whether a commercially available stadiometer 

(measurement resolution  = 1 mm) would be able to detect such small changes in stature 

that have been observed, for example, during walking in a weighted vest (mean = 0.54 cm) 

(Healey et al., 2008), running (mean = 0.46 cm) (Dowzer et al., 2008), circuit training (mean 

= 0.49 cm) (Reilly & Freeman 2006) and fast bowling (mean = 0.23 cm) (Reilly & Chana 

1984), which have traditionally been assessed using a high resolution custom made 

stadiometer. Users of custom-built stadiometers strive for high repeatability of ten 

measurements (SD <0.5 mm) during familiarisation where participants stay in the device 

(Healey et al., 2005). However, due to postural as well as measurement variability, 

repeatability is not as good when participants step in and out of the device between 

measurements (SD = 0.84 mm to 1.3 mm) (Stothart & McGill., 2000). Using the ‘step-in-and-

out’ method in a commercially available stadiometer, Pennell et al.’s (2012) participants 

were able, after practice, to achieve a SD of <1.3 mm from five measurements in a seated 

position. Good intra and inter-rater reliability of the device over three subsequent loading 

sessions led the authors to conclude that commercially available stadiometers with high 

precision could extend the range of tools used for clinical research into the management of 

lower back pain (Pennell et al., 2012). 

 

Aim – To investigate the reliability and validity of an ultrasound stadiometer for measuring 

stature and spinal shrinkage. 

 Objectives 

• To determine the effect of instruction mode on the within-day and between day 

reliability of the Seca 287 ultrasound stadiometer (Study 4). 
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• To examine the between day intra-rater reliability of the Seca 287 Ultrasound 

stadiometer for measuring stature and spinal shrinkage (Study 5).  

• To examine the concurrent validity of the Seca 287 Ultrasound stadiometer for 

measuring change in stature (Study 6). 

 

3.2 Methods 

The design consisted of three studies, two of which assessed reliability of measures taken 

with the Seca 287 (Studies 4 and 5), and a third (Study 6) which assessed the validity of the 

device. Study 4 assessed both within- and between-day reliability of height measurements 

before and after walking, using both automated and rater instructions. Study 5 investigated 

between-day intra-rater reliability, before and after five overs of cricket bowling, as well as 

the ability of the device to detect stature change in such a high loading environment. 

Concurrent validity was assessed in Study 6 by comparing Seca 287 measurements with 

those from a high-resolution custom-made stadiometer, before and after walking. All 

studies received ethical approval from Manchester Metropolitan University research Ethics 

Committee. In all three, participants were without shoes, and their measurements were 

taken after they had been standing for two minutes to allow any soft tissue changes to 

stabilise (Foreman & Linge 1989). 

3.2.1 Study 4 

Participants 

16 male participants with a mean age of 20.3 (SD: ±1.9) years, a mean height of 178.9 (SD: 

±6.0) cm and a mean body mass of 77.6 (SD: ±10.5) kg, who all reported no previous or 

current spinal injuries requiring hospitalisation or consultation with a physician, volunteered 

for the study. 

Protocol 

The Seca 287 was calibrated for height with an 81.5cm reference bar and was levelled using 

the in-built spirit level. Participants were asked to stand on the platform (16.5 cm width and 

15 cm depth) and align their feet to two cardboard outlines of a size 9 foot placed on to the 

plate. This ensured repeatable foot placement for the participants so that measurements 

were taken vertically above the central point of the horizontal standing platform. Within-
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day reliability of the Seca 287 was assessed from ten measurements where each participant 

used the ‘step in and out’ method. For the first set of ten trials, participants followed the 

manufacturer’s recommended instructions through automated verbal guidance that stated: 

"Please stand up-right and look straight, do not move, the measurement starts now" (Seca 

Instruction). 

For the second set of ten trials, participants were given more specific detailed instructions 

by the experimenter. This was to stand on the specific marks placed on the platform to align 

your heels and toes, keep both feet shoulder width apart, lock knees, relax shoulders, look 

straight forward and hold your breath after inhalation, while the automated verbal 

commands were muted (Experimenter Instruction). Participants then unloaded their spines 

in the Fowler position for 20 minutes (Tyrrell et al., 1985), after which a third set of ten (pre-

walk) stature measurements was taken, again following the experimenter instructions (Pre-

Walk). A fourth and final set of ten measurements were taken after participants had walked 

on a treadmill at a self-selected pace wearing a weighted vest (15% of body mass) for 10 

minutes designed to load the spine (Healey et al., 2008) (Post-Walk). Between-day reliability 

was assessed by repeating the above protocol over a two-week period at the same time of 

day to account for circadian variation (Healey et al., 2008). 

3.2.2 Study 5 

Participants 

Twelve male Cheshire Cricket Academy fast bowlers aged between 16-17 years, with a mean 

height of 180.3 (± 7.6) cm and a mean body mass of 64.6 (± 5.6) kg, who all reported no 

previous or current spinal injuries requiring hospitalisation or consultation with a physician, 

volunteered for the study. 

Protocol 

On the participants’ arrival at the indoor cricket facility a single, initial height (pre-

unloading) measurement was obtained. Participants then adopted a supine position, with 

support under the knees for 20 minutes to unload the spine before a second (post-

unloading) measure was taken. The bowlers completed a 10-minute warm up, similar to 

that which they would perform before a match, and consisting of 10 m high-speed running, 

high knees, heel flicks, sideways strides, lunges and dynamic stretches. After the warm-up, a 
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third (pre-bowling) measurement was taken, before participants paired up to bowl in the 

nets at match-intensity. Each player bowled one over (i.e. six balls) whilst the other 

performed fielding exercises to mimic a match situation. At the end of each over the players 

switched roles until they had each completed five overs of bowling and fielding. They then 

had their final (post-bowling) measurement taken with the Seca 287, after which the next 

pair of bowlers was tested. This process was repeated at the same time one week later to 

assess the ability of the Seca to detect small changes in stature across days.  

3.2.3 Study 6 

Participants 

Ten University students of mixed gender aged 21-25 years, with a mean mass of 77.6 (± 6.7) 

kg, and mean height of 168.3 (± 7.2) cm, who had been injury free for at least two months 

volunteered to take part in this study. 

Protocol 

Criterion validity of the Seca 287 was assessed by comparison of the measurements from 

that device with those from a custom-built stadiometer, similar to the one used by Healey et 

al. (2008). This device had a measurement resolution of 0.01 mm and was for the purpose of 

this study considered the ‘gold standard’ stadiometer (GSS). 

After familiarisation with the GSS, their heights were measured using the Seca 287 followed 

by five stature measurements on the GSS, using the protocol from Studies 1 and 3 (see 

Section 2.2.2 Chapter 2), before a further measurement was taken using the Seca 287. The 

mean of the two Seca measurements and the five GSS measurements, were used as the pre-

unloading values. Participants then adopted a supine position, with support under the knees 

for 20 minutes to unload the spine, as in Study 5, before the measurement process 

described above was repeated to provide the post-unloading values. Similar to Study 4, 

participants then walked at 3.5 m·s-1 on an inclined treadmill whilst wearing a weighted vest 

(10% body mass) for 15 minutes to induce minor fatigue and spinal shrinkage. Participants 

finally repeated the measurement process outlined above to furnish the post-walk values. 

The GSS is designed to measure change in stature between different measurements rather 

than stature itself. Thus, the change in height between subsequent measures was calculated 
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for both devices (i.e., post-unloading minus pre-unloading and post-walk minus pre-walk) to 

enable assessment of the concurrent validity of the Seca 287.  

3.2.4 Statistical analysis 

Within-day and between-day reliability were both assessed in Studies 4 and 5 using 

intraclass correlation (ICC) and typical error (TE), with 95% confidence intervals (CIs), as 

recommended and defined by Hopkins (2000). A paired t-test was also used to assess the 

effect of type of instruction on height measurements taken on each day in Study 4.  

In Study 6, concurrent validity of the Seca 287 was assessed by a Pearson’s Correlation 

Coefficient and with the help of Bland and Altman’s Limits of Agreement (Bland & Altman 

1986) between the change in stature measurements before and after unloading and 

walking. In all three studies, Repeated Measures ANOVAs were also used to assess the 

effect of different loading conditions on height measured by the Seca, Tukey’s HSD post-hoc 

test was also applied where appropriate. All data met the assumptions of parametricity for 

each test, and significance was set to p<0.05. 

 

3.3 Results  

3.3.1 Study 4 

Within-day reliability was excellent for the Seca 287 on both days, as demonstrated by both 

the high ICC and low TE values shown in Tables 3.1 and 3.2. On Day 1 use of the 

experimenter modified verbal instructions resulted in improved reliability over the 

automated Seca 287 instructions, as demonstrated by the lower TE (see Table 3.1). 

Conversely, use of the experimenter instructions made no difference to reliability of the 

height measurements on Day 2 (see Table 3.2). On both days, the type of instruction made 

no difference to the participants’ height (p > 0.05). Reliability was also excellent between 

Day 1 and Day 2, although not as good as within-day reliability, as demonstrated by the 

higher TE in Table 3.3.  

Height was significantly different between the loading conditions, on Day 1 (see Table 3.1, 

F2,28 = 28.5, p < 0.001) and Day 2 (see Table 3.2, F2,28 = 29.0, p < 0.001); on both days, 

participants, following the experimenter instructions, gained height during unloading (p< 
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0.01), and lost height between unloading and walking (p< 0.01). In comparison with the 

measurement on arrival, height was also significantly lower after walking, on Day 1 (p< 

0.05), but not Day 2. 

Table 3.1. Within-day stature, typical error (TE) and intraclass correlation (ICC) of Seca 287 

measurements on Day 1 (10 trials, n = 16, walking).  

 Stature (cm) 

Mean±SD 

TE (cm)  

(95% CI) 

ICC  

(95% CI) 

Seca Instruction 178.2 ±7.0 0.42 (0.37-0.48) 1.00 (0.99-1.00) 
Experimenter Instruction 178.4 ±7.1 0.23 (0.20-0.26) 1.00 (1.00-1.00) 
Pre-Walk 178.8 ±7.1 0.30 (0.27-0.35) 1.00 (1.00-1.00) 
Post-Walk 178.2 ±7.1 0.25 (0.22-0.29) 1.00 (1.00-1.00) 

 

Table 3.2. Within-day stature, typical error (TE) and intraclass correlation (ICC) of Seca 287 

measurements on Day 2 (10 trials, n = 16, walking).  

 Stature (cm) 

Mean±SD 

TE (cm)  

(95% CI) 

ICC 

(95% CI) 

Seca Instruction 178.8 ±7.1 0.25 (0.22-0.29) 1.00 (1.00-1.00) 
Experimenter Instruction 179.3 ±6.9 0.26 (0.25-0.35) 1.00 (1.00-1.00) 
Pre-Walk 179.3 ±7.1 0.26 (0.23-0.30) 1.00 (0.99-1.00) 
Post-Walk 178.6 ±7.0 0.23 (0.20-0.27) 1.00 (1.00-1.00) 

 

Table 3.3. Between day stature, typical error (TE) and intraclass correlation (ICC) of Seca 287 

measurements (n = 16, walking).  

 Stature (cm) 

Mean±SD 

TE (cm)  

(95% CI) 

ICC 

(95% CI) 

Seca Instruction 178.7 ±7.0 0.39 (0.28-0.61) 1.00 (0.99-1.00) 
Experimenter Instruction 178.8 ±7.0 0.30 (0.22-0.48) 1.00 (1.00-1.00) 
Pre-Walk 179.3 ±7.1 0.36 (0.26-0.57) 1.00 (0.99-1.00) 
Post-Walk 178.6 ±7.0 0.26 (0.19-0.42) 1.00 (1.00-1.00) 

 

 

3.3.2 Study 5 

The ICCs showed excellent between day reliability of the Seca 287 for the cricket bowlers 

and TEs were comparable to those obtained in Study 1 (Table 3.4). Height was again 

significantly different between the loading conditions on Day 1 (F3,33 = 17.0, p < 0.001) and 

Day 2 (F3,33 = 12.7, p < 0.001), with participants gaining height after unloading (p < 0.01) and 
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losing height between unloading and bowling (p < 0.01), as well as between warm-up and 

bowling on both days (p < 0.01). 

Table 3.4. Between day stature, typical error (TE) and intraclass correlation (ICC) of Seca 287   

measurements (n = 12, bowling).  

 Day 1 

Stature (cm) 

Mean±SD 

Day 2 

Stature (cm) 

Mean±SD 

TE (cm)  

(95% CI) 

ICC 

(95% CI) 

Pre-Unloading 180.3 ±7.6 180.7 ±7.6 0.37 (0.26-0.63) 1.00 (0.99-1.00) 
Post-Unloading 180.8 ±7.6 181.1 ±7.6 0.38 (0.27-0.64) 1.00 (0.99-1.00) 
Pre-Bowling 180.5 ±7.7 180.8 ±7.7 0.39 (0.27-0.65) 1.00 (0.99-1.00) 
Post-Bowling 180.0 ±7.6 180.3 ±7.6 0.46 (0.33-0.79) 1.00 (0.99-1.00) 

 

3.3.3 Study 6 

Bland and Altman plots (i.e., difference vs mean) for stature change Pre-Walking (i.e., 

unloading) and Post-Walking (i.e. loading) are shown in Figures 3.1 and 3.2. The limits of 

agreement of stature change during unloading demonstrated that measurements from the 

Seca were 0.52 mm above or 1.14 mm below those obtained from the GSS in 95% of cases. 

Similarly, after unloading, in 95% of cases, the Seca measurements were 0.71 mm above or 

1 mm below those obtained from the GSS. Stature loss during unloading and stature gain 

during loading were significantly (p < 0.01) correlated between the two devices (r = 0.89 

after unloading and r = 0.98 after loading). 

Change in height was significantly different between the loading conditions when measured 

using the Seca 287 (F 2,18 = 20.4, p < 0.001), with participants gaining height during 

unloading (pre-unloading = 168.2±8.2 cm, pre-walking = 168.6±8.1 cm; p < 0.01) and losing 

height after walking (post-walking = 168.0±8.1; p < 0.01) in relation to both pre-unloading 

and pre-walking values. 
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Figure 3.1 Difference against mean stature change measured by the Seca 287 (SECA) and a 

gold standard stadiometer (GSS) for unloading (limits of agreement shown as mean ± 2 x 

standard deviation (SD)).  

 

 

Figure 3.2 Difference against mean stature change measured by the Seca 287 (SECA) and a 

gold standard stadiometer (GSS) for loading (limits of agreement shown as mean ± 2 x 

standard deviation (SD)).  
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3.4 Discussion 

Following the examination of the reliability of the custom-built stadiometer for measuring 

spinal shrinkage in fast bowlers in Chapter 2, the aim of this chapter was to investigate the 

reliability and validity of the Seca 287 ultrasound stadiometer. Within-day reliability of 

height was calculated from ten trials that were conducted both before and after participants 

had walked wearing a weighted vest (Study 4). Between day reliability was assessed by 

comparing measurements taken on two days before and after both walking (Study 4) and 

fast bowling (Study 5). To investigate the validity of the Seca 287 stature change 

measurements taken after walking were compared to those recorded with a custom built, 

precision stadiometer (Study 6), which was treated as the gold standard. In all three studies, 

stature change was also compared across loading conditions. 

Within-day reliability, i.e. during the same testing session, was excellent with ICCs of 1.00 

and TEs between 0.23-0.30 cm when experimenter instructions were used. More specific 

verbal instruction appeared to improve reliability over the auto instructions, where the TE 

was 0.42 cm, without significantly altering participants’ height. However, this improved 

reliability only occurred on the first day, as on the second day participants may have 

remembered the verbal instructions given on Day 1 without the need to hear them again. 

Reliability values compare favourably with Elia et al. (2019) who reported precision 

measurements of 0.19 cm in healthy individuals and 0.37 cm in patients when using the 

Seca 287.  The results are also in agreement with intra-rater TEs previously presented by 

Geeta et al. (2009) (0.32 cm), Ayele et al. (2012) (0.29-0.38 cm), Gomez-Cabello et al., (2012) 

(<0.25 cm) and De Miguel-Etayo et al., 2014 (0.07-0.2 cm), who used other commercially 

available stadiometers.  

When presented as SDs, with experimenter instructions used, values (0.23-0.28 cm) again 

compare well to those previously reported (0.26-0.29 cm) (Voss et al., 1990), but are not as 

low as those presented by Pennell et al. (2012) (0.089 and 0.117 cm). However, Pennell et 

al.’s (2012) participants were seated with the lumbar and cervical spine supported and care 

was taken to ensure consistent positioning of their head, which would likely have reduced 

postural variation between trials. A limitation of the Seca 287 is that it does not easily 

facilitate spinal support in this way, on the contrary, it requires patients to stand in the 

device unsupported. This limitation is somewhat diminished, at least for bowling, as 
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measurements in Chapter 2 showed that the curvatures of the spine remained the same 

after 8 overs of bowling. 

Between-day reliability in walking showed ICCs of 1.00 but had slightly higher TEs (0.26 – 

0.39 cm) than those recorded from the same participants on a single day. This outcome was 

expected as participants are likely to have greater variability in how they stand on the Seca 

287 between days rather than when they are stepping on and off in quick succession. 

Cricket bowlers demonstrated slightly higher between-day TEs (0.37-0.46 cm) than walkers, 

although their ICCs were also 1.00. Bowling/fielding are more strenuous activities than 

walking and are likely to entail more variable movement and loading patterns. Thus, greater 

variation in stature would be likely between the two sessions. Moreover, due to the higher 

intensity of the activity, the cricketers may have found it more difficult to remain in a 

stationary position on the Seca 287 whilst the measurements were being taken. Using the 

same device, Elia et al. (2019) found that if participants moved away from the central 

measuring position (2.5 to 10cm deviation) during measurement, stature could show a 

difference of 0.3 cm-1.0 cm.   

The Seca 287 differs from the less sophisticated commercially available stadiometers in that 

it does not require the experimenter (or rater) to lower a caliper onto the top of the head 

before the measurement is taken. Thus, as found by Voss & Bailey (1994) and Mikula et al. 

(2016), substantial differences in the height of a single patient measured by different raters 

should not occur when the Seca 287 is used. As rater input should contribute far less to the 

variability of measurements, this investigation chose, unlike many previous studies, to 

measure within-day and between-day reliability rather than between-rater reliability. 

Providing that stadiometers are installed correctly, there should also be very little technical 

or instrument error that contributes to inflation of reliability statistics (Voss et al., 1990), 

particularly for the Seca 287 that uses ultrasound sensors rather than a head caliper. Even 

so, to ensure precision of measurement, Elia et al. (2019) emphasise the importance of 

maintaining a vertical column and level plate when installing the Seca 287 as was the case in 

the studies in this Chapter. With correct installation the main source of variability between 

measures should be due to the patient or participant (Voss et al., 1990). For measurements 

taken in quick succession, such as those used to calculate within day reliability in Study 4, 

variability will occur due to subtle changes in patient positioning and posture. 
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Measurements gathered over a longer period, for example between days as in Study 5, 

could vary due to minor changes in the height of intervertebral disks as well. Whilst subtle 

changes in height will always exist between days, as the studies in this chapter suggest, such 

variation should be minimised with measurements taken at the same time of day to reduce 

circadian variation (Healey et al., 2008).    

The excellent reliability of the Seca 287 for measuring height, particularly on the same day, 

satisfies one aspect of its validity; the other is the need for the device to measure what it 

purports to measure. Previous research has evaluated this validity by comparing the known 

length of a rod with its measured length placed upright in the stadiometer (Voss et al., 1990; 

Mikula et al., 2016; Elia et al., 2019), or by comparing measurements from one commercially 

available stadiometer with those from another (Baharudin et al., 2017; Elia et al., 2019). 

Following the work of Pennell et al. (2012), an additional objective was to ascertain whether 

the Seca 287 could be used as a surrogate for custom made stadiometers designed to 

measure small changes in stature due to spinal shrinkage. Thus, this investigation chose to 

assess concurrent validity of the Seca 287 by comparing its change in measurements with 

those of a high precision custom made stadiometer. Limits of agreement between the 

devices were generally less than 1 mm, meaning that measurements from the Seca will 

generally be within 1 mm of the value recorded by the ‘gold standard’ stadiometer. Less 

than or equal to 1 mm tallies with the measurement resolution, or “graduation” presented 

in marketing material for the Seca 287. There was also, however, a tendency for the Seca to 

overestimate stature loss by up to one third of a mm, which may vary from one device to 

another. 

Validity was supported by correlation coefficients in excess of 0.89 between stature changes 

from the two devices, as well as by the ability of the Seca 287 to detect statistically 

significant gains in height as a result of unloading and loss in height after walking and 

bowling. All but one of the participants in studies 4 and 6 experienced a reduction in stature 

after walking, with the magnitude (0.6-0.7 cm) slightly greater than that those reported in 

the literature of 0.54 cm (Healey et al., 2008). Similarly, bowling caused all but one cricketer 

to lose height on day 1 and all but two to reduce in stature on day 2, with the mean amount 

(0.4 cm) being close to the 0.47 cm reported by Barry (2007). 



80 
 

These findings demonstrate that the Seca 287 has face validity, in addition to concurrent 

validity, and, in agreement with Pennell et al. (2012), indicate that the device could be used 

to assess spinal shrinkage in clinical situations. Clinicians and scientists etc. wishing to use 

the device to estimate spinal shrinkage do, however, need to be mindful that the resolution 

of commercially available stadiometers, including the Seca 287, is only 0.1 cm, whereas 

custom made devices can often measure to 0.001 cm. Large changes in spinal shrinkage 

such as those found in fast bowling should be able to be measured using the Seca 287, 

however the Typical Error of measurements should also be considered when assessing 

whether change in stature is meaningful from one condition to another. For example, in the 

case of the smallest TE from walking in Study 4 (0.23 cm), the 95% CIs of a single height 

measurement of 180 cm are 179.51 to 180.49 cm. This range increases to 178.99 to 181.01 

cm when Post-Bowling reliability data from Study 5 (TE = 0.46 cm) is used; with both ranges 

greater than the change in stature typically observed during walking or bowling. Thus, whilst 

the findings show that sophisticated commercial stadiometers can detect the relatively large 

stature changes experienced during walking and bowling, manufacturers need to improve 

the measurement resolution to 0.01 cm before they can be considered adequate surrogates 

for custom-built stadiometers. In addition, users should endeavour to reduce their TE to, for 

example, 0.1 cm, which would reduce the 95% CIs to 2 mm either side of the specified 

height. Whereas Pennell et al. (2012) managed to achieve SDs that matched those from 

users of ‘gold standard’ stadiometers, current results from this investigation, and those 

from previous research (Voss et al., 2004; Kanlayanaphotporn et al., 2002; Steele et al., 

2016), indicate that reducing the TE or SD below 0.2 cm would be difficult during 

unsupported standing.   

Whilst reliability of the Seca 287 was investigated both within and between days in different 

scenarios, and its concurrent validity assessed against a ‘gold standard’ device, there were 

some limitations to the methods. Due to time constraints on the bowlers in Study 5, only 

one height measurement was taken in each of the conditions on each day, possibly 

contributing to the higher TEs. Ayele et al. (2012) discovered that taking the median of three 

measurements, rather than using a single measure or the mean of three values, reduced the 

TE. The studies in this chapter used relatively low numbers of participants (Study 4 = 16, 

Study 5 = 12, and Study 6 = 10) in relation to some previous research into the reliability and 
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validity of stadiometry (Geeta et al., 2009; Ayele et al., 2012; Baharudin et al., 2017; Elia et 

al., 2019). However, the number of participants is greater than or equal to those used in 

studies that have not been part of larger epidemiological research (Voss et al., 1990; Miguel-

Etayo et al., 2014), and the reliability statistics are consistent across those studies for both 

larger and smaller participant numbers. 

3.5 Conclusion 

Within- and between-day reliability of height measurements from the Seca 287 was 

excellent in groups of young walkers and cricket bowlers, and compared very well to the 

reliability, reported in previous studies, of less sophisticated devices that use a head caliper. 

The Seca 287 also demonstrated excellent concurrent validity, when compared to a high 

precision, custom made stadiometer, which was considered the ‘gold standard’. The Seca 

287 is an appropriate device to estimate relatively large stature changes typically seen 

during unloading and loading during exercise such as fast bowling.  When measuring in the 

field setting, care must be taken on accurate installation and the participant remaining 

central in the device during measurement. This, in combination with clear instructions for 

participants to remain still during measurement, should minimise the typical error so that 

the Seca 287 can be used to measure spinal shrinkage after activities such as bowling.   
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Chapter 4 – The relationships between injury risk factors, and lumbar injury 

in an elite fast bowling squad. 

 

4.1 Introduction 

As highlighted in Chapter 1, cricket has led the way in world sport to develop a framework 

for injury surveillance that aids in reporting the incidence and prevalence of injury (Orchard 

et al., 2005; Orchard et al., 2016). The extent of the lumbar injury problem among elite fast 

bowlers has been reported in numerous studies (Leary & White, 2000; Orchard et al., 2002; 

Portus et al., 2004; Ranson et al., 2005; Frost & Chalmers, 2014; Alway et al., 2019; Goggins 

et al., 2020). The nature of such injury is complex, the result of interaction between many 

risk factors (Morton et al., 2014; Olivier et al., 2016). As introduced in Chapter 1, previous 

research in cricket into possible mechanisms associated with the high incidence of injury has 

tended to be reductionist in nature, focussing on the biomechanics of the bowling action, 

musculoskeletal measures (muscle strength, flexibility, back muscle asymmetry, hip range of 

motion, bone mineral density) and workload, all in isolation from one another (Morton et al 

2014; Olivier et al., 2016;). Research that has compared these mechanisms together as 

potential lower back injury risk factors, has focussed on adolescent fast bowlers (Elliott et 

al.,1992; Bayne et al., 2015).   

 

Spinal shrinkage and lumbar morphology have received minimal attention as risk factors for 

lumbar injury. Research has shown that amateur bowlers shrink in stature after bowling but 

no link to injury has been reported (Reilly & Chana 1994; Barry 2007; Study 1 and 3, Chapter 

2). More recently, Hecimovich & Stomski (2016) compared lumbar sagittal curvature in 

junior fast bowlers, including those with a history of low back injury and asymptomatic 

individuals, with those previously injured displaying a significantly more lordotic curvature. 

This Chapter will address this gap in the research literature by taking a multifactorial 

approach to the analysis of spinal shrinkage and lumbar curvature to investigate lower back 

injury in a group of adult elite fast bowlers.  
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Aim – To assess the association between internal risk factors and lumbar injury in a group of 

elite fast bowlers.  

Objectives 

Document the incidence and prevalence of injuries to an elite fast bowling squad 

over a full English First-Class county cricket (FCCC) season (2019). 

Assess the effect of bowling on spinal curvature and spinal shrinkage. 

Establish the biomechanics of the action, as well as fitness and musculoskeletal 

characteristics of elite fast bowlers.  

Examine correlations between spinal shrinkage, lumbar curvature, the biomechanics 

of the action, fitness and musculoskeletal screening scores.  

Explore the retrospective associations between spinal shrinkage and curvature, 

bowling biomechanics, fitness and musculoskeletal parameters with injuries to fast 

bowlers during a full season. 

 

4.2 Methods – Study 7 

 4.2.1 Preamble 

During the 2020 pre-season of a FCCC squad, stature changes and upright sagittal lumbar 

curvature were measured in elite bowlers after five overs of bowling. Other assessments 

included fitness, musculoskeletal function and the biomechanics of each bowler’s action 

using 3D video. Details on injuries sustained by the same bowlers during the previous 

season were obtained using definitions from the International consensus statement on 

injury surveillance in cricket (Orchard et al., 2016). Ethical approval was received from the 

Manchester Metropolitan University Research Ethics Committee.  

4.2.2 Participants 

Fourteen elite fast bowlers (three left-arm and 11 right-arm) belonging to an English FCCC 

squad, volunteered for the study. Participants had a mean age 25 (±5.2) years, with a mean 

height of 184.9 (±8.2) cm and mean body mass 81.42 (±10.25) kg. To be included in the 

study, all participants had reported no previous or current spinal injuries which required 

hospitalisation or consultation with a physician within the four months prior to testing. Any 

bowler whom an elite wicketkeeper would normally stand back to were defined as fast and 

all bowlers were deemed fit to bowl by a chartered physiotherapist (Alway et al., 2020). 
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Participants were fully briefed about the procedures prior to the commencement of any 

testing and were given the opportunity to ask any questions after reading the participant 

information sheets (see Appendix 1). Written informed consent was obtained from all 

participants (see Appendix 2). Fitness and musculoskeletal testing were part of the county 

medical team’s approach to screening players and agreement for these procedures and 

results to be shared were given by the county medical staff. 

 

4.2.3 Injury surveillance 

Permission was given by bowlers and medical staff to analyse retrospective injury 

surveillance data from the FCCC squad from January 1st – December 31st, 2019. Match, 

seasonal and annual injury incidence rates were calculated using the internationally agreed 

methods for elite cricketers (Orchard et al., 2016). During the 183-day season, 91 match 

days were recorded for the squad. Bowling one ball equated to a single delivery and six balls 

equated to an over.  New and recurrent injuries were classified by the county medical staff 

for the lower back according to Orchard’s Sports Injury and Illness Classification System 

(OSIICS) (Orchard et al. 2020). These included lumbar spine muscle and tendon strain and 

lumbar facet joint pain, stiffness, and ligament sprain (Orchard et al., 2020). Lumbar disc 

injury and/or stress fracture was recorded if diagnosis was corroborated by MRI and/or CT 

scan which assessed acute bone stress changes associated with partial or complete fracture 

of the posterior elements of the lumbar spine (Ranson et al., 2010).  

To allow for comparison to previous research from England and Australia (Goggins et al., 

2020; Orchard et al., 2020), new and recurrent injuries were reported as match incidence, 

relative to 1000 match days, 10 000 deliveries and 1000 overs bowled, as follows: 

Match Incidence = injuries/total match days x 1000 match days 

       injuries/total match day season deliveries x 10 000 deliveries 

       injuries/total match day season overs x 1000 overs 

Annual injury incidence accounted for the temporal exposure of a 365-day calendar year 

(Orchard et al., 2016) whereas seasonal incidence was considered over 183 days, as follows. 

The size of the squad was taken at 100 players to enable calculation of the number of 

injuries per 100 players per year: 
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Annual Incidence = injuries/27 squad players x 100 players  

Seasonal Incidence = injuries/27 squad players x 100 players  

 

Annual injury prevalence measures, presented as a percentage, were defined as the number 

of squad players unavailable for selection, the number of bowlers unavailable for selection, 

and the number of bowlers who sustained a lumbar injury and were unavailable for 

selection over a 365-day period (Orchard et al., 2016) i.e,:- 

                   (missed player days / 365 x the number of squad members) x 100 

 

4.2.4 Spinal shrinkage and curvature protocol 

All stature and curvature measurements were taken on the same day during pre-season 

preparation between 11:00-15:00 hrs. On arrival at the indoor cricket centre bowlers had 

their stature measured three times by the Seca 287 sonic stadiometer (Secagmbh, 

Hamburg, Germany).  The median of three values was recorded to reduce the Typical Error 

(Ayele et al., 2012).   Further measurements of stature were taken, first following 20 

minutes unloading in the Fowler position, then after a 15-minute warm-up, and finally on 

completion of five overs of bowling using a full run-up. For each measurement, the protocol 

from Study 4 (Chapter 3 – Methods 3.2) was adopted incluidng detailed instructions by the 

experimenter to “stand on the specific marks placed on the platform to align your heels and 

toes, keep both feet shoulder width apart, lock knees, relax shoulders, look straight forward 

and hold your breath after inhalation.” 

Lumbar curvature measurements were taken using the Spinal Mouse (ldiag, Volkerswill, 

Switzerland) for the upright position in the sagittal plane prior to bowling and on completion 

of five overs. The measurement protocol from Studies 1 and 2 in Chapter 2 (Methods 2.2.3) 

was followed. 
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4.2.5 Biomechanical analysis 

4.2.5.1 Data capture 

On separate days within the pre-season, and no more than two weeks before or after spinal 

measurements were taken, bowlers were filmed bowling one over for biomechanical 

analysis. Three POI (GigE) cameras (Stemmer Imaging, Mako G-223B, Surrey, UK), with 

KOWA fixed focal length lenses (12.5 mm / F1.4) and full HD resolution (2048-x-1088-

px) were used to record deliveries. The cameras were connected to the controlling 

computer through high-speed transfer Ethernet cables sampling at 50Hz.  The optical axis of 

each camera allowed a clear view of the bowler during the delivery stride (see Figure 4.1). A 

24-point three-dimensional calibration frame (1.306m (X) x 2.095m (Y) x 2.062m (Z)) was 

filmed in the performance space before the start of bowling (see Figure 4.2). 

Synchronisation of cameras was obtained through recording software (Gecko GigE video 

recorder v1.9.4, Vision Experts Ltd, Surrey, England).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Camera positioning at the indoor cricket centre 
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Figure 4.2 Calibration frame 

 

Three-dimensional kinematic data for 10 fast bowlers (four were unable to be filmed due to 

International duty and subsequent suspension of activities in the wake of the Covid-19 

pandemic) was collected in a well-lit indoor cricket centre containing a full-length artificial 

pitch with space for a full run-up.  Bowlers conducted their own warm-up, and the 5th 

delivery of the over was chosen for analysis.  

 

4.2.5.2 Data reduction 

Utilising the SIMI 8.55 motion analysis system (Simi Reality Motion Systems, Gmbh, 

Unterscleissheim, Germany), a manual process for joint centre estimation was applied for 

the purpose of digitising all deliveries. The right and left metatarsal phalangeal joints of the 

foot, and the left and right ankle, knee, hip, and shoulder joint centres as well as the cricket 

ball were digitised for each frame of the three camera views.  A seven-segment model 

(trunk; upper leg (left and right); lower leg (left and right); and foot (left and right) was 

estimated by joining a line between the joint centres, apart from the trunk which was 

represented by a line between the mid-point of the hip and shoulder segments. Analysis 

started 10 frames before back-foot impact to be able to estimate run-up speed, and ended 

when the ball left the first image, approximately four frames after ball release.  
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Digitised coordinates were smoothed with a second order low pass Butterworth filter, with 

a cut-off frequency of 6 Hz determined from analysis of the residual difference between the 

raw and filtered data calculated in an Excel spreadsheet (Winter, 1990). Smoothed co-

ordinates from the three 2D views were transformed into 3D co-ordinates by means of a 

direct linear transformation (DLT) procedure first described by Abdel-Aziz & Karara (1971). 

As shown in Figure 4.1 the global coordinate system was defined by the positive Y-axis 

pointed down the wicket, the positive X-axis to the bowlers right, and the positive Z-axis 

pointing vertically upwards (Portus et al., 2004; Worthington et al., 2013; Alway et al., 

2020). Back foot contact (BFC) and front foot contact (FFC) were identified as the first image 

when the right and then the left foot (for a right-arm bowler) entered into full contact with 

the ground during the delivery, whilst ball release (BR) was identified as the first frame after 

the ball left the bowler’s hand (see Figure 4.3).  
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Figure 4.3 Bowler at back foot contact (BFC), front foot contact (FFC) and ball release (BR) 

from 3 camera angles 

 

4.2.5.3 Data Analysis  

The biomechanical variables measured during the bowling action were selected from 

previous research that highlighted potential risk factors associated with the bowling action 

(Portus et al., 2004; Worthington et al., 2013; Alway et al., 2020) and are defined in Table 

4.1. The reliability of the digitisation process was assessed using the coefficient of variation 

(CV) of each biomechanical variable (see Table 4.1) from three digitisations of the same 

delivery. The mean CV of 10.8% (range 0.4-36%) compared favourably with previous 

research using joint centre estimation (Salo & Grimshaw 1998). 

4.2.5.4 Classification of bowling action 

The classification of the bowling action used in this study, with reference to both shoulder 

and hip twist angles are shown in Figure 4.4 and described in Table 4.1. (Portus et al., 2004). 

As highlighted in Chapter 1, four distinct bowling actions have been reported: the side-on, 

front-on, semi-open and mixed actions have been described in the literature (Burnett et al., 

1995; Foster and Elliot, 1989; Bartlett et al., 1996; Portus et al., 2004). These classifications 

have been used in previous research to critique the relationship of variables describing the 

action to lower back injury and are as follows (Ranson, et al., 2008; Ferdinands et al.,2009; 

Crewe et al.,2012).  
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Side-on: a shoulder segment angle less than 210° at back foot contact, a hip-shoulder 

separation angle less than 30° at back foot contact, and, shoulder counter-rotation 

less than 30°.  

Semi-open: a shoulder segment angle from 210 to 240° at back foot contact, a hip-

shoulder separation angle less than 30° at back foot contact, and, shoulder counter-

rotation less than 30°.  

Front-on: a shoulder segment angle greater than 240° at back foot contact, a hip-

shoulder separation angle less than 30° at back foot contact, and, shoulder counter-

rotation less than 30°.  

Mixed: a hip-shoulder separation angle equal to or greater than 30° at back foot 

contact, or, shoulder counter-rotation equal to or greater than 30°. 

The role of the front leg during FFC has been implicated as a potential risk in lower back 

injury (Foster et al., 1989; Portus et al., 2004). The classification criterion of front lower limb 

actions during FFC used in this study was based on the work of Portus et al. (2004) as set out 

below (see Table 4.1).  

Flexor: knee flexion 10° or more followed by less than 10° of knee extension. 

Flexor-extender: flexion and extension of the knee by 10° or more.  

Extender: knee flexion less than 10° followed by knee extension by 10° or more. 

  Constant brace: both flexion and extension of the knee less than 10°. 

  

 

 

 

 

 

 

 

 

Figure 4.4 Angle of hip and shoulder twist used in classifying the action of a right-armed 

bowler (adapted from Portus et al. (2004). 

Direction of bowling 
Stumps 

270° 

180° 0° 

90° 
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Table 4.1 Biomechanical data analysis 

Name Unit of 
Measur
-ement 

When the 
measurement  
was taken 

How it was obtained 

Run-up velocity  m·s-1 BFC Measured as the mean of the velocity of the mid-
point of the right and left hip (in the global y-
direction) over a period of 10 frames (0.2 s) 
immediately before BFC. 

Shoulder orientation -
twist 

degrees BFC and FFC The angle of the line joining the shoulders in the XZ 
plane, as defined by Alway et al., (2020) (see Figure 
4.4 for angle convention) 

Pelvis-shoulder 
separation 

degrees BFC The subtraction of the pelvis twist from the shoulder 
twist orientation at BFC, as defined by Portus et al. 
(2004). 

Shoulder counter-
rotation 

degrees Between BFC 
and BR 

The subtraction of the minimum shoulder twist during 
the delivery stride (BFC to BR) from shoulder twist 
orientation at BFC, as defined by Portus et al. (2004). 

Rear knee degrees BFC Relative angle of between upper and lower leg 
segments (right side for right-handed bowler). 180° = 
fully extended 

Rear knee minimum degrees Between BFC 
and BR 

Smallest angle during the delivery stride (BFC to BR) 

Rear knee collapse degrees Between BFC 
and BR 

Subtraction of the rear knee angle at BFC contact 
from the rear knee minimum angle.  

Front knee degrees FFC Relative angle between upper and lower leg segments 
(left side for right-handed bowler). 180° = fully 
extended. 

Front knee minimum degrees Between BFC 
and BR 

Smallest angle during delivery stride (BFC to BR) 
equating to maximum flexion of the knee. 

Front knee extension degrees FFC to BR Subtraction of the angle at BR from largest knee 
flexion angle during delivery stride (Portus et al., 
2004). 

Rear hip degrees BFC Relative angle between trunk and upper leg segments 
(right side for right-handed bowler). 180° = fully 
extended. 

Front hip degrees FFC Relative angle between trunk and upper leg segments 
(right side for right-hand bowler). 

Front leg plant degrees FFC The angle between a vertical line and the line 
between the hip joint and the ankle joint in relation 
to the XY plane, as defined by Worthington et al. 
(2013).  

Pelvis-drop degrees At BFC, FFC & 
BR 

The angle was determined relative to the anatomical 
position (180°) and the bowling side in relation to the 
XY plane with contralateral drop below 180°, as 
defined by Alway et al. (2020). 

Pelvis-twist degrees At BFC, FFC & 
BR 

The angle was determined relative to the anatomical 
position (180°) and the bowling side in relation to the 
XZ plane, with contralateral twist below 180°, as 
defined by Alway et al. (2020). 

Lateral spine flexion degrees BR The angle of the line between mid-shoulder and mid 
hip in relation to the XZ plane at BR, when the pelvis 
was close to 0° degrees within the same plane. 
Negative angles indicated lateral flexion to the 
contralateral side. 

BFC = back foot contact; FFC = front foot contact; BR = ball release. 
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4.2.6 Fitness and Musculoskeletal tests 

 

The selected fitness and musculoskeletal screening tests were drawn from common 

screening protocols used in cricket and elite sport (Elliott et al., 1992; Dennis et al., 2008; 

Bayne et al., 2015).  Testing procedures were adopted from previously published methods 

as outlined in Table 4.2. All fitness testing and musculoskeletal screening were conducted 

over a two-week period by the head strength and conditioning coach and lead 

physiotherapist respectively to enhance reliability (Dennis et al., 2008). The tests conducted 

were part of the FCCC squad’s normal assessment procedures. All bowlers were familiar 

with the tests to minimise any learning effects and were asked to abstain from strenuous 

activity for 48 hours before testing. Previous research with a similar population had shown 

good relative and absolute reliability for all body composition measurements, sprint and 

countermovement jump tests (Webster et al., 2020). 
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Table 4.2 Fitness testing and musculoskeletal screening protocol 

 

Test Protocol 

Skinfolds The sum of 8 skinfolds were taken from the biceps, triceps, subscapular, abdominal, iliac crest, supraspinale, mid-thigh and mid-calf 
regions using Harpenden skinfold callipers (model C-136) and the mean of 3 measurements recorded in mm (Heyward et al., 2004). 

Countermovement 
jump (CMJ) 

Jump height (JH) was calculated as 9.81 × FT2 /8, where FT equalled flight time using a KMS jump mat (Fitness Technology, Adelaide, 
Australia). Ensuring hands were kept on hips, to eliminate arm swing served to standardise the jumps; trials where participants flexed 
their knees whilst in flight were disregarded. The best of three jumps was recorded in cm (Foden et al., 2015). 

Sprint  The fastest of 3 x 20 and 40 metre maximal sprint times were recorded using Brower timing gates (Brower Timing Systems, Draper, 
Utah, USA). Gates were placed at 20 and 40 m at a height of 1.2 m. Each sprint started 0.3 m behind the start line, to trigger the first 
gate. A standing start was used, with free choice of front leg in this stance (Lockie et al., 2013). 

Maximum aerobic 
speed (MAS) 

Brower timing gates were used to record times for a 2 km maximal run on a 400 m outdoor artificial tartan athletics track. MAS (m·s-1) 
was calculated as distance in metres divided by time in seconds (Berthon et al., 1997) 

Run-Two Time to complete a run two in cricket used Brower timing gates placed at the start of a 17.68m (i.e., length of the pitch) track in the 
indoor cricket centre. A cricket bat was carried and slid over the batting crease at the opposite end before turning to complete the 
second run. Particpants initiated the sprint using a two-point standing start 0.3 m behind the first timing gate whilst holding the bat 
below hip height (Foden et al., 2015). The fastest time of three trial was recorded. 

Push-pull ratio Maximum number of press-ups and modified pull-ups completed in one minute were counted. The former was divided by the latter to 
obtain the push-pull ratio. The press-up started with elbows fully extended, hands shoulder width apart and the trunk held in a rigid 
straight position. As the body descended toward the ground, elbows were flexed until the upper arm was parallel to the testing 
surface. For the pull-up the bar was positioned approximately 8 cm out of arms reach when the bowler was supine on the floor and 
arms vertical. The bowler had to pull-up until his chest touched the bar, with heels on the floor and an overhand grip was used to grasp 
the bar (Negrete et al., 2013). 

Core stability - 
planks 

The trunk was raised from the ground, with weight taken on forearms and toes in the prone position, elbows flexed at 90° and a 
neutral spine and pelvis alignment maintained. The length of time (s) the position could be maintained was recorded with the test 
ending after 120 seconds (Dennis et al., 2008). 

Single leg bridge – 
lower 45-rpm 

In the supine position, both knees were flexed at 90°. The hips were raised off the floor so that there was alignment between the 
shoulder, hip, and knee, with arms extended to the vertical. One foot was lifted off the floor and the knee fully extended. The hips 
were lowered in time to a beat of 45 repetitions per minute. The number of repetitions was recorded.  The test was stopped after 1 
minute or if the pelvis began tilting or the back arching. The test conducted for both legs. 
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Ankle Dorsiflexion The foot was positioned beside a tape measure with heel and big toe aligned facing a wall. The foot was held to prevent heel lifting and 
maintain the subtalar joint in neutral. The bowler performed a lunge forward until the knee touched the wall, with the maximum 
distance achieved from toe to the wall recorded in cm for both ankles (Olivier et al., 2015). 

Single leg squat Standing on one leg, with arms across chest and with the non-weight bearing leg flexed at the knee, 3 squats were repeated 
attempting to reach 90° knee flexion with the trunk upright. Rank measures of trunk flexion and pelvis lateral tilt were measured with 
movement categories noted as none (=1), mild (=2), moderate (=3) and severe (=4). Knee valgus and varus of the weight-bearing leg 
were also noted (Ressman et al., 2019). 

Foot arch Foot types were determined by a physiotherapist observing specific static morphologic features, which included rectus (well aligned 
hindfoot/forefoot), planus (low arched), and cavus (high arched) classifications (Kruger et al., 2019). 

Single leg calf raise Participants stood on the ball of the foot with forefoot horizontal on a Reebok step, the ankle was plantarflexed as much as possible 
and then lowered to the horizontal while maintaining a fully extended knee. The number of raises completed in one minute was 
recorded (Dennis et al., 2008). 

Hamstring ROM The passive straight leg raise test was conducted whilst the participant was in the supine position.  The measured leg raised passively 
by the physiotherapist to the end of range, at which point, the angle was measured in relation to the horizontal. ROM was obtained 
using an digital goniometer placed on the shin. Both hips remained in contact with the bed during measurement (Shacklock 2005). 

Hip strength and 
ROM – tensor 
fascia latae (TFL), 
gluteus medius 
(GMed), 
quadraceps.  

Side lying with the bottom knee and hip flexed to flatten the lumbar curve was the start position for both the TFL and GMed tests.  The 

Ober test was undertaken to test TFL function, where the hip was held firmly, and the upper leg was flexed to 90°. The physiotherapist 

extended and abducted the hip joint and then lowered the leg towards the table until motion was restricted. The straight upper leg 

was similarly abducted and extended to conduct the GMed test. Both tests were graded on a 5-point Likert scale from restricted (1) to 

feely movable (5). Quadriceps ROM was measured in prone lying with the distance from the gluteus maximus to the calcaneus 

recorded in cm after full flexion of the knee.  

 
ROM = range of movement; rpm = repetitions per minute 
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4.2.7 Statistical analysis 

The normality of all continuous data was examined using the Shapiro-Wilk test. Where data 

were not normally distributed, or categorical in nature, non-parametric statistical tests were 

conducted. A One-Way Repeated Measures Analysis of Variance (ANOVA) was conducted to 

compare the effect on spinal shrinkage of bowling five overs. Mauchly’s test of sphericity 

was applied where appropriate.  Paired sample t-tests were used to analyse the effect of 

bowling on curvature with statistical significance set to p< 0.05. 

Pearson’s Product Moment correlation coefficients were used to examine the associations 

between spinal shrinkage, curvature, and stature. Associations between all fitness, 

musculoskeletal scores and spinal shrinkage and curvature were also determined through 

the application of Pearson’s correlation for interval/ratio level data that was deemed to be 

normally distributed, and Spearman’s Rank order correlation for categorically ranked data.  

The fast bowlers were separated into those who sustained a lumbar stress injury in the 2019 

season and those who did not according to Orchard’s Sports Injury and Illness Classification 

System (OSIICS) (Orchard et al. 2020). Since there was a violation of normality of 

distribution, due to the relatively small numbers of bowlers who became injured, a Mann-

Whitney U test was used to compare the injured and uninjured participants for all variables. 

Partial eta2 was used to calculate the effect sizes for the One-Way Repeated measures 

ANOVA.  Cohen’s d and r for the paired sample t-tests and Mann-Whitney U test, 

respectively. Cohen’s r effect size was reported with 0.1 = small, 0.3 = medium and 0. 5 = 

large (Coolican, 2009, p. 395; Firitz et al., 2012). The assumption of the similarity of 

distribution of the dependent variable by group was not met and thus mean ranks rather 

than medians were summarised (Hart 2001).  
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4.3 Results 

4.3.1 Injury incidence 

The 14 bowlers were part of a squad of 27 players in 2019. They played 91 days of cricket 

during the season consisting of 13 one-day 50 over matches, 18 20-over games and 15 

county championship 4-day games. In table 4.3 annual, seasonal and match injury incidence 

along with annual injury prevalence are presented for the squad, and the fast bowlers for all 

injuries obtained during bowling as well as specific lumbar injuries. Those bowlers who 

sustained lumbar injuries were assessed as having spine muscle and/or tendon strain and 

lumbar facet joint pain (Orchard et al., 2020). 

Table 4.3 – Annual, seasonal and match injury incidence and annual prevalence for an elite 
cricket squad 

  Fast bowlers (n =14) 

  Squad 
injuries  

All 
injuries  

Bowling 
injuries  

Lumbar 
Injuries  

Match incidence injuries per 1000 
player days  

362.6 109.9 87.9 22.0 

Match incidence injuries per 10000 
deliveries  

n/a 2.4 1.9 0.5 

Match incidence injuries per 1000 
overs   

n/a 1.4 1.2 0.3 

Annual incidence per 100 players   240.7 118.5 77.8 7.4 

Seasonal incidence per 100 players 122.2 59.3 33.3 7.4 

Annual incidence per 100 bowlers  n/a 228.6 150.0 14.3 

Seasonal incidence per 100 bowlers n/a 114.3 57.1 14.3 
     

Annual injury prevalence a % 10.9 7.0 n/a 0.63 

 

4.3.2 Stature, spinal shrinkage, and curvature 

A statistically significant main effect was found for bowling on spinal shrinkage (F3,39 = 10.24, 

p <0.001, η2 0.44) (see Figure 4.5).  Bonferroni post hoc tests showed a significant gain in 

stature between the on arrival and unloaded conditions (4 mm; 95% CI 1-7 mm), thereafter 

a significant loss in height (i.e., shrinkage) was found after the warm-up (3 mm; 95% CI 1-5 

mm) and the 5th over (5mm; 95% CI 2-8mm) (p< 0.001). Spinal shrinkage was significantly 
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greater in bowlers who sustained a lumbar injury (U = (Ninjured = 3, Nnot-injured = 11) 3.00, p = 

0.033, r = .56) (see Table 4.5) although there was no significant correlation between 

shrinkage and stature. 

 

 

Figure 4.5 Mean (±SD) spinal shrinkage after warm-up and bowling (* indicate significant 
difference to unloaded measure p< 0.05). 

 

Table 4.4 Curvature before and after 5 overs of fast bowling (all bowlers n=14)  

 Lumbar lordosis  
Pre- Unloading  

Lumbar lordosis 
After 5 overs  

mean 26.1° 26.0° 
SD 6.0° 6.9° 

 

Table 4.5 – Mean (±SD) spinal shrinkage and lumbar curvature of bowlers who did and did 
not experience a lumbar spine injury during the 2019 season.  

 Injured 
(n = 3) 

Not injured 
(n=11) 

Stature unloaded (cm) 192.4 (0.4) 182.8 (7.7) 
Spinal shrinkage (mm) 8 (1)* 4 (3)* 

Lumbar lordosis unloaded ° 31 (2) 25 (6) 
* significant difference p≤ .05 
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Thirteen bowlers were categorised as having a neutral lumbar lordosis (20° - 40°; Minarro et 

al., 2017) and the other one as hypolordotic (< 20°). There was no significant change in 

curvature after five overs of bowling (see Table 4.4) and no significant correlations were 

found between the shrinkage and curvature.  Lumbar lordosis prior to bowling (unloaded) 

was not found to be significantly different between injured and non-injured bowlers despite 

a large effect size (U = (Ninjured = 3, Nnot-injured = 11) 5.00, p= .072, r = 0.50) (see Table 4.5). 

 

4.3.3 Biomechanics of the action 

The biomechanical variables are reported for all bowlers together, as well as those that 

were injured and not injured (see Table 4.6). Nine of the ten bowlers who were filmed had 

bowling actions that were classified as mixed, and one bowler was in the front-on category 

(see Table 4.6). Analysis of front leg parameters at FFC showed that 30% of bowlers were 

flexors, 40% extenders and 30% were classified has having a constant-brace (Portus et al., 

2004). No statistically significant differences were found for any of the biomechanical 

parameters of the bowling action when comparing injured with injury free bowlers (see 

Table 4.6). 

Analysis of associations between stature change after bowling and the biomechanical 

parameters of the bowling action highlighted a significant negative correlation between 

shrinkage and rear knee angle at BFC (r (10) -.85, p = 0.01) and with rear knee collapse (r 

(10) .66, p = 0.03). A further significant negative correlation was found between spinal 

shrinkage and front hip angle at FFC (r (10) -.83, p = 0.01).  Spinal shrinkage and pelvis-drop 

demonstrated significant positive correlations at BFC (r (10) .69, p = 0.03) and FFC (r (10) .71, 

p = 0.02) (see Table 4.6). 
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Table 4.6 Mean (±SD) biomechanical parameters of bowlers who did and did not experience a lumbar spine injury during the 2019 season. 

 Injury group (n=3) Non-injury group (n=7) All bowlers 

 BFC FFC BR Delivery BFC FFC BR Delivery     BFC           FFC             BR           Delivery 

Hip velocity BFC 
 (m·s-1) 

5.19 (0.05)    4.85 (0.51)    5.02 (0.25) 

Shoulder orientation 
-twist (°) 

247 (6) 208 (9)   254 (8) 204 (6)   252 (8)        205 (7)  

Pelvis-shoulder 
separation (°) 

25 (1)    34 (12)    32 (11) 

Shoulder counter-
rotation (°) 

   42 (18)    52 (10)                                                             50 (12) 

Rear knee (°) 138 (6)    142 (9)    141 (8)* 

Rear knee minimum (°)    112 (4)    116 (7) 115 (7) 

Rear knee collapse (°)    26 (9)    27 (12)                                                             26 (11)* 

Rear hip (°) 139 (2)    132 (18)    133 (17) 

Front knee (°)  169 (3) 164 (14)   166 (7) 168 (16)                     166 (6)       167 (16) 

Front knee minimum (°)    165 (12)    162 (15)                                                            163 (14) 

Front knee extension (°)  3 (3)    8 (7)                       7 (7) 

Front hip (°)  112 (2)    117 (7)                       116 (7)* 

Front leg plant (°)  43 (1)    39 (4)                       40 (4) 

Pelvis-drop (°) 189 (0) 170 (0) 170 (0)  203 (13) 176 (6) 172 (5)  208 (15)     175 (6)       171 (5) 

Pelvis-twist (°) 226 (5) 202 (3) 176 (2)  230 (17) 219 (17) 177 (7)  229 (16)     215 (17)     177 (7) 

Lateral spine flexion (°)   -39 (14)     -38 (15)                                                            - 38 (15) 

* significant correlation with spinal shrinkage; BFC = back foot contact; FFC = Front foot contact; BR = ball release
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4.3.4 Fitness tests and musculoskeletal screening 

Fitness test and musculoskeletal results are presented for all bowlers together and those 

sustaining an injury and those not injured (see Table 4.7).  No statistically significant 

differences were found between right/left and dominant/non-dominant musculoskeletal 

measurements (see Tables 4.7).  

 

Table 4.7 – Mean (±SD) fitness and musculoskeletal parameters of all bowlers and those 
who did and did not experience a lumbar spine injury during the 2019 season. 

 Injured 
(n = 3) 

Not injured  
 (n = 11)                  

All Bowlers 
(n= 14) 

Skinfold (mm) 77 (11) 69 (12) 71 (12) 
CMJ (cm) 39.7 (2.9) 44.7 (4.9) 43.4 (5.2) 
20 m sprint (secs) 3.0 (0.1) 2.9 (0.1) 2.9 (0.1) 
40 m sprint (secs) 5.5 (0.3) 5.3 (0.2) 5.3 (0.2) 
2 km run (mins) 7.8 (0.6) 7.6 (0.7) 7.7 (0.7) 
MAS (m·s-1) 4.1 (0.3) 4.3 (0.3) 4.2 (0.3) 
Run 2 (s) 6.5 (0.2) 6.1 (0.3) 6.2 (0.3) 
Press-ups (total) 28 (4.2) 31.5 (7.2) 31 (6.9) 
Pull -ups (total) 19 (1,9) 23 (4.9) 22 (4.7) 
Push -pull ratio 1.5 (0.1) 1.5 (0.4) 1.5 (0.3) 
Plank (s) 120 (0) 120 (0) 120 (0) 
Dorsiflexion right ankle (cm) 14 (0.4) 12 (4.1) 12.4 (3.7) 
Dorsiflexion left ankle (cm) 13.3 (0.6) 12.5 (4.0) 12.6 (3.6) 
Hamstring right leg (degrees) 98.7 (1.9)* 89.5 (5.1)* 91.4 (5.9) 
Hamstring left leg (degrees) 97.0 (1.4)* 90.2 (5.5)* 91.6 95.7) 
Hip to bottom - right (cm) -1.0 (1.4) -0.4 (0.6) -0.5 (0.9) 
Hip to bottom – left (cm) -0.7 (0.9) -0.4 (0.9) - 0.4 (0.9) 
Ober test non-dom (1-5) 5.0 (0) 4.9 (0.3) 4.9 (0.3) 
Ober test dom (1-5) 5.0 (0) 4.9 (0.3) 4.9 (0.3) 
Gluteus medius non-dom (1-5) 5.0 (0) 4.9 (0.3) 4.9 (0.3) 
Gluteus medius dom (1-5) 5.0 (0) 4.9 (0.3) 4.9 (0.3) 
Single leg squat (1-4)    

    Trunk flexion non-dom 2.0 (0) 2.6 (0.6) 2.5 (0.6) 
    Trunk flexion dom 2.0 (0) 2.5 (0.5) 2.4 (0.5) 
    Pelvis lateral tilt non-dom 1.3 (0.5) 1.5 (0.7) 1.4 (0.6)** 
    Pelvis lateral tilt dom 1.0 (0) 1.3 (0.4) 1.2 (0.4)** 
Single leg calf raise – right (total) 25.7 (3.3) 26.0 (3.4) 25.9 (3.4) 
Single leg calf raise – left (total) 26.0 (2.9) 25.9 (3.7) 25.9 (3.5) 
Single leg bridge – right (total) 32.7 (2.5) 34.4 (7.9) 34 (7.1) 
Single leg bridge – left (total) 32.0 (1.6) 33.4 (8.7) 33.1 (7.8) 

dom = dominant leg; non-dom = non dominant leg; 1-5 = Likert scale 1 = severe stiffness, 2 = moderate stiffness, 3 = mild 
stiffness, 4 = end range stiffness 5 = freely movable; 1-4 Likert scale 1 = none, 2 = mild, 3 = moderate, 4 = severe;                  
* = significant difference p < .05; ** = significant correlation with spinal shrinkage. 

    

Injured bowlers demonstrated greater hamstring flexibility on both legs compared to those 

who were injury free and this was statistically significant. Large effect sizes were found for 
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both the right side (U = Ninjured = 3, Nnot-injured = 11, p = .012, r = 0.67) and left side (U = (Ninjured 

= 3, Nnot-injured = 11, p = 0.034, r = 0.57) (see Table 4.7). Knee valgus was present in 29% of the 

bowlers in the single leg squat but no significant difference was observed between injured 

and non-injured bowlers.  

A significant negative correlation between spinal shrinkage and pelvic tilt was reported for 

both dominant and non-dominant legs (non-dom -  rs (14) -0.58, p = .03; dom - rs (14) -.57, p 

= 0.03) (see Table 4.7). No other statistically significant correlations were observed between 

spinal shrinkage and other fitness and musculoskeletal parameters. Similarly, no significant 

associations were observed between lumbar lordosis and fitness or musculoskeletal 

measurements. 

 

4.4 Discussion 

This chapter has assessed the associations a range of different risk factors and lumbar injury 

in a group of elite fast bowlers. To aid the consideration of each objective, sub-sections will 

be used throughout the discussion. 

4.4.1 Injury 

The incidence and prevalence of injury to an elite fast bowling squad over a full English FCCC 

season (2019) has been analysed. A match injury incidence of 87.9 for bowling per 1000 

player days was higher than the results of both Goggins et al. (2020) (41.6) and Orchard et 

al. (2010) (61.4). Similarly, match incidence, during bowling, of lumbar injuries per 100 

player days was more than double that reported by Goggins et al. (2020) although seasonal 

lumbar injury incidence per 100 players was similar (see Table 4.3). In keeping with Orchard 

et al. (2010) further evidence of the injury cost of bowling is apparent in a match incidence 

of 1.5 injuries per 1000 overs bowled. These results also support previous research 

demonstrating that elite fast bowlers experience a high injury incidence (Leary & White, 

2000; Orchard et al., 2002; Portus et al., 2004; Ranson et al., 2005; Frost & Chalmers, 2014; 

Alway et al., 2019; Goggins et al., 2020).  

Although annual injury prevalence for the whole squad was higher than in previous research 

(Goggins et al.,2020; Orchard et al., 2010), annual injury prevalence for lumbar spine injury 
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in fast bowlers was less than the 1.35% and 0.83% reported by Goggins et al. (2020) and 

Orchard et al (2010) respectively. The discrepancy owes largely to the fact that none of the 

bowlers in the current study suffered a stress fracture of the spine in the 2019 season. 

Moreover, this specific injury has been shown to lead to a significantly longer absence from 

playing when compared to general lumbar injuries (Orchard et al., 2016).  

It is clear from this and previous research that elite fast bowlers continue to be vulnerable 

to low back injuries. The following sub-sections consider spinal shrinkage, lumbar curvature, 

results from musculoskeletal screening and fitness tests, as well as biomechanical technique 

as risk factors for lower back injury in an elite fast bowling squad. 

4.4.2 Spinal shrinkage and curvature 

To the author’s knowledge, spinal shrinkage and curvature have not been previously 

measured in a group of elite fast bowlers. After a period of unloading, substantial spinal 

shrinkage of approximately 5 mm was recorded after bowling five overs.  In comparison 

lumbar curvature was not altered by the acute effects of bowling, thus again supporting the 

assumption that a loss in stature is predominantly due to alterations to the height of 

intervertebral discs (IVD) in response to the loading experienced by the spine.  The 

magnitude of height loss supports previous research conducted within amateur bowlers 

(Reilly & Chana 1994; Barry 2007) and the findings from Studies 1,3 and 5 in this thesis. 

While the volume of deliveries in this study was lower than in previous research, similarity in 

the amount of spinal shrinkage could be a result of increased loads on the spine associated 

with the faster bowling speeds of elite bowlers (Worthington et al., 2013; Middleton et al., 

2016).  

Injured bowlers experienced significantly more spinal shrinkage than those who were injury 

free.  Despite the small number of injured bowlers, the large effect size indicates that 

increased shrinkage may be of clinical significance in lower back injuries to elite fast 

bowlers. An increase in spinal shrinkage implies that the shock absorption properties of the 

IVDs were reduced, although the clinical importance of the relationship between the 

amount the spine shrinks, and injury is yet to be established. The loss of IVD height has also 

been reported to limit the role of the stabilizing muscles, resulting in increased movement 

of vertebral motion segments (Panjabi 1992). Since the injured bowlers in the current study 
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were diagnosed with spine muscle sprain, tendon strain and lumbar facet joint pain, 

increased spinal shrinkage may have contributed to a loss in osseoligamentous integrity 

(Beazell et al., 2010). 

Eklund (1988) speculated on the contribution of spinal shrinkage to the aetiology of back 

injury, through changes on the geometry and physical properties of the spine. Increases in 

disc bulging, decreased room for the nerve roots, increased tension in the collagen fibres of 

the annulus fibrosus, increased stiffness of the disc, poor nutritional supply of the disc and 

increased load on the facet joints were all associated with loss of IVD height. Previous 

research has also reported that a 1 mm loss in IVD height led to a quadrupling of forces 

loaded through the facet joints (Adams & Hutton, 1980). With shrinkage volumes for injured 

bowlers double those of injury free bowlers, more studies into the clinical significance of 

different amounts and rates of shrinkage in this area are warranted to gain further 

understanding of how the spine responds to the loads experienced when bowling fast (see 

Table 4.8). 

Due to the retrospective nature of the analysis, it is difficult to ascertain whether the 

increased shrinkage escalates the risk of injury or that lumbar injury has rendered the IVDs 

more prone to shrinkage. In support of shrinkage as a risk factor, as described above, 

previous research has shown that participants with chronic low back pain shrink by similar 

amounts to those without pain during exercise, but struggle to recover height after 

unloading, a result of IVD degeneration (Healey et al., 2005). Bowlers in this study increased 

in stature after unloading, with no difference seen between those who were injured or not 

injured, indicating that the IVDs of all bowlers were healthy (see Figure 4.5). Moreover, 

Ranson et al. (2008) reported that bowlers may develop bone problems before disc 

degeneration and emphasised the need to establish the relationship between acute changes 

in healthy IVD and lumbar stress injury. 

Unloading the spine in the Fowler position for 20 minutes before bowling increased stature 

by 4 mm, which is more than the 2.6 mm bowlers experienced with five minutes of body 

inversion reported by Reilly & Chana (1994). With a 1 mm loss in lumbar disc height leading 

to increased loading through the facet joints, increasing IVD height should help to dissipate 

forces, particularly early in a bowling spell (Adams & Hutton 1980; Koeller et al., 1984; 

Bogduk & Twomey 1987;). Applying the findings of this chapter to the game, it might be 
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possible for fast bowlers to unload during the natural breaks in play that occur, such as 

lunch and tea intervals or between innings to take advantage of the improved shock 

absorption capacity that this may offer to the IVDs.  

Portus et al. (2004) reported that bowlers may flex the front leg at FFC to reduce peak 

impact forces, thus allowing forces to be dissipated over a longer period, possibly helping to 

prevent injury. Although no statistical relationship between stature loss and front knee 

angles during the delivery stride were found, the findings of this chapter show that an 

extended rear knee that does not collapse during bowling, in combination with an extended 

front hip at FFC are associated with increased spinal shrinkage.  As such bowlers may have 

less time to dissipate the forces experienced when bowling, and that greater force was 

transferred to the vertebral column, leading to a greater loss of IVD height.  Further 

research is needed on the size and temporal nature of forces experienced at FFC and BFC in 

relation to spinal shrinkage. 

Thirteen out of 14 bowlers were categorized as having normal lordosis partly due to the 

classification system having a wide range of ‘normal’ angles (20-40°) (Been & Kalichman 

2014).  The lordosis of the injured bowlers was not significantly greater than the non-injured 

bowlers, however the effect size was large (r = 0.5).  Whilst small sample sizes, as used in 

this study, can inflate the effect statistic (Cheung & Slavin 2016) this could be an indication 

of the importance of increased lordosis as an injury risk factor. Previous research has shown 

that bowlers with increased lordosis had abnormal radiological features of the lumbar spine 

(Elliott et al.,1992). More recently, junior bowlers with a previous back injury also possessed 

a significantly more lordotic curvature than those with no injury history (Hecimovich & 

Stomski 2016).  

Outside sport, research has also highlighted associations between increasing lordosis and 

lumbar injury (Labelle et al., 2009; Been et al., 2011; Chung et al.,2012).  It has been 

postulated that increased lordosis leads to a greater shear force concentrating on the pars 

interarticularis (Been et al., 2011). Similarly, research into posture has reported compressive 

forces transmitted through the facet joints rising from 1% in the neutral position to 16% 

when lordosis is increased by 2° (Adams & Hutton 1980).  This has been attributed to the 

change in orientation of the inferior articular facet processes, to a more horizontal 

inclination, as lordosis increases (Been et al., 2014).  
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Combining an increase in lordotic angle with loss of IVD height, especially in extension, has 

also been shown to significantly increase forces that could contribute to damage of facet 

joints (Dunlop et al., 1984).  More recently, Rabal-Pelay et al. (2019) showed a significant 

increase in lumbar lordosis and spinal shrinkage after eight hours standing on a factory 

production line. The pelvis is considered the base of the spine and its anteroposterior 

orientation is linked to the lordotic angle of the lumbar region (López- Miñarro et al., 2012). 

Returning to cricket bowling, Alway et al. (2020) found that anterior pelvic tilt at FFC is a 

lumbar injury risk factor but they did not consider whether the curvature of the spine 

influenced tilt. In order to advance our understanding of load and potential injury to the 

lumbar spine, further research on the morphological responses to bowling over longer time 

periods, such as a full-day’s play maybe warranted. With injured bowlers in this study 

demonstrating greater spinal shrinkage as well as a more lordotic lumbar curvature, there is 

a strong argument for including these in screening tests (Been & Kalichman 2014).  

4.4.3 Biomechanics of the action 

According to the classification of Portus et al. (2004) nine out of 10 bowlers in this study 

demonstrated a mixed bowling action. Despite early research identifying this action as a 

lumbar injury risk factor (Burnett et al., 1995; Foster and Elliot, 1989) evidence of this was 

not found in this sample of elite fast bowlers. More recent research has also found no 

relationship between the mixed bowling action and lumbar injury (Ranson et al., 2008; 

Alway et al. 2020;). Increased flexion of the front knee during FFC has been linked to a 

reduced incidence of lower back injury in fast bowlers (Foster et al., 1989; Portus et al., 

2004) but this was not found in the current study. Portus et al. (2004) reported that bowlers 

who extended their front knee more at BR, experienced higher horizontal and vertical 

impact forces. One could surmise that such forces may require greater attenuation and thus 

loss of IVD height, but this was not able to be tested.  

Alway et al. (2020) reported that injured bowlers had a more flexed rear knee (146°) and hip 

(146°) at BFC than non-injured.  Front hip angle (130°) at FFC was also significantly more 

flexed for those who sustained a lumbar injury (Alway et al., 2020).  Although the findings in 

this chapter did not find any statistical differences in biomechanical parameters between 

injured and non-injured bowlers, mean rear knee and hip angles at BFC (141° and 133° 
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respectively) and front hip angle at FFC (116°) for all bowlers were lower (i.e., more flexed) 

than those who suffered a lumbar spine injury in Alway et al’s. (2020) research. It is 

therefore important for the medical staff of the squad of elite bowlers to monitor the 

bowlers who demonstrated these potential risk factors in future seasons (see Table 4.6). 

Lateral spinal flexion at FFC and BR has been implicated in lumbar injury to fast bowlers 

(Ranson et al., 2008; Ferdinands et al., 2009; Bayne et al 2015), although Alway et al. (2020) 

reported no difference in contralateral spinal flexion between injured and injury free 

bowlers. In the current study statistical inference did not support significant differences in 

lateral spine flexion at BR between the injured and non-injured group.  This may, however, 

have been a result of the limitations of modelling the lumbar spine as a rigid segment, using 

a vertical line between the mid-points of the shoulders and hips (Crewe et al., 2013). 

Previous research has divided the measurement of spinal angles into upper and lower trunk 

when measuring thoraco-lumbar and pelvic-lumbar alterations during the delivery stride, 

with the latter being associated with an increased injury risk (Ranson et al., 2008; 

Ferdinands et al., 2009; Bayne et al 2015). A focus on lateral flexion in the lumbo-pelvic 

region in combination with morphology of this area still requires further investigation. 

4.4.4 Fitness tests and musculoskeletal screening 

The association between hamstring tightness and IVD abnormalities in fast bowlers has 

previously been reported by Elliott et al. (1992). Research has hypothesised that lumbar 

spine pathology (particularly around L5) is a hamstring strain risk factor (Orchard et al., 

2010).  This may be due to the relationships between degenerative changes in the lumbar 

spine and the hamstring nerve supply originating from have L5 and S1 (Orchard et al., 2004).  

However, the bowlers who sustained a lumbar injury in this study demonstrated greater 

hamstring flexibility in comparison to those who were injury free (see Table 4.7).  This may 

be due to the retrospective nature of the research design and the delay between testing 

and the occurrence of the lumbar injury in the previous season. Following the injury, 

hamstring strengthening, and flexibility was part of the rehabilitation process, probably 

leading to the improved flexibility in this group. Research investigating the lumbar-spine-

hamstring injury nexus has also indicated that measurement of hamstring weakness rather 

than range of motion may be more pertinent as a potential injury risk factor (Orchard et al., 

2010).  
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Statistical analysis did not show significant associations between lumbar injury and all the 

other fitness and musculoskeletal tests; however, 29% of all bowlers did demonstrate knee 

valgus on the single leg squat. Previous research reported an association between increased 

knee valgus during a single leg decline squat and lower back injury (Sims et al., 2010; Bayne 

et al., 2015). Decreased hip internal rotation and poor ankle dorsiflexion have also been 

linked to low back injury (Bayne et al., 2015; Olivier et al., 2015).   

 

In the current study the limit of musculoskeletal screening to only once per year, may 

explain the lack of an association to injury. Screening only once can provide baseline 

measures on which to calculate a return to play after injury, but the potential lengthy time 

between assessment and an injury make risk classification difficult (Dennis et al., 2008). The 

regularity of fitness and musculoskeletal monitoring needs to be researched to enable more 

insights into the dose-response relationships between playing, training and potential injury. 

With the increased use of wearable technology such as Global Positioning System units at 

the elite level, more physical data will become more readily available for continuous analysis 

(Peterson et al 2009; Johnston et al., 2014; Sholto-Douglas et al., 2020).   

 

4.5 Conclusion 

The squad of fourteen elite fast bowlers studied in this PhD experienced significant spinal 

shrinkage after five overs of bowling, which was higher in those bowlers who sustained a 

lumbar injury in the 2019 season.  Whilst increased lumbar lordosis may be a lumbar injury 

risk factor, statistical evidence was lacking for an association between biomechanical 

parameters, fitness levels, musculoskeletal variables and injury.  More regular screening 

throughout the year may be required to monitor potential relationships between lumbo-

pelvic stability and injury risk that have been found in previous research. Unloading the 

spine in the Fowler position for 20 minutes may provide added protection by increasing IVD 

height, thus improving the spine’s ability to absorb the forces generated when bowling fast.  

These findings warrant further investigation into the role of curvature and shrinkage as 

potential injury risk factors when bowling fast. 
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Chapter 5 – A retrospective analysis of the relationship between workload 

and injury to fast bowlers.  

 

5.1 Introduction 

Measuring workload through the monitoring of distance, intensity and frequency of physical 

movements required by various sports has been used ubiquitously to assist in the 

preparation (Chambers et al., 2015) and injury prevention of athletes (Windt et al., 2018). 

With the addition of 20 over (T20) cricket since 2005, taking around four hours to complete, 

alongside five-day Test matches, four-day domestic competitions and one-day 50 over 

matches (Orchard et al., 2015; McNamara et al., 2017), research has monitored the 

resultant differences to bowling workload (Dennis et al., 2003; Orchard et al., 2009; Hulin et 

al., 2013; Orchard et al., 2015; Perret et al., 2020; Alway et al. 2020; Tysoe et al., 2020) and 

physical workload (Peterson et al., 2009; Peterson et al., 2010; Peterson et al., 2011, Vickery 

et al., 2016) placed on fast bowlers. 

Bowling workload has been measured by recording the number of deliveries bowled during 

a day, a month, season and across match formats (Dennis et al., 2003; Orchard, 2009 et al., 

2009; Hulin et al., 2013; Orchard et al., 2015; Perret et al., 2020; Tysoe et al., 2020; Alway et 

al. 2020), whereas physical workload has been reported in relation to total distance and 

distances covered at different velocities. Up to 22 km has been recorded in a single day of a 

multi-day game, 13 km in a one-day format and 5.5 km in a 20 over game (Peterson et al., 

2009; Peterson et al., 2010; Peterson et al., 2011, Vickery et al., 2016). These measurements 

have been categorised as external workload whereas internal workload has used the rate of 

perceived exertion (RPE) (Feros et al., 2017; Vickery et al., 2017). The product of internal 

workload and the duration spent performing an activity has been used to estimate the total 

demands of sporting activities and referred to as session RPE (sRPE) (Haddad et al., 2017).  

Professional sport and cricket have increasingly utilised global positioning technology (GPS) 

devices that include other forms of microtechnology (accelerometers, magnetometers, and 

gyroscopes) to monitor bowling and physical workload (Peterson et al., 2011, Vickery et al., 

2017; Camomilla et al., 2018). Such devices have been shown to be very sensitive at 

detecting bowling workload during matches and training (McNamara et al., 2015; Jowitt et 

al., 2020). In addition to bowling workload, intensity of bowling has also been studied 
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utilising the PlayerLoadTM metric obtained from GPS devices (McNamara et al., 2018). Bredt 

et al. (2020) states that PlayerLoadTM measures the magnitude of changes in acceleration, 

which will not be exclusive to bowling and may occur during fielding activities. However, the 

strong association between PlayerLoadTM and different bowling speeds emphasizes that this 

metric can be used to monitor intensity of bowling (McNamara et al., 2018). Both bowling 

and physical workloads need to be considered to understand the total demands placed on 

fast bowlers.  

Research has highlighted that both high and low bowling workloads are related to injury 

(Perret et al., 2020; Alway et al. 2020; Tysoe et al., 2020). Exceeding a weekly total of 234 

deliveries has been associated with the risk of sustaining a lumbar stress injury (Away et al., 

2019). Similarly, increasing bowling load in both a seven- and forty two-day period by more 

than two standard deviations (Tyose et al., 2020), and bowling more than 900 deliveries in 

90 days have been associated with injury risk (Orchard et al., 2015). Moreover, bowling 

workload ranging from 84 -188 deliveries per week have been suggested to enhance injury 

resilience (Dennis et al., 2003; Hulin et al., 2014; Warren et al., 2018), with career bowling 

workload exceeding 12 000 overs also offering protection (Orchard et al 2015).  Similarly, 

balancing recovery time with maintaining fitness required to bowl is important with less 

than two (Dennis et al., 2003) and more than five days’ rest (Sims et al., 2017) between 

bowling sessions being associated with an increased injury risk. 

Epidemiological research in injury incidence between game formats has reported 194, 271 

and 117 injuries per 1000 days of play for T20, 50 over and 4 days formats respectively 

(Orchard et al., 2016). Alway et al. (2019) highlighted an increased risk of lumbar stress 

fracture in the English First-class four-day game in mid (July) and late season (September) in 

English FCCC. Further research in the multi day format has highlighted risk of injury to 

bowlers delivering more than 50 overs in a single game (Orchard et al., 2009; Orchard et al. 

2015). Whilst research exists in relation to bowling workload, to the authors knowledge no 

research has investigated the relationship between physical workload and injury to fast 

bowlers. 
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Aim – To examine the relationship between injury and workload during a first-class cricket 

season. 

Objectives - 

Explore the relationship between bowling workload, physical workload, and injury. 

Document the bowling and physical workload of fast bowlers across 4-day, 50-over, 

T20 match formats and training during an English first-class cricket season (2019) 

using a GPS system. 

 

5.2 Methods 

5.2.1 Participants  

Ten professional male fast bowlers (mean ± SD age 27.2 ± 5.7 years, height 186.0 ± 7.6 cm 

and mass 81.1 ± 9.1 kg) provided written informed consent and volunteered to participate 

in the study. A fast bowler was defined as one where the wicketkeeper was required to 

stand back from the stumps to receive a delivery (Orchard et al. 2005). The study was 

granted institutional ethics approval by Manchester Metropolitan University. This 

observational study spanned the entire 2019 England & Wales county cricket season (1st 

April – 30th September) with data collected from 46 competitive fixtures (15 x four-day, 13 x 

50 over and 18 x T20) and 101 individual bowling training sessions.  

5.2.2 Injury surveillance 

Permission was given by bowlers and medical staff to analyse retrospective injury 

surveillance data from the same (2019) season. New and recurrent injuries were classified 

by the county medical staff according to Orchards’ Sports Injury and Illness Classification 

System (OSIICS) (Orchard et al. 2020). The month and game format when the injury 

occurred was recorded along with injury type and activity been undertaken.  

 5.2.3 Bowling workload 

Data used to calculate Bowling Workload was obtained by bowlers wearing an Optim Eye S5 

GPS units (Catapult, Melbourne, Australia) sampling at 10 Hz, encased in a vest on the upper 

back.  The GPS units were switched on 15 minutes prior to preparing for the game format or 

training to establish a satellite lock and allow for warm-up bowling activities to be recorded. 
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The device recorded for the duration of the innings or training session in which bowling took 

place. 

Data used to calculate bowling were downloaded using the Catapult OpenField Software, 

Version 1.12.0. and exported to a Microsoft Excel spreadsheet. Bowling workload factors 

were classified as either external (environment related) or internal (person-related) in 

nature as defined by Olivier et al. (2016).  External factors included maximum and average 

number of deliveries bowled, that were arranged into seasonal, 7-day and 28-day sections 

to allow comparison of bowlers who sustained an injury during the season with those who 

had not (Orchard et al., 2015). The specific dates when all three game formats and training 

sessions were manually recorded to allow further analysis of workloads across formats. The 

number of days, in conjunction with duration in minutes spent in the game format or in 

training when bowling occurred allowed weekly, daily, and hourly calculations of workload. 

The number of deliveries was divided by the minutes spent playing or training and then 

multiplied by 60 to get the relative number of deliveries per hour. The average days 

between bowling was obtained by dividing the total number of days not bowled by the 

number of occasions bowling was not undertaken. 

Recent research has demonstrated that the GPS unit displays excellent sensitivity and 

specificity (>96%) when measuring bowling workload (number of deliveries) in matches and 

training (Jowitt et al., 2020). The automatic detection of deliveries, for bowling workload, 

was achieved by an algorithm that utilised data from an inbuilt accelerometer, gyroscope 

and magnetometer to detect sudden deceleration in conjunction with peaks in the rotation 

speed of the upper torso particular to the bowling action (McNamara et al., 2015). This 

microtechnology also allowed the collection of data at 100 Hz, to measure PlayerLoadTM , 

calculated as “the square root of the sum of the squared instantaneous rate of change in 

acceleration in each of the three vectors (X, Y and Z axis) and divided by 100”, represented 

by arbitrary units (McNamara et al., 2017). PlayerLoadTM was included within bowling 

workload in this study as its calculation is heavily influenced by the number of deliveries 

undertaken (McNamara et al., 2015). Relative calculations for PlayerLoadTM  were calculated 

by dividing the metric by total minutes within the game or training format and multiplied by 

60 (PlayerLoad per hour).  PlayerLoadTM was also divided by deliveries per hour.  
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Internal bowling workload factors were measured through the collection of RPE, 

approximately 30 minutes after completion of the bowling using the 10-point Borg scale 

(Borg, 1998). RPE was multiplied by the total duration of the time spent in the game or 

training format when bowling took place to obtain sRPE (Fitzpatrick et al. 2018). 

 

5.2.4 Physical workload 

The Optim Eye S5 GPS units (Catapult, Melbourne, Australia) sampling at 10 Hz was also 

used to collect physical workload measures for each match/training session. Total distance 

covered (m) and distance covered in the following intensity speed bands; low (0-7 km·hr-1), 

medium (7.1-15 km·hr-1), high (15.1-20 km·hr-1), very-high (20.1-25 km·hr-1), and sprinting 

(>25 km·hr-1) were analysed using the Catapult OpenField Software, Version 1.12.0. and 

exported to a Microsoft Excel spreadsheet. The number of high-intensity and sprint efforts 

were logged if participants spent a minimum of 0.2 seconds at or above a speed of 20.1 

km·hr-1 and 25 km·hr-1, respectively. All physical workload measures were divided by the 

number of minutes spent covering the total distance and distances in the speed bands, then 

multiplied by 60 to calculate the relative measure per hour. 

 

5.2.5 Statistical analysis 

The normality of bowling and physical workload data was examined using the Shapiro-Wilk 

test. Since there was a violation of normality of distribution, a non-parametric Mann-

Whitney U test was used to compare all bowling and physical workload variables between 

the injured and uninjured fast bowlers. Effect sizes were calculated using Cohen’s r with 0.1 

= small, 0.3 = medium and 0. 5 = large (Coolican, 2009; Firitz et al., 2012). A descriptive 

analysis of injuries was also undertaken. The fast bowlers were separated into those who 

sustained an injury in the 2019 season and those who were injury free (Orchard et al., 

2015). 

A Kruskal-Wallis H test was conducted to compare the effect of game format and training on 

bowling and physical workloads. For cases of significance a post-hoc pairwise analysis 

employing Mann-Whitney U tests, adjusted using a Bonferroni correction, was completed 
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with significance set to p< 0.05. The assumption of the similarity of distribution of the 

dependent variable by group was met and thus median values were summarised alongside 

interquartile ranges (IQR) (Hart 2001).  

5.3 Results 

Ten fast bowlers amassed a bowling workload total of 20 005 deliveries over the season, 

with physical workload amounting to a total distance of 3004 km, during 1037 hours of 

recorded match and training time.  

5.3.1 Injury and workload 

The 2019 season saw six fast bowlers suffer 12 new injuries, with 50 % occurring during 

bowling, with all bar one sustained in a 4-day game. Fifty percent of the injuries occurred in 

mid-season (June-July) with two lumbar injuries (iliolumbar ligament pain and general 

lumbar pain) recorded, one in July and one in September (see table 5.1). 

The maximum number of overs bowled in 28 days was found to be significantly greater for 

non-injured bowlers (median = 122 overs) compared to the overs bowled immediately prior 

to injury in injured bowlers (median = 93 overs), with a large effect size (r = 0.6) (see Table 

5.2). Although no significant differences were found for average duration of the game 

format or training when bowling occurred, a large effect size (r = 0.5) was reported with a 

median of 172 minutes for non-injured bowlers compared to 158 minutes for those who 

became injured.  

Statistically significantly greater 7-day physical workload distances at velocities of greater 

than 25 km·hr-1 and number of sprints completed were found for non-injured bowlers 

compared to 7-day values prior to injury for the injured bowlers, with large effect sizes (r 

=0.7). Season values for these metrics were also greater for the non-injured bowlers but 

with a small effect size (r = 0.2) (see Table 5.4). During a 7-day period the maximum number 

of high intensity bouts was significantly higher for bowlers not injured compared to the 

injured bowlers prior to injury. Although the 28-day measures were not significantly 

different for high intensity bouts, both timeframes showed a large effect size (r = 0.5) (see 

Table 5.4). 
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Table 5.1 Injury details to First-class county fast bowlers (n=10) during the 2019 season 

Month Injury Orchard 
Code 

Format Activity at time 
of injury 
 

April none - - - 
May Patella dislocation  KDPX 50 over Batting 
 Head injury NHCX 4 day Batting 
June Abdomen pain OMXX Training Fitness work 
July Lumbar muscle pain LJLI 4 day Bowling 
 Knee contusion  KHXX 4 day Fielding 
 Posterior ankle pain ACP2 4 day Bowling 
 Ankle sprain AJLA Training Batting 
 Abdomen strain OMRR 4 day Bowling 
August Calf tightness OMGM Training Fitness work 
 Lumbar joint pain LXXX 4 day Bowling 
September Ankle contusion AHXX 4 day Bowling 
 Thigh strain TMQS Training Bowling 

     

 

5.3.2 Bowling workload 

Totalled overs bowled over the season ranged from 329-690 for the elite fast bowlers.  

Game and training formats had a statistically significant effect on bowling workload (see 

Tables 5.5). Significantly more deliveries were bowled in 4-day cricket compared to T20 (p< 

0.001) but Player Load and Player Load per hour/deliveries per hour were significantly 

higher for the T20 format (p = 0.002). This latter metric was also significantly higher in T20 

compared to 50 overs (p = 0.003) (see Table 5.5). Duration of the innings or training session 

in which bowling took place and sRPE were significantly lower for T20 compared to 4-day 

and 50 over formats (p< 0.001) (see table 5.5).  Training sessions had significantly lower 

median values (p< 0.001) for all bowling workload variables compared to the three game 

formats, apart from deliveries per hour, where the opposite occurred (p< 0.001) (see Table 

5.5).  

5.3.3 Physical workload 

Training and game formats had a significant effect on physical workload including total 

distance, distances at 7.1-15 km·hr-1, 15.1-20 km·hr-1, > 25 km·hr-1 and number of sprints 
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(see Table 5.6). Significantly lower total distance values were found in training compared to 

the three game formats (p<0.001), but these differences were deemed non-significant when 

calculated per hour. Total distance per hour was significantly higher for T20 compared to 4-

day games (p< 0.001). Relative distances per hour at lower velocities (7.1-15 km·hr-1, 15.1-

20 km·hr-1) were also significantly shorter for 4-day compared to other formats (see Table 

5.6).  The number of high intensity bouts was significantly higher in 4-day and 50 over 

games compared to training (p<0. 001) and T20 matches (p = 0.002 and p = 0.003 

respectively) but again were deemed non-significant when calculated per hour. As players 

did not reach speeds above 25 km·hr-1 in training, significant differences were found for 

number of sprints completed when compared to the game formats (see Table 5.6). 

 

Table 5.2 Bowling workload (external factors) for injured and non-injured First-class county fast 

bowlers during the 2019 season. 

 

 
 

 

 

Bowling workload mdn IQR mdn IQR

    Total season overs 444 255 459 277

    Average overs per week 20 7 21 3

    Average season daily deliveries 42 45 48 42

    Total days bowled in season 67 42 62 29

    Total days not bowled in a season 91 28 86 52

    Average days between bowling 2 1 2 0

    Average duration in game/training mins 160 194 137 180

    Average deliveries per hour 19 19 21 13

    Maximum overs in a week 46 11 58 25

    Maximum overs in a month 122 48 139 17

    Maximum overs 7 day prior to injury 46 11 34 24

    Maximum overs 28 day prior to injury 122* 48 93* 15

    Average deliveries 7 day prior to injury 58 43 48 32

    Average deliveries 28 day prior to injury 63 28 54 20

    Average duration mins 7 day prior to injury 226 151 140 80

    Average duration mins 28 day prior to injury 203 99 165 29

    PlayerLoad 560 620 529 675

    PlayerLoad per hour 241 105 243 86

    PL per hour/deliveries per hour 238 103 241 80

* =  p < 0.05; mdn = median; IQR = interquartile range

Not injured (n = 4) Injured (n = 8)
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Table 5.3 Bowling workload (internal factors) for injured and non-injured First-class county fast 

bowlers (n=10) during the 2019 season. 

  Not injured (n = 4)   Injured (n = 8) 

Bowling workload mdn IQR   mdn IQR 

    RPE 7 day prior to injury 7 2   5 3 

    RPE 28 day prior to injury 6 2   5 1 

    Season RPE 6 3   5 3 

    Season RPE x duration (sRPE) 895 1431   705 1419 

 mdn = median; IQR = interquartile range           
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Table 5.4 Physical workload for injured and non-injured First-class county bowlers across 7, 28 and 183 days. 

 

 

 

 

 

 

 

Highest 7-day values      7 day values                 Highest 7-day values         28 day values Season values Season values
not injured (n = 4) prior to injury (n = 8) not injured (n = 4)       prior to injury (n = 8) not injured (n = 4) injured (n = 8)

mdn IQR mdn IQR mdn IQR mdn IQR mdn IQR mdn IQR

    Total Distance (m) 10887 12198 6960 2917 10147 7002 8695 4207 6699 8825 6952 9030

         ≤7 km/hr (m) 8011 8074 4549 2257 7002 5244 5695 4078 4922 6124 4504 5869

         7.1-15 km/hr (m) 1685 2029 1459 810 1722 661 1797 713 1175 1406 1296 1916

        15.1-20 km/hr (m) 527 546 526 234 552 243 653 184 424 370 570 583

        20.1-25 km/hr (m) 694 1208 433 251 797 791 360 228 480 733 466 671

        >25 km/hr (m) 67* 164 10* 12 73 124 49 62 27 111 6 41

    High intentisy Bouts (total) 45 45 37 16 51 31 34 12 35 46 35 133

    Number of sprints (total) 2* 3 1* 1 3 3 2 2 1 4 0 2

mdn=median; IQR = interquartile range; * = p < .05
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Table 5.5 Bowling workload for First-class county bowlers across three formats of cricket and training during the 2019 season (n=14). 

 

 

 

 

 

4 day 50 over T20 Training

median IQR median IQR median IQR median IQR x2

Deliveries (2,3) 72 54.00 60 18.00 36 12.00 36 24.00 75.75

Duration mins (1,4,5) 248 201.00 227 80.00 144 96.00 60 46.00 142.74

Deliveries per hour (1) 19 10.00 18 7.00 15 10.00 34 30.00 75.08

RPE (1) 6 3.00 7 1.00 6 3.00 4 2.00 89.58

RPE x duration (sRPE) (1,4,5) 1524 1806.00 1531 651.00 825 923.00 205 227.00 133.68

PlayerLoad (1) 809 741.00 911 285.00 630 388.00 278 219.00 112.60

PlayerLoad per hour (2,3,5) 223 57.00 241 67.00 272 76.00 296 114.00 60.97

PlayerLoad hr/deliveries hr (2,3,4) 12 5.00 14 4.00 18 11.00 8 4.00 77.39

Pairwise comparisons mean ranks - p < .001 - Training v T20, 50 0ver, 4-day = 1; Training v 50 over, 4 day = 2; T20 v 4 day = 3; T20 v 50 over = 4; p < .05 - T20 v 4 day = 4; T20 v 50 over = 5

metrics per hour mean ranks p < .001 - 4 day v T20, 50 over, Training = 6; Training v T20, 50 over, 4 day = 7; p < .005 4 day v Training, T20 = 8

mdn = median; IQR = interquartile range; sRPE = session rate of perceived exertion; Kruskal Wallis x2 test statistic for each bowling workload measure (n =3)
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Table 5.6 Physical workload for First-class county bowlers across three formats of cricket and training during the 2019 season (n=14). 

 

4 day 50 over m·hr-1 mdn m·hr-1

mdn IQR mdn m·hr-1 IQR mdn IQR mdn m·hr-1 IQR x2 x2

Total Distance (m) (1,8) 10013 10045 2919 851 11866 3925 2996 815 110.10 18.36

    ≤ 7 km·hr-1 (m) (1) 7717 7252 1975 596 7835 2143 2006 538 129.41 6.81

    7.1-15 km·hr-1 (m) (1,6) 1627 1731 485 242 2419 1666 600 300 114.41 33.86

    15.1-20 km·hr-1 (m) 
(1) 629 556 19 16 729 402 195 100 52.85 255.52

    20.1-25 km·hr-1 (m) 
(1,4) 714 895 204 181 764 501 196 175 74.68 0.46

    >25 km·hr-1 (m) (1,3,7) 28 94 9 26 28 60 8 17 77.68 56.83

Number of High Intensity Bouts (total) (2,3,5) 52 59 15 9 55 24 14 9 75.27 2.97

Number of Sprints (total) (1,7) 1 4 0 1 2 3 0 1 71.72 55.50

T20 Training 

mdn IQR mdn m·hr-1 IQR mdn IQR mdn m·hr-1 IQR x2 x2

Total Distance (m)  (1,8) 7949 5355 3380 868 3114 2312 3264 1470 110.10 18.36

    ≤ 7 km·hr-1 (m) (1) 4727 3771 2142 480 1961 1510 2129 819 129.41 6.81

    7.1-15 km·hr-1 (m) (1,6) 1695 1682 707 355 530 396 581 288 114.41 33.86

    15.1-20 km·hr-1 (m) (1) 500 352 232 111 322 258 316 238 52.85 255.52

    20.1-25 km·hr-1 (m) 
(1,4) 472 177 192 111 193 369 199 259 74.68 0.46

    >25 km·hr-1 (m) (1,3,7) 28 119 11 60 0 2 0 1 77.68 56.83

Number of High Intensity Bouts (total) (2,3,5) 30 16 13 6 18 27 15 24 75.27 2.97

Number of Sprints (total) (1,7) 1 7 0 3 0 0 0 0 71.72 55.50

Pairwise comparisons mean ranks - p < .001 - Training v T20, 50 0ver, 4-day = 1; Training v 50 over, 4 day = 2; T20 v 4 day = 3; p < .05 - T20 v 4 day = 4; T20 v 50 over = 5

metrics per hour mean ranks p < .001 - 4 day v T20, 50 over, Training = 6; Training v T20, 50 over, 4 day = 7; p < .005 4 day v Training, T20 = 8

mdn = median; IQR = interquartile range; Kruskal Wallis x2 test statistic for each bowling workload measure (n =3)
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5.4 Discussion 

This chapter examined the relationship between injury, bowling workload and physical 

workload during a first-class cricket season. Bowling and physical workload were reported 

across 4-day, 50-over, T20 match formats and training during the 2019 English first-class 

cricket season using a GPS system. To the authors knowledge this is the first study, utilising 

GPS micro technology, to report the bowling workloads of elite fast bowlers across all 

formats of the game and training over an entire season. Previous research (Peterson et al., 

2010) has documented physical workloads, but not with First-class county fast bowlers.  

With only two lumbar injuries sustained throughout the season, the analysis of bowling and 

physical workloads was undertaken for all injuries suffered by bowlers. Of the twelve 

injuries recorded five occurred during August when three 4-day matches were played in 17 

days. Despite this observation no differences in injury status were found between bowlers’ 

season, weekly and daily bowling volume (see Table 5.2). Analysis of bowling workload 

highlighted that bowlers who were injury free bowled more overs in a 28-day period, spent 

longer bowling, and experienced a much higher internal load as measured by RPE x 

deliveries. The weekly delivery total for both injured and non-injured bowlers satisfied the 

minimum bowling requirement of 84 -188 deliveries per week (Dennis et al., 2003; Hulin et 

al., 2014; Warren et al., 2018) deemed to increase resilience (see Tables 5.2 and 5.3). The 

maximum total deliveries bowled in a week by both injured and non-injured bowlers was 

also within the danger threshold of 234-300 (Alway et al., 2020; Orchard e al., 2009), but 

was not associated with injury. This study supports previous research where high workloads 

over periods of 12-26 days are not associated with an increase in injury (Orchard et al., 

2015). Both injured and non-injured bowlers reported no statistically significant difference 

in number of days bowled during the season and their amount of rest between bowling 

events was in line with previous recommendations for both groups (see Table 5.2) (Dennis 

et al., 2003). No other statistically significant differences were observed between bowling 

workload factors and injury, thus lending weight to previous research that found no 

relationship between injury and spikes in bowling workload (Sims et al., 2017; Bayne et al., 

2015).  

The seven-day distances covered at high intensity running and sprinting were greater for 

non-injured bowlers compared to the same period prior to injury for those injured (see 
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Table 5.4).  Similarly, 28-day high intensity running was higher for non-injured bowlers. 

Recent research from Football has highlighted the protective nature of sprint training in 

mitigating against lower limb injuries (Malone et al., 2018). As 42% of the injuries to elite 

fast bowlers reported in this current study were to the lower limb, sprint activities may have 

offered some protection to the non-injured bowlers.  Future research on high intensity 

running and sprint volumes for fast bowlers may help to enhance advice on injury resilience.  

Statistical analysis did not support significant differences between total distance and 

distances at velocities up to 25 km·hr-1 for injured and non-injured bowlers. These findings 

indicate that fast bowlers’ physical workload volumes below high-speed running are not 

related to injury. As the fast bowlers in this study were elite, their fitness to be able to bowl 

repeated spells during training and matches should be assumed, thus supporting previous 

research on the physical requirements of fast bowling (Duffield et al. 2009; McNamara et al., 

2013). 

The three different game formats (4-day, 50 overs and T20) accounted for 50% of the total 

days in the season spent bowling, which was less than the 20% reported for international 

players by Mount et al. (2015 a).  This is possibly due to the longer time frame over which 

the international players were measured, the fact that international matches are longer, 

and/or the need to protect international bowlers more between matches. Unsurprisingly, 

more deliveries were bowled in 4-day and 50 over matches when compared to T20 and 

training as formats dictate the maximum number of overs permissible (4- day no limit, 50 

over – 10 over limit and T20 – 4 over limit). 

The number of deliveries in a training session (37) was almost identical to the 36 reported 

for international bowlers by Mount et al. (2015 b) and to the 30 for academy elite bowlers 

by Vickery et al. (2017), with the latter research conducted during a 12-week pre-season 

training camp in Australia. The duration spent bowling during training was more than twice 

that reported by Vickery et al (2017), which might be due to the timing of training (i.e. pre-

season v in-season). Training bowling volumes were significantly lower compared to the 

three different game formats, although when normalised to deliveries per hour the opposite 

was observed (see Table 5.5). This result is probably a consequence of the time spent 

wearing the GPS device for data acquisition, with training sessions much shorter duration 

than bowling during an innings in the different game formats. 
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The number of deliveries in an innings was higher for 4-day (68) than the 56 reported for 

Test match bowlers by Mount et al. (2015 b). Similarly, more deliveries were found for 50-

over (57 v 49), T20 (36 v 22) and training (37 v 33) in this study compared to their 

international counterparts by Mount et al. (2015 b). This could be the result of the inclusion 

of warm-up deliveries to measure total bowling workload (using GPS), whereas Mount et al. 

(2015b) manually recorded daily activities and did not mention whether warm-up activities 

had been included.  

The period when bowling was recorded in a game format (i.e., during an innings of the 

opposition) was longer for 4-day matches compared to the T20 format. Interestingly, there 

was no statistical significant difference in duration when bowling was measured between 

four-day and 50 over cricket, indicating that the demands of both formats are similar for the 

fast bowler in a single innings. Thus, with four-day matches generally consisting of two 

innings, bowling in this format may place similar demands on a bowler to bowling in two 50 

over matches separated by a day’s rest. 

Recording duration spent bowling in isolation does not account for the intensity of the 

activity, thus expressing this as the number of deliveries per hour allows comparison across 

formats and indicates bowling intensity (Peterson et al., 2010). There was no difference in 

deliveries per hour across the three match formats, implying there was no difference in 

bowling intensity or that comparisons per hour may not be specific enough to measure such 

differences (see Table 5.5). In the current study fast bowlers wore their GPS devices 15 

minutes prior to warm-up for games and the assumption was that all vests were removed as 

soon as an innings had finished within the game format. This practice may have differed 

between bowlers and thus future research should time-stamp GPS data to allow separate 

analysis of warm-ups and match bowling, whilst also recording the time at end of the 

innings.  

Another gauge of the intensity of bowling is the rate of perceived exertion (RPE), which is 

defined as the conscious sensation of how hard, or strenuous a session of physical work is 

(Haddad et al., 2017), and was used as an internal measure of bowling workload (Feros et 

al., 2017). RPE also demonstrated no differences across playing formats, and since no 

previous research has measured it, comparisons are impossible. The sRPE method has been 

previously shown to be valid measure of intensity in different activities such as Football 
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(Impellizzeri et al., 2005) and Australian Football (Scott et al., 2013), as well as for endurance 

athletes (Foster et al., 2001). When considering match formats, T20 sRPE was lower 

compared to 4-day and 50 over matches (see Table 5.5). This may seem counterintuitive as 

the T20 format has been shown to place increased physical demands on players (Peterson 

et al., 2010). However, as the number of deliveries per hour was the same across formats, 

reduced total volume of deliveries and the shorter duration of T20 would likely have 

reduced the fast bowler’s sRPE.  Training sRPE was higher (308 AU) in this study compared 

the 124 AU reported by Vickery et al. (2017), which could be related to a greater perception 

of effort in-season when previous match day workload may add to feelings of fatigue 

compared to the pre-season results of Vickery et al. (2017).   

Further ways to measure the intensity of bowling have included the PlayerLoadTM metric 

(McNamara et al., 2015).  PlayerLoadTM in training was lower than for all the game formats 

but was more than double the training value of 150 reported by Vickery et al. (2017).  T20 

PlayerLoadTM was lower than other match formats, but this was reversed for the 4-day 

comparison when represented per hour (see Table 5.5).  The calculation for measuring 

PlayerLoadTM  focusses on changes in acceleration that occur for sudden changes of direction 

or abrupt initiation or termination of movement (Bredt et al., 2020). Across all formats 

bowlers may be required to perform such movements when fielding as well as bowling. To 

try an isolate the PlayerLoadTM when bowling, it was divided by deliveries per hour. This 

metric was higher for T20 when compared to the two other game formats (see Table 5.5), 

which is in contrast to differences across formats using both RPE and sRPE, as previously 

discussed.  PlayerLoadTM per hour and PlayerLoadTM /deliveries per hour indicate higher 

intensity of the T20 format compared to 4-day and are potentially a better indication of the 

intensity of bowling during T20 matches. With the ability to accurately record the duration 

of bowling, the number of deliveries and PlayerLoadTM from GPS devices, relative 

calculations for PlayerLoadTM may allow more detailed analysis of the intensity demands of 

bowling in the different formats. 

Findings from this study support previous research where the majority of fast bowlers’ 

physical workload is performed at low intensity (63 -68% ≤ 7 km·hr-1), interspersed with 

bouts of high intensity running, which mainly reflects the demands of the run-up (Peterson 

et al., 2010) (see Table 5.7). Although total distances per hour across all formats were lower 
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in the current study compared to previous research, the pattern of lower total distances and 

distances at lower velocities (7.1-15 km·hr-1, 15.1-20 km·hr-1) for T20 compared to other 

formats was similar to that of Vickery et al. (2017).   

Table 5.7 Physical demands of fast bowling. 

 Physical distances in metres per hour (mean ±SD) 
Study Format Total 

Distance 
≤ 7 

km·hr-1 
7-15 

km·hr-1 
15.1-20 
km·hr-1 

20.1-25 
km·hr-1 

> 25 
km·hr-1 

Current 4 -day 2903 ±809 1982 ±508 486 ±181 22 ±21  215 ±136 22 ±38 
Peterson 
et al 2010 

4 -day 3774 ±802 2512 ±258 799 ±173 233 ±89 230 ±133 - 

Current  50 over 2761 ±1105 1878 ±612 593 ±266 196 ±82 196 ±113 14 ±18 
Peterson 
et al 2010 

50 over 3831 ±839 2520 ±362 785 ±275 220 ±81 316 ±121 - 

Vickery et 
al 2016 

50 over 4931 ±788 3733 ±1152 - 1573± 370 - - 

Webster 
et al 2020 

50 over 3640 ±401 2440 ±288 674 ±116 212 ±38 314 ±65  

Current  T20  3343 ±586 2136 ±347 706 ±266 247 ±92 225 ±144 29 ±35 
Peterson 
et al 2009 

T20 6367 ±1120 3216 ±663 2065 ±404 544 ±242 542 ±126  

Peterson 
et al 2010 

T20 4171 ±971 2634 ±268 882 ±176 249 ±121 406 ±230  

 

The number of high intensity bouts was greater in 4-day and 50-overs matches compared to 

T20 but this difference was not evident when intensity bouts were expressed per hour. This 

contradicts previous research (see Table 5.6) which observed that as the format becomes 

shorter, higher relative distances and number of high-intensity efforts are recorded by fast 

bowlers. This may be due to previous research (Peterson et al., 2010; Vickery et al., 2017) 

defining a high intensity effort as a speed above 12.6 km·hr-1 and a sprint above 18 km·hr-1 

in comparison to 15.1 and 20.1 km·hr-1 used for the same intensities in this study.  The 

setting of thresholds for various speed classifications is determined by the manufacturer of 

the GPS units. This study and previous research have employed these arbitrary, player-

independent speed zone thresholds (see Table 5.6), which ignore the relative physical ability 

of an individual bowler to reach such speeds. To combat this, individualised (player-

dependent) speed zone thresholds based on individual fitness measures have been 

recommended. Providing individual thresholds will account for the influence of variances in 

physical fitness and allow a more accurate representation of individual demands of an 

activity (Hunter et al., 2015). The lack of individualised thresholds is highlighted by the fact 

that no fast bowlers reported sprints and velocities above 25 km·hr-1 in training and this 
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threshold may not have been achievable by some of the bowlers.  Individualised thresholds 

therefore may provide a more valid assessment of physical load and should be conducted in 

future research (Rago et al., 2020).  

Utilising the GPS devices and associated microtechnology in this study, and not simply 

counting deliveries, has allowed a broader and more complete analysis of the workload of 

fast bowlers across formats than previous research. For example, in this study use of 

PlayerLoadTM  highlighted the increased demands of T20 cricket. The ability of GPS units to 

accurately monitor separate deliveries (Jowitt et al., 2020) combined with the physical 

metrics highlights the future direction of fast bowler workload monitoring.  The ability to 

time-stamp data output and apply individualised thresholds for physical parameters will 

allow a more forensic analysis of demands placed on fast bowlers within the game format 

and in training. Such analysis could include recording start of play to separate the demands 

of the warm-up, duration of spells of bowling, overs bowled in a spell, work to rest ratios 

and all the associated physical demands that accompany such events. Cricket has 

introduced a consensus statement on monitoring injury (Orchard et al., 2016) and a similar 

document is required for workload monitoring to guide future research. 

5.5 Conclusion 

Analysis of bowling workload across formats showed that more deliveries were bowled in 4-

day and 50 over matches when compared to T20, although adjusting for deliveries per hour 

resulted in no statistically significant difference between formats. Similar bowling and 

physical workload demands were reported for 4-day compared to 50 over matches. There 

were contrasting findings regarding intensity of bowling in T20 cricket, with fast bowlers 

perceiving the demands to be less intense although PlayerLoadTM per hour and PlayerLoadTM 

/deliveries indicated that the T20 format placed an increased intensity when bowling. 

Bowling workload in training matches the demands of different match formats providing 

similar deliveries per hour.  Analysis of physical workload showed that a lack of high 

intensity running and sprinting during bowling training sessions is associated with increased 

injury rate. Bowling workload was not statistically associated with injury to fast bowlers, 

therefore, to gain a clearer picture of the total demands placed on a fast bowler both 

bowling and physical workload must be considered in future research. 
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Chapter 6 - General discussion, limitations, and future recommendations  
 

6.1 Introduction 

The work in this thesis was aimed primarily at investigating whether spinal shrinkage and 

lumbar curvature should be included in the multifactorial risk assessment associated with 

injury to elite fast bowlers. The thesis began with a narrative review of a broad spectrum of 

literature covering the factors associated with injury to fast bowlers, injury modelling and 

spinal morphology. The second chapter built on the limited research on fast bowling’s 

association with changes to spinal morphology (Reilly & Chana 1994; Barry 2007; 

Hecimovitch & Stomski 2012). It also examined the reliability of a custom-built laboratory 

stadiometer and the Spinal Mouse for measuring spinal shrinkage and curvature, 

respectively. Due to the poor between-day intra-rater reliability of the custom-built 

stadiometer and the difficulties of using this device in the field, an alternative approach for 

assessing spinal shrinkage in fast bowlers was sought. Consequently, Chapter 3 examined 

the reliability and validity of a novel stadiometer incorporating ultrasound technology (Seca 

287) to ascertain whether such a device could measure stature changes.  The Seca 287 

demonstrated good face and concurrent validity, although typical error measurements 

showed that it would be able to detect only relatively large changes in stature within fast 

bowlers.  As previous research had emphasised the increased demands of elite fast bowling 

(Vickery et al., 2017), it was hypothesised that elite bowlers have the potential for greater 

spinal shrinkage which the Seca 287 would be able to measure. Furthermore, as the Spinal 

Mouse was confirmed as a suitable device for measuring lumbar lordosis, both devices were 

included in research into the multifactorial nature of injury to elite fast bowlers in the 

following two chapters.  

The incidence and prevalence of lumbar injury for elite fast bowlers during the 2019 English 

FCCC season were reported in Chapter 4.  Furthermore, the relationship between fast 

bowling, lumbar curvature and spinal shrinkage were examined in conjunction with other 

injury risk factors (biomechanics of the action, fitness, and musculoskeletal parameters). To 

complete the measurement of risk factors, Chapter 5 then explored the association 

between injury, bowling workload and physical workload whilst also documenting the 

demands of the three game formats (4-day, 50-over and T20) and training over a full season.  
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This final chapter will review the major findings from the experimental studies documented 

in the previous chapters, describe some of the limitations of methods used to assess injury 

risk, and provide recommendations for further research into injury in fast bowlers. 

6.2 Review of major findings 

6.2.1 Spinal shrinkage 

The studies measuring spinal shrinkage (Chapters 2 and 3) showed that between five and 

eight overs of fast bowling placed a noteworthy load on the spine with shrinkage ranging 

from 5-6 mm, and similar to the previous findings of, for example Barry, (2007). To the 

author’s knowledge the research presented in this thesis is the first to record spinal 

shrinkage (~ 5mm) in elite fast bowlers. A plateau in shrinkage around the fourth over may 

indicate that the shock absorbing capacity of the intervertebral discs is reduced early in a 

bowling spell, although more research would be needed to assess whether bowling more 

than five overs would further increase shrinkage in elite bowlers.  

Measurement of spinal shrinkage using a custom-built stadiometer proved not to be reliable 

in the fast bowling environment.  Poorer reliability than previously reported for a similar 

device (e.g. Healey et al., 2005) could be due to the need for participants to repeatedly get 

in and out of the device, for measurement, combined with difficulty in relaxing after the 

strenuous activity of bowling. The need for a device that relied less on a participant’s skill in 

repeatedly attaining the appropriate measurement position, in conjunction with ease of 

experimenter use in a cricket environment, required an alternative device to measure spinal 

shrinkage. 

The Seca 287 stadiometer, which employs ultrasonic sensors to measure height, was trialled 

as a practical approach to measuring stature loss. Use of experimenter instruction rather 

than the manufacturer’s built-in commands resulted in an acceptable within-day reliability, 

with ICCs of 1.00 and typical errors of ≤3 mm, supporting recent research (e.g. Elia et 

al.,2019). The use of ultrasound sensors has been suggested to reduce technical or 

instrument error (Voss et al., 1990) and may have been linked to the good reliability found. 

Measurements from the Seca 287 were also reported to be within 1 mm of the value 

recorded by the ‘gold standard’ stadiometer. This concurrent validity provided further 
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evidence that the Seca 287 would have the ability to detect statistically significant loss in 

height in elite bowlers.  

Studies within this thesis have reported that unloading of the spine, by placing bowlers in 

the Fowler position for 20 minutes before bowling, resulted in a stature gain of between 4-5 

mm. This growth in stature may be used as an indirect measure of recovery of intervertebral 

disc height (Healey et al., 2005), potentially improving their shock absorbing properties, and 

offering added protection to the lower back of fast bowlers. With previous research showing 

that a 1 mm loss in disc height has quadrupled loading through the facet joints (Adams & 

Hutton, 1980), the opposite action of increasing disc height may therefore reduce such 

forces.  

 6.2.2 Lumbar curvature 

The Spinal Mouse had good to high between-day intra-rater reliability measuring sagittal 

lumbar lordosis in the upright position, allowing lumbar curvature in that plane to be 

measured within elite players. These results support previous research, which has shown 

high within-day intra-rater reliability for the same measurement (e.g. Topalidou et al., 

2015). To the authors knowledge this is the only study to report sagittal lumbar curvature in 

elite fast bowlers. The finding that lumbar curvature was not altered by the acute effects of 

fast bowling supported the assumption that a loss in stature was predominantly due to 

alterations in the height of intervertebral discs in response to loading during bowling.  

 6.2.3 Workload 

Bowling workload was measured by recording the number of deliveries bowled, expressed 

relative to the hour, day, month, and season, and compared across the three game formats 

(4-day, 50-over and T20) as well as training. Physical workload was reported in relation to 

total distance and distances covered at different velocities.  Once again, to the author’s 

knowledge this is the first time that both bowling and physical workload have been reported 

together over a full season.  

More deliveries were bowled in 4-day and 50 over matches than in T20 and training, as 

formats generally dictate the maximum number of overs permissible. When bowling in four-

day and 50 over formats were compared, no differences in the duration of the innings and 
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deliveries per hour were found, highlighting that that the demands of both match formats 

are similar for the elite fast bowler. Bowling workloads within an innings/session across all 

formats and training were lower when compared to workloads of international players 

(Mount et al., 2015 a & b), possibly due to the inclusion of warm -up deliveries.  

The calculation of the intensity of bowling as deliveries per hour or RPE revealed no 

difference across match formats.  When measured with session RPE and PlayerLoad, the 

intensity was found to be lower for bowlers in the T20 format compared 4-day and 50 over 

formats. However, when PlayerLoad was calculated per hour, and expressed as deliveries 

per hour, T20 was deemed to be the most intense of the formats for fast bowling. These 

results indicate that clarity is needed in defining the metrics that most accurately reflect the 

varying demands of bowling in different formats. 

The majority of the First-class elite fast bowlers’ physical workload was performed at low 

speeds (63 -68% ≤ 7 km·hr-1). The number of high intensity bouts was greater in 4-day and 

50 over games than in T20, although no differences were found when expressed relative to 

the hour. In contrast, Vickery et al. (2017) reported higher relative distances and number of 

high-intensity bouts in shorter formats. This may be due to different speed zone 

classifications (set by the manufacturer in the software) for high intensity running and 

sprinting (Peterson et al., 2010; Vickery et al., 2017). 

6.2.4 Multifactorial analysis of injury to elite fast bowlers 

Analysis of an elite fast bowling squad over the 2019 English FCCC season supports previous 

research demonstrating that elite fast bowlers experience a high injury incidence (e.g. 

Goggins et al., 2020), with match incidence for bowling per 1000 player days (87.9) and 

lumbar injuries per 100 player days (77.8) higher than in previous epidemiological research 

(Orchard et al., 2016). Annual injury prevalence for the whole squad was also higher than in 

previous research (e.g. Goggins et al., 2020). However, as none of the elite bowlers suffered 

a lumbar stress fracture in the 2019 season, annual injury prevalence for lumbar spine injury 

(0.63%) was less than the epidemiological findings either Orchard et al., (2010 [0.83%]) or 

Goggins et al., (2020 [1.35%]). 

The fast bowlers who experienced a lumbar injury were shown to have significantly more 

spinal shrinkage (8 ±1 mm) than those who were injury free (4 ±3 mm) after five overs of 
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bowling.  Despite the small number of injured bowlers, the large effect size indicates that 

shrinkage during the early overs of a bowling spell may be of clinical significance to lower 

back injuries in elite fast bowlers. This association between spinal shrinkage and injury may 

be explained by the loss in osseoligamentous integrity that occurs through the reduction of 

intervertebral disc height (Beazell et al., 2010).  This loss in height has previously been 

shown to reduce the role of the stabilizing muscles, increasing vertebral motion segment 

movement, and heightening the risk of injury (Panjabi 1992). Furthermore, greater 

segmental motion in combination with a loss of disc height could substantially increase facet 

joint loading (Adams & Hutton, 1980), thus contributing to lower back injury.  

Previous research has also highlighted the association between excessive lordosis and 

lumbar injury (Been et al., 2009).  As previously discussed, whilst a large effect size was 

discovered between lordosis and lumbar injury in this thesis, it needs to be interpreted with 

caution due to the number of bowlers available in the county squad. Been et al. (2011) 

reported that a more lordotic posture results in a lumbar facet joint orientation that 

predisposes the pars interarticularis to a higher shear force (Been et al., 2011). As fast 

bowlers have been reported to experience large lumbar shear forces during bowling (Crewe 

et al., 2013), greater lumbar lordosis may further predispose such athletes to lumbar injury.  

The biomechanics of the action has been extensively researched in relation to injuries in fast 

bowlers from Elliott & Foster, (1984) to Alway et al., (2020).  All but one of the elite fast 

bowlers investigated had a mixed action, although, as for the bowlers analysed by Ranson et 

al. (2008) and Alway et al., (2020), this was not associated with injury. There were also no 

significant differences in any other biomechanical parameters between injured and non-

injured bowlers. However, in Alway et al’s. (2020) epidemiological study, the rear knee and 

hip at back foot contact and the front hip at front foot contact were more extended in the 

bowlers who suffered a lumbar spine injury.  Whilst no significant differences were found 

between injured and non-injured groups, an extended rear knee, i.e.one that did not 

collapse during the delivery stride, and an extended front hip just prior to delivery were 

significantly associated with greater spinal shrinkage.  As a possible explanation for these 

associations, the extended lower limbs may have been less effective in dissipating the 

ground reaction forces, thus leading to higher compressive forces in the lumbar spine and 

greater loss of disc height. 
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No associations were found between lumbar injury and any of the fitness or musculoskeletal 

tests that the bowlers undertook, apart from hamstring flexibility. Surprisingly, the injured 

bowlers demonstrated greater hamstring flexibility when compared to those who remained 

injury free. This can be attributed to the flexibility test taking place after the occurrence of 

the lumbar injury, i.e. the previous season, and thus the influence of subsequent 

rehabilitation exercises. Further analysis found that 29% of all bowlers demonstrated knee 

valgus on the single leg squat test, which has previously been associated with lower back 

injury (e.g. Bayne et al., 2015), indicating that future monitoring is warranted in squads of 

fast bowlers. 

The external risk factor of bowling workload was not associated with injury, supporting 

previous research (e.g. Sims et al., 2017). No significant difference was found between 

injured and non-injured bowlers in the number of days bowled during the season, nor the 

amount of rest between bowling events. Similarly, high workloads over periods of 12-26 

days were not associated with injury risk, in accordance with the findings of Orchard et al. 

(2015). In the case of physical workload, the total distance and the distances recorded while 

operating below high-speed running were not related to injury, supporting the assertion 

that elite bowlers possess the necessary physical requirements to undertake bowling within 

different game formats. However, there was an association between high intensity running 

and sprinting, and being injury free. Such high intensity activity has been shown to aid injury 

prevention in other sports (Buchheit et al., 2020), and with injuries sustained to the lower 

limb, sprint activities may have offered some protection to the non-injured bowlers.   

To advance the study of injury risk analysis in fast bowlers, this thesis has shown that 

measures of spinal shrinkage and lumbar lordosis should be added to other risk factors that 

previous research has shown to be associated with injury to fast bowlers. Furthermore, 

inclusion of these new risk factors should not be viewed in isolation, but as part of an 

approach that examines the interrelationships between the variables that could potentially 

lead to injury. To advance such an approach, a new injury model for fast bowlers may aid 

future research. 
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6.3 An injury model for cricket 

Despite nearly 45 years of research into mechanisms associated with injury to fast bowlers 

from Davis & Blanksby (1976) to Goggins et al. (2020), this role within cricket continues to 

report the highest risk of injury incidence and prevalence (Orchard et al., 2016). To date 

research has taken a predominantly reductionist approach to investigate internal and 

external risk factors associated with injury (e.g. Olivier et al., 2016).  This thesis has provided 

evidence for spinal shrinkage and lumbar curvature as risk factors, employing a similar 

reductionist approach. However, in taking such an approach it is difficult to ascertain how 

the risk factors may interact and how such interactions may contribute to injury.  

This limitation can be overcome if there is a paradigm shift in the approach to injury risk 

analysis in cricket. Although a reductionist approach has allowed researchers to investigate 

relationships between injury risk factors, future research should focus on the 

interrelationship of these factors. The interaction of risk factors and how interactions 

contribute to the development of an injury have been termed a ‘complex systems’ approach 

(Hulme & Finch 2015). Inherent in this approach is the non-linearity of the relationship 

between injury risk factors (Bittencourt et al., 2016). As such, a traditional univariate 

approach to risk analysis may not suffice, and new methodologies will be required to 

investigate these relationships. Machine learning may be an appropriate tool to undertake 

such analysis (Ruddy et al., 2019).  This approach comes from the field of computer science 

and builds algorithms to make predictions regarding injury risk models and profiles (e.g. 

Decision Trees, Random Forests, Neural Networks) relying on big data to formulate models. 

As there continues to be a worldwide growth in the use of GPS microtechnology in 

professional cricket, with the resultant increase in collection of big data on bowling 

workload and physical workload, machine learning may prove valuable in injury analysis. 

The application of a complex systems approach to cricket may reveal that two bowlers 

respond differently to the same set of risk factors. For example, spinal shrinkage, the 

number of deliveries bowled in a week, the distances run at high speeds, the performance 

on a single leg squat test and lateral flexion of the lumbar spine at FFC may all interact in 

different ways to increase injury risk. Furthermore, these risk factors may interact in 

different ways for different bowlers, which generate an emerging risk profile that is 

individual to the bowler and not linked to the risk factors in isolation. The aim for cricket 
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research should be to develop risk profiles and provide personalised injury prevention 

programmes, giving bowlers with specific characteristics different training advice. 

More recently, Edouard & Ford (2020) emphasised that understanding the causation of 

sporting injuries can be aided by the use of injury aetiology models. Despite the 

development of general injury models from Meuwisse et al. (2004) to Kalkhoven et al. 

(2020), only Bayne et al. (2015) has used such a model (Meuwisse et al., 1994) to frame 

their research into injury in adolescent fast bowlers. In support of this approach, Bertleson 

et al. (2017) suggested that there is a growing need for individual sports to develop their 

own models. The reductionist approach is essential, however, in establishing individual 

associations between risk variables and injury, as the first stage in establishing an injury 

model for cricket.   

Building an injury model for cricket allows the risk factors to be identified for a complex 

systems approach to injury risk identification. Bittencourt et al. (2016) developed such 

model for sport injury in general (see Figure 1.8) that formed the basis of the fast-bowling 

injury aetiology model being proposed in the final part of this thesis (see Figure 6.1). The 

interconnecting lines in the proposed model indicate possible interactions between injury 

risk factors for fast bowlers, that Bittencourt et al. (2016) referred to as the complex ‘web of 

determinants’ that could interact to raise injury risk.  

The links between the risk factors offer numerous possible lines of enquiry to examine 

different interactions. For example, this thesis highlighted the link between a more 

extended rear knee at BFC and spinal shrinkage, whilst Alway et al. (2020) showed that an 

extended rear knee was associated with lumbar injury; highlighting a potential area for 

further research. Similarly, greater lumbar lordosis (previously linked to increased shear 

forces on the lumbar facet joints) has been associated with lumbar injury (Hecimovich & 

Stomski 2016), whilst Crewe et al. (2013) showed that having a more extended front knee, 

and increased shoulder counter-rotation were related peak shear forces. This model will be 

altered and developed as more risk factors are discovered and the interrelationships 

between them are established.  The model highlights the basic tenant that injuries occur 

when the capacity of the fast bowler’s internal structures (bone, tendon, ligament or 

muscle) fails to cope with forces (bowling and other physical workload) being applied (Bayne 

et al., 2015). In agreement with Nielson et al. (2020) the shifting paradigm towards 
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complexity in injury risk analysis will necessitate that researchers from across the world 

review methodologies, share data and formulate new research questions. New approaches 

will involve large sample sizes, and big data will be needed to utilise machine learning in a 

complex systems approach to injury risk analysis in fast bowlers.  

 

6.4 Limitations 

The limitations and the effects that they may have had on the findings were noted 

throughout the thesis. This section synthesises some of the challenges faced during those 

studies and the impact they may have had on the research. 

The original plan for the studies in Chapters 4 and 5, was to gather data over two seasons 

and thus undertake both a prospective and retrospective analysis of injuries to fast bowlers.  

Social distancing due to Covid-19 prevented more data being gathered on the lumbar 

morphology, fitness, and musculoskeletal measurements during the 2020 season.  

Unfortunately, the pandemic also resulted in the 2020 English First-class season (August 1st - 

October 3rd) being severely curtailed and modified, with no 50 over cricket played. This 

made any in season measurements for 2020 untenable and prevented the comparison of 

workload variables in game formats across seasons. To address the impact of Covid 19, a 

more detailed analysis of bowling and physical workload was undertaken for the 2019 

season than had originally been planned.   

Small sample sizes are a common issue in sport science research, and particularly with elite 

populations (e.g. Abt et al., 2020), as they imply low statistical power and can lead to a Type 

II error (i.e. a false negative) (e.g. Rossi, 1990). In response to Abt et al’s. (2020) requirement 

for power calculations to be used for estimating sample size, this was done post-hoc for 

studies involving the Spinal Mouse and the Seca 287 stadiometer, revealing sample size 

recommendations of 23 and 33, respectively. However, these numbers were not possible 

for the studies in Chapters 4 and 5 due to the size of the available First-class elite fast 

bowling squad that was accessible.  
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Figure 6.1 Fast-bowling injury aetiology model
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As the custom-built stadiometer was unreliable in a bowling environment, the Seca 287 was 

used for fast bowler stature measurements in all subsequent studies. Despite the Seca 287 

only having a measurement resolution of 1 mm and not allowing for the head and curvature 

of the spine to be supported during measuring, it was able to detect loss of stature due to 

bowling and thus was deemed appropriate to use. The Spinal Mouse was found to produce 

reliable measures of sagittal lumbar curvature in the upright position. However, poor 

reliability in this plane for flexed and extended positions in conjunction with poor frontal 

plane measurements resulted in the omission of these variables from the investigation with 

elite fast bowlers. It was not possible to measure the validity of this device due to financial 

constraints, and access to MRI technology. Moreover, ethical considerations would not have 

allowed asymptomatic participants to be exposed to unnecessary amounts of ionising 

radiation (i.e. in x-rays).  Possibly for these reasons, no studies have measured the validity of 

the Spinal Mouse for calculating global angles of lordosis or kyphosis in the sagittal plane.   

A full 3D biomechanical analysis of elite fast bowlers was conducted, which estimated joint 

centres by manually digitising video images. This was the most appropriate technique 

considering the time constraints of working in an elite setting. To have been able to 

compare the same biomechanical variables, linked to injury, with those presented in recent 

research (e.g. Alway et al., 2020), a marker based system analysis such as VICON would have 

needed to be used. Where possible the variables presented in this thesis did match those 

obtained from such automated systems.  However, the lumbar spine was modelled as a rigid 

segment, using a vertical line between the mid-points of the shoulders and hips. Use of such 

a simplistic model of the spine may have been the reason that no differences in lateral spine 

flexion at ball release were found between the injured and non-injured groups.  Previous 

research that divided the trunk into upper and lower segments found, higher lumber lateral 

flexion to be associated with an increased injury risk (Ranson et al., 2008; Ferdinands et al., 

2009; Bayne et al 2015).  

To the authors knowledge this was the first study to capture a full season of bowling 

workload and physical workload together with a full squad of FCCC fast bowlers. Previous 

research has reported on the excellent intra-device reliability of the Catapult OptimEye S5 

units (Nicolella et al., 2018), which allowed large amounts of physical and bowling data to be 

collected. However, the Catapult units did not allow differentiation between warm-up and 
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match workloads.  Physical workload data from the Catapult units utilised speed zone 

thresholds that were set by the manufacturer, as used in previous research (e.g. Webster et 

al., 2020).  Unfortunately, the Covid-19 pandemic resulted in staff at the England and Wales 

Cricket Board being furloughed, and it was not possible to access data to individualise the 

thresholds in relation to the fitness of each individual player. 

6.5 Future recommendations  

Injured bowlers demonstrated significantly greater spinal shrinkage than those who 

remained injury free, as well as a large effect size for higher lumbar lordosis. Despite the 

small sample size used in this thesis, there is a strong argument for including both of these 

internal risk factors in future investigations into the causes of injury in fast bowlers. 

Moreover, including these measures in screening tests for fast bowlers will help establish 

the clinical importance of changes to the spine during fast bowling. To allow this, current 

commercial stadiometers using ultrasonography (e.g. Seca 287) need to be adapted to 

improve the measurement resolution closer to the 0.1 mm typical of custom built devices 

for measuring stature loss. Further research is also required with a larger population of fast 

bowlers, ideally to reduce typical error to ≤1 mm. This variability was reduced for Seca 287 

stature measurements when the experimenter modified instructions were used, therefore 

manufacturers should consider changing their own inbuilt verbal instructions to reflect 

these modified instructions.   

This thesis has also reinforced that unloading the spine in the Fowler position for 15 to 20 

minutes increases stature. It is plausible to suggest that unloading during the natural breaks 

in play would increase disc height, thereby improving their shock absorbing capacity.  Such 

recommendations may offer some bowlers increased protection to the spine when more 

than one spell of bowling is required. However, further research is needed to explore the 

longevity of the acute regain in stature and the most effective unloading protocols.  

With stature measurements taking less than one minute, a device such as the Seca 287 

stadiometer, with the improvements suggested above, could regularly be used to indirectly 

monitor the health of fast bowler’s discs. Spinal curvature should also be included in a 

regular screening programme for fast bowlers, especially for those entering and moving 

through the growth spurt (Hasler 2013). This recommendation supports Ranson et al’s 
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(2007) findings that younger bowlers developed bone problems before disc degeneration. 

Similarly, previous research has highlighted that younger bowlers (ages 13-18) are at an 

increased risk of lumbar fracture with the incidence of injury increasing with age through 

the teen years (e.g. Bayne et al., 2015). Therefore, there is a need to regularly monitor 

spinal morphology within this population.  

Measurement of spinal curvature and spinal shrinkage together would help promote their 

inclusion as part of a screening programme.  A measurement device combining both aspects 

of spinal morphology assessment would aid the collection of data. For example, an 

ultrasonographic stadiometer with a built-in contour gauge would allow curvature to be 

measured alongside stature change.  Although more accurate shrinkage measurements 

have been found for sitting than standing (Pennell et al., 2012), lumbar lordosis is reduced 

when seated (Cho et al., 2105), therefore a standing device would be preferable. 

Alternatively, recent research has shown that the microtechnology contained in mobile 

phones could be used for measuring lumbar curvature (Pourahmadi et al., 2020).  

Annual screening of the biomechanics of the action of fast bowlers could be conducted 

using a similar protocol to that used in the current thesis, as minimal interruption to the 

training of the elite squad was observed. This may entail a FCCC partnering with, for 

example, a Higher Education Institution to gain access to the appropriate technology, 

although an increasing number of clubs are purchasing their own equipment. A focus on 

rear leg activities during the delivery stride (Alway et al., 2020) and lateral flexion in the 

lumbo-pelvic region at front foot contact (Bayne et al., 2015) are two areas that have been 

shown to be linked to injury, and therefore demand further enquiry. Dividing the spine into 

upper and lower areas for analysis may also aid injury risk analysis (e.g. Bayne et al 2015).  

Further research is also needed into which fitness and musculoskeletal measurements are 

the important injury risk factors and, thus, need to be included in the First-class screening 

programme. The challenge for the applied practitioner is to integrate meaningful tests into 

the crowded programme of bowling during matches and training. For example, with the 

incidence of lower back injury still high, continued focus on the strength of the lumbo-pelvic 

region for injury prevention may warrant the inclusion of the single-leg squat test.  
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Furthermore, guidelines on the regularity of such tests within the screening process are 

needed to aid injury risk analysis.  

 

With the increased use of wearable technology such as Global Positioning System units at 

the elite level, bowling workload and physical workload data will become more readily 

available for analysis. To use this data more effectively, investigations into the appropriate 

use of the PlayerLoad variables to monitor bowling intensity are required. Furthermore, 

investigations into the number of overs delivered within a spell of bowling, the number of 

spells, and the rest intervals between spells will allow a more detailed analysis of these as 

potential injury risk factors for fast bowlers.  Guidelines on time-stamping GPS data output 

and the application of individualised thresholds for physical parameters would also allow 

differentiation of the demands placed on fast bowlers between warm-ups and match 

situations.  

With the ubiquitous use of GPS units for monitoring bowling and physical workload, the 

emergence of big data in relation to these variables is inevitable. This will present a 

challenge to both the practitioner and researcher when dealing with the multitude of 

metrics from such devices.  As such, a new consensus statement on monitoring bowling and 

physical workload would help future research into the most appropriate metrics, in a similar 

fashion to the guidance provided by Orchard et al.’s, (2016) statement on bowling injury.   
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Appendix 1 

Participant Information Sheet  

 

About the study 

Fast bowlers are prone to injury.  Previous research has focussed on the type of bowling action 

and the amount of overs bowled.  This research aims to add the measure of how much you 

shrink when you bowl and the curves of your spine. We all shrink about 20mm in a day due 

to the loss of fluid from the discs in your spine and loads placed upon them. You can imagine 

the discs act like a really stiff sponge so when you lose fluid and they get slightly squashed.  

Fortunately when you lie down at night the water moves back in and they go back to their 

original shape. The aim of the research is to see how bowling five overs affects the curvature 

(using the The Spinal Mouse) of your spine and shrinkage of the discs by measuring stature 

(height) loss (using the Seca 287 Stadiometer). You will also have your bowling action filmed 

so a biomechanical analysis can be undertaken. 

 

Some questions you may have about the research project: 

 

Why have you asked me to take part and what will I be required to do?  

You have been asked to take part as you are an elite fast bowler. On one day you will have 

spinal shrinkage and curvature measured before and on completion of 5 overs of fast bowling.  

In between deliveries you will undertake normal walking activities as if you were fielding at 

fine-leg/third-man.  You will have three deliveries filmed to analyse the biomechanics of your 

action. The testing may take up to one and half hours to complete. 

 

What if I do not wish to take part or change my mind during the study? 

Your participation in the study is entirely voluntary. You are free to withdraw from the study 

at any time without having to provide a reason for doing so. 

 

What happens to the research data? 
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Data collected will be anonymous and remain confidential. The data will be stored in a 

password protected file on a personal computer, held in accordance with University 

regulations. You will be able to request your results once all testing is finished. The lead 

researcher Tim Barry and his supervisory team at Manchester Metropolitan University will 

have access to the data. 

 

How will the research be reported? 

My research will be presented as a PhD thesis.  I hope to be able to publish the data in peer 

reviewed journals and presented at the World Congress of Science and Medicine in Cricket.  

If you would like a copy of my papers I will be willing to send them to you on request.  

 

How can I find out more information? 

Please contact Tim Barry directly. Tel Number : 07798 650030  

e- mail: t.j.barry1@lancaster.ac.uk 

Address: Lancaster University, Lancaster, LA1 4YW. 

 

What if I want to complain about the research 

Initially you should contact the researcher directly. However, if you are not satisfied or wish 

to make a more formal complaint you should contact Manchester Metropolitan University 

Research Office on 0161 247 2000. 
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Appendix 2 

Participant Consent Form 

 

Please answer the following questions by circling your responses: 

 

Have you read and understood the information sheet about this study?   YES   NO 

 

Have you been able to ask questions and had enough information?   YES   NO 

 

Do you understand that you are free to withdraw from this study at any time, and without 

having to give a reason for withdrawal?   YES   NO 

 

Your responses will be anonymised. Do you give permission for members of the research 

team to analyse and quote your anonymous responses?   YES    NO 

 

Please sign here if you wish to take part in the research and feel you have had enough 

information about what is involved: 

 

Signature of participant:................................................................. Date:................. 

 

 

Signature of Parent /Guardian for Participants U18 

 

 

……………………………………………………………………………  Date: …………. 
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Name (block letters):................................................................................................ 
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