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 The purpose of this study is to assess whether currently available genital protectors 

marketed to cricket players meet size and impact performance requirements of the industry 

standard BS 6183-2:2000. Twenty-five genital protectors for cricket players were identified 

and purchased (23 male, 2 female). Genital protectors were delivered to the INSPEC 

International Ltd. Laboratory. Testing of size and impact performance was conducted in 

accordance with the Standard. Six male genital protectors and 1 female genital protector 

met the minimum size standard. No protector maintained the minimum internal height on 

impact, hence no protector met the Standard for genital protectors for cricketers. Genital 

protectors marketed to cricket players are highly variable with regard to size and impact 

performance. As no protector complied with the Standard, consideration is required 

regarding the evidence informing the Standard and improvements in the manufacturing of 

protectors. Cricket governing bodies, suppliers, and players all have a role to play in 

ensuring compliance with genital protectors which are fit for purpose. 
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1. Introduction  

Genital protectors are a form of personal protective equipment 

(PPE) which are worn by athletes with the intent to protect the 

genital area. Genital protector use is recommended in ball and 

contact sports such baseball, football, field hockey, ice hockey, 

lacrosse, and martial arts (Kramer & Zaremski, n.d.). Some 

governing agencies (international sports federations) provide 

varying levels of guidelines and regulation regarding genital 

protector use, especially for males, in sports such as fencing (FIE, 

2021), boxing (WBF, n.d.), and mixed martial arts (MMA, 2025) 

(Table 1). International federation rules are then adopted, and in 

some cases adapted, by national sports federations and local sports 

associations to reflect the age, level, and skill of the participants 

they govern. 

In cricket, there is no mention of genital protectors in the 

international rules and regulations, (ICC, 2024) yet genital 

protectors (often referred to as a “box”) are a widely accepted item 

of personal protective equipment, particularly for male players 

when batting. Incidents to international players reported in the 

media, (AAP & Cricket.com.au, 2019; Nicholson, 2014) 

combined with anecdotes, personal experience, and “common 

sense” likely fuel the use of genital protectors. This is despite no 

research on the risk of genital injury, nor regulation from Cricket 

Associations on the use of genital protectors. 

The British Standards Institution (BSI) published an industry 

standard for genital protectors for cricketers in 2000 (BSI, 2000b), 

referred here forth as the “Standard.” Twenty organisations were 

represented in the preparation of the standard, including the 

England and Wales Cricket Board, British Association of Field 

Hockey Equipment Manufacturers, British Rubber Manufacturers 

Association Ltd, and the Royal College of Surgeons of England. 

The standard defines minimum size and impact performance 

requirements for both male and female genital protectors, and 

outlines a testing protocol. To date in Australia, there is no 

requirement from a retail or cricket organisation perspective for   
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Table 1: Overview of industry standards for genital protection and enforcement by international governing agencies of sports considered at risk of genital injury. 

Sport Standard Published 
International governing 

agency 
Rules: Male Rules: Female 

Baseball / softball N/A N/A 
World Baseball Softball 

Confederation 

Not specified ("Official rules of 

baseball," 2025; "Official rules of 

softball fast pitch," 2022) 

Not specified ("Official rules of 

baseball," 2025; "Official rules of 

softball fast pitch," 2022) 

Cricket 
BSI: BS 6183-2:2000 

(Institution, 2000b) 
2000 

International Cricket 

Council 

Not specified ("Playing conditions," 

2025) 

Not specified ("Playing conditions," 

2025) 

Fencing 

BSI: BS EN 

13567:2002+A1:2007 

(Institution, 2002a) 

2002 
Fédération 

Internationale d’Escrime 

Not required but listed in vital areas 

to protect ("Material rules,") 

Not required but listed in vital areas 

to protect ("Material rules," 2021) 

 
ASTM: F1631-95 (Markets, 

1995) 

Withdrawn 

2003 
   

Field hockey 

BSI: BS EN 

13546:2002+A1:2007 

(Institution, 2007) 

2002 

Fédération 

Internationale de 

Hockey 

Not specified ("Rules of Hockey," 

2022) 

Not specified ("Rules of Hockey," 

2022) 

Football N/A N/A 

Fédération 

Internationale de 

Football Association 

Not specified ("FIFA Equipment 

Regulations," 2025) 

Not specified ("FIFA Equipment 

Regulations," 2025) 

Ice hockey 
BSI: DD CEN/TS 15256:2005 

(Institution, 2005) 
2005 

International Ice Hockey 

Federation 

Not specified ("IIHF Official 

Rules,") 

Not specified ("IIHF Official 

Rules,") 

Lacrosse N/A N/A World Lacrosse 

Required for goal keeper, not 

specified for other players ("Men's 

Field Lacrosse Official Playing 

Rules," 2025) 

Not specified ("Women's Field 

Lacrosse Official Playing Rules," 

2025) 
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Martial arts 
BSI: BS EN 13277-5:2002 

(Institution, 2002b) 
2002 

International Taekwon-

Do Federation 

Required ("Official ITF Rules of 

Competition," 2022) 

Optional ("Official ITF Rules of 

Competition," 2022) 

 
ISO 21924-5:2017 

(Standardization, 2017) 
2017 

International Boxing 

Association 

Required ("IBA Technical and 

competition rules," 2024) 

Optional ("IBA Technical and 

competition rules," 2024) 

   
International Judo 

Federation 

Not specified ("Sport and 

organisation rules," 2025) 

Not specified ("Sport and 

organisation rules," 2025) 

   
Ju-Jitsu International 

Federation 

Required for contact, ("Contact Ju-

jitsu competition rules," 2023) 

required for fighting under 18, 

optional for fighting over 18, ("Ju-

jitsu fighting rule book," 2022) 

optional for duo ("Ju-jitsu duo rule 

book," 2024) 

Not specified ("Contact Ju-jitsu 

competition rules," 2023; "Ju-jitsu 

duo rule book," 2024; "Ju-jitsu 

fighting rule book," 2022) 

   
World Karate 

Federation (WKF) 

Required, WKF approved, meeting 

EN 13277-5 ("World Karate 

Federation Kumite competition 

rules," 2024) 

Recommended, WKF approved 

("World Karate Federation Kumite 

competition rules," 2024) 

   
International Mixed 

Martial Arts Federation 

Required ("Mixed martial arts 

unified rules for amateur 

competition," 2021) 

Optional ("Mixed martial arts 

unified rules for amateur 

competition," 2021) 

   
World Kickboxing 

Federation 

Required ("Official amateur 

rulebook," 2025; "Official 

professional rulebook," 2018) 

Required amateur, optional 

professional ("Official amateur 

rulebook," 2025; "Official 

professional rulebook," 2018) 

   

International Federation 

of Muaythai 

Associations 

Required ("International Federation 

of Muaythai Associations rules and 

regulations from international 

competiiton," 2023) 

Required ("International Federation 

of Muaythai Associations rules and 

regulations from international 

competiiton," 2023) 

Rugby N/A N/A World Rugby 
Not specified ("Laws of the game 

Rugby Union," 2025) 

Not specified ("Laws of the game 

Rugby Union," 2025) 

Note: BSCI = British Standards Institution; ASTM = Advancing Standards Transforming Markets; ISO = International Organization for Standardization.  
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genital protectors to meet this Standard. As a result, the current 

genital protectors used by Australian cricket players may not offer 

the protection perceived. The purpose of this study is to assess 

whether currently available genital protectors marketed to cricket 

players meet the industry Standard. 

2. Methods 

2.1. Product selection 

A mixed methods approach was used to comprehensively identify 

genital protectors which may be used by cricket players. Elite 

Australian male players were informally asked by support staff 

what protector they used. Internet searches were used to (a) source 

the products identified by players; (b) identify other products 

manufactured by brands which sponsor cricket players; (c) 

conduct an exhaustive search using the terms “cricket box” or 

“abdominal guard” or “abdo guard” or “protector” or “groin 

protector” or “genital protector” or “athletic cup”; and (d) search 

for online retailers advertising products for cricket and search 

within their website. 

Inclusion criteria were the protector had to be worn by cricket 

players, advertised for use in cricket, and/or sold at a cricket store 

(including online retailer which mentions cricket). Exclusion 

criteria were products not available for purchase or shipping to 

Australia (some US-only and India-only products), discontinued 

products, youth-only products, and products branded to a retailer 

but not manufactured by the retailer. Products branded to a retailer 

were excluded as they were not widely available (exclusive to one 

retailer), appeared of low quality, and/or were likely to duplicate 

a manufacturer’s branded product. 

Twenty-five genital protectors from 12 brands were identified, 

including 2 female products (Supplementary Table 1). Where 

products had more than one size available, the standard adult size 

was selected. All protectors (2 of each product) were purchased at 

retail price from physical and online retail stores. 

2.2. Testing procedure 

Genital protectors were delivered to the INSPEC International Ltd. 

Laboratory, an independent organisation based in the United 

Kingdom which tests and certifies personal protective equipment. 

Testing was conducted in accordance with the Standard: 

Protective equipment for cricketers -Part 2: Genital protectors (BS 

6183-2:2000) (BSI, 2000b), under the guidance of the authors. 

Testing included Requirements 4.1 Sizing, 4.2 Dimensions of 

genital protectors, and 4.4 Impact performance. Requirement 4.3 

Restraint systems was not included in the testing as restraint 

systems (e.g., jock strap, undergarment with pocket for protector) 

were not part of the genital protectors identified for testing nor 

was any restraint system stipulated by the manufacturers on the 

product packaging. 

Sizing involved the measurement of internal depth, internal 

length, and internal width at the widest part as illustrated in Figure 

1. Size was designated based on the product meeting the minimum 

dimensions across the three measurements (BSI, 2000a) (Table 2). 

 

 

 

 

 

Figure 1. Measurement of internal depth, internal length, and 

internal width at the widest part. 

 

Table 2. Size designation of genital protectors. 

 
Minimum 

internal depth 

(mm) 

Minimum 

internal 

length (mm) 

Minimum 

internal width 

at widest part 

(mm) 

Male size 1 40 120 85 

Male size 2 45 130 95 

Male size 3 50 140 105 

Female size 1 20 100 55 

Female size 2 25 110 65 

Female size 3 30 120 75 

 

 

Impact testing in accordance with the Standard (BSI, 2000b) 

used a hemispherical steel striker guided to drop vertically and 

deliver 15 ± 2 Joules of impact energy. The genital protector was 

placed on an anvil covered with a layer of modelling clay and 

natural rubber membrane, and was held in place to prevent 

distorting under impact (Figure 2). A cylinder of modelling clay 

was placed inside the protector to measure internal height during 

impact. Each protector was impacted in three locations (lower, 

middle, and upper) and reset in between. To pass the impact 

performance test, the genital protector had to not shatter or crack, 

the rubber membrane could not be perforated, and the internal 

height during impact (measured from the cylinder of modelling 

clay post-impact) could not be less than the minimum (35mm for 

male size 1). If the genital protector was visibly damaged, testing 

of that protector was terminated. Two of each genital protector 

was tested with tests conducted in a random order. Testing was 

recorded with slow-motion video and results documented. 

 

 

 

Figure 2. Impact performance testing set-up, demonstrating the 

genital protector fixed in place on the anvil and the hemispherical 

steel striker dropping vertically across the three locations: lower 

(A), middle (B), upper (B). Images for each location include 

before impact (1) and deforming the protector (2). 
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Testing was to be conducted in two phases. All products which 

passed the first phase of testing outlined above were to undergo a 

rigorous second phase of testing on 3 new products. The second 

phase of testing was to incorporate the procedures outlined in BS 

6183-1:2000, Protective equipment for cricketers -Part 1: General 

requirements (BSI, 2000a) wherever feasible. The additional 

procedures were: 5.1 Sampling, 5.2 General examination, 5.3 

Preparation of samples and conditioning, and 5.5 Examination of 

surface condition. 

Data were collated for analysis in Microsoft Excel. For each 

type of genital protector, the mean depth, length, and width 

measurements from the two tested products were calculated and 

compared to the standard. The mean internal height measurements 

combined lower, middle, and upper impact testing sites. A 

protector was deemed to meet the Standard if it met the minimum 

size, minimum internal height on impact, and no visible damage 

to the protector or membrane was noted. 

3. Results 

Of the 23 male genital protectors tested, 6 (26%) met the 

minimum size standard (size 1) (Table 3). These protectors did 

not uniformly meet the size 1 dimensions, with some meeting the 

length and width dimensions for size 2 and 3. One of the two 

female genital protectors met the minimum size standard. No 

protector maintained the minimum internal height on impact, with 

varied heights recorded (Table 1). The percent deformation 

between internal height prior to impact and internal height on 

impact ranged from 22–69%. Two protectors were visibly 

damaged. One female protector was deemed by the laboratory to 

have insufficient depth to undergo impact testing. Overall, no 

protector met the Standard for impact performance and hence no 

protector met the Standard for genital protectors for cricketers. No 

protectors proceeded to second phase of testing. 

4. Discussion 

Genital protectors are a widely accepted item of personal 

protective equipment for cricket players, yet are not currently 

regulated. This study commissioned laboratory testing of 25 

genital protectors for cricket players in accordance with the 

Standard. No protectors were fully compliant with the Standard. 

This highlights opportunities for improvement for all stakeholders: 

industry standard, cricket governing bodies, manufacturers, and 

players. 

An industry standard needs to be developed based on the best 

available evidence at the time. Firstly, there needs to be a clear 

purpose for a genital protector. For males, there is evidence that 

trauma to the genital region can result in severe injury to the 

underlying structures including testicular rupture (Adams, Attia, 

& Cronan, 2008; Blok, Flannigan, & Jones, 2019; Schuster, 1982). 

Therefore, a male genital protector must be designed to reduce the 

level of trauma which may be inflicted by a cricket ball. This 

includes adequate size and shape, impact performance, and 

restraint. Multiple sizes must be specified to fit the diverse 

population of male cricket players, from youth to adult and 

different ethnicities. The shape of the protector relates to coverage, 

with a “long” shape extending inferiorly to cover the perineum 

which may be impacted from a ball bouncing up off the pitch. 

“Long” protectors generally performed better than “traditional” 

shaped protectors in this study. Standards for size, shape, and 

minimum height on impact may be developed from normative 

anthropometric data. 

For females, it is unclear whether cricket ball impacts to the 

genital region result in severe injury. Further research is needed 

to understand the risk of injury from a cricket ball before directing 

whether an industry standard should be refined as per male 

protectors or be withdrawn. 

With evidence supporting the need for genital protection in 

cricket and informing an industry standard, cricket governing 

bodies will be well placed to develop regulations to protect 

players. Regulations may specify which players or playing 

scenarios require a player to wear a genital protector, and that the 

genital protector worn must meet the industry standard. This is 

similar to well established regulations for cricket helmets (ICC, 

2024).  

An industry standard enforced by cricket governing bodies 

provides clear direction for manufacturers. Manufacturers should 

discontinue their genital protectors which do not meet the industry 

standard and invest in product development for genital protectors 

and restraint systems. If genital protectors and restraint systems 

are sold separately, manufactures must specify on the packaging 

what combination of products are required to meet the industry 

standard. Manufacturers may also market their products as 

meeting the industry standard. 

With respect to product development, insight from this study 

suggests that the long shape for male protectors tended to deform 

less than the traditional shape. Regarding materials, most 

protectors were made of an unspecified plastic however the few 

which used non-plastic materials did not out-perform the plastic 

protectors. 

Players are responsible for acquiring a genital protector and 

restraint system which meets the industry standard and fits them, 

and wearing them as per the manufacturer guidelines. A protector 

which does not fit well (too small or too big) and/or is not held 

firmly in place poses a higher injury risk. For instance, the edge 

of the protector may localise force to the testes instead of 

distributing force to the surrounding tissues. 

A limitation of this study is that protectors were not cleaned 

and conditioned according to the general requirements outlined in 

BS 6183-1:2000 Protective equipment for cricketers (BSI, 2000a). 

This was due to practical limitations precluding the cleaning and 

conditioning of all samples, and no products proceeding to the 

second phase of testing where this was to occur. Instead the 

products were tested straight out of their packaging at the room 

temperature and humidity of a controlled laboratory environment. 

It is also pertinent to consider whether the material properties of 

the protectors may be different when tested in an environment 

resembling where they are worn against the body, rather than the 

currently specified 20°C and 65% humidity. A second limitation 

is that where genital protectors were available in multiple sizes, 

only the most standard adult size was selected for testing. This 

excluded youth products (currently not in the Standard) and 

products labelled as large or extra large. It is not known whether 

the larger products meet the Standard, and if so for their specified 

size or a smaller size. Nevertheless, the process of product 

selection demonstrated a lack of size standardisation across 

brands which is an area for improvement. 
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Table 3. Size and impact performance testing results for genital protectors for cricket players, sorted by internal height on impact. 

   Size Impact performance Overall 

Protector Gender Shape 

Internal 

depth 

size met 

Internal 

length 

size met 

Internal 

width 

size met 

Met 

standard 

minimum 

size 

Mean initial 

height (mm) 

Mean internal 

height on 

impact (mm) 

% 

deformation 

Visible 

damage on 

impact 

Met standard 

impact 

performance 

Met 

standard 

A Male Long 1 3 2 1 47.2 34.3 27.3 No No No 

B Male Long No 3 1 No 43.2 33.8 21.7 No No No 

C Male Long 1 3 1 1 42.8 31.8 25.8 No No No 

D Male Long 1 3 1 1 50.0 30.7 38.6 No No No 

E Male Long No No 1 No 48.3 29.2 39.6 No No No 

F Male Long No 3 1 No 42.5 27.7 34.8 No No No 

G Male Long No No No No 43.3 27.3 37.0 Cracked No No 

H Male Traditional No No No No 44.5 27.2 38.9 No No No 

I Male Traditional No No No No 48.2 26.6 44.8 No No No 

J Male Long No No 1 No 43.3 25.7 40.7 No No No 

K Male Long 1 3 1 1 47.5 24.3 48.8 No No No 

L Male Long No No No No 42.5 23.5 44.7 No No No 

M Male Long No No 1 No 43.3 23.3 46.2 No No No 

N Male Long No No No No 46.8 22.5 52.0 No No No 

O Male Long No No No No 39.3 21.7 44.8 No No No 

P Male Traditional 1 2 3 1 44.5 21.2 52.4 No No No 

Q Male Traditional 1 3 2 1 41.8 17.5 58.1 Shattered No No 

R Male Traditional No No No No 44.3 15.8 64.4 No No No 

S Male Traditional No No No No 39.2 14.2 63.7 No No No 

T Male Traditional No No No No 42.2 13 69.2 No No No 

U Male Traditional No No No No 34.3 12.8 62.7 No No No 

V Male Traditional No No No No 38.8 12.3 68.3 No No No 

W Male Traditional No No No No 36.2 11.2 69.0 No No No 

X Female Female 1 3 3 1 17.5 3 82.9 No No No 

Y Female Female No No No No 7.0 N/A N/A N/A No No 
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4.1. Conclusion 

The findings of this study demonstrate that genital protectors 

marketed to male cricket players are highly variable with regard 

to size and impact performance. No products tested met the 

industry standard, lending to opportunities to improve both the 

products and the Standard. Cricket governing bodies and players 

also have a role to play if genital protectors are to be an effective 

risk reduction strategy against genital injury. Only two genital 

protectors marketed to female cricket players were identified, and 

neither met the industry standard. Further research is needed to 

understand if genital protectors are a necessary item of personal 

protective equipment for female cricket players, and if so, the 

minimum standard required. 

4.2. Practical implications 

To ensure cricket players are adequately protected from genital 

injury, there is a need to address the gap between current genital 

protectors marketed to cricket players, the industry standard, 

knowledge of injury risk, and the lack of regulation by governing 

agencies. 

A collaborative effort between researchers and stakeholders is 

needed to refine and enforce requirements for genital protectors 

in cricket.  

In the interim, players should explore genital protector options 

available to them to select the protector they perceive as offering 

the best fit and impact protection. 
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Appendix 

Supplementary Table 1. Products tested (alphabetical order of brand, not consistent with order in Table 1 of manuscript). 

 Brand Name Category  

1 adidas Abdo guard 3.0 Long 

 

2 Aero Groin protector Long 

 

3 Ayrtek Cricket Groin Guard (D3O) Long 

 

4 Gray-Nicolls Standard/Bodyline Traditional 

 

5 Gray-Nicolls Test protector Long 
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6 Gray-Nicolls Carbon test protector Long 

 

7 Gunn and Moore Cricket Abdo Guard Traditional 

 

8 Gunn and Moore Cricket Abdo Guard Long /players Long 

 

9 Kookaburra Players protector Traditional 

 

10 Kookaburra Test Protector Long 

 

11 Kookaburra Super Pro protector Long 
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12 New Balance Abdo Guard Traditional 

 

13 Newbery Abdominal guard Traditional 

 

14 Puma evo/traditional Traditional 

 

15 Puma Anatomical Long 

 

16 Shock Doctor BioFlex Cup Abdominal Guard Long 

 

17 Shock Doctor Titan Alloy Flex Cup Long 
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18 Shock Doctor Ultra Carbon Flex Cup Long 

 

19 Slazenger Classic Abdo Guard Traditional 

 

20 Slazenger Pro Traditional 

 

21 Slazenger Ultimate Traditional 

 

22 SS Abdo Guard Traditional 

 

23 SS Players abdominal guard Long 
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24 Gray-Nicolls Female Abdominal Guard Female 

 

25 Shock Doctor Female Pelvic Protector Female 
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 The purpose of this study is to understand how genital protectors are currently used and 

perceived by elite cricket players. Elite Australian cricket players were invited to complete 

an anonymous online survey.153 players completed the survey (48% response rate). 85% 

players had experienced being hit in the genital region during their career, of which 15% 

received medical attention. Of the 81% of players who were wearing a genital protector at 

the time of impact, 20% reported their protector was visibly damaged. 10% of visibly 

damaged protectors were not replaced. A minority of male players reported wearing a 

protector which was loose and moved around, or wearing more than one protector at a 

time. Genital protectors were widely used and perceived favourably by male players, but 

not female players. Elite cricket players commonly experience at least one impact to their 

genital region during their career, which poses an injury risk. Genital protectors are widely 

used by male cricket players and are rarely used by female players. Variation in the shape 

of products, fit, and wear habits may influence the efficacy of genital protectors. 
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1. Introduction  

In cricket, the cricket ball is a projectile bowled at a batter and 

then hit off the bat to the field. The ball is manufactured using a 

cork interior and a hard leather exterior, with a mass and 

circumference of 156-163 g and 22.4-22.9 cm, respectively, for 

men, and 140-151 g and 21.0-22.5 cm for women. Being struck 

by the cricket ball is consistently the most common injury 

mechanism reported in community cricket, with proportions 

ranging from 31-98% of all injuries (McLeod et al., 2020). To date, 

injuries to the genital region have not been specifically reported 

in cricket injury epidemiology literature, instead obscured under 

broader categories such as ‘groin injuries’ (Orchard et al., 2023). 

Grey literature has documented the occurrence of serious 

genital injuries from a cricket ball in international level players 

(Geenty, 2015; AAP & Cricket.com.au, 2019; Nicholson, 2014; 

Wilson, 2021). The potential for serious injury to occur may also 

be deduced from case reports detailing serious genital injury to a 

male after being struck with a high velocity projectile whilst 

playing sport or paintball (Adams, Attia, & Cronan, 2008; Blok, 

Flannigan, & Jones, 2019; Dale & Hoag, 2015; Freehill, 

Gorbachinsky, Lavender, Davis III, & Mannava, 2015; Schuster, 

1982). Emergency department data also provides high-level 

insight into traumatic injuries attributed to sports participation 

including sports such as baseball (Congeni, Miller, & Bennett, 

2005; McAleer, Kaplan, & LoSasso, 2002). 

A blunt force impact to the genital region can result in severe 

injury to the underlying structures, testicular rupture being the 

most severe of the possibilities (Blok et al., 2019; Schuster, 1982). 

Testicular rupture has been reported in three adolescent males 

participating in sport with similar projectiles (baseball, lacrosse) 

without a genital protector (Adams et al., 2008). Other genital 

injuries which can occur range from scrotal swelling and bleeding 

to twisting of the testicle along its spermatic cord and other 

spermatic cord injuries (Congeni et al., 2005; Dalton et al., 2016; 

Merricks & Papierniak, 1970). 
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Urological and sports medicine specialities recommend male 

athletes wear genital protection in sports with a significant risk of 

testicular injury from a high-speed projectile (e.g., lacrosse, 

hockey, baseball) (AUA, 2014; Kramer & Zaremski), similar to 

cricket. A survey of male high school and college athletes in 

Pennsylvania, US, reported approximately 41% of baseball 

players and 52% of lacrosse players wore genital protection in 

practice and games (Bieniek & Sumfest, 2014). The proportion of 

players who reported a testicular injury was higher for those that 

wore genital protection (30% and 16%, respectively); however, 

the relative timing of injury and protector use was not assessed 

(Bieniek & Sumfest, 2014). A similar survey in Ohio reported 78% 

of baseball players wore genital protection (Congeni et al., 2005). 

Baseball and lacrosse are sports where use of genital protection is 

more socially acceptable, which is a key supporting factor 

(Bieniek & Sumfest, 2014). There is no study which describes the 

use of genital protectors in cricket players. 

Cricket has similarities to baseball and lacrosse in that there is 

an understood risk of genital injury from a high-speed projectile. 

Use of genital protection, referred to as a cricket “box” is well 

established and presumed socially acceptable. Yet, despite the risk 

of genital injury and recommendations from medical specialities to 

use genital protection, the international governing agencies for 

cricket, baseball, and lacrosse do not recommend nor enforce use 

of genital protection (ICC, 2024; WL, 2025; WBSC, 2025). 

Effective implementation of genital protectors as a tool to 

reduce the risk of genital injury in cricket requires a more 

systematic approach. Research must therefore establish the risk 

and understand the barriers and enablers to implementation. The 

purpose of this study is to survey elite Australian cricket players 

regarding their experience with impact to the genital region, use 

of genital protectors and perceptions and preferences. 

2. Methods 

The research project and methods were given institutional ethics 

approval (Latrobe University Human Ethics Committee 

HEC19400). 

Elite Australian male and female cricket players in the 

Australian Cricket system (participate in national and 

international competitions) were informed about the research 

during a player education session and invited to participate. The 

survey was administered via an online survey platform (Google 

Forms, Google) using a non-identifiable survey-link. After 

acknowledging the Participant Information Statement, consent 

was implied by completing the survey. 

The survey was developed by the research team and reviewed 

by key Cricket Australia staff with different experience and 

perspectives across urology, personal protective equipment, 

research, playing cricket, working with elite cricket players, and 

treating genital injuries in elite cricket players. Survey questions 

included some basic demographic information as the survey was 

anonymous, experience being hit in the genital region, use of a 

genital protector, type and fit of a genital protector, perceptions of 

and design preferences for a genital protector (Supplementary File 

1). Survey responses were exported to a spreadsheet (Microsoft 

Excel) for analysis using descriptive statistics. Proportions were 

calculated with a 95% confidence interval (CI). 

3. Results 

153 survey responses were recorded from the 293 players invited 

to participate (52% response rate). Male players contributed 111 

responses (73% of responses, 94% of male players) and female 

players 42 responses (27% of responses, 24% of female players). 

The mean age of players was 25.1 ± 5.1 years. The highest level 

of cricket participation was International (21%), State (72%), or 

Premier (7%). 

Eighty-five percent (95% CI 78-90%) of players reported ever 

being hit in the genital region whilst participating in an organised 

cricket training session or match (91%; 84-95% of male players, 

69%; 54-81% of female players). Of these players, 85% (78-90%) 

did not seek or receive any medical attention. Medical attention 

was received on the field by 5% (3-11%) of players, and a further 

5% (3-11%) of players were removed from the field or training 

for further assessment. Medical investigation (imaging), specialist 

review, or surgery was required by 5% (3-11%) of players. 

For the players who had been hit in the genital region, all male 

players and 14% (6-31%) of female players were wearing a 

genital protector at the time of impact. Of the players who 

received any level of medical attention (95% male, 5% female), 

all players were wearing a genital protector at the time of impact. 

Of the players who did not seek or receive any medical attention 

(75% male, 25% female), 77% (69-84%) were wearing a genital 

protector. 

Of the 81% (73-87%) of players who were wearing a genital 

protector at the time of impact, the players reported the protector: 

had no visible damage (80%; 71-87%), was cracked (18%; 12-

27%), or was dented or misshapen (3%; 1-8%). Where the genital 

protector had no visible damage, 7% (3-15%) replaced the 

protector with the same product and 7% (3-15%) replaced the 

protector with a different product. Where the genital protector was 

visibly damaged, 19% (8-40%) replaced the protector with the 

same product and 71% (50-86%) replaced the protector with a 

different product. Ten percent (3-29%) of players did not replace 

their damaged genital protector. 

During the cricket season, genital protection was worn by 

most male players and few female players (Figure 1).  

 

 

Figure 1. Proportion of elite male and female cricket players who 

reported wearing genital protection during the cricket season 

when batting or fielding close to the batter. 
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Male players wore a “long” shaped protector (83%; 75-89%) or a 

“traditional” shaped protector (17%; 11-25%). Male players 

typically wore a genital protector in a jock strap (elasticated belt 

with pouch for protector) or used underwear to hold the protector 

in place (Figure 2). Two or more protectors were used in 

combination by 14% (8-21%) of male players. Approximately 

two-thirds of male players felt their genital protector was held 

firmly in place (66%; 57-74%), whilst 13% (8-20%) felt their 

protector was loose and moved around easily. Thirty-six percent 

(28-45%) of male players tried different genital protector products 

and sizes to find a product they felt fit them best. 

 

 

Figure 2. Proportion of elite male cricket players who reported 

how they wear a genital protector in matches and training 

(multiple responses permitted). 

 

 

All players who required medical investigation, specialist 

review, or surgery wore a genital protector at the time of impact, 

of which 43% (16-75%) cracked. Players wore their protector in 

different ways, reflective of the broader group. 

Male players strongly agreed or agreed that wearing a genital 

protector: reduced the risk of genital injury (92%; 85-96%), made 

them feel more confident playing (96%; 90-98%), and was 

comfortable (73%; 64-80%). By contrast, fewer female players 

strongly agreed or agreed that wearing a genital protector: reduced 

the risk of genital injury (31%; 19-46%), made them feel more 

confident playing (7%; 2-19%), and was comfortable (5%; 1-

16%). 

Male players perceived the following design elements of a 

genital protector as very important or important: performance (the 

ability to protect against impact) (94%; 88-97%), comfort (88%; 

81-93%), light weight (62%; 53-71%), and allows air flow 

(temperature regulation) (39%; 30-48%). Male players preferred 

a closer fit (41%; 33-51%), “long” shape (72%; 63-80%), and 

could be worn with any garment (38%; 29-47%). Female players 

perceived the following design elements as very important or 

important: performance (69%; 54-81%), comfort (79%; 64-88%), 

light weight (69%; 54-81%), and allows air flow (62%; 47-75%). 

Female players preferred a closer fit (38%; 25-53%) and could be 

worn with any garment (45%; 31-60%). 

4. Discussion 

Impact to the genital region whilst playing cricket is a known risk 

of cricket, with potentially severe consequences in males. Genital 

protectors are commercially available to players as a risk 

mitigation strategy, however their design and use are not regulated. 

This study surveyed elite Australian cricket players to better 

understand the state of play. 

Most elite Australian Cricket players reported being hit in the 

genital region whilst participating in an organised cricket training 

session or match. Few impacts required specialist medical 

investigation or treatment, however they did occur. These 

findings support  the existing limited literature and grey literature, 

and more so the experience and intuition of those involved in 

cricket, that protection of the genital region is justified. Existing 

genital protectors may be reducing the risk of genital injury, 

however it is not possible to conclude without more detailed 

analyses of protector use and injuries relative to risk-exposure 

(e.g., balls faced). 

Genital protectors are widely worn and accepted by elite 

Australian male players but not by elite Australian female players. 

Genital protectors were worn by players who did not require any 

medical attention, and those who did require varying levels of 

medical attention following genital impact. It is not possible to 

deduce from this whether genital protectors prevented or reduced 

the severity of injury. 

The efficacy of genital protectors may vary between products, 

and also the life of the product. Several players reported their 

genital protector cracked or deformed with impact. This is not 

permitted by the industry standard (BSI, 2000). A cracked genital 

protector worn against the skin may pose an additional risk of 

injuring the skin. Unlike the industry standard for head protectors 

in cricket, there is no stipulation that a genital protector must be 

replaced after a severe impact even if damage is not apparent. 

Players in this study reported continuing to use a damaged, or 

potentially damaged protector. It is possible that players who 

sustained an injury were using a protector which was damaged or 

in a degraded state. 

The efficacy of genital protectors may also be affected by their 

fit and how they are worn. Players reported varied fits and 

methods of wearing their protector. The industry standard 

stipulates that genital protectors must use a restraint system (e.g., 

jock strap, specific undergarment) to be held in place during play 

and during impact. A protector which does not fit well (too small 

or too big) and/or is not held firmly in place may pose a higher 

injury risk. For instance, the edge of the protector may localise 

force to the testes instead of distributing force to the surrounding 

tissues. 
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The varied use of type of genital protectors and how they are 

worn reflects personal preferences of very experienced players 

who have likely been exposed to different options during their 

career. Prior to this study, the cohort had not received formal 

education on selecting and wearing a protector to be most 

effective. The cohort would have access to different products, 

albeit some limited by brand if sponsored. Despite this, several 

players reported using a poorly fitting protector, or adopting 

idiosyncratic approaches such as stacking more than one protector 

together or wearing a protector in a sock. The use of more than 

one protector at a time by several players highlights the perception 

of these players that protection is important and the protection 

offered by their current product is insufficient. 

Most female players surveyed did not wear a genital protector. 

This may reflect the lower availability of genital protectors for 

females, a perceived lack of value of protectors, and/or social 

influence amongst female players. A lower proportion of female 

players reported ever being hit in the genital region, perhaps 

suggesting a lower risk when facing female bowlers. There may 

also be a bias in reporting, with female players less likely to recall 

an impact of lower force or one which causes less pain than may 

be experienced by their male counterparts. Further research is 

needed to understand whether a greater focus on genital protection 

for female cricket players is warranted. 

Players rated the performance of genital protectors as most 

important to them. We recommend manufacturers of genital 

protectors ensure their products meet the existing industry 

standard (BSI, 2000), as a minimum, and communicate this to 

players (specify on packaging) so that players can make an 

informed decision. Manufacturers may also consider the player’s 

preferences to improve the design of genital protectors and 

associated garments to address the potential risk posed by poorly 

fitting or mobile genital protectors. 

The industry standard may require revision to reflect the 

different shaped male genital protectors currently available: the 

“traditional” shape and “long” shape. The long-shaped genital 

protector extends inferiorly to protect the perineum which may be 

impacted from a ball bouncing up off the pitch. There may also be 

indications to revise or remove the standard for female protectors 

once research has been completed in this space. 

Male players reported an increased sense of confidence when 

wearing a genital protector. This confidence may invite actions 

which increase the exposure of the genital region to impact, such 

as a more front on batting technique. Whilst this may have 

performance benefits, there may also be an associated higher risk 

of injury. A survey of male high school and college athletes found 

baseball and lacrosse players who wore genital protection 

experienced a higher rate of testicular injury than those who did 

not, however it was not known whether players were wearing 

protection at the time of injury (Bieniek & Sumfest, 2014). 

Optimising genital protection may improve the balance between 

performance and injury risk. 

This survey offers novel insight into the experiences and 

perceptions of elite Australian cricket players with respect to 

genital protection. Limitations of the survey method are that the 

partial response rate may have introduced a sampling bias towards 

male players who had more experience and/or more interest in the 

topic. The findings pertain to an elite Australian cohort, with 

exposure to personal protective equipment, other players’ 

equipment, experiences, and perceptions, and culture all potential 

influences. To minimise the burden on players, the survey 

questions were not designed to interrogate the risk of genital 

impact, specific genital injuries, or efficacy of genital protectors. 

These are areas for future research. 

Conclusion 

Elite cricket players commonly experience at least one impact to 

their genital region during their career, which poses an injury risk. 

Genital protectors are widely used by male cricket players while 

playing and training, with the perception that they reduce the risk 

of genital injury. Genital protectors are uncommonly used by 

female players. Variation in the shape of products, fit, and wear 

habits likely influence the efficacy of genital protectors. 

Opportunities to improve these aspects exist within the current 

industry standard, with room for further refinement. Future 

research is needed to better understand the risk of genital injury 

for male and female cricket players, and guide future risk 

reduction strategies across all stakeholder levels. 

Practical implications 

• Impact to the genital region is common in cricket, posing an 

injury risk. 

• Male genital protectors are a currently available risk reduction 

strategy widely used and accepted by male players, however there 

are opportunities to improve their potential efficacy by improving 

how players fit and wear a protector, and replace their protector 

when damaged. 

• Female genital protectors are less available and less accepted 

by female players, with further research needed to understand the 

risk of injury and in turn the implications for practice. 

• Manufacturers have a role in ensuring genital protectors meet 

the industry standard, including offering different sizes and 

effective restraint systems. 
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 When monitoring soccer athletes, dorsiflexion range of motion (DFROM) is of concern due 

to the movement profile and ball control that requires constant eccentric and concentric 

actions at the talocrural joint. These demands can contribute to overuse, which has been 

linked to restricted range of motion. Restricted DFROM and asymmetries have been 

identified as injury predictors, but their relationship to performance has little insight. 

Therefore, the purpose of this study was to investigate how DFROM, training load metrics, 

and performance metrics change throughout a season in elite soccer players, and to 

evaluate the relationships between DFROM, external training load metrics, and 

performance metrics. Fifteen professional male soccer players from a professional 

American team participated in the study. DFROM measurements and GPS metrics were 

quantified at preseason, midseason, lateseason, and postseason time points using the 

weight bearing lunge test (WBLT) and STATSport GPS. Separate repeated measures 

ANOVAs and Friedman’s tests for non-normally distributed variables were used to 

determine main effects for all measures across the three time points. There were significant 

main effects for DFROM asymmetry (x2 = 6.76, p = 0.034), AMP (p = 0.041), ATD (p = 

0.003), AHIA (p < 0.001), and AHID (p < 0.001). Proper load management may have 

reduced the training effects observed in previous studies on changes to DFROM and 

performance measures. However, clinically meaningful changes to DFROM were captured 

and support the monitoring of this measure throughout a soccer season.  

Keywords:  
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Dorsiflexion Range of Motion 
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1. Introduction  

Soccer athletes endure lengthy seasons with congested match and 

training schedules that often result in longitudinal stress, which 

may inflict performance implications and increased injury risk 

(Ranchordas et al., 2017). The stress experienced by athletes, both 

physical and mental, can manifest due to a multifaceted 

combination of prescribed training load, nutritional choices, and 

lifestyle factors (Alba-Jiménez et al., 2022). Of these individual 

components, training load is what practitioners can easily monitor 

through questionnaires, performance tests, and the quantification 

of external training load (Taylor et al., 2012). External training 

load is of great interest to practitioners as it is the objective 

physical work performed by an athlete during exercise. This can 

be quantified and monitored by using Global Positioning Systems 

(GPS) to obtain durations of running, accelerations, decelerations, 

changes of direction, number of sprints, and sprint distance. GPS 

systems can also calculate proprietary metrics such as explosive 

distance, inertial movement analysis, or player load, which 

quantify the volume of total load and high intensity movements. 

Monitoring the external training load placed on athletes can assist 

in ensuring proper periodization and allow practitioners to 

objectively identify when the imposed training load becomes 

excessive (Budgett, 1998; Knobloch et al., 2008; Miguel et al., 

2021). Monitoring changes of direction and intense accelerations 

may be especially beneficial due to the required rapid eccentric 
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movements that place stress on the musculature, and are known 

contributors to injury (LaStayo et al., 2003).  

A six-year prospective study of Major League Soccer players 

showed an overall injury incidence rate of 8.7 injuries per 1,000 

hours of exposure, with lower extremity injuries accounting for 

approximately 77% of all reported injuries (Forsythe et al., 2022). 

These findings make sense, as they align with the theorized effects 

of the imposed training load which could inflict high amounts of 

repeated strain loading throughout an 8-month competitive season 

(Dolci et al., 2020). However, this accumulation of training load 

can be managed through periodization strategies, which organize 

training in a structured pattern. Specifically, Leo Matveyev’s 

traditional periodization model hinges on volume and intensity 

possessing an inverse relationship. This proposes a high training 

volume and low intensity during the preparatory phase to allow 

for athletes to become adequately conditioned, a common 

foundation of performance. As the season progresses, the volume 

should gradually decrease while intensity progressively increases. 

This systematic approach aims to optimize athletes’ performance 

at a specific time during the season, while managing accumulated 

fatigue through a reduced volume. However, this may not always 

hold true in soccer because of unpredicted competitive calendars 

that are often characterized by congested match schedules, in-

season tournaments, international requests for representation in 

tournaments, and consistent training (Ranchordas et al., 2017). 

Hence, the importance of monitoring athletes and managing 

training load. 

Due to the unpredictable competitive calendar, appropriate 

periodization could be disrupted with sporadic spikes in volume. If 

training load is not sufficiently adjusted to account for these spikes, 

then an excess of training load may be experienced, imposing 

negative physical effects. Previous literature demonstrates that even 

a small micro-cycle can contribute to increases in quadricep and 

hamstring tissue stiffness (Rey et al., 2020, 2024). Therefore, it can 

be speculated upon that an insufficiently managed macro-cycle may 

substantially impact tissue properties.  Specifically, muscle 

stiffness is of great concern in athletics due to the inverse 

relationship displayed with range of motion (Hirata et al., 2020; 

Miyamoto et al., 2018). Range of motion is especially of concern in 

soccer as dynamic movements like jumping, changing direction, 

rapid accelerations, and rapid decelerations with and without 

simultaneous ball control are required (Cotteret et al., 2025). The 

literature provides a good theoretical framework of how a 

prescribed training load can influence tissue responses, but this 

concept has been focused on the major flexors and extensors of the 

thigh. However, the execution of this movement profile is also 

highly reliant on the triceps surae complex, which experiences rapid 

eccentric loading following initial foot contact. This eccentric 

loading is facilitated through the lengthening of the triceps surae as 

the ankle moves into dorsiflexion to absorb the impact, which is 

made possible through sufficient dorsiflexion range of motion 

(DFROM). Because soccer players often land in awkward positions 

due to the inherent movement profile, adequate DFROM is 

important as to allow the foot to land in contorted positions while 

properly dispersing impact (Fong et al., 2011; Hoch et al., 2015). 

Although not examined directly in soccer-specific populations, 

previous literature indicates that repeated plantarflexion loading 

may contribute to tissue adaptations that increase Achilles tendon 

stiffness, which can present as restricted DFROM (Geremia et al., 

2018). This is similar to previous observations made in the 

quadriceps and hamstrings but induced through different modalities. 

Without proper DFROM and symmetry between limbs, lower 

extremity injury risk becomes a concern due to the dynamic nature 

of soccer (Clark & Campbell, 2021; Hoch & McKeon, 2011).  

Performance implications have also been speculated upon due 

to insufficient DFROM. Previous literature found that sagittal 

plane kinematics during unanticipated sidestep cutting maneuvers 

were found less efficient in those with limited DFROM 

(Hanzlíková et al., 2022). It could also be theorized that the ability 

to land in different positions, due to the sufficient lengthening of 

the musculature, could mitigate the inefficiencies imposed 

through awkward landings. The availability for a compensatory 

landing strategy at the ankle due to increased DFROM could 

possibly allow for efficient transitions from absorption to 

propulsion (Fernández-Galván et al., 2025; Martín-Fuentes & van 

den Tillaar, 2022). A limited range of motion can present as 

tendon stiffness and an inability for efficient muscle lengthening, 

which does not permit proper impact absorption and efficient 

turnover. However, Achilles tendon stiffness has also shown a 

negative relationship with ground contact time in a drop jump task 

(Abdelsattar et al., 2018). This conflicting evidence suggests that 

higher Achilles tendon stiffness allows for a quicker elastic 

reaction and a quicker production of force, therefore increasing an 

individual's ability to efficiently move. As observed, there are 

many conflicting findings and principles used to speculate upon 

how DFROM may influence performance.  

The existing research lacks exploration between training load 

variables over a longitudinal period and changes in DFROM, 

which can introduce performance and injury implications. GPS 

technology in combination with periodic assessments of DFROM 

can be used to evaluate the relationship between external training 

load metrics, performance metrics, and DFROM throughout a 

season. A previous study conducted in professional Spanish 

soccer players evaluated the change in DFROM over the course 

of a season. A slight decrease in both limbs' DFROM from 

preseason to midseason and preseason to postseason was found 

(Moreno-Pérez et al., 2020). However, the study was only able to 

evaluate relationships between external training load factors and 

DFROM in an acute fashion for a singular match. Because 

training load may affect DFROM, which could influence 

performance, it could be beneficial to investigate the relationship 

over the course of a season.  

Therefore, the primary purpose of this study was to add to the 

existing literature investigating how ankle mobility (DFROM) 

may change throughout a season in elite soccer players. The 

secondary aim of this study was to observe how GPS metrics 

changed throughout a season, and to evaluate the relationships 

between DFROM, GPS derived external training load and 

performance metrics. The secondary aim allows for an 

exploration of relationships between any observed DFROM 

changes and training load, as well as a characterization of the 

club’s periodization strategy through identifying changes in 

external workload and performance.  

Aligning with previous literature, the athletes’ DFROM was 

hypothesized to decrease throughout the season due to increased 

muscle stiffness, which may originate from an increased training 

load (Moreno-Pérez et al., 2020). Metrics quantifying overall 

volume were hypothesized to increase over the three time points 

included in the season due to the unpredictable competitive 

calendar. Metrics quantifying intensity such as number of sprints 
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reaching > 5.5 m/s for at least 2 s, accelerations and decelerations 

between 3.0–10 m/s/s with minimum duration of 0.5 s were 

hypothesized to increase across the course of a season to allow for 

a peaking period. Performance values were hypothesized to 

change due to the unpredictable competitive calendar, inflicting 

fluctuations in training load. Correlational hypotheses predicted 

an inverse relationship between external training load metrics and 

DFROM change scores, a positive relationship between top speed 

and DFROM, an inverse relationship between average metabolic 

power and DFROM. 

2. Methods 

2.1. Participants 

A total of 15 participants from a male professional soccer team 

between the ages of 18 and 28 (24.0 ± 2.54 yrs) were included in 

the sample and were eligible for inclusion in the data analysis (age: 

24.0 ± 2.54 yrs; height: 181.02 ± 8.67 cm; weight: 75.23 ± 8.34 

kg; BMI: 22.9 ± 1.43 kg/m2). The participants varied by position, 

which permitted an inclusion of both attack and defensive players 

(Center backs = 3, Outside backs = 2, Center Midfielders = 4, 

Wingers = 3, and Forwards = 3). Ankle range of motion was 

conducted at the preseason, midseason, and postseason time 

points and training load data were gathered throughout the 

competitive season spanning from February to October. 

Participants were excluded if any of the following criteria were 

met: (a) entered the preseason testing as injured, (b) major injury 

sustained during the season resulting in insufficient data for one 

or more parts of the season, (c) departed from the club. Upon 

player permission, we relayed data gathered from testing to the 

team’s sport medicine/performance staff. We did not perform, 

track, or manipulate any interventions. This study was approved 

by Georgia Southern University’s institutional review board 

under protocol #H18054. All participants were provided and 

signed an informed consent form and had the ability to ask 

questions prior to the start of testing. 

Preseason was defined as a 6-week period spanning from the 

first practice to the last practice prior to a competitive match. 

Midseason was defined as a 23-week period spanning from the 

first match to the 25th match. Lateseason was defined as a 7.5-

week period spanning from the training session following the 25th 

match to the last match of the season. The lateseason terminology 

only refers to the GPS metrics, as referring to GPS metrics as 

“postseason” would imply that training is occurring following the 

conclusion of the season, which is not the case. Postseason was 

defined as the period after the last match of the season and only 

pertains to DFROM measurements, as these were taken after the 

lateseason period of the competitive calendar. 

2.2. Instrumentation and measurement 

2.2.1. Weight-bearing dorsiflexion test 

Athlete’s static DFROM was obtained through the weight bearing 

lunge test (WBLT) with values being recorded in centimeters, in 

accordance with previous literature (Bennell et al., 1998; Clark & 

Campbell, 2021; Hoch & McKeon, 2011). A measuring tape was 

secured to the floor, and participants were told to place the great 

toe of one foot on top of and aligned with the measuring tape. 

Participants were then instructed to stand as close to the wall as 

necessary to easily lunge and contact the wall with their knee in a 

self-selected staggered lunge stance. The research team 

encouraged participants to continue to move their foot further 

from the wall by 1 cm at a time and attempt to touch their knee to 

the wall when lunging. The athlete was not allowed to brace 

against the wall, and the non-test foot was positioned posterior to 

the test foot to maintain a lunge.  Once the participant could not 

increase the distance by 1 cm without the heel lifting or the shank 

rotating, the foot was moved back in smaller increments. This 

continued until the furthest distance was achieved where the 

participant’s knee touched the wall, and the heel of the foot being 

measured remained on the floor with the shank in a neutral 

position. The distance from the athlete’s big toe to the wall was 

recorded to the nearest 0.1 cm. To maintain testing efficiency, 

each athlete’s DFROM measurement was taken once on each leg. 

The normative values were set in accordance with previous 

literature at 12 cm with a less than 1.5 cm difference between the 

right and left limbs (Clark & Campbell, 2021; Hoch & McKeon, 

2011). This measurement was taken the exact same way for the 

three time points throughout the whole season for both non-

dominant and dominant limbs (DFROMPreseason, DFROMMidseason, 

DFROMPostseason). Asymmetries were calculated for each DFROM 

value by subtracting a dominant limb measurement from the non-

dominant limb measurement or vice versa. 

WBLT was selected for measuring ankle DFROM due to its 

functional nature and supported reliability. Inter-rater reliability 

ICC values have been reported as 0.99 (95% CI: 0.97-0.99), with 

intra-rater reliability ranging from 0.97 (95% CI: 0.90-0.99) to 

0.98 (95% CI: 0.93-0.99) across raters (Bennell et al., 1998). Due 

to the hours of experience needed to accurately use a goniometer, 

the WBLT is better suited for novice clinicians (Hankemeier & 

Thrasher, 2014). The research team consisted of four members 

that collected data, two of which had a limited exposure to the 

WBLT prior to the investigation. To account for this, the research 

team reviewed the associated protocols and performed practice 

measurements to ensure preparedness prior to every data 

collection time point. 

2.2.2. Performance and external training load variables 

Performance and training load variables were measured by 

STATSport GPS units that were assigned to each player at the 

beginning of the season. GPS units operated on a 10 Hz frequency. 

External training load was quantified by total distance covered, 

number of sprints reaching > 5.5 m/s for at least 2 s, and 

accelerations and decelerations between 3.0–10 m/s/s with 

minimum duration of 0.5 s by default. The performance variables 

included top speed (m/s) and average metabolic power (W/kg).  

2.3. Procedures 

The first testing session of the WBLT occurred prior to the team’s 

first organized training session. All participants were briefed on 

the testing procedures and time was allotted for questions. Testing 

occurred in the biomechanics laboratory. There were multiple 

stations of the WBLT, each with a trained investigator. The first 

test session was where participants were given their de-

identifying participant code that was then used for all dorsiflexion 
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data management. A ~10-minute standard dynamic warm-up was 

performed by all participants prior to the testing, which was led 

by the team’s lead strength and conditioning coach. Athletes were 

instructed to treat the warm-up as if they were preparing for a 

training session, and this was reflected through the strength and 

conditioning coach’s employment of dynamic movements 

commonly utilized prior to a training session. Midseason testing 

occurred at the team’s gym facility the morning before the team’s 

first organized training session following the 25th match and 

followed the same protocol. Postseason testing occurred in the 

team’s locker room facility in the week following the last match 

and followed the same protocol. 

Training load monitoring occurred from the first organized 

training session of the preseason all the way to the last match of the 

season. Investigators were on site for all training sessions and home 

matches to facilitate the distribution of equipment, proper use of 

equipment, collection of equipment, and data transfer. When 

necessary, the research team requested that the performance and 

athletic training staff facilitated the distribution and use of 

equipment to the best of their ability during away matches. 

2.4. Data analysis 

To calculate preseason, midseason, and lateseason performance 

variables, the maximum value from each week of the designated 

period per participant was used for analysis. These values were then 

averaged across the weeks within the individual season time frames 

(pre/mid/late) for each participant. From this calculation, average 

top speed (ATSPreseason, ATSMidseason, ATSLateseason) and average 

metabolic power (AMPPreseason, AMPMidseason, AMPLateseason) value 

for each participant for each period were derived. This method was 

chosen to account for the variations in the type of training session 

that occur each week to provide a value that best represents the 

participants’ performance. To calculate preseason, midseason, and 

lateseason quantitative training load metrics, we averaged the 

training load variables from each day of the week of the designated 

period per participant creating a weekly average. These values were 

then averaged across the weeks within the individual season time 

frames (pre/mid/late) for each participant. Matches were also 

included for training load and performance variable calculations to 

capture a true training load analysis. From these calculations the 

investigators derived representative values for each participant 

from each period for average total distance (ATDPreseason, 

ATDMidseason, ATDLateseason), average high intensity accelerations 

(AHIAPreseason,AHIAMidseason, AHIALateseason), average high intensity 

decelerations (AHIDPreseason, AHIDMidseason, AHIDLateseason), and an 

average number of high intensity sprints (AHISPreseason, 

AHISMidseason, AHISLateseason).  

To evaluate the relationship between changes in DFROM and 

training load, change scores were calculated from the three 

dorsiflexion measurements (DFROMchange1 = midseason – 

preseason, DFROMchange2 = postseason-midseason, and 

DFROMOverall = postseason- preseason). Since midseason DFROM 

values were measured after the preseason and midseason, 

DFROMchange1 was evaluated for relationships with training load 

averaged over both the preseason and midseason period. 

DFROMchange2 was evaluated for relationships with training load 

averaged over the lateseason period. DFROMOverall was evaluated 

for relationships with average training load and over the entire 

season. To assess possible correlations between DFROM and 

performance, the three DFROM measurements were evaluated for 

relationships with corresponding performance variables. Limb 

asymmetries were also assessed based on DFROM scores between 

dominant and non-dominant limb. Limb asymmetry was measured 

as the absolute value of dominant limb DFROM subtracted by non-

dominant DFROM.  

2.5. Data statistical analysis 

A priori power analyses were conducted for repeated measures 

ANOVA using G*Power (version 3.1.9.7). A priori power 

analysis using a moderate effect size (f = 0.25) revealed that at 

least 28 participants would yield 80% power at an α = 0.05 for a 

within-subjects repeated measures ANOVA. This study did not 

have the sample size (N = 15) necessary to produce 80% power 

using a moderate effect size (f = 0.25) at an α = 0.05. It is 

important to acknowledge that professional athletes are generally 

inaccessible and unavailable for research purposes, which often 

results in smaller sample sizes. Additionally, to be included in the 

analysis, athletes had to remain injury-free for the entirety of the 

season, which is often not possible due to the cumulative stress 

consistently placed on professional athletes. When using the 

smallest observed effect size (ŋ2
p: 0.07) from the DFROM 

measurements, a post hoc power analysis for within subjects 

repeated measures ANOVA revealed that our sample size 

produced 61% power. An observational approach to clinically 

evaluate changes in DFROM was also implemented using the 

smallest worthwhile change (SWC). SWC was calculated as 0.2 

multiplied by the preseason (baseline) between-subjects standard 

deviation, representing a small effect size. This additional 

analysis was employed as a complementary analytical tool due to 

the small ecologically valid sample from a professional soccer 

club (Buchheit et al., 2014; Hopkins, 2004). 

All statistical analyses were completed using Jamovi software 

(Version 2.6.23; Sydney, Australia). Overall descriptive statistics 

including means and standard deviations were calculated for 

WBLT of each limb based on dominant and nondominant limb, 

training load variables (4), and performance variables (2) for 

preseason, midseason, lateseason, and postseason. WBLT scores 

were categorized as normal or restricted according to normative 

values established through previous literature. The alpha level was 

set at 0.05 to determine significance and partial eta squared effect 

sizes were reported to assess the magnitude of significant main 

effects. All data satisfied parametric assumptions, as determined 

through the Shapiro-Wilk test, except for the following measures: 

preseason and postseason asymmetry, preseason and postseason 

average metabolic power. Separate one-way repeated measures 

ANOVAs were used to determine differences in dominant and non-

dominant DFROM values, performance variables (1), and training 

load metrics (4) over preseason, midseason, lateseason, and 

postseason time periods. However, due to the violation of normality, 

differences in DFROM asymmetry values and average metabolic 

power values were determined through Friedman’s test. Post-hoc 

analysis was conducted using Bonferroni pairwise comparisons to 

explore any significant main effects for normally distributed 

variables, whereas post hoc tests for non-normally distributed 

variables were conducted through individual Wilcoxon signed-rank 

tests. Cohen’s d effect sizes were calculated to further our 
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understanding of any normally distributed statistically significant 

findings which were interpreted as: 0.2 = small, 0.5 = moderate, and 

0.8 = large. Non-normally distributed effect sizes were calculated 

through Rank biserial correlations. Pearson’s correlation r 

coefficients were calculated to determine the relationship between 

DFROM, ATS, and AMP, as well as the relationship between 

DFROM change scores, ATD, AHIS, AHIA, AHID. Due to the 

number of variables being correlated, the alpha level for the 

correlational analysis was set at 0.01 to reduce the probability of 

making a type I error. 

3. Results 

3.1. Overview 

The descriptive values (Mean ± SD) and changes of the DFROM 

scores are reported in Table 1. The descriptive values (Mean ± SD) 

and changes of all GPS monitored performance and training load 

variables are reported in Table 2. The correlation analysis between 

change scores and training load variables is reported in Table 3, 

and the results between DFROM and performance variables are 

reported in Table 4. 

 

Table 1. Descriptive statistics (Mean ± SD) and p-values for differences between DFROM values. 

Variable Preseason Midseason Postseason p SWC 

Pre- to 

midseason 

change 

Mid- to 

postseason 

change 

Pre- to 

postseason 

change 

Dominant (cm) 8.90 ± 2.75 8.21 ± 2.57 8.11 ± 2.89 0.065 ± 0.550 ₋0.687† ₋0.107 ₋0.790† 

Non-dominant (cm) 9.33 ± 2.31 8.87 ± 2.84 8.77 ± 2.65 0.346 ± 0.462 ₋0.467† ₋0.100 ₋0.560† 

Limb asymmetry (cm) 0.83 ± 0.88 1.68 ± 1.28 1.34 ± 1.07 0.034*a ± 0.177 0.850† ₋0.340† 0.510† 

Notes: *significant main effect, asignificant difference between preseason and midseason, †change score exceeds the smallest worthwhile 

change (SWC = 0.2 × preseason SD). 

 

Table 2. Descriptive statistics (Mean ± SD) and p-values for differences between performance and external training load variables. 

Variable Preseason Midseason Lateseason p 

ATS (m/s) 08.50 ± 00.35 08.48 ± 00.48 08.60 ± 00.71 0.676 

AHIS (#/session) 11.52 ± 04.74 11.20 ± 04.52 10.25 ± 03.20 0.337 

AMP (W/kg) 09.51 ± 01.51a,c 08.59 ± 01.17 08.37 ± 01.63 0.041* 

ATD (km/session) 04.93 ± 00.40a,c 04.60 ± 00.48 04.45 ± 00.56 0.003* 

AHIA (#/session) 50.19 ± 12.37a,c 38.45 ± 08.34b 41.69 ± 08.25 < 0.001* 

AHID (#/session) 41.97 ± 12.11a,c 32.18 ± 08.28 33.04 ± 09.00 < 0.001* 

Notes: ATS: Average Top Speed; AHIS: Average High Intensity Sprints; AMP: Average Metabolic Power; ATD: Average Total 

Distance; AHIA: Average High Intensity Accelerations; AHID: Average High Intensity Decelerations. *significant main effect, 
asignificant difference between preseason and midseason, bsignificant difference between midseason and lateseason, csignificant 

difference between preseason and lateseason.  

 

Table 3. Correlation analysis between non-dominant and dominant DFROM change scores and training load. 

 Preseason to midseason Midseason to postseason Overall season 

 p r p r p r 

Non-dominant limb vs.       

Average total distance 0.632 ₋0.134 0.110 0.429 0.475 0.199 

Average high-intensity accelerations 0.189 ₋0.358 0.159 0.382 0.611 ₋0.143 

Average high-intensity decelerations 0.426 ₋0.222 0.201 0.349 0.685 ₋0.114 

Average high-intensity sprints 0.153 ₋0.388 0.535 0.174 0.149 ₋0.390 

Dominant limb vs.       

Average total distance 0.967 0.011 0.962 ₋0.013 0.589 ₋0.151 

Average high-intensity accelerations 0.767 ₋0.083 0.759 ₋0.086 0.905 ₋0.003 

Average high-intensity decelerations 0.839 ₋0.057 0.481 ₋0.197 0.848 0.054 

Average high-intensity sprints 0.368 ₋0.250 0.465 ₋0.204 0.434 0.218 
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Table 4. Correlation analysis between non-dominant and dominant DFROM measurements and performance variables. 

 Preseason Midseason Postseason/Lateseason 

 p r p r p r 

Non-dominant vs.       

Top speed 0.317 ₋0.277 0.36 ₋0.251 0.579 ₋0.155 

Average metabolic power 0.772 ₋0.081 0.534 ₋0.174 0.641 ₋0.131 

Dominant vs.       

Top speed 0.184 ₋0.362 0.183 ₋0.363 0.377 ₋0.246 

Average metabolic power 0.630 ₋0.135 0.557 0.164 0.879 ₋0.043 

 

 

The correlation analysis yielded no significant or meaningful 

findings between DFROM change scores and training load 

variables (p > 0.010) or DFROM and performance measures (p > 

0.010).  

Statistical analysis showed no significant main effects in 

dominant limb DFROM (F(2, 28) = 3.025, p = 0.065,  ŋ2
p = 0.178), 

non-dominant limb DFROM (F(2, 28) = 1.103, p = 0.346, ŋ2
p  = 

0.073), ATS (F(1.28, 17.94) = 0.257, p = 0.676, ŋ2
p = 0.018), and 

AHIS (F(2, 28) = 1.13, p = 0.337, ŋ2
p = 0.075) over the course of 

the season. Both dominant and non-dominant DFROM change 

scores from preseason to midseason and preseason to postseason 

exceeded the established SWC values (Table 1). Asymmetry 

change scores exceeded the established SWC across all three time 

periods (Table 1). 

3.2. Dorsiflexion range of motion asymmetry 

Due to the violation of normality, a Friedman’s test was 

conducted to determine differences between the three measures of 

DFROM asymmetries. Friedman’s test yielded a significant main 

effect (x2 = 6.758, p = 0.034). Individual Wilcoxon signed-rank 

tests were conducted to evaluate significant differences, which 

were observed only between preseason and midseason (p = 0.011, 

rrb = -0.758). However, asymmetry values between preseason and 

postseason approached significance (p = 0.051, rrb = -0.575). 

3.3. Average metabolic power 

Due to the violation of normality, Friedman’s test was conducted 

to determine differences between the three measures of AMP. 

Friedman’s test yielded a significant main effect (x2 = 12.933, p = 

0.002). Individual Wilcoxon signed-rank tests were conducted to 

evaluate significant differences, which were observed between 

the following measures: preseason and midseason (p = 0.015, rrb 

= 0.700), preseason and lateseason (p = 0.012, rrb = 0.716).  

3.4. Total distance, high intensity accelerations and 

decelerations 

There was a significant main effect among the three measures of 

ATD (F(2, 28) = 7.229, p = 0.003, ŋ2
p = 0.341) and no violations 

of sphericity were detected. The post hoc pairwise comparisons 

showed a statistically significant decrease between preseason and 

midseason (p = 0.03; d = 0.747). There was also a statistically 

significant decrease between preseason and lateseason (p = 0.031; 

d = 0.986). Post hoc pairwise comparisons showed no statistically 

significant difference between midseason and lateseason (p = 

0.524).   

Based on the Greenhouse-Geisser adjustment, used due to a 

violation of sphericity in both measurements, there was a 

significant main effect among the three measures of AHIA 

(F(1.25, 17.53) = 21.619, p < 0.001, ŋ2
p = 0.607) and AHID 

(F(1.19, 16.68) = 14.685, p < 0.001, ŋ2
p = 0.512). For AHIA, post 

hoc pairwise comparisons showed a statistically significant 

decrease between preseason and midseason (p < 0.001; d = 1.113), 

and preseason and lateseason (p = 0.010; d = 0.799), and a 

statistically significant increase between midseason and 

lateseason (p = 0.033; d = 0.381) (Table 2). For the AHID, post 

hoc pairwise comparisons showed a statistically significant 

decrease between preseason and midseason (p < 0.001; d = 0.944) 

and preseason and lateseason (p = 0.020; d = 0.837). However, 

post hoc paired samples t-tests showed no statistically significant 

difference between midseason and lateseason (p > 0.999). 

4. Discussion 

The purpose of this study was to evaluate how DFROM and GPS 

monitored metrics change across the span of a professional 

American soccer season, as well as to evaluate dorsiflexion’s 

relationship to GPS monitored performance metrics and external 

training load metrics.  

Our statistical results did not support previous literature that 

observed statistically significant differences between DFROM 

measurements at three different points throughout the season 

(Moreno-Pérez et al., 2020). Despite non-significant p-values, the 

analysis of changes in dorsiflexion yielded a medium effect size 

in the dominant limb measurements (ŋ2
p = 0.178) and a small-to-

medium effect size in the non-dominant measurements (ŋ2
p = 

0.073), indicating meaningful variance across time points. The 

lack of statistical significance could be attributed to a small 

sample size, contributing to a lack of statistical power relative to 

the a priori sample size requirement. Moreno-Perez et al. (2020) 

observed a similar overall change in the means of the sample 

between the three time points, yet their findings were statistically 

significant, likely due to a sample size more than double the 

current study. These statistical observations suggest that looking 

into the changes in sample means is worth analyzing beyond 

statistical significance. If the results are viewed from a clinical 

perspective, it is observed that DFROM did decrease in both 
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dominant and non-dominant limbs throughout the season (Table 

1). Both dominant and non-dominant DFROM change scores 

from preseason to midseason (dominant DFROM: ₋0.687 cm; 

non-dominant DFROM: ₋0.467 cm) and preseason to postseason 

(dominant DFROM: ₋0.790 cm; non-dominant DFROM: ₋0.560 

cm), exceeded the established SWC (dominant SWC:  0.550 cm; 

non-dominant SWC:  0.462 cm). However, the change from 

midseason to postseason did not exceed the established SWC 

values (Table 1). This is likely explained by the proportions of the 

season as athlete availability led to uneven time periods between 

measurements. The preseason to midseason period accounted for 

23 weeks of the season, whereas the midseason to postseason 

period only accounted for 7.5 weeks of the season. Additionally, 

asymmetry between limbs displayed a statistically significant 

difference between the preseason and midseason. This difference 

was accompanied with a moderate to strong negative rank biserial 

correlation, indicating that preseason asymmetry means were 

notably lower than midseason means. Similarly, the difference 

between asymmetry means at preseason compared to postseason 

approached statistical significance and displayed a moderate 

negative rank biserial correlation (Table 1). The clinical 

significance also aligns with the statistical significance, as the 

change in DFROM asymmetry from all three periods of the season 

exceeded the established SWC (Table 1).  

This suggests that regardless of possessing an adequate range 

of motion in either limb, an asymmetry between limbs could have 

been developed at midseason and persisted for the remainder of 

the season. When the asymmetry between limbs is greater than 

1.5 cm, it indicates that the participant is now at risk for injury 

(Table 1) (Baggett & Young, 1993; Clark & Campbell, 2021; 

Hoch & McKeon, 2011). Further, asymmetry between limbs 

increased from 13% of participants at preseason to 46% at the 

midseason time point and 40% at the postseason time point. While 

statistical significance was not present between all three time 

points, the clinical significance is notable and supports the 

monitoring of DFROM.  

While the decreases may be expected due to an accumulated 

training load, it is important to acknowledge that testing results 

were provided to the players and sports medicine staff, as well as 

an educational session about what their results mean. Yet, the club 

still saw decreases throughout the season. So, even if some players 

felt motivated to seek help from the support staff to improve their 

DFROM, it is possible that a decrease in range of motion was 

inevitable. This continues to highlight the need to monitor DFROM 

to gauge injury risk. Another aspect of the present study and 

previous studies is the proximity to normative values for all 

participants. The highest team mean for DFROM between both 

limbs was around 9 cm in the non-dominant leg, which does not 

approach the established normative value of 12 cm (Baggett & 

Young, 1993; Clark & Campbell, 2021; Hoch & McKeon, 2011). 

The average values of dominant and non-dominant DFROM 

observed from this sample were consistent with previous literature 

analyzing professional soccer players, ranging from 8–10 cm 

(Clark & Campbell, 2021; Moreno-Pérez et al., 2020). Considering 

these findings, it should be noted that many elite soccer players 

might not reach the 12 cm benchmark. This observation should 

prompt the need to evaluate lowering the normative value from 12 

cm to 9 cm, especially for high level soccer players. 80% to 86% of 

this sample did not have adequate DFROM at any point throughout 

the competitive season, putting themselves at a continuous risk for 

injury for the entirety of the season. 

The results suggest that over the 9-month-long season the 

team utilized load management to the best of their ability to allow 

for a peaking period to be achieved. The lack of change in ATS 

also confirms that the load management was adequate to maintain 

performance throughout the season. When considering the 

definition of AMP, the observed decrease from preseason could 

indicate that the load management was adequate to maintain 

performance and elicit appropriate physiological responses from 

the participants in response to the training load. Taking into 

consideration all these principles and observations, it can be 

inferred that periodic assessments of DFROM are worthwhile for 

monitoring injury risk. Due to the evidence supporting adequate 

load management from this soccer club and the lack of correlation 

between DFROM and the selected GPS variables, we can 

speculate that DFROM may not be entirely related to performance, 

and the changes in dorsiflexion occur independently of the listed 

external training load metrics. A different outcome may emerge if 

larger samples from other clubs with different training principles, 

particularly those not adhering to proper load management, are 

considered. 

One of the limitations of this study was technology issues at 

away matches and minor injuries that caused a few days of missed 

practice throughout the week to prepare for matches. Soccer 

players may be summoned to play for their country in 

international tournaments, resulting in 1–2 weeks of gaps in data. 

Due to the small amount of unusable data and missed days of 

training in comparison to the magnitude of total data collected 

through the nine-month season, the investigators do not believe 

that the missing GPS data would have substantially changed the 

results. The body weight of players was not updated continuously 

throughout the season, resulting in some possible unaccounted 

variation in body weight-based variables. Due to athlete 

availability, the time at which midseason testing was conducted 

extended the designated duration of the midseason to be much 

longer compared to both the preseason and late season, possibly 

influencing the magnitude of change observed at the midseason 

time point in comparison to the late/postseason time point. Players 

and staff were educated on their periodic testing results and what 

they meant. Due to this disclosure, reactive effects of testing could 

occur, and players who are motivated to optimize their 

performance could have been participating in unaccounted 

mobility work to increase their range of motion. All participants 

were part of a convenience sample that resulted in a small sample 

size, which substantially reduced the statistical power, which is 

why the SWC was utilized to establish a clinical relevance 

threshold. It is also important to acknowledge that SWC is 

primarily used to identify clinically meaningful change at the 

individual level. Therefore, group means exceeding the SWC 

threshold do not confirm that every athlete experienced 

meaningful change, but it does provide a standardized threshold 

for quantitatively evaluating clinical significance. Conducting this 

same study with a larger sample size with multiple soccer clubs 

from different leagues would increase the meaningfulness, 

reliability, and generalizability of results to provide further insight. 

It was also assumed that every participant gave full effort for 

measurements and every GPS monitored session. 
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 This study assessed within- and between-day test-retest agreement and reliability of multi-

joint isometric and isokinetic dynamometry for both the upper- (chest press; CP and seated 

row; SR) and lower-body (leg press; LP) using Exerbotics devices. Recreationally active 

adults (male = 11, female = 3) completed three testing sessions over a three-week period. 

On each day, participants performed two isometric tests followed by one isokinetic test. 

Analyses were conducted within a Bayesian posterior estimation framework and all 

posterior estimates and their precision, along with conclusions based upon them. For 

isometric testing, within-day limits of agreement were CP ± 39.2N, LP ± 52.7N, and SR ± 

22.6, and between day limits of agreement were CP ± 46.2N, LP ± 68.4N, and SR ± 31.4N. 

Intraclass correlation coefficient (ICC) values were CP = 0.939 and 0.937, LP = 0.968 and 

0.967, and SR = 0.970 and 0.969 for within- and between-day, respectively. For isokinetic 

testing, the between-day limits of agreement for concentric muscle actions were CP ± 

34.9N, LP ± 101.0N, and SR ± 24.3N, and eccentric muscle actions were CP ± 50.8N, LP 

± 162.4N, and SR ± 38.7N. ICC values were CP = 0.954 and 0.931, LP = 0.912 and 0.855, 

and SR = 0.971 and 0.937, for concentric and eccentric muscle actions respectively. These 

data suggest good agreement and excellent reliability for multi-joint isometric and 

isokinetic force measurement. 

Keywords:  

Force 
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1. Introduction  

There exist three principal methods for assessing muscular 

strength: isoinertial, isometric and isokinetic. Isoinertial strength 

assessments consist of lifting a constant external load over a given 

distance, relying upon trial-and-error with increasing load until 

performance of a complete single repetition (1-repetition 

maximum [RM]; Kroemer et al., 1990) or other (e.g., 10RM) is 

impossible. This testing method requires overcoming a load or 

weight-stack against gravity and is also subject to a change in 

mechanics as the biomechanical lever length might change 

throughout the range of motion as well as a requirement to 

overcome inertia. In contrast, isometric and isokinetic strength 

assessments (also known as dynamometry) measure the force or 

torque applied against an immovable object and fixed angle 

(Wilson & Murphy, 1996) or at a computer-controlled velocity 

(Nuzzo et al., 2019), respectively. Accurately assessing muscular 

strength is important in numerous contexts and for multiple 

purposes, and in order to do this, testing methods are assessed for 

validity, reliability, and agreement (Hopkins, 2000). 

Isokinetic testing is often viewed as the gold standard for 

assessing concentric and eccentric muscle strength (Dirnberger et 

al., 2013; Parraca et al., 2022). Additionally, isokinetic exercise is 

an effective training modality for increasing muscular strength 

more generally (Ratamess et al., 2016) and for injury 

rehabilitation and prehabilitation (Coudeyre et al., 2016). 

However, isokinetic testing is often hindered by complicated 

machine set-up, and limited to unilateral testing, as well as being 

predominantly performed at the single-joint level, with a relative 

dearth of application and attention given towards multi-joint 

testing (Dvir & Müller, 2020). This is despite multi-joint strength 

assessments being more reflective of the nature of muscular 

functions in everyday life and sports (Paoli et al., 2017). Of the 

studies which have assessed the reliability of multi-joint 
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isokinetic dynamometry, data supports this to be a moderately-to-

highly reliable means of assessing both concentric and eccentric 

strength. For example, considering test-retest (intrarater) 

reliability of the Exerbotics (Gymbot LLC, IL, USA) squat device 

over two days using seventeen trained males, Stock and Luera 

(2014) reported ICC values of 0.74 and 0.70 for concentric and 

eccentric peak force, respectively. Reliability using the same 

device with a similar population group improves to 0.95 and 0.90 

for concentric and eccentric, respectively, when testing is 

completed over 3 days, suggesting a learning effect (Bridgman et 

al., 2016). Indeed, Dirnberger et al. (2013) also observed 

significant increases in reliability values from day 1 and 2 (ICC = 

0.82-0.94) to days 2 and 3 (ICC = 0.91-0.97) for the Isomed 2000 

leg press (LP) isokinetic dynamometer. Such variation is 

potentially due to a combination of the greater complexity in 

muscle coordination and recruitment in isokinetic compared to 

isometric testing (Callaghan et al., 2000), the unfamiliar nature of 

isokinetic movement testing more generally (Hopkins et al., 2001; 

Schärer et al., 2019) and the impact of measurement scheduling 

(Kroll, 1970). These findings led the authors to posit that a 

familiarization session would improve reliability for multi-joint 

isokinetic movements. Two additional training studies reference 

the reliability of multi-joint isokinetic devices. These studies 

utilized the chest press (CP; Hoffman et al., 2011), and CP and 

seated row (SR; Ratamess et al., 2016) by Exerbotics (Gymbot 

LLC, IL, USA). The latter references the former for test-retest 

reliability of the device, with the former stating “Test-retest 

reliability of the dynamometer has been established in our 

laboratory as r = 0.99” (pp. 2237). However, no further 

information on the test-retest reliability assessment is provided. 

Further, Hoffman and colleagues’ (2011) intervention was limited 

to the CP, thus, it is unclear if the reliability established therein 

was limited to the CP or also included the SR. Finally, and perhaps 

most importantly, the body of literature has typically not 

differentiated between reliability and agreement. While reliability 

is often claimed to measure the “repeatability” of a test, or the 

consistency of test values, it is actually a measure of whether 

persons (e.g., participants) can be distinguished from each other, 

without considering accuracy to a given value. Thus, reliability 

considers whether differences between people are greater than 

measurement error. In contrast and given that most utilization of 

strength measurement is for the purpose of determining whether 

a change has occurred from test-to-test, a focus should be placed 

on agreement (i.e., how close the results of repeated 

measurements are; De Vet et al., 2006). Knowledge of the 

agreement of multi-joint isometric and isokinetic testing is 

valuable in recognizing strength changes following an 

intervention or time, and in the case of Exerbotics devices is 

important based on the scale of the equipment usage globally (i.e., 

at The Exercise Coach and laboratory locations, (between 200 and 

300 locations). As such both clients of The Exercise Coach and 

researchers would benefit from knowing the agreement of 

strength testing values. With the above in mind, the aim of this 

study was to determine the agreement of isometric and isokinetic 

upper- and lower-body multi-joint dynamometry using Exerbotics 

CP, LP and SR exercises. 

2. Methods 

A within-group, repeated measures study design was employed, 

with participants reporting to the laboratory over three separate 

days. On each visit, participants performed two isometric testing 

trials followed by one isokinetic testing trial. Isometric and 

isokinetic testing was conducted for three exercises: LP 

(https://osf.io/kvebt), CP (https://osf.io/4uj72), and SR 

(https://osf.io/4uj72) (Exerbotics, by Gymbot LLC, IL, USA) by 

a single person, thus assessing intrarater reliability. This 

methodological design permitted assessment of within- and 

between-day agreement for peak isometric forces for CP, LP, and 

SR. Further, this allowed the first visit for familiarization to 

isokinetic testing followed by assessment of between-day 

agreement of isokinetic concentric and eccentric forces for the 

same exercises for days 2 and 3. Isokinetic values are reported as 

the average force throughout the full range of motion for each 

phase (concentric and eccentric) of a repetition for the repetition 

with the highest result. Methodologically this study has adhered 

to Guidelines for Reporting Reliability and Agreement Studies 

(GRRAS; Kottner et al., 2011). 

2.1. Participants 

Following ethical approval for this study by Solent University 

Health, Exercise, and Sports Science Research Ethics and 

Innovation Committee (reference number: nashm1HESS2023), 

recreationally active adults (male or female) aged between 18 and 

45 years of any resistance training experience level (including 

none), were recruited. Inclusion criteria required participants to 

be absent from injury and/or cardiorespiratory medical condition 

(including hypertensive or prehypertensive blood pressure) 

preventing or contraindicating maximal strength testing. 

Exclusion criteria included anyone not meeting the inclusion 

criteria as well as anyone who was pregnant or using uncontrolled 

performance enhancing drugs. Through convenience snowball 

sampling, and based on sample sizes from similar previous studies, 

17 participants were recruited. One participant withdrew due to 

illness unrelated to the study, one withdrew due to personal 

reasons unrelated to the study and one other participant’s data 

were excluded due to non-adherence to on-going eligibility 

criteria. All other participants completed all testing, resulting in 

data for 14 participants (n = 11 male; mean ± SD; age, 32.36 ± 

10.01 years; height, 180.51 ± 8.14 cm; mass, 80.84 ± 10.62 kg; 

resistance training experience, 12.36 ± 10.60 years, and n = 3 

female; mean ± SD; age, 26.33 ± 3.21 years; height, 169.07 ± 6.56 

cm; mass, 74.0 ± 7.75 kg; resistance training experience, 1.0 ± 1.0 

years) being available for final analysis. All participants 

completed a physical activity readiness questionnaire and signed 

an informed consent form. 

2.2. Procedures 

This study consisted of three separate, consecutive, weekly visits 

to the laboratory. Testing days were scheduled on the same day of 

the week and the same time of day (±1 hour) to control the impact 

of diurnal variations on maximum strength performance 

(Chtourou et al., 2012; Knaier et al., 2022). On testing day one, 

participants’ range of motion and joint angles were established 

and recorded. For isometric testing, as per manufacturer’s 

recommendations, joint angles were set at 90° flexion of the 
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elbow for the CP (see image at: https://osf.io/buetm) and SR (see 

image at: https://osf.io/rp8md), and 90° flexion of the knee for the 

LP (see image at: https://osf.io/e475u). For isokinetic testing, as 

per manufacturer’s recommendations and to reflect usage in 

commercial settings, range of motion was set as follows; CP: 90° 

to 140° flexion of the elbow (i.e., the angle between the humerus 

and the radius); SR: 140° to 90° flexion of the elbow (i.e., the 

angle between the humerus and the radius); and LP: 90° to 120° 

flexion of the knee (i.e., the angle between the femur and tibia). 

Participants were allowed to self-select seat position, foot position, 

and hand position, which were also recorded to ensure consistency 

between days and trials. On each day of testing, participants 

performed a standardized warm-up on a cycle ergometer 

(Ergomedic 874E; Monark, Uppsala, Sweden) for five minutes up 

to 60% age-predicted heart rate maximum (220-age). Isometric 

testing was always performed prior to isokinetic testing and 

always in the order of CP, LP, SR exercises (with 1-minute rest 

between exercises, and 2-minutes rest between trials), to ensure 

each testing modality and each exercise was performed in the 

same state of within-day fatigue and, thus, differences in between-

day states of fatigue did not confound results. 

2.3. Isometric testing 

Following the warm-up, participants performed two trials 

consisting of three isometric contractions per exercise. Isometric 

contractions one and two of each set acted as specific warm-up 

performed at an estimated 50% and 75% maximal effort, 

respectively. The third repetition of each trial was performed at 

maximal effort and used for analysis herein. This was repeated for 

each exercise, and each testing condition. For maximal tests, 

participants were instructed to push as hard and as fast as they 

could against the movement arm and keep pushing for 3 seconds 

to ensure the maximal value was recorded. Isometric testing was 

always performed in the order of CP, LP, SR.  

2.4. Isokinetic testing 

Following the completion of any isometric testing and a 

subsequent 3-minute rest interval, isokinetic testing was 

performed. On day one, participants underwent a familiarization 

session with the devices, which consisted of eight repetitions per 

exercise. Participants were instructed to perform the repetitions at 

an estimated 30-50% of their maximal effort. On days two and 

three, participants performed one trial per exercise, with each trial 

consisting of three repetitions: one repetition at an estimated 30-

50% maximal effort immediately followed by two maximal effort 

repetitions. Exercise order was maintained as CP, SP, SR, and 

participants rested for 2 minutes before testing on the subsequent 

exercise. The maximal effort repetition with the highest mean 

concentric and eccentric peak torque for each exercise was 

recorded for analysis. Isokinetic testing was performed at a 

repetition cadence of four-second concentric, half-second pause, 

four-second eccentric muscle actions. This equates to 12.5°/sec at 

the elbow angle for CP and SR, and 7.5°/sec for at the knee for 

LP, as per manufacturers’ recommendations. 

Monitors were positioned such that participants received no 

visual feedback. Standardized verbal encouragement (Engel et al., 

2019) of “push” during the isometric and concentric of the 

isokinetic CP and LP tests, “pull” during the isometric and 

concentric of the isokinetic SR test, and “resist” during the 

eccentric of all isokinetic tests was provided. Participants were 

instructed to maintain their dietary, hydration and caffeine habits, 

and to refrain from strenuous physical exercise other than 

activities of daily living for at least 48 hours prior to each session. 

2.5. Statistical analysis 

All code utilized for data preparation and analyses are available 

in either the Open Science Framework page for this project 

https://osf.io/zrxjp/ or the corresponding GitHub repository 

https://github.com/jamessteeleii/isokinetic_isometric_agreement

_reliability. We cite all software and packages used in the analysis 

pipeline using the grateful package (Rodriguez-Sanchez et al., 

2023) which can be seen here: https://osf.io/zrxjp/files/kwxe4. 

This project was not pre-registered but had an exploratory 

estimation goal. All analyses have been conducted within a 

Bayesian posterior estimation framework and all posterior 

estimates and their precision, along with conclusions based upon 

them, will be interpreted continuously and probabilistically, 

considering priors, data quality, and all within the context of each 

outcome and the assumptions of the model employed as the 

estimator (Kruschke & Liddell, 2018). Given that most utilization 

of strength measurement is for the purpose of determining 

whether a change has occurred from test-to-test, we focused on 

the agreement of measurements as opposed to the typical 

reliability statistics which instead reflect the ability of 

measurements to distinguish between individuals (De Vet et al., 

2006; Berchtold, 2016; Kottner & Streiner, 2011). However, we 

also report on the reliability in the form of intraclass correlation 

coefficients (ICC) to allow comparison to prior research.  

The full modelling approach utilized including formulae are 

described in the online supplementary materials (see: 

https://osf.io/zrxjp/files/8swa2). As a summary, we employed 

multivariate mixed effects methods for examining agreement by 

variance components enabling us to model all three exercises, CP, 

LP, and SR, simultaneously extending previous approaches 

(Schluter, 2009). Two sets of models, each detailed in full in the 

online materials, were used to examine both the between- and 

within-day agreement for isometric outcomes, and for between-

day agreement for isokinetic outcomes. In each model we 

employed informative yet weakly regularizing priors which are 

detailed in the online materials. All models were fit with four 

Markov Chain Monte Carlo chains using 2000 warmup and 6000 

sampling iterations. Trace plots were produced along with  𝑅̂ 

values to examine whether chains had converged, and posterior 

predictive checks for each model were also examined to 

understand the model implied distributions. Note, all force values 

are in newtons, and all moments of force are in newton-meters. 

3. Results 

3.1. Isometric options 

The isometric model showed chain convergence with R ̂ values all 

< 1.01 and posterior predictive checks were good. Model 

diagnostics can be seen in the supplementary materials here: 

https://osf.io/ypt59. 

Figure 1 shows the mean bias and limits of agreement with the 

mean for both between- and within-day for each exercise. There 
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Figure 1. Bias and limits of agreement with the mean for isometric outcomes for both between- and within-day. 

 
Notes: The solid horizontal lines (point estimates) with pale blue ribbons (95% quantile intervales) show the between-day limits of agreement. The dotted horizontal lines (point 

estimates) with pale orange ribbons (95% quantile intervals) show the within-day limits of agreement.  
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was no clear evidence of a “familiarization” biasing effect 

between days given that the sign of the contrasts both between- 

and within-exercises was variable and the posterior distributions 

typically all ranged from both small positive to negative effects. 

As might be expected, the between-day limits of agreement with 

the mean were greater than the within-day agreement. The 

between-day limits of agreement with the mean for the CP were 

± 46.19N, 95% QI [38.62, 56.12], for the LP were ± 68.4N, 95% 

QI [56.57, 84.47], and for the SR were ± 31.41N, 95% QI [25.75, 

39.15]. The within-day limits of agreement with the mean for the 

CP were ± 39.18N, 95% QI [31.4, 48.8], for the LP were ± 52.67N, 

95% QI [41.95, 67.25], and for the SR were ± 22.64N, 95% QI 

[18, 28.84]. 

The ICC for the CP between-day was 0.937, 95% QI [0.892, 

0.963] and within-day was 0.939, 95% QI [0.895, 0.964]. For the 

LP the ICC between-day was 0.967, 95% QI [0.942, 0.981] and 

within-day was 0.968, 95% QI [0.944, 0.981]. For the SR the ICC 

between-day was 0.969, 95% QI [0.945, 0.982] and within-day 

was 0.97, 95% QI [0.947, 0.983]. 

3.2. Isokinetic outcomes 

The isokinetic model also showed chain convergence with R ̂ 

values all < 1.01 and posterior predictive checks were good. 

Model diagnostics can be seen in the supplementary materials 

here: https://osf.io/wzh9m. 

Figure 2 shows the mean bias and limits of agreement 

between-day for each exercise and muscle action. There was no 

clear evidence of a “familiarization” biasing effect between days 

for most exercises and muscle actions, perhaps with the exception 

of the eccentric LP which showed somewhat of an improvement 

from day one to day two: 5.13, 95% QI [19.45, 29.76]. The limits 

of agreement for concentric muscle actions for the CP were ± 

34.86N.m, 95% QI [24.26, 51.28], for the LP were ± 100.85N.m, 

95% QI [74.76, 137.59], and for the SR were ± 24.29N.m, 95% 

QI [16.41, 36.49]. The limits of agreement for eccentric muscle 

actions for the CP were ± 50.78N.m, 95% QI [35.17, 74.84], for 

the LP were ± 162.4N.m, 95% QI [116.74, 230.53], and for the 

SR were ± 38.73N.m, 95% QI [27, 56.76]. 

The ICC for concentric muscle actions for the CP between-

day was 0.954, 95% QI [0.89, 0.984], for the LP was 0.912, 95% 

QI [0.797, 0.968], and for the SR was 0.971, 95% QI [0.927, 

0.991]. For eccentric muscle actions the ICC for the CP was 0.931, 

95% QI [0.828, 0.977], for the LP was 0.855, 95% QI [0.652, 

0.95], and for the SR was 0.937, 95% QI [0.851, 0.978]. 

4. Discussion 

The aim of this study was to determine the intrarater reliability 

and agreement of isometric and isokinetic upper- and lower-body 

multi-joint dynamometry using Exerbotics CP, LP and SR devices. 

To the author’s knowledge, this is the first study to conduct a 

dedicated investigation into the agreement of multi-joint isometric 

dynamometry using these particular Exerbotics devices, and to 

examine bilateral isokinetic dynamometry using the CP and SR 

exercises irrespective of manufacturer. This study, therefore, 

produced novel findings that provide valuable contributions to the 

literature. This article, including our findings, are presented in 

accordance with the 15-point check list for GRRAS (Kottner et 

al., 2011).  

Firstly, considering isometric testing, our data suggests no 

clear evidence of a “familiarization” biasing effect between days. 

However, and as might be expected, the between-day limits of 

agreement were greater than the within-day agreement (between-

day = CP ± 46.19N, 95% QI [38.62, 56.12], LP ± 68.4N, 95% QI 

[56.57, 84.47], and SR ± 31.41N, 95% QI [25.75, 39.15]; within-

day CP ± 39.18N, 95% QI [31.4, 48.8], LP ± 52.67N, 95% QI 

[41.95, 67.25], and SR ± 22.64N, 95% QI [18, 28.84]). Although, 

between-day agreement is likely more important for determining 

strength changes following an intervention, rather than 

assessment of acute fatigue following a given task. In this sense 

we could consider the between-day agreement relative to the 

mean across all tests for a given exercise where we assume no 

training effect here; CP = 327N, agreement ~14%; LP = 668N, 

agreement ~10%; SR = 306N, agreement ~10%. In context, a 

recent meta-analysis reported an overall estimate strength 

increase of ~22% (~19% to ~25%) for 2683 participants across 

111 studies (Steele et al. 2023). Thus, between-day agreement 

seems acceptable for this testing method to have the sensitivity to 

determine true strength changes. As such we propose these tests 

show good between-day agreement. Finally, our ICC values 

suggested that the CP showed good to excellent reliability within- 

(0.939, 95% QI [0.895, 0.964]) and between-day (0.937, 95% QI 

[0.893, 0.963]), and the LP and SR showed excellent reliability 

within- (LP = 0.968, 95% QI [0.944, 0.981], SR = 0.97, 95% QI 

[0.947, 0.983]), and between-day (LP = 0.967, 95% QI [0.942, 

0.981], SR = 0.969, 95% QI [0.946, 0.982]) interpreted by values 

proposed by Koo and Li (2016). From a practical perspective our 

reliability values are very similar to recent publications for the 

peak force of the isometric mid-thigh pull (ICC = 0.94; Grover et 

al., 2024) and the isometric bench press (ICC = 0.90; Santos et al., 

2024), suggesting that multi-joint isometric testing of both upper- 

and lower-body movements is efficacious. In summary, isometric 

testing using these devices appears to show good agreement with 

sufficient sensitivity to detect strength changes over time, similar 

to more established testing methods. 

Considering isokinetic testing, once again, there was no clear 

evidence of a “familiarization” biasing effect between days for 

most exercises and muscle actions, perhaps with the exception of 

the eccentric LP which showed a slight improvement from day 

one to day two of ~5%. This is in line with verbal feedback from 

multiple participants who reported how unusual it felt to press 

against a motorized footplate moving the lower body into flexion. 

This also aligns with some previous research using both an 

isokinetic squat device (Stock & Luera, 2014; Bridgman et al., 

2016) and an isokinetic leg press (Dirnberger, et al. 2013). In 

combination the data suggests that lower body but not upper body 

isokinetic testing benefits from familiarization. Indeed, authors 

have reported that variation in strength testing can be exacerbated 

by the unfamiliar nature of isokinetic movements (Hopkins et al., 

2001). The between-day limits of agreement were better for 

concentric muscle actions compared to eccentric muscle actions 

(concentric mean estimates = CP ± 34.86N.m, 95% QI [24.26, 

51.28], LP ± 100.85N.m, 95% QI [74.76, 137.59], and SR ± 

24.29N.m, 95% QI [16.41, 36.49]; eccentric mean estimates = CP 

± 50.78N.m, 95% QI [35.17, 74.84], LP ± 162.4N.m, 95% QI 

[116.74, 230.53], and SR ± 38.73N.m, 95% QI [27, 56.76]). This 
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Figure 2. Between-day bias and limits of agreement for isokinetic outcomes. 

 

Notes: The upper, middle, and lower solid horizontal lines (point estimate) with grey ribbons (95% quantile intervals) show the between-day upper 95% limit of agreement, the 

mean bias, and lower 95% limit of agreement, respectively. 
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might be expected as a person might be more familiar with 

applying force to move an object rather than applying force to 

resist movement of an object. We can also present between-day 

agreement in terms of relative to the mean across all tests for a 

given exercise and muscle action where we assume no training 

effect here; CP = 214N.m, agreement ~16% concentric, 240N.m, 

agreement ~21% eccentric; LP = 482N.m, agreement ~21% 

concentric, 583N.m, agreement ~28% eccentric; SR = 193N.m, 

agreement ~13% concentric, 206N.m, agreement ~19% eccentric. 

Whilst agreement is relatively speaking poorer for eccentric 

movements, for most exercises and muscle actions it might be 

deemed acceptable in that a true strength change might be 

detectable using these devices and this test mode. For example, 

following only 4-weeks of isokinetic eccentric multi-joint lower 

body strength training a group of recreationally trained adults 

increased their isokinetic eccentric peak force in a leg press 

movement by 37.9% as well as showing transfer effects by 

increasing isoinertial leg press strength (1RM) by 19% (Spencer 

et al., 2023). 

Furthermore, while eccentric force values were greater than 

concentric force values (mean; CP = 240N.m and 214N.m, 

difference ~12%; LP = 583N.m and 482N.m, difference ~21%; 

SR = 206N.m and 193N.m, difference ~6%, for eccentric and 

concentric muscle actions, respectively) these were considerably 

less than the difference of ~40% recently reported in a large meta-

analysis, though well within the prediction interval across studies 

(-3% to 103%; Nuzzo et al., 2023). It would be interesting to 

explore how concentric/eccentric strength ratio changes with 

isokinetic training. However, the authors reported findings from a 

meta-regression supporting that eccentric: concentric strength 

ratio was impacted by movement velocity, with an increase in 

velocity producing an increase in the ratio (Nuzzo et al., 2023).  

Within the present study, movement velocities were very low; 

12.5°/sec at the elbow for CP and SR, and 7.5°/sec for at the knee 

for LP, as per manufacturers recommendations. It is, perhaps, 

important to contextualize whether the higher variance in 

eccentric testing is too great for practical use. It is our opinion that 

the agreement values presented herein are acceptable for 

practitioners/researchers. However, further research should 

explore strength changes over time in concentric and eccentric 

muscle actions. While we cautiously offer guidance regarding the 

usefulness of this testing, it is the choice of a 

practitioner/researcher as to whether the variance inhibits the 

usefulness of data. 

While comparison to previous research is difficult because of 

a dearth of literature considering multi-joint isokinetic strength 

testing and since previous studies have failed to calculate or report 

agreement statistics specifically, we have reported the ICC values. 

Previous literature using lower body multi-joint isokinetic testing 

reported mean ICC values of 0.95, 90% CI [0.87, 0.98] for 

concentric and 0.90, 90% CI [0.76, 0.97] for eccentric (Bridgman 

et al., 2016), and 0.80 and 0.74 for concentric and eccentric, 

respectively (Stock & Luera, 2014). Our own data shows similar 

reliability - LP mean estimates; concentric = 0.91 [95% QI 0.797, 

0.968] considered good to excellent (Koo & Li, 2016), eccentric 

= 0.86, [95% QI  0.652, 0.95] interpreted as moderate to excellent 

(Koo & Li, 2016). However, the previous studies used a squat 

device compared to a LP device in the present study – which while 

superficially similar apply different forces through the lower and 

upper back. Furthermore, the manufacturers (Gymbot LLC) 

recommend a different ROM for the two devices; (squat = knee 

angle of 90-170°; Bridgman et al., 2016; Stock & Luera, 2014; 

and LP = knee angle of 90-120°; herein). We also reported ICCs 

for upper body exercises (CP mean estimates: concentric = 0.95, 

95% QI [0.89, 0.98]; eccentric = 0.93, 95% QI [0.83, 0.98], SR 

mean estimates: concentric = 0.97, 95% QI [0.93, 0.99]; eccentric 

= 0.94, 95% QI [0.85, 0.98]) which are all deemed good to 

excellent (Koo & Li, 2016), though there are no known data in the 

literature to compare these values against. Similar to previous 

research (Stock & Luera, 2014; Bridgman et al., 2016) our own 

data for concentric muscle actions appears more reliable than for 

eccentric muscle actions (i.e., larger values and narrower ranges).  

Finally, we should recognize potential limitations of our 

research. While our sample size is commensurate with previous 

studies discussing test-retest of isokinetic devices (e.g., n = 10-17; 

(Bridgman et al., 2016; Hoffman et al., 2011; Ratamess et al., 

2016; Stock & Luera, 2014) we acknowledge that a larger sample 

would be of benefit in terms of the precision of estimates for both 

agreement and reliability. In addition, while we have interpreted 

our data as showing good agreement and ranging from moderate 

to excellent reliability, we would still encourage exercise 

physiologists and trainers to consider these data when interpreting 

whether real strength changes have occurred. Furthermore, we 

would like to remind the reader that these data are not an 

assessment of the margin of error or reliability of the devices 

themselves, but rather these data represent agreement of 

participants performing repeated tests (i.e., that human variance 

plays the largest role in error). Moreover, while evidence does not 

suggest improvements over time, we cannot be certain that there 

are no potential learning effects across the series of testing 

sessions within- and between-days. While time of day, and overall 

fatigue as a product of previous strenuous exercise was attempted 

to be controlled, we cannot be certain that these did not influence 

our data – of course, we controlled them in a format that they 

might be controlled in typical testing with any clients and thus any 

influence on testing would likely be representative of in “real-

world” testing. Finally, while we would not expect data to differ 

extensively, we cannot be certain that our results are 

representative of other population groups (older adults, athletes, 

etc.). 

The findings of this study indicate that both isometric and 

isokinetic upper- and lower-body multi-joint dynamometry using 

Exerbotics (Gymbot LLC, IL, USA) devices shows good 

agreement and typically good to excellent reliability in measuring 

muscular force. For the sake of application, practicality, and 

simplicity we suggest that practitioners, should they wish to, can 

be confident in the reliability of multi-joint isometric and 

isokinetic testing. Future research should consider the specificity 

of dynamic training and whether muscle force increases are 

similar in both isokinetic (concentric and eccentric) and isometric 

testing after an intervention using a specific training modality 

(e.g., to confirm whether transfer of strength occurs between 

contraction types). 
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 Maximal aerobic speed (MAS) is the minimum speed required to achieve maximal oxygen 

uptake (V̇O2max) and serves as a practical tool for prescribing training intensities and 

assessing aerobic capacity. The 16-pitch length time trial test (TT16PLT) is commonly used 

within the England Hockey pathway; however, there is currently no data pertaining to the 

validity and reliability of the TT16PLT to predict MAS. The present study aimed to determine 

the validity and reliability of the TT16PLT to measure MAS. Twenty well-trained male field 

hockey players (mean ± SD: age 22.7 ± 3.8 y, stature 1.82 ± 0.09 m, mass 79.6 ± 11.2 kg, 

and V̇O2max 52.6 ± 5.6 mL∙kg-1∙min-1) participated, completing the TT16PLT twice and a 

treadmill assessment to establish laboratory derived MAS. Results reported no significant 

difference in MAS between repeated TT16PLT trials (4.02 ± 0.30 vs 4.01 ± 0.30 m∙s-1, p > 

0.05), narrow 95% limits of agreement (LoA: ± 0.11 m∙s-1), negligible systematic bias (0.01 

m∙s-1), excellent reliability (ICC = 0.98) and low variability (CV = 1.7%). The LoA indicate 

an overestimation in TT16PLT measured MAS compared to laboratory derived MAS (4.04 ± 

0.30 vs 3.96 ± 0.38 m∙s-1, p > 0.05), with wide LoA (± 0.59 m∙s-1). TT16PLT is a reliable 

measure of MAS; however, it can be concluded that the TT16PLT derived MAS may not 

provide sufficient validity for precise exercise prescription. 
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1. Introduction  

Field hockey is a widely played team invasion sport (Lord et al., 

2022), with over 800 clubs affiliated with the national governing 

body, England Hockey, and approximately 140,000 individuals 

participating regularly within the club system (England Hockey, 

2026). It is classified as ‘heavy exercise’ due to its high 

physiological demands (Reilly & Borrie, 1992), requiring players 

to sustain prolonged periods of high intensity intermittent activity 

characterised by repeated accelerations, decelerations, and 

changes of direction, thereby demanding substantial aerobic 

energy contribution alongside frequent maximal anaerobic efforts 

(Lombard et al., 2021). Consequently, field hockey players are 

highly conditioned athletes, exhibiting aerobic power values of 

48-65 mL∙kg-1∙min-1, with elite level players attaining a maximal 

aerobic uptake (V̇O2max) in excess of 60 mL∙kg-1∙min-1 

(Kostiukevych et al., 2021; Reilly & Borrie, 1992). Supporting 

these physiological demands, National League Hockey (United 

Kingdom) players on average cover a total distance of 5986 ± 

1105 m per 70-min match, at a playing intensity of 116 ± 12 

m.min-1 (Noblett et al., 2023). 

Maximal aerobic speed (MAS) is the minimum speed required 

for an individual to achieve V̇O2max (Bellenger et al., 2015). 

Research would suggest that training at or above 100% MAS is 

necessary for improving aerobic power (Baquet et al., 2001; 

Dupont et al., 2002; Tabata et al., 1996). Nevertheless, the main 

benefit of completing high-intensity intermittent training is that it 

is more time-efficient and logistically easier to implement into the 

busy training and competition schedules of team sport athletes 

(Baker, 2011), while still generating adequate stimuli to induce 

similar aerobic adaptations to traditional moderate-intensity 

endurance training but with the addition of anaerobic benefits 

(Tabata et al., 1996). Similar findings have been observed when 

completing supramaximal intervals at 120% MAS, which resulted 

in a significantly longer duration spent exercising at V̇O2max 

compared to continuous work at 100% MAS (Dupont et al., 2002). 
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Increasing the time at V̇O2max causes greater metabolic stress and 

consequently induces further aerobic adaptations (Myrkos et al., 

2022), hence why the duration of training spent at or above V̇O2max 

is vital to improving aerobic power (Baquet et al., 2001; Dupont 

et al., 2002; Tabata et al., 1996). Baquet et al. (2001) reported that 

completing one hour a week of high-intensity short intermittent 

exercises (10-s) at 100-120% can have a significant improvement 

on standing broad jump, 20-m shuttle run and 7-min time trial (TT) 

performance in ten weeks of training. Interestingly, this study 

highlights that not only can high-intensity intermittent training 

improve aerobic power, but it can also have significant benefit on 

explosive power which is an essential component of success in 

field sports, including field hockey (Elferink-Gemser et al., 2006). 

There are several strategies available to implement MAS 

prescribed high-intensity intermittent exercise into training, such 

as the ‘Eurofit’ method (Dupont et al., 2004; Wong et al., 2010), 

‘Tabata’ method (Tabata et al., 1996), and maximal aerobic grids 

(Baker, 2011). 

A high level of aerobic capacity has been identified as 

essential for success in field hockey (Reilly & Borrie, 1992), 

henceforth coaching staff regularly monitor players aerobic 

capacity. Laboratory testing, using indirect calorimetry to obtain 

V̇O2max while running on a treadmill, is considered the ‘gold 

standard’ measure of MAS (Baker & Heaney, 2015). However, 

laboratory testing is costly, time-consuming, and impractical for 

team settings; therefore, MAS is often calculated using field tests 

as a more practical and time effective indicator of athletes’ aerobic 

capacity (Baker & Heaney, 2015).  Commonly used field tests 

such as the 20 m Multi-Stage Shuttle Test (MSST) and the Yo-Yo 

Intermittent Recovery Test (Yo-Yo IRT) provide valid and 

reliable estimates of V̇O2max (Krustrup et al., 2003; Leger & 

Lambert, 1982) but are less suitable for prescribing training loads 

because results are expressed in stages rather than speed (Dupont 

et al., 2010). In contrast, TT protocols lasting between five and 

seven minutes offer a practical and reliable method for 

determining MAS, producing values strongly correlated with 

laboratory measures (Baker & Heaney, 2015). For example, MAS 

calculated from a 5-min TT was strongly correlated with the MAS 

established during a graded treadmill exercise test using indirect 

calorimetry (r = 0.94, p < 0.001) (Berthon et al., 1997). Similarly, 

MAS calculated from the mean speed during a 1.2km shuttle run 

test strongly correlate with the MAS determined in the 30–15 

Intermittent Fitness Test (30-15 IFT), where MAS is defined as 

the velocity attained during the last completed stage (Kelly & 

Wood, 2013). Furthermore, the 1.2km shuttle run test exhibited 

strong repeatability with an intraclass correlation coefficient (ICC) 

of 0.99 for performance time and MAS (Brew & Kelly, 2014). 

Interestingly, all reported performance times were between five 

and seven minutes (Kelly et al., 2014), reinforcing this duration 

as optimal for accurately establishing MAS during a TT (Baker & 

Heaney, 2015). Furthermore, Bellenger et al., (2015) reported 

similar findings which were that MAS can be predicted from the 

average speed during a TT for any distance between 1200 m and 

2200 m. Interestingly, the average speed established during the 

2000 m TT had the narrowest limits of agreement and smallest 

bias compared with pre-established MAS (Bellenger et al., 2015), 

indicating that 2000 m TT may be the optimal distance to predict 

MAS. Collectively, TT based MAS testing provide a simple and 

time effective solution for determining athletes’ aerobic capacity. 

The 16-pitch length TT test (TT16PLT) is routinely used within 

the England Hockey pathway as a performance measure to track 

athletes’ aerobic capacity and fitness (England Hockey Athlete 

Loading, 2025). Despite its widespread application in field 

hockey, there is currently no published evidence regarding the 

validity and reliability of the TT16PLT for predicting MAS. In 

theory, the TT16PLT should provide an accurate estimate of MAS, 

as the total distance of 16 pitch lengths (1462.4 m) aligns with 

time-trial distances previously shown to be suitable for MAS 

prediction (Bellenger et al., 2015). Additionally, well-trained 

hockey players would be expected to complete this distance 

within the desired five to seven minutes required to establish MAS 

(Baker & Heaney, 2015). However, in the absence of empirical 

evidence, the suitability of the TT16PLT for accurately measuring 

MAS cannot currently be evaluated. Therefore, the present study 

aims to determine the validity and reliability of the TT16PLT for 

measuring MAS compared to laboratory ‘gold standard’ derived 

MAS values in well-trained male hockey players. 

2. Methods 

2.1. Participants 

Twenty well-trained male field hockey players (mean ± SD: age 

22.7 ± 3.8 y, stature 1.82 ± 0.09 m, mass 79.6 ± 11.2 kg, and 

V̇O2max 52.6 ± 5.6 mL∙kg-1∙min-1) playing National League 

Hockey in the Men’s Conference West (United Kingdom) 

volunteered to participate in this study. All participants provided 

written informed consent and completed a health screening 

assessment once the experimental procedures and the associated 

risks of participation were explained. Ethical approval was 

obtained according to regulations by the University of 

Chichester’s Research Ethics Committee for research involving 

the use of human participants.  

2.2. Preliminary testing 

All participants were familiar with the TT16PLT having routinely 

completed the test as part of a conditioning programme. During 

preliminary testing participants were reminded the TT16PLT should 

be completed with maximal effort and were instructed to cover 

the distance in the quickest time possible. All participants 

completed the total distance (1462.4 m) in an acceptable time (5-

7 mins) to accurately calculate MAS (Baker & Heaney, 2015).  

2.3. Experimental overview  

Participants reported to the University of Chichester on three 

separate occasions, twice to complete the TT16PLT and a third visit 

to complete a submaximal and maximal treadmill test in the 

laboratory. There was no more than a week and a minimum of 72 

hours between each testing session for all participants. 

Participants were required to maintain their normal diet and 

exercise volume throughout the course of the study. Additionally, 

they were instructed to abstain from alcohol, strenuous exercise, 

and caffeine 24 hours prior to any testing. All participants wore 

standard field hockey attire, including field hockey specific shoes, 

to each testing session. Additionally, participants completed both 

their first and second TT16PLT at the same time of day (± 1 hour), 
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with low wind speeds (< 5 km∙h-1), and in dry conditions 

(temperature ~18°C, humidity ~40%) to control for 

environmental variations (Kusumoto et al., 2021) and changes in 

ambient temperature (No & Kwak, 2016). Environmental 

conditions were measured using a handheld anemometer (Kestrel 

5500 Pocket Weather Meter, Kestrel, Boothwyn, USA). All 

TT16PLT were conducted on the University of Chichester 

AstroTurf pitch; an International Hockey Federation regulation 

sized field hockey pitch, rectangular field of play 91.4 m long and 

55.0 m wide (Fédération Internationale de Hockey, 2023). 

Furthermore, laboratory conditions were kept consistent 

(temperature 18°C, humidity 40%) between participants, using 

the same equipment and apparatus for each testing session.  

2.4. Procedure: 16-pitch length time trial test 

Participants completed a standardised warm-up; consisting of a 5-

min self-paced run around the pitch perimeter, followed by a 

dynamic stretching protocol (Perrier et al., 2011). Participants 

started on the baseline and were instructed to run to the opposite 

baseline and back eight times, equating to a total of 16-pitch 

lengths completed and a total distance of 1462.4 m covered. 

Participants were required to touch the baseline with their foot 

before they could turn to run in the opposite direction, 

standardised verbal encouragement was provided to ensure all 

participants were giving maximal effort and crossed the finish line 

in the quickest time possible. The TT16PLT was conducted in 

groups of at least three participants; however, group sizes never 

exceeded twelve participants. MAS was then calculated using the 

equation MAS (m∙s-1) = total distance (m) / time taken (s).  

2.5. Procedure: Laboratory testing  

Upon arrival, body mass was recorded using a scale (Seca Model 

880, Seca Ltd Birmingham, UK) and height was measured using 

a stadiometer (Seca 213 Portable Stadiometer, Seca Medical 

Scales, Birmingham, UK). Capillary blood samples were taken 

from the participants left index finger and analysed using an 

automated analyser (Biosen C-Line; EKF Diagnostic, Ebendorfer 

Chaussee 3, Barleben, Germany) to establish baseline blood 

lactate values. Participants were then fitted with a heart rate (HR) 

monitor and chest strap (V800, Polar Electro UK Ltd, Warwick, 

UK). Both the submaximal and maximal treadmill protocols were 

conducted on a HP Cosmos treadmill (HP Cosmos Pulsar, 

h/p/cosmos sports & medical gmbh, Nussdorf-Traunstein, 

Germany). Breath-by-breath oxygen consumption (V̇O2) 

measures were recorded using a metabolic analyser system 

(Cosmed Quark CPET, Cosmed SRL, Rome, Italy), which was 

calibrated according to the manufacturer’s instructions. A 

bidirectional digital turbine measured inspired and expired 

airflow, whereas an electrochemical cell O2 analyser and non-

dispersive infrared CO2 analyser simultaneously measured 

expired gases. Participants wore an oronasal facemask (Vmask, 

Hans Rudolph, Kansas City, USA) with a low dead space that was 

securely attached to the turbine. The inspired and expired gas 

volume and gas concentration signals were continuously sampled 

via a capillary line connected to the mouthpiece. The gas 

analysers were calibrated before each test with gases of known 

concentration, and the turbine was calibrated using a 3-liter 

syringe (Hans Rudolph, Kansas City, USA). 

Participants all completed a warm-up on the treadmill at a self-

selected speed for 10-mins, followed by personal stretches to 

replicate the stretches that would usually be completed prior to 

training or competition. The initial starting speed of the treadmill 

for the submaximal protocol was set at 60% of the average speed 

(m∙s-1) each participant achieved during the TT16PLT. The treadmill 

gradient was set at 1% to reflect the energetic cost of outdoor 

running, accounting for air resistance (Jones & Doust, 1996). The 

submaximal ramp protocol was programmed so that every 4-mins 

the treadmill increased in speed by 0.28 m∙s-1 (Galbraith, 2021). 

During the last minute of each stage, a blood lactate sample was 

collected and analysed. Once the participants blood lactate 

exceeded 4.0 mmol·L-1 of lactate concentration the exercise 

protocol was terminated (Galbraith, 2021), and the participant 

was given 15-mins of recovery. All participants reached 4.0 

mmol·L-1 of lactate within 4-6 stages, providing adequate data to 

plot the relationship between running speed and V̇O2. After the 

15-mins of recovery the maximal protocol was conducted, the 

starting speed was set at the same speed as for the submaximal 

protocol. However, the ramp protocol increased at a rate of 0.28 

m∙s-1 every minute until the participant reached volitional 

exhaustion (Galbraith, 2021). Post blood lactate values were 

recorded, 1-min, 3-min, and 5-min after exercise had ceased, to 

identify a peak lactate value. All participants gave a maximal 

effort, satisfying at least two of the three criteria upon termination 

of the test; HR within 10 beats∙min-1 of age predicted maximum 

(Tanaka et al., 2001), an RER ≥ 1.14 (Howley et al., 1995), and 

signs of visible exhaustion (Midgley et al., 2017). The breath-by-

breath data collected during both the submaximal and maximal 

test were exported to Excel (Microsoft Excel, V.16.70). Any 

irregular breaths were removed, and the data was smoothed using 

a rolling 60-s average. Participants maximum heart rate (HRmax) 

and V̇O2max was identified during the maximal test by the highest 

HR and V̇O2 value recorded. Using the submaximal test data, V̇O2 

at each incremental speed was identified and plotted on a 

scatterplot to establish a running speed and V̇O2 relationship. 

Linear regression was used to calculate the gradient of the line (y 

= mx + c) and as participants V̇O2max was a known value from the 

maximal test the equation could be rearranged to calculate the 

running speed at which V̇O2max occurred in m∙s-1 (MAS).  

2.6. Statistical approach 

Visual checks for normal distribution, including histograms, 

boxplots, and Q-Q plots; all suggested that data was normally 

distributed with the absence of outliers. All data met the zskewness 

and zkurtosis +2 to -2 criteria for normality (O’Donoghue, 2013). 

Absolute agreement between TT16PLT MAS vs laboratory MAS, 

and trial 1 vs trial 2 (TT16PLT) were determined by the limits of 

agreement (LoA) analysis and Bland-Altman plots (Altman & 

Bland, 1983). LoA were calculated using the equation ± 1.96 

multiplied by the standard deviation (SD) of the differences 

(Bland & Altman, 1986). Atkinson and Nevill (1998) 

recommended that a sample size greater than 40 is required to 

ensure 95% LoA can be applied to the wider population. However, 

the present study only had a sample size of 20; therefore, to 

indicate the precision of systematic bias and 95% LoA, the 95% 
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confidence intervals (CI) were derived from the calculation of 

standard error. Typical error of measure was calculated from the 

SD of the mean difference using the formula typical error of 

measurement = SD(diff)/√2 (Hopkins, 2000). Expressed as a mean 

coefficient of variation (CV %) and the 95% CI were determined 

for CV using the methods described by Hopkins (2007). ICC (two 

way random, single measure) were calculated along with their 95% 

CI to facilitate comparisons with previous literature. According to 

Koo and Li (2016), the magnitude of the correlation was 

considered to be poor (ICC < 0.5), moderate (ICC, between 0.5 

and 0.7), good (ICC, between 0.7 and 0.9), and excellent (ICC > 

0.9). Paired sample t-test was used to determine differences 

between means. Cohen’s d was used as effect size statistics 

(Cohen, 2013). Descriptive statistics are reported as mean and SD. 

Statistical significance was set at α = 0.05 (Hinton, 2014). All 

analysis was completed in JASP V10. 

3. Results 

All twenty participants successfully completed the study. 

Physiological response variables to the maximal treadmill test, 

including V̇O2max, HRmax, respiratory exchange ratio (RER) and 

post-maximal blood lactate concentration are presented in Table 

1. Peak treadmill speed (m∙s-1) achieved during the maximal 

treadmill test is also displayed in Table 1. 

 

 

 

Table 1. Physiological responses (n = 20) to the maximal treadmill 

test (mean ± SD). 

Variables M ± SD 

V̇O2max (mL∙kg-1∙min-1) 52.6 ± 5.6 

HRmax (beats∙min-1) 200 ± 9 

RER 1.17 ± 0.05 

Post-lactate (mmol·L-1) 11.0 ± 2.3 

Peak Treadmill Speed (m∙s-1) 4.81 ± 0.43 

Notes: HRmax = Maximum Heart Rate; RER = Respiratory 

Exchange Ratio; V̇O2max = Maximal Oxygen Uptake. 

 

As illustrated in Table 2 and Figure 1, there is extremely good 

agreement between Trial 1 and Trial 2 (TT16PLT) in measuring MAS. 

The mean difference (bias) is very close to zero (0.01 m∙s-1), 

indicating negligible systematic bias between the two trials. 

Furthermore, the LoA 95% CI are very narrow, highlighting there is 

marginal difference between both trials for all participants. The CV 

of 1.7% suggests very low variability in the MAS measurements 

between Trial 1 and Trial 2. Additionally, the excellent ICC value 

(0.98) indicates there is high agreement in the MAS values obtained 

in both the trials. Moreover, there is no significant difference between 

the means of both trials (t19 = 0.812, p = 0.812, p > 0.05, d = -0.182). 

Table 2. The reliability of the TT16PLT (n = 20). 

 Mean ± SD 
CV %  

[95 % CI] 

Limits of Agreement 
ICC 

[95 % CI] Measure Trial 1 Trial 2 
Bias  

[95 % CI] 

Lower Limit  

[95 % CI] 

Upper Limit  

[95 % CI] 

MAS (m∙s-1) 4.02 ± 0.30 4.01 ± 0.30 
1.7 

[0.9 to 2.5] 

0.01 

[-0.02, 0.04] 

-0.10 

[-0.15, -0.06] 

0.12 

[0.08, 0.17] 

0.98 

[0.96, 0.99] 

Notes: CI = Confidence Interval; CV = Coefficient of Variation; ICC = Intraclass Correlation Coefficient; MAS = Maximal Aerobic 

Speed; SD = Standard Deviation.  

 

 

Figure 1. Bland and Altman plot (95% CI) of Trial 1 versus Trail 2 (TT16PLT) MAS values (n = 20). The solid line represents the bias. The 

dotted lines above and below the centre solid line represent the upper and lower limits of agreement, respectively. Notes: Axis in Figure 1 

and 2 have been set to the same scale to allow for an easier comparison of the LoA between Trial 1 vs Trial 2 and Field vs Laboratory. 

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

3.4 3.6 3.8 4.0 4.2 4.4 4.6

D
if

fe
re

n
ce

 o
f 

M
ea

su
re

m
en

ts

Mean of Measurements



Spooner et al. / The Journal of Sport and Exercise Science, Journal Vol. 10, Issue 1, 45-53 (2026) 

JSES | https://doi.org/10.36905/jses.2026.01.05   49 

As demonstrated in Table 3 and Figure 2, the MAS established 

from the TT16PLT overestimates MAS compared to the laboratory 

test, with a 0.08 m∙s-1 mean bias between the TT16PLT and 

laboratory test, where 95% of the differences fall within a range 

of -0.05 to 0.22 m∙s-1. The LoA 95% CI are relatively wide, 

indicating a lack of precision and larger margin of error that 

individuals TT16PLT MAS will not closely correlate with  

laboratory measured MAS. However, the ICC (0.62) does suggest 

that there is moderate agreement between the two methods of 

measuring MAS, with a CV of 8.5%. Paired sample t-test 

indicates that there is no statistically significant difference 

between the means of both methods at measuring MAS (t19 = -

1.286, p = 0.214, p > 0.05, d = -0.288).  

 

 

Table 3. The validity of the TT16PLT (Field) compared to ‘gold standard’ Laboratory derived MAS (n = 20). 

 Mean ± SD 
CV %  

[95 % CI] 

Limits of Agreement 
ICC 

[95 % CI] Measure Field Laboratory 
Bias  

[95 % CI] 

Lower Limit  

[95 % CI] 

Upper Limit  

[95 % CI] 

MAS (m∙s-1) 4.04 ± 0.30 3.96 ± 0.38 
8.5 

[4.0 to 13.1] 

0.08 

[-0.05 to 0.22] 

-0.50 

[-0.74 to -0.26] 

0.67 

[0.43 to 0.91] 

0.62 

[0.27 to 0.83] 

Notes: CI = Confidence Interval; CV = Coefficient of Variation; ICC = Intraclass Correlation Coefficient; MAS = Maximal Aerobic Speed; 

SD = Standard Deviation. 

 

 

Figure 2. Bland and Altman plot (95% CI) of participants greatest TT16PLT MAS versus laboratory measured MAS (n = 20). The solid line 

represents the bias. The dotted lines above and below the centre solid line represent the upper and lower limits of agreement, respectively. 

 

Table 4 shows that if the TT16PLT is used to prescribe exercise 

intensity (running speed) that there is a substantial disparity 

between the actual percentage of MAS the individual is working 

at and the prescribed MAS. For example, if the prescribed MAS 

was 120% (4.80 m∙s-1) then there would be confidence that at least 

95% of the population would be exercising between 108% and 

137% of their ‘true’ MAS. The magnitude of error, 12% 

underestimation or 13% overestimation of ’true’ MAS, is 

consistent regardless of the prescribed MAS.  

 

Table 4. Potential variation in running speed (m∙s-1) and prescribed MAS (%) in relation to the LoA lower limit (-0.50 m∙s-1) and upper 

limit (0.67 m∙s-1) 95% CI (Example for an individual with a ‘true’ MAS of 4.00 m∙s-1). 

Prescribed 

MAS (%) 

Target Running Speed 

(m∙s-1) 

Actual Running Speed (m∙s-1) Actual MAS (%) 

Lower Bound 

[95 % LoA] 

Upper Bound  

[95 % LoA] 

Lower Bound 

[95 % LoA] 

Upper Bound  

[95 % LoA] 

90% 3.60 3.10 4.27 78% 107% 

100% 4.00 3.50 4.67 88% 117% 

120% 4.80 4.30 5.47 108% 137% 

140% 5.60 5.10 6.27 128% 157% 

Notes: LoA = Limits of Agreement; MAS = Maximal Aerobic Speed. 
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4. Discussion 

The present study aimed to determine the validity and reliability 

of the TT16PLT test in measuring MAS compared to laboratory 

‘gold standard’ derived MAS values in well-trained male hockey 

players. The primary finding of the study was that the TT16PLT has 

high test-retest reliability, with negligible systematic bias between 

trials. Another key finding was that the TT16PLT provided an 

overestimation of MAS compared to laboratory calculated MAS, 

with a 0.08 m∙s-1 mean difference between the two measurements.  

The TT16PLT demonstrated excellent agreement in MAS 

between trials (ICC = 0.98) with a mean bias close to zero (0.01 

m∙s-1). The narrow LoA 95% CI (Figure 1) and low variability 

(CV = 1.7%) indicate minimal variability in repeated measures 

(Table 2). No significant difference was found between trial 

means (p > 0.05). Overall, the TT16PLT shows very high test-retest 

reliability, reporting ICC and CV values comparable to well-

established field tests commonly used to assess team sport athletes’ 

aerobic fitness (Aziz et al., 2005; Grgic et al., 2021; Thomas et al., 

2006). The 1.2km shuttle run test (Kelly & Wood, 2013) that was 

developed to measure MAS has shown excellent repeatability, 

with an ICC of 0.99 for performance time and MAS (Brew & 

Kelly, 2014). Similarly, the 30-15 IFT demonstrates high test-

retest reliability, with ICCs ranging from 0.80 to 0.99 across seven 

studies in a systematic review (Grgic et al., 2021), and the Yo-Yo 

IRT has proven reliable in both recreational and elite athletes 

(Thomas et al., 2006). The MSST also reports strong reliability, 

showing no significant difference (p > 0.05) in predicted V̇O2max 

between repeated MSST trials in both endurance and team sport 

athletes, with an ICC of 0.90 and CV of 3.5%. In comparison, the 

TT16PLT achieved excellent agreement (ICC = 0.98) and low 

variability (CV = 1.7%) between trials, indicating test-retest 

reliability comparable to these established field tests and 

supporting its use for tracking changes in physical performance 

over time.  

The present study reported that the TT16PLT derived MAS has 

moderate agreement with MAS obtained by the laboratory ‘gold 

standard’ test (ICC = 0.62). However, the TT16PLT appears to 

overestimate MAS compared to the laboratory test (Figure 2). A 

0.08 m∙s-1 mean bias between the two methods was observed, with 

95% of the differences falling within a range of -0.05 to 0.22 m∙s-

1 (Table 3). The relatively wide LoA 95% CI (Figure 2) and CV 

of 8.5% (Table 3) would suggest that the TT16PLT measurement of 

MAS is lacking in precision and has high variability between 

individuals. Therefore, it would be advised not to use the TT16PLT 

to measure MAS for research purposes, as the predictive value 

will likely be variable from the ‘true value’. In a similar study, 

Thron et al. (2022) reported that a 1500 m TT showed systematic 

overestimation of MAS. The overestimation in both studies could 

be a result of the TT distance being too short for the primary 

energy system to be aerobic, thereby requiring a substantial 

anaerobic energy contribution to achieve the fastest possible 

completion time (Thron et al., 2022). Bellenger et al. (2015) 

reported that the average speed established during the 2000 m TT 

had the narrowest limits of agreement and smallest bias, 

potentially indicating that a longer TT distance reduces the 

anaerobic contribution to energy production resulting in a more 

precise MAS measurement.  

The wide LoA 95% CI, lower limit (-0.50 m∙s-1) and upper 

limit (0.67 m∙s-1), compromise the ability to accurately prescribe 

exercise intensities from the MAS established in the TT16PLT, as 

seen in Table 4. Overestimating the prescription of intermittent 

training intensities can potentially be detrimental to exercise 

performance and health, as it might result in individuals 

accidentally overtraining, increasing the risk of injury and fatigue 

(Kellmann, 2010). On the other hand, if the prescribed exercise 

intensity is an underestimation, then the amount of metabolic 

stress the individual is exposed to may be inadequate to induce 

sufficient training adaptations (Myrkos et al., 2022). The duration 

of training spent at V̇O2max has been shown to be essential in 

improving aerobic power (Baquet et al., 2001; Dupont et al., 2002; 

Tabata et al., 1996). Dupont et al. (2002) reported that participants 

spent a significantly longer duration at V̇O2max (p > 0.05) when 

completing intermittent running bouts at 120% of MAS, 

compared to intermittent runs at 110%, 130% and 140% of MAS. 

Interestingly, intermittent running bouts at 130% and 140% of 

MAS had the shortest duration spent exercising at V̇O2max (Dupont 

et al., 2002). This information would suggest for a team sport 

athlete looking to improve their aerobic power, they should be 

aiming to complete high-intensity intermittent exercise sessions 

at 120% of their MAS (Dupont et al., 2002). However, if they 

calculated their MAS using the TT16PLT the actual percentage of 

MAS that they would likely be working at would be anywhere 

between 108% and 137% (Table 4). The uncertainty of the exact 

percentage of MAS that they are exercising at makes the TT16PLT 

impractical for the prescription of exercise intensities. 

Additionally, exercising at 137% of MAS would result in a shorter 

duration spent at V̇O2max than the targeted 120% of MAS (Dupont 

et al., 2002), while exercising at 108% of MAS might produce 

insufficient stimulus to induce the required aerobic adaptions 

(Myrkos et al., 2022). Highlighting that the TT16PLT is suitable for 

monitoring changes in aerobic performance, but training 

prescription should rely on validated MAS tests such as the 30-15 

IFT (Grgic et al., 2021), as using TT16PLT derived MAS may lead 

to inaccurate loads and compromise training effectiveness.  

The main limitation of the study is whether the laboratory 

measure of MAS used can be considered the ‘gold standard’, as 

there is a lack of agreement on the most appropriate measurement 

of MAS in existing literature (Balasekaran et al., 2023). Current 

literature would suggest there is high variability regarding the 

speeds and increments used to measure MAS, with some 

researchers conducting intermittent graded treadmill tests which 

involve 4-mins of running (starting speed of 2.85 m∙s-1) followed 

by one minute of rest, increasing by 0.43 m∙s-1 after each rest period 

(Lacour et al., 1991). Whereas other studies have used a continuous 

graded treadmill test, determining starting speed at 70% of 

theoretical HRmax (220 minus age in years), with each stage lasting 

3-mins and speed increment of 0.42 m∙s-1 (Berthon et al., 1997). In 

addition, V̇O2max exhibits substantial intergroup variation among 

individuals, influenced by athletic background and gender, which 

poses challenges in establishing a universally accepted measure of 

MAS (Balasekaran et al., 2023). A logistical challenge in the 

present study was that group sizes during TT16PLT trials were not 

standardised, ranging from three to twelve participants per session. 

Previous research suggests that exercising in groups can increase 

motivation compared to working individually (Nielsen et al., 2014), 

and anecdotal feedback from participants supported this, with many 

reporting that running alongside others of similar fitness levels 
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made them protocol feel easier and less fatiguing. Despite these 

potential influences, the results indicate that group size did not 

affect performance outcomes. The LoA analysis (Figure 1) showed 

excellent agreement between repeated trials, with a mean bias close 

to zero (0.01 m∙s-1), and the ICC of 0.98 (Table 2) further confirms 

that variations in group size had no measurable impact on MAS 

results. Furthermore, allowing participants to complete the TT16PLT 

in groups offers the advantage of better simulating how the test 

would be administered in a team sport environment, thereby 

enhancing ecological validity (Chang et al., 2022).  

The present study observed a systematic overestimation of 

MAS (0.08 m∙s-1), likely due to the TT16PLT distance (1462.4 m) 

being too short and therefore requiring a significant contribution 

from the anaerobic energy system (Thron et al., 2022). Hence, 

future research should explore the use of longer distances, such as 

an 18-pitch length TT (1645.2 m) or even a 20-pitch length TT 

(1828 m), to enhance the predictive validity of MAS 

measurements. Furthermore, research is needed to investigate the 

physiological correlates that determine TT16PLT performance; 

V̇O2max, running economy, and anaerobic threshold have all been 

identified as limiting factors in running performance (Brandon, 

1995). Additionally, similar to generic shuttle run tests, an 

individuals’ turning efficiency (Zamparo et al., 2014) and 

anaerobic speed reserve (Dardouri et al., 2014) are likely to 

influence TT16PLT performance. The wide LoA 95% CI (Figure 2) 

suggest a disparity between the physiological determinants 

affecting performance in both the TT16PLT and the laboratory 

treadmill test, warranting further research to identify the 

underlying differences. Another recommended area for future 

research involves conducting a longitudinal study to examine the 

consistency in physiological response to training (Burton et al., 

2004), time spent at V̇O2max, lactate accumulation, and duration to 

exhaustion between exercise prescribed using laboratory derived 

MAS and TT16PLT measured MAS. This study would help identify 

which method of measuring MAS yields a more consistent 

homogeneous metabolic response to training (Scharhag-

Rosenberger et al., 2010). 

Conclusion 

The present study found no significant difference in MAS 

between repeated TT16PLT trials (p > 0.05), with excellent test-

retest reliability demonstrated by an ICC of 0.98 and negligible 

systematic bias (0.01 m∙s-1). These findings indicate that TT16PLT 

provides a consistent and repeatable measure of MAS, making it 

a practical, time-efficient, and cost-effective option for 

monitoring changes in aerobic performance over time. However, 

TT16PLT derived MAS showed an overestimation compared to 

laboratory derived MAS (mean difference = 0.08 m∙s-1) and wide 

LoA (± 0.59 m∙s-1), suggesting limited validity for precise 

exercise prescription. Therefore, while the TT16PLT can be 

confidently used to track performance trends, prescription of 

training intensities should be based on validated MAS tests, such 

as the 30-15 IFT, to ensure accuracy and effectiveness. 
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 The increase in the collection of biological data allows for the individual and longitudinal 

monitoring of hematological or urine biomarkers. However, identifying abnormal behavior 

in these biological sequences is not trivial. Moreover, the complexity of the biological data 

(correlation between biomarkers, seasonal effects, etc.) is also an issue. This work details 

a statistical framework for handling biological sequences using three custom Z-score 

methods in the intra-individual variability scope. These methods can detect abnormal 

samples in the longitudinal sequences with respect to the seasonality, chronological time 

or correlation between biomarkers. We illustrate the use of the framework on the 

longitudinal data of 3,936 professional soccer players (5 biomarkers) and 1,683 amateur 

or professional cyclists (10 biomarkers). The results show that a particular Z-score method, 

designed to detect a change in a series of consecutive observations, measured a high 

proportion of abnormal values in the ferritin and IGF1 biomarkers for both data sets. The 

proposed framework and methods could be applied in other contexts, such as the clinical 

patient follow-up in monitoring abnormal values of biological markers. The methods are 

flexible enough to include more complex biological features, which can be directly 

incorporated into the model design. 
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1. Introduction  

Blood and urinary sampling allows for the early detection of 

physiological or biological changes at the individual level. In 

personalized medicine, the longitudinal analysis of biological 

samples is critical for monitoring and regulating therapeutic 

efficacy and disease progression in cancer patients, for example 

(Goetz & Schork, 2018; Zenil et al., 2022). The approach has also 

been developed in sport where athletes' biological values are 

scrutinized for the detection of ‘abnormal’ (i.e. pathological or 

doping) conditions (Saugy & Leuenberger, 2020; Saulière et al., 

2019; Sottas et al., 2011; Zorzoli et al., 2014). This approach was 

formalized in 2009 with the introduction of the Athlete Biological 

Passport, which is designed to indirectly detect the effects of 

doping (Saugy et al., 2020; Zorzoli et al., 2014). It consists of a 

normalized follow-up of the athletes' hematological parameters 

which can be analyzed to detect abnormal values. These follow-

ups are essential, as Malcovati et al. (2003) and Egger et al. (2016) 

underlined that inter-individual variability is higher than intra-

individual variability. Therefore, relying on population data to 

estimate intra-individual variability may introduce additional bias. 

Different black and white box methods have been proposed to 

automatically detect abnormal values in longitudinal samples of 

biomarkers. Black box methods, such as those used in artificial 

intelligence and machine learning, show promise in personalized 

medicine (Damaševičius et al., 2024) and in longitudinal 

biomedical data (Cascarano et al., 2023). However, the 

interpretability of the resulting detections is not straightforward, 
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due to their opaque internal mechanisms (Castelvecchi, 2016; Li 

et al., 2024; Lipton, 2018; Rudin, 2019; Wallace et al., 2023). In 

addition, identifying the sources of bias or error remains a 

significant challenge (Mehrabi et al., 2021). They also come at 

high computational costs and significant energy consumption, 

raising concerns about their environmental impact (Patterson et 

al., 2021; Strubell et al., 2020). Finally, they depend on large 

amounts of data, which may not be easily available if one only 

considers individual baselines and specific biomarkers. White-

box approaches typically rely on the detection of abnormal 

deviations from an individual’s baseline using statistical metrics 

such as the Z-score (Cheadle et al., 2003; Curtis et al., 2016). This 

approach has been applied across multiple domains, including 

biology (Cheadle et al., 2003), neuroimaging (Ishii et al., 2000), 

psychology (Hermens et al., 2013), sport (Saulière et al., 2019), 

and medicine (Dallaire et al., 2015; Roshan et al., 2021; Roshan 

et al., 2025), among others. The abnormal biomarker values are 

characterized by an explicit computation, providing a clear 

rationale for their deviation from the expected baseline. 

Additional work can then be conducted to further investigate and 

refine the statistical procedure while providing explicit control 

over error types and rates. This work applies a framework for the 

statistical analysis of individual and longitudinal biological data 

in the context of personalized medicine. It is centered on custom 

Z-score methods, designed to capture intra-individual variability. 

It also describes the results of these methods applied to two data 

sets containing biological data from elite athletes. 

2. Methods 

The methodology section is organized as follows: we first present the 

two longitudinal biological datasets; we then evaluate and - if 

necessary - transform the data so that it is more likely to come from 

a Gaussian sample; we study the correlation of biomarkers; and we 

apply a series of Z-score methods (Berthelot et al., 2025; Saulière et 

al., 2019). We evaluate the proportion of abnormal individuals for 

each Z-score method. The framework is summarized in Figure 1. 

 

 

 

Figure 1. Block diagram of the methodological process for one biomarker only (see section 2). First, we choose from among several 

deterministic transformations the one for which it seems most likely that the transformed observations come from a Gaussian sample 

(“Transformation” block). We apply this transformation to each individual (i.e. individual sequences), before computing different Z-

scores methods (“Statistical test” block). These methods allow for measuring the abnormality of one sequence. We can then assess the 

proportion of abnormal sequences (individuals) in our population. The procedure is repeated for each biomarker. The correlation 

between different biomarkers is not pictured here, as it involves multiple biomarkers simultaneously. 

 

2.1. Soccer and cycling data 

After obtaining the approval of the Institutional Ethics Committee, 

two datasets of elite soccer players and elite cyclists were obtained. 

The two datasets do not contain the same information. The soccer 

dataset only includes the biological values of the samples, 

recorded by collection period, biomarker, and individual. The 

cycling dataset contains additional information, including the date 

of collection, athlete status (amateur or professional), age and 

event. The data was available for male athletes only. 

The soccer dataset consists of five typical biological markers 

from 3,936 male soccer players in the French elite leagues 1 and 2. 

The mean number of samples collected per individual was 5.61 ± 

4.82, with up to 25 samples per individual. The markers include 

concentrations of ferritin (μmol/L), serum iron (μmol/L), hemoglobin 

(g/L), erythrocytes (T/L), and hematocrit levels (%). The biomarkers 

were collected every 6 months in July/August and in January/March 

from 2006 to 2019 for a total of 27 collections. The large interval 

between two measurements (around 6 months) made the assumption 

of independence more plausible (Sharpe et al., 2006). 
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The cycling dataset consists of ten biological markers from 

1,134 amateur, 389 professional cyclists and 160 with both 

amateur and professional status (total 1,683), all male athletes. 

The mean number of samples collected per individual was 7.36 ± 

8.07, with a maximum of 43 samples observed for a single 

individual. The athletes competed in BMX (105 athletes, all 

amateurs), road cycling (1,052 athletes of whom 939 amateurs 

and 113 professionals), cross-country mountain biking (143 

athletes, all amateurs), downhill mountain biking (60 athletes, all 

amateurs), cyclo-cross (49 athletes, all amateurs), track sprint (38 

athletes, all amateurs), bike trials (30 athletes, all amateurs), track 

pursuit (40 athletes, all amateurs), multiple disciplines (6 athletes, 

5 amateurs and 1 professional) and both multiple disciplines and 

status (160 athletes). The average age of sample collection is 

24.07 years-old, the youngest and oldest athletes are 13.30 and 

43.54 years old, respectively. The first sample was collected on 

the 09th Jan 2003 and the last sample was collected on the 12th 

Feb 2014. Markers include concentrations of ferritin (μmol/L), 

hemoglobin (g/L), erythrocytes (T/L), hematocrit levels (%), 

reticulocytes (G/L and %), OFF-hr score, insulin-like growth 

factor 1 (IGF1) (ng/mL), cortisol (nmol/L), testosterone (nmol/L), 

osteocalcin (ng/mL). In this dataset, 99.92% of the samplings are 

spaced at least 6 days apart. 

2.2. Normality of the sequences 

For most of the methods for detecting abnormal values that we 

will describe in section 2.4, we will assume that the random 

sample 𝑋1, … , 𝑋𝑛  (generating the observations 𝑥1, … , 𝑥𝑛 ) is a 

sequence of iid (independent, identically distributed) random 

variables with a normal distribution. An assumption about the 

distribution of the variables seems necessary, as we are dealing 

with small samples, but it is nevertheless restrictive. In this 

context, a value (or a sequence of values) may be declared 

abnormal because the assumption of normality is not satisfied. 

Of course, we want this scenario to occur as rarely as possible, 

which is why we first propose pre-processing the data, as 

described below. For each biomarker, we will apply a family of 

transformations (described at the end of this paragraph) to all 

series of observations containing at least four observations (recall 

that, for one fixed biomarker, there is one series of observations 

per individual). Then, for any transformation, we apply to all 

transformed sequences a Shapiro test of normality. This gives a 

series of p-values corresponding to all the individuals for which 

there is at least four observations in the series. If the assumption 

of normality was true, these p-values should be uniformly 

distributed over [0,1]. It is therefore natural to use a one-sample 

Kolmogorov-Smirnov test to check whether these series of p-

values come from a uniform distribution over [0,1]. At this stage, 

for each deterministic transformation, we have a single p-value 

measuring the adequation to the uniform distribution. We then 

choose the transformation for which this p-value is maximal: this 

is a way to select the transformation for which the transformed 

individuals’ samples are “globally” closest to normally distributed 

samples. Of course, this procedure is not completely satisfactory, 

since some of the sequences of observations contain “true” 

abnormal observations, that is observations that are much too far 

from the other observations in the sample, so that the assumption 

of identical distribution is not satisfied. This explains partly why 

the p-values obtained through the Kolmogorov test are all very 

small (whatever the transformations used), see Table 1. However, 

by doing so, one can limit the number of detections of abnormal 

values due to the fact that the variables are not distributed 

according to the normal distribution. To conclude, with this 

approach, we aim to detect abnormal sequences from non-

identically distributed random variables, rather than abnormal 

sequences whose underlying distribution deviates from normality. 

 

Table 1. The selected transformations detailed for each of the two datasets. The p-values of the Kolmogorov-Smirnov tests are given for 

each selected transformation (see section 2.2). 

Biomarker Soccer Cycling 

Erythrocytes (T/L) √𝑋𝑖
3  (𝑝 = 2.42 × 10−7) BoxCox 𝛾 =  −0.0606 (𝑝 = 1.09 × 10−6) 

Hemoglobin (g/L) √𝑋𝑖
3  (𝑝 = 9.94 × 10−13) √𝑋𝑖  (𝑝 = 1.95 × 10

−4) 

Hematocrit (%) BoxCox 𝛾 =  −0.0606 (𝑝 = 2.43 × 10−5) √𝑋𝑖  (𝑝 = 1.05 × 10
−4) 

Ferritin (μmol/L) √𝑋𝑖
6  (𝑝 = 6.79 × 10−16) √𝑋𝑖

5  (𝑝 = 1.44 × 10−9) 

Serum iron (μmol/L) √𝑋𝑖
5  (𝑝 = 1.52 × 10−9)  

Reticulocyte (G/L)  𝑊0(𝑋𝑖) (𝑝 = 6.09 × 10
−6) 

Reticulocyte (%)  BoxCox 𝛾 =  −0.0202 (𝑝 = 3.32 × 10−10) 

OFF-hr  𝑋𝑖
2 (𝑝 = 1.68 × 10−2) 

IGF1 (ng/mL)  BoxCox 𝛾 =  −0.0303 (𝑝 = 5.01 × 10−9) 

Cortisol (nmol/L)  √𝑋𝑖  (𝑝 = 2.59 × 10
−8) 

Testosterone (nmol/L)  √𝑋𝑖  (𝑝 = 1.03 × 10
−5) 

Osteocalcin (ng/mL)  √𝑋𝑖
8  (𝑝 = 8.41 × 10−1) 
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Let us now describe the transformations that we use for our 

study: the identity (no transformation), √𝑋𝑖
𝑚

 (the mth-root 

transformation, with 𝑚 ∈ {2, … ,10} ), log(𝑋𝑖)  (the logarithmic 

transformation), the Lambert 𝑊0(𝑋𝑖)  function and Box-Cox 

transformations. For the Box-Cox transformations, we use 𝜆 =
{−0.0606, 0.0202, −0.3030} as reported by Kang et al. (2023). 

These three values were empirically estimated on adults (hospital 

patients) for the C-reactive protein, the erythrocyte sedimentation 

rate and the presepsin respectively. Previous works reported 

similar transformations (Athanasiadou et al., 2020; Lin et al., 

2020; Sezgin et al., 2020; Zhang et al., 2025) or more 

sophisticated ones such as the LMS (Lambda-Mu-Sigma) method 

(Cole & Green, 1992). However, these transformations are 

typically applied to cohorts (see Isojima et al., 2012 and 

Stojanovic et al., 2021 for the Serbian and Japanese populations 

respectively) thus departing from the individual approach 

described in this work. 

2.3. Correlation between biomarkers 

We measure the Pearson correlation coefficients r for each 

sequence and for the following couples of biomarkers: {ferritin, 

serum iron} (soccer only); {erythrocytes, hemoglobin}; 

{erythrocytes,  hematocrit}; {hemoglobin,  hematocrit}. For this 

analysis, we only include individuals for whom there are at least 

10 observations (𝑛 ≥ 10). The distributions of the correlation 

coefficients r are presented in Figure 2. 

 

 

 

Figure 2. Histograms of the empirical Pearson correlation coefficients r between biomarkers. In (a) the ferritin and serum iron biomarkers 

are only available for the soccer dataset. 
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2.4. Z-score background 

Given a new biomarker observation 𝑥𝑛, how to determine if it is 

abnormal?  A typical method is to compare the new value 𝑥𝑛 to 

the average of the other (past) values in a sequence of 

observations 𝑥1, 𝑥2, … , 𝑥𝑛 from the same individual. One can then 

define the statistic: 

 
𝑇𝑛
(0)  =  

𝑋𝑛 − 𝑋𝑛−1

𝜎̂𝑛−1√1 +
1

𝑛 − 1

 
(1) 

where 𝑋𝑛−1 and 𝜎̂𝑛−1
2  are the empirical mean and variance of the 

random sequence 𝑋1,… ,𝑋{𝑛−1}  (i.e., the past 𝑛 − 1  random 

variables): 

 

𝑋𝑛−1 = 
1

𝑛 − 1
 ∑𝑋𝑘

𝑛−1

𝑘=1

       and 

 

𝜎̂𝑛−1 
2 = 

1

𝑛 − 2
 ∑(𝑋𝑘 − 𝑋𝑛−1)

2
𝑛−1

𝑘=1

 

(2) 

Assuming that the variables (𝑋𝑖)1 ≤ 𝑖 ≤ 𝑛−1  are iid with 

common 𝒩(𝜇, 𝜎2) distribution, then under 𝐻0 “𝑋𝑛 has the same 

𝒩(𝜇, 𝜎2) distribution”, the test statistic 𝑇𝑛
(0)

 has the Student(𝑛 −
2)  distribution. In order to test (at level 𝛼) if the new observation 

𝑥𝑛  is abnormal, the procedure is then to compare the observed 

value |𝑡𝑛
(0)
|  to the quantile 𝑡𝛼 2⁄ ,𝑛−2  of order 1 − 𝛼 2⁄  of the 

Student (𝑛 − 2)  distribution. More precisely, we reject 𝐻0  if 

|𝑡𝑛
(0)
| ≥ 𝑡𝛼 2⁄ ,𝑛−2. 

This is the simplest of the Z-score type procedures, for which 

the test statistic distribution is completely known under 𝐻0 . In 

Saulière et al., 2019, we developed other, more general Z-score 

type statistics in order to answer a set of more complex questions. 

For these other procedures, the distributions of the test statistics 

are free (i.e. do not depend on the unknown parameters 𝜇 and 𝜎2) 

but they have no explicit expression and must therefore be 

tabulated using a Monte-Carlo method. We will briefly describe 

these methods in the following paragraphs. 

2.5. Z-score method for detecting an abnormal observation in a 

sequence 

In order to check if there is an abnormal observation 𝑥𝑖  (not 

necessarily the last one) in the sequence 𝑥1, 𝑥2, . . . , 𝑥𝑛, Saulière et 

al., 2019 introduced the following extension of the statistic 𝑇𝑛
(0)

 

(see (1)): 

 𝑇𝑛
(1) = max𝑖∈{1,…𝑛} ||

𝑋𝑖 − 𝑋𝑛,𝑖

𝜎̂𝑛,𝑖√1 +
1

𝑛 − 1

||  (3) 

where 

 

𝑋𝑛,𝑖 =
1

𝑛 − 1
∑ 𝑋𝑘     and

𝑛

𝑘=1,𝑘≠𝑖

 

 

𝜎̂𝑛,𝑖
2 =

1

𝑛 − 2
∑ (𝑋𝑘 − 𝑋𝑛,𝑖)

2
𝑛

𝑘=1,𝑘≠𝑖

 

(4) 

with 𝑋𝑛,𝑖 and 𝜎̂𝑛,𝑖
2  the empirical mean and variance of the sample 

𝑋1, … , 𝑋𝑛 without the ith observation. This method is based on the 

maximum of 𝑛 (non independent) variables with Student(𝑛 − 2) 
distribution. 

Example 1 

Athlete 831 (soccer) has the following sequence of 𝑛 = 9 

hemoglobin values: 

{138, 124, 138, 141, 137, 137, 142, 136, 142} 

The selected transformation for hemoglobin values (see section 

2.2 and Table 1) is the cube root, √𝑥
3

. Applying this 

transformation to each value of the sequence yields the 

transformed sequence: 

{5.16, 4.99, 5.16, 5.20, 5.15, 5.15, 5.21, 5.14, 5.21} 

Taking the second observation, 𝑥2 = 4.99 , for illustration, we 

compute the leave-one-out mean 𝑥𝑛,2 and variance 𝜎̂𝑛,2,𝑜𝑏𝑠
2  

𝑥𝑛,2 =
1

𝑛 − 1
∑ 𝑥𝑘

𝑛

𝑘=1,𝑘≠2

 

=
1

8
(5.16 + 5.16 + 5.20 + 5.15 + 5.15 + 5.21 + 5.14 + 5.21) 

= 5.1784 

and 

𝜎̂𝑛,2,𝑜𝑏𝑠
2 = 

1

𝑛 − 2
∑ (𝑥𝑘 − 𝑥𝑛,2)

2
𝑛

𝑘=1,𝑘≠2

 

=
1

7
[(5.16 −  5.1784)2 + (5.16 −  5.1784)2 + (5.20 −  5.1784)2

+⋯+ (5.14 −  5.1784)2 + (5.21 −  5.1784)2] 

= 8.9901 × 10−4 

We can now compute the observed value inside the maximum in 

(3) for 𝑖 = 2: 

||
𝑥2 − 𝑥𝑛,2 

𝜎̂𝑛,2,𝑜𝑏𝑠
2 √1 +

1
𝑛 − 1

|| = ||
4.99 −  5.1784

√8.9901 × 10−4√1 +
1
8

|| = 5.92 
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Repeating this computation for all values in the sequence gives 

{0.14, 5.92, 0.14, 0.70, 0.02, 0.02, 0.90, 0.20, 0.90} 

The observed value of 𝑇𝑛
(1)

 is the maximum value of this sequence, 

that is 5.92. Comparing this value to the threshold 𝑐1−𝛼,𝑛 =

3.9468, obtained from Monte-Carlo simulations for 𝛼 = 0.05 (see 

Saulière et al., 2019), we find 

5.92 > 𝑐0.95,9 

Hence, this observation is detected as abnormal at the 0.05 risk 

level. It was also identified as abnormal by the medical doctor of 

the soccer federation. 

2.6. Z-score method for detecting an abnormal subsequence 

An extension of the statistic 𝑇𝑛
(1)

 (see (3)) was introduced to 

detect a series of consecutive observations that deviate from the 

rest of the series (see section 2.3, “Method 2” in Saulière et al., 

2019): 

 𝑇𝑛
(2) = max𝐼∈ℐ ||

𝑋𝐼 − 𝑋𝐼

𝜎̂𝐼√
1
|𝐼|
+

1
𝑛 − |𝐼|

|| (5) 

where ℐ  is the collection of all possible intervals 𝐼  included in 

{1, … , 𝑛} with length 1 ≪ |𝐼| < 𝑛, 

 

𝑋𝐼 = 
1

|𝐼|
 ∑ 𝑋𝑘

𝑘∈𝐼
     and 

 

𝑋𝐼 = 
1

𝑛 − |𝐼|
 ∑ 𝑋𝑘

𝑘∉𝐼
 

(6) 

where 𝑋𝐼 is the empirical mean on the interval 𝐼, 𝑋𝐼 the empirical 

mean on the set 𝐼 (the complementary set of 𝐼) and 

𝜎̂𝐼
2 =

1

𝑛 − 2
(∑(𝑋𝑘 − 𝑋𝐼)

2

𝑘∈𝐼

+∑(𝑋𝑘 − 𝑋𝐼)
2

𝑘∉𝐼

) (7) 

is the empirical variance with respect to the interval 𝐼. 

Example 2 

Athlete 663 (soccer) has the following sequence of 𝑛 = 20 

ferritin values: 

{299, 232, 433, 232, 176, 212, 256, 258, 232, 167, 217,  

169, 221, 192, 187, 2580, 3420, 231, 228, 446} 

The selected transformation for ferritin values (see section 2.2 and 

Table 1) is the 6th root transformation, √𝑥
6
 . Applying this 

transformation to each value of the sequence yields the 

transformed sequence: 

{2.58, 2.47, 2.75, 2.47, 2.36, 2.44, 2.51, 2.52, 2.47, 2.34,  

2.45, 2.35, 2.45, 2.40, 2.39, 3.70, 3.88, 2.47, 2.47, 2.76} 

In this Z-score method, all combinations of intervals are tested. In 

practice, the statistic 𝑇𝑛
(2)

 evaluates all possible intervals 𝐼 ⊂
{1, … , 𝑛} with 1 ≤ |𝐼| < 𝑛. For illustration purposes, we consider 

one specific interval 𝐼 = {16, 17} , with corresponding 

observations {3.70, 3.88}. The complementary set 𝐼 contains the 

remaining 𝑛 − |𝐼| = 18 observations. The empirical means are: 

𝑥𝐼 =
1

2
(3.70 + 3.88) = 3.79 

𝑥𝐼 =
1

18
∑𝑥𝑘 =

1

18
(2.58 + ⋯+ 2.39 + 2.47 + 2.47 + 2.76)

𝑘∉𝐼

= 2.4806 

The empirical variance is: 

𝜎̂𝐼,𝑜𝑏𝑠
2 =

1

𝑛 − 2
(∑(𝑥𝑘 − 𝑥𝐼)

2

𝑘∈𝐼

+∑(𝑥𝑘 − 𝑥𝐼)
2

𝑘∉𝐼

) 

=
1

18
(0.0162 + 0.2331) 

= 0.0138 

Hence, for this interval 𝐼 = {16, 17} , we obtain the following 

observation 

||
𝑥𝐼 − 𝑥𝐼

𝜎̂𝐼,𝑜𝑏𝑠√
1
|𝐼|
+

1
𝑛 − |𝐼|

|| = ||
3.79 − 2.4806

√0.0138√
1
2
+
1
18

|| = 14.95 

This computation is repeated for all possible intervals 𝐼 ∈ ℐ. The 

observed value of 𝑇𝑛
(2)

 is obtained by taking the maximum over 

such values. One can check on this example that the maximum 

occurs for the interval we have considered before, 𝐼 = {16, 17}. 
We compare this value to the threshold 𝑐0.95,20 = 4.2705. We have: 

14.95 >  𝑐0.95,20 

Thus the interval 𝐼 is detected as abnormal at the 0.05 risk level 

(in the sense that the observations in 𝐼  are very far from the 

observations in 𝐼). This example is further illustrated in Figure 3, 

panel (e), where the interval 𝐼  containing the two abnormal 

observations are shown in red colors. The red dots are the two 

abnormal observations and the red line represents 𝑥𝐼, while the 

black dots represent the observations in 𝐼 and the black line 𝑥𝐼. 
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Figure 3. Example of detection for the statistic 𝑇𝑛
(2)

. This figure illustrates the detection of a change in 6 sequences, randomly chosen. 

The detected changes in the sequence are indicated by black dots vs. red dots. In all the six panels, the data shown is the transformed 

data (see section 2.2 and Figure 1). The colored lines indicate the average value of each subsequence. The data in panel (e) is detailed 

in the example 2 of section 2.6. 

 

 

2.7. Multivariate extension 

A multivariate extension of the statistic 𝑇𝑛
(1)

 was also introduced 

(see section 2.2, ‘Method’ multivariate extension in Saulière et al., 

2019). Our problem is now to test the abnormality of 𝑑 correlated 

biomarkers at once. To deal with this situation, we assume that 

the observations are obtained from 𝑛 independent Gaussian 𝓡𝒅-

valued random variables 𝑿1, … 𝑿𝑛 (whose correlation is described 

by a correlation matrix 𝐶, assumed invertible).  

In this context, we consider the natural extension of the square 

of the statistic  𝑇𝑛
(1)

: 

𝑇𝑛
(3)
=
(𝑛 − 1)

𝑛𝑑
max𝑖∈{1,…,𝑛}(𝑋𝑖 − 𝑋𝑛,𝑖)

′
𝐶𝑛,𝑖
−1(𝑋𝑖 − 𝑋𝑛,𝑖) (8) 

where 

𝑿𝑛,𝑖 = 
1

𝑛 − 1
 ∑ 𝑿𝑘

𝑛

𝑘=1,𝑘≠ 𝑖

     and 

 

𝐶𝑛,𝑖 =
1

𝑛 − 1 − 𝑑
∑ (𝑿𝑘 − 𝑿𝑛,𝑖)(𝑿𝑘 − 𝑿𝑛,𝑖)′

𝑛

𝑘=1,𝑘≠𝑖

 

(9) 

According to the results of section 2.3, we will compute the 

statistic 𝑇𝑛
(3)

 for the following (transformed) biomarker tuples: 

{ferritin, serum iron} (soccer only); {erythrocytes, hemoglobin, 

hematocrit}; (for soccer and cycling). The selected 

transformations for each biomarker are identical to those used 

previously (see section 2.2 and Table 1). 

Example 3 

Athlete 151 (soccer) has the following sequence of 𝑛 = 13 

ferritin and serum iron values: 

ferritin : {110, 123, 116, 98, 167, 101, 99, 92, 104, 89, 

120, 72, 110} 

serum iron : {21.2, 34.7, 15.9, 18.3, 4.8, 25, 22, 12, 34, 

33.5, 19.5, 21, 30.4} 

The selected transformations for the ferritin and serum iron values 

are the 6th root √𝑥
6

 and 5th root √𝑥
5

 respectively (see section 2.2 

and Table 1). Applying these transformations to each value of the 

ferritin and serum iron sequences, we obtain the two transformed 

sequences: 

ferritin: {2.18, 2.23, 2.20, 2.14, 2.34, 2.15, 2.15, 2.12, 

2.16, 2.11, 2.22, 2.03, 2.18} 

serum iron: {1.84, 2.03, 1.73, 1.78, 1.36, 1.90, 1.85, 1.64, 

2.02, 2.01, 1.81, 1.83, 1.97} 

Taking the fifth observation, 𝒙5 = (2.34, 1.36)′, we compute the 

leave-one-out multivariate mean: 
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𝒙𝑛,5 =
1

𝑛 − 1
∑ 𝒙𝑘

𝑛

𝑘=1,𝑘≠5

 

=
1

12
∑ (

𝑥𝑘,1
𝑥𝑘,2 

)

13

𝑘=1,𝑘≠5

 

= (
1 12⁄

1/12

(2.18 + 2.23 + 2.20 + ⋯+ 2.22 + 2.03 + 2.18)

(1.84 + 2.03 + 1.73 + ⋯+ 1.81 + 1.83 + 1.97)
) 

= (
2.1558

1.8675
) 

We can now compute the associated leave-one-out covariance 

matrix (excluding 𝑘 = 5) with 𝑑 = 2 as we study two biomarkers: 

𝐶𝑛,5,𝑜𝑏𝑠 =
1

𝑛 − 1 − 𝑑
∑ (𝒙𝑘 − 𝒙𝑛,5)(𝒙𝑘 − 𝒙𝑛,5)′

𝑛

𝑘=1,𝑘≠5

 

 

=
1

10
∑(

(𝑥𝑘,1 − 𝑥𝑛,5,1)
2

(𝑥𝑘,1 − 𝑥𝑛,5,1)(𝑥𝑘,2 − 𝑥𝑛,5,2)

(𝑥𝑘,2 − 𝑥𝑛,5,2)(𝑥𝑘,1 − 𝑥𝑛,5,1) (𝑥𝑘,2 − 𝑥𝑛,5,2)
2 )

𝑘≠5

 

Expanding only the first term for illustration gives: 

(𝒙𝑘 − 𝒙𝑛,5)(𝒙𝑘 − 𝒙𝑛,5)
′
 

= (
2.18 − 2.1558

1.84 − 1.8675
) 2.18 − 2.1558,1.84 − 1.8675 

And after computing each term, we obtain: 

𝐶𝑛,5,𝑜𝑏𝑠 = (
0.0032 0.0012
0.0012 0.0166

) 

The inverse of 𝐶𝑛,5,𝑜𝑏𝑠 can be obtained with any numerical tool: 

𝐶𝑛,5,𝑜𝑏𝑠
−1 = (

318.8059 −23.8202
−23.8202 62.1571

) 

We then compute the centered vector: 

𝒙5 − 𝒙𝑛,5 = (
2.34 − 2.1558

1.36 − 1.8675
) = (

0.1842

−0.5075
) 

We can now compute the observed value inside the maximum in 

(8) for 𝑖 = 5: 

𝑛 − 1

𝑛𝑑
(𝒙5 − 𝒙𝑛,5)

′
𝐶𝑛,−5,𝑜𝑏𝑠
−1 (𝒙5 − 𝒙𝑛,5) 

=
12

13 × 2
× 31.2747 = 14.4345 

This computation is repeated for all indices 𝑖 ∈ {1, … ,13}. The 

observed value of 𝑇𝑛
(3)

 is obtained by taking the maximum over 

such values. One can check on this example that the maximum 

occurs for the index 𝑖 = 5, and is therefore equal to 14.4345. 

Comparing this value to the threshold 𝑐1−𝛼,𝑛,𝑑 = 10.183 obtained 

from Monte-Carlo simulations for 𝛼 = 0.05 (see Saulière et al., 

2019), we find 

14.4345 >  𝑐0.95,13,2 

Hence, the observation 𝒙5 is detected as abnormal at the 0.05 risk 

level.  

2.8. DevianLM and model designs 

The devianLM package implements an extension of 𝑇𝑛
(1)

 to the 

Gaussian Linear Model (Berthelot et al., 2025), where we assume 

that the observations are obtained from the random variables 

𝑋1, … 𝑋𝑛 such that 

 𝑋𝑖 = (𝑀𝜃)𝑖 + 𝜖𝑖 (10) 

where 𝑀 is the 𝑛 × 𝑝 observed design matrix (we assume 𝑀′𝑀 is 

invertible), 𝜃  is a 𝓡𝑝  vector of unknown parameters, and 

𝜖1, … , 𝜖𝑛  is a sequence of iid random variables with common 

distribution 𝒩(0, 𝜎2), independent of the design matrix 𝑀. 

To detect the abnormal values from the (external) studentized 

residuals of the model 𝑒̂𝑖(𝑋), we use the statistic: 

𝑇𝑛
(4) = max𝑖∈{1,…,𝑛} ||

𝑋𝑖 − 𝑋̂𝑛,𝑖

𝜎̂𝑛,𝑖√1 + 𝐿𝑖(𝑀(𝑖)
′ 𝑀(𝑖))

−1
𝐿𝑖
′   

|| 

 

=max𝑖∈{1,…,𝑛}|𝑒𝑖̂(𝑋)| 

(11) 

where 𝑀(𝑖) is the (𝑛 − 1) × 𝑝 matrix 𝑀 deprived of its 𝑖th row, 𝐿𝑖 

is the 𝑖th row of the matrix 𝑀, 𝜃̂𝑛,𝑖 is the least square estimator of 

𝜃 based on the variables (𝑋𝑗, 𝐿𝑗) for 𝑗 ≠ 𝑖, 𝑋̂𝑛,𝑖 is the prediction of 

𝑋𝑖  obtained from  𝜃̂𝑛,𝑖 , that is  𝑋̂𝑛,𝑖 = 𝐿𝑖𝜃̂𝑛,𝑖 , and 𝜎̂𝑛,𝑖  is the 

estimator of the variance  based on the variables (𝑋𝑗 , 𝐿𝑗) for 𝑗 ≠ 𝑖. 

It is proved in Berthelot et al., 2025 that the distribution of 

𝑇𝑛
(4)

 does not depend on the unknown parameters (𝜃, 𝜎2), but it 

depends on the observed matrix 𝑀. Hence it has to be tabulated 

via Monte-Carlo simulations. In our practical situation, for the 

soccer and cyclist datasets, we will consider three different 

designs, labelled A, B, C. 

The first model (model A) describes a fluctuation around a 

fixed baseline 𝛽0, meaning that the equation (10) is simply: 

 𝑋𝑖 = 𝛽0 + 𝜖𝑖 (12) 

For this model, the statistics 𝑇𝑛
(4)

 is exactly equal to 𝑇𝑛
(1)

 (see (3)). 

The second model (model B) describes a fluctuation around 

two distinct baselines, which is equivalent to an Homoscedastic 

ANOVA model with two groups. For our datasets, the two groups 

will consist of biomarker observations in summer or winter (each 

season covering a period of six months). Note that the soccer 

dataset followed an explicit summer/winter sampling procedure 

while the cycling data sets recorded the exact sampling dates. For 

the cycling dataset we then separate the dates in two seasons: 
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summer, from the 03/20 to the 09/22, and the remaining dates are 

classified as the winter season. For model B, the equation (10) can 

be written as follows: 

 𝑋𝑖 = 𝛽0 + 𝛽1𝑠𝑖 + 𝜖𝑖 (13) 

where 𝑠𝑖  is a binary variable that denotes the season (1 for 

summer and 0 for winter). 

Example 4 

Athlete 414 (soccer) has the following two sequences of 𝑛 = 13 

ferritin values: 

summer : {109, 88.6, 79, 63, 76, 106, 103} 

winter : {109, 84, 94, 26, 85.5, 116} 

We first apply the same transformation to these sequences (see 

section 2.2 and Table 1), which is the 6th root transformation, √𝑥
6

 . 

We obtain the two transformed sequences 

summer : {2.18, 2.11, 2.07, 1.99, 2.05, 2.17, 2.16} 

winter : {2.18, 2.09, 2.13, 1.72, 2.09, 2.20} 

We first construct the response vector 𝑥 by concatenating these 

two sequences, which gives: 

    𝑥 = (
2.18, 2.11, 2.07, 1.99, 2.05, 2.17, 2.16,
2.18, 2.09, 2.13, 1.72, 2.09, 2.20

) 

We then define the binary covariate 𝑠𝑖 indicating the season for 

each observation 𝑥𝑖: 

𝑠 = (1,1,1,1,1,1,1, 0,0,0,0,0,0)′ 

The design matrix 𝑀 associated to 𝑠 with model B and including 

an intercept is then: 

𝑀 =

(

 
 
 
 
 
 
 
 
 
 

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 0
1 0
1 0
1 0
1 0
1 0)

 
 
 
 
 
 
 
 
 
 

 

The devianLM package can now be applied using:  

mdl <- devianlm_stats(x, M, n_sims = 1e6, quant = 0.95) 

(R language). It internally computes the threshold related to the 

design matrix 𝑀 , and mdl contains the results including the 

studentized residuals from the linear model, and a binary integer 

vector indicating whether each observation is considered an 

outlier (1) or not (0) (Berthelot et al., 2025). For this example, the 

studentized residuals are: 

{0.61029281, 0.04522994, -0.27235641,  -0.94394351,  

-0.43366158, 0.52727115, 0.44529706, 0.93464401, 

0.17417365, 0.50115521, -5.98478377, 0.17418217, 

1.12132189} 

and the estimated threshold for 𝛼 = 0.05 is: 𝑐1−𝛼,𝑀 = 3.748145. 

We can see that the eleventh value is greater than the threshold value: 

5.98478377 >   𝑐0.95,𝑀 

Hence, the observation 𝑥11 is detected as abnormal at the 0.05 risk 

level. 

The third model (model C) is associated with the exact dates 

of sampling. It can only be applied to the cycling database, as the 

soccer database does not contain the exact date of collection. For 

Model C, the equation (10) writes: 

 𝑋𝑖 = 𝛽0 + 𝛽1𝑡𝑖 + 𝜖𝑖 (14) 

where 𝑡𝑖 is the exact date of sampling of the 𝑖th observation of the 

biomarker. 

Example 5 

Athlete 5 (cycling) has the following two sequences of 𝑛 = 6 

erythrocytes values, collected at the specific dates: 

erythrocytes : {4.66, 4.64, 4.41, 4.63, 4.26, 4.49} 

dates : {‘2004-12-01’, ‘2004-09-01’, ‘2004-04-21’, 

‘2003-10-29’, ‘2003-07-26’, ‘2003-04-16’} 

We first apply the pre-selected transformation to the erythrocytes 

sequence (see section 2.2 and Table 1), which is the BoxCox 

transformation with parameter 𝛾 = −0.0606 . This gives the 

response vector 

𝑥 = (1.46,1.46,1.41,1.46,1.38,1.43)′ 

Since the date vector is not numeric, we convert each date into a 

time variable. We compute the time differences (in days) between 

each date and the earliest date. This gives the vector: 

𝑡 = (595, 504, 371, 196, 101, 0)′ 

Similarly to example 4, we then construct the design matrix 𝑀 

using an intercept and the time variable 𝑡: 

𝑀 =

(

 
 
 

1 𝑡1
1 𝑡2
1 𝑡3
1 𝑡4
1 𝑡5
1 𝑡6)
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The devianLM package can now be applied using: 

mdl <- devianlm_stats(x, M, n_sims = 1e6, quant = 0.95) 

(R language). It internally computes the threshold related to 𝑀, and 

mdl contains the results including the studentized residuals from the 

linear model, and a binary integer vector indicating whether each 

observation is considered an outlier (1) or not (0) (Berthelot et al., 

2025). For this example, the studentized residuals are: 

{0.1623017, 0.3755397, -1.0263994, 1.3071688, -

1.8834622, 0.7813711} 

and the estimated threshold for 𝛼 = 0.05 is: 𝑐1−𝛼,𝑀 = 6.234142. 

We can see that no value is greater than this threshold value. Hence, 

no abnormality is detected for this sequence at the 0.05 risk level. 

2.9. Application to the dataset 

We apply the statistics 𝑇𝑛
(2)

, 𝑇𝑛
(3)

 and 𝑇𝑛
(4)

 (models A, B, C) to 

each individual sequence in the two datasets. As mentioned above, 

the statistics 𝑇𝑛
(4)

 for Model A is exactly equal to 𝑇𝑛
(1)

. The sample 

size 𝑛  of each sequence of observations should meet specific 

conditions. For devianLM, this condition directly depends on the 

model matrix 𝑀  (a necessary condition being that 𝑛 > 𝑝 + 1 , 

where 𝑝  is the number of columns of 𝑀 ), as described in 

examples 4 and 5. More precisely, these conditions are: 

• 𝑇𝑛
(2)

can be applied for sequences with 𝑛 ≥ 3 

observations, 

• 𝑇𝑛
(3)

 (multivariate case) can be applied for sequences 

with 𝑛 ≥ 𝑑 + 2 observations, where 𝑑  is the number 

of different biomarkers, 

• 𝑇𝑛
(4)

 (Model A) can be applied for sequences with 𝑛 ≥
3 observations, 

• 𝑇𝑛
(4)

 (Model B) can be applied for sequences with 

𝑛1, 𝑛2 ≥ 2, where 𝑛1 is the number of observations for 

the summer period, and 𝑛2  is the number of 

observations for the winter period, 

• 𝑇𝑛
(4)

 (Model C) can be applied for 𝑛 ≥ 4 observations. 

 

3. Results 

The proportion of detected abnormal sequences (or equivalently 

the proportion of abnormal individuals, since there is one 

sequence of observation per individual) is presented in Figure 4 

and Figure 5 for statistics 𝑇𝑛
(2)

, 𝑇𝑛
(3)

 and 𝑇𝑛
(4)

 (Model A, B, C), 

respectively, for the two datasets. The proportion of abnormal 

sequences exceed the expected false-positive rate in most of the 

cases, especially for the statistic 𝑇𝑛
(2)

 with values as high as 26.67% 

(cycling) and 18.67% (soccer) for the ferritin, and 35.97% 

(cycling) for the IGF1. We also detail the results by athletes' 

characteristics for the cycling dataset below. 

 

Figure 4. Detected abnormal sequences (individuals) for statistics 𝑇𝑛
(2)

 and 𝑇𝑛
(3)

. Each bar shows the proportion of detected abnormal 

sequences for the corresponding biomarker or biomarker tuple. The vertical black line indicates the 5% significance level (𝛼 = 0.05), 

which corresponds to the chosen and expected false-positive rate.  
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Figure 5. Detected abnormal sequences (individuals) for statistics 𝑇𝑛
(4)

 (Model A, B, C). Each bar shows the proportion of detected 

abnormal sequences for the corresponding biomarker. The vertical black line indicates the 5% significance level (𝛼 = 0.05) which 

corresponds to the chosen and expected false-positive rate.  

 

 

3.1. Abnormal sequences per status (cycling) 

The proportion of abnormal sequences for each statistic, 

according to the athletes' status (amateur, professional or mixed 

status, i.e., athletes who transitioned from the amateur status to 

the professional one), is given by biomarker in Table 2 for all the 

statistics except 𝑇𝑛
(3)

 (the multivariate extension). For this statistic, 

the proportion of abnormal sequences for the erythrocytes & 

hemoglobin & hematocrit biomarkers is 53/604 (8.77%) 

(amateurs) and 27/160 (16.88%) (professionals). For athletes with 

mixed status, the statistic 𝑇𝑛
(3)

 for the erythrocytes & hemoglobin 

& hematocrit biomarkers is 26/156 (16.67%). 

3.2. Abnormal sequences per discipline (cycling) 

Likewise, the proportion of abnormal sequences with respect to 

the athletes' discipline is given in the following text, for each 

statistics. The number of abnormal sequences per discipline for 

the statistics 𝑇𝑛
(2)

, 𝑇𝑛
(4)

 (model A), 𝑇𝑛
(4)

 (model B) and 𝑇𝑛
(4)

 

(model C) are given in Figure 6. The number of abnormal 

sequences per discipline for the statistic 𝑇𝑛
(3)

 and for the coupled 

biomarkers erythrocytes & hemoglobin & hematocrit is given 

here: BMX 1/39 (2.56%) ; cyclo-cross 0/17 (0.00%) ; track pursuit 

4/29 (13.79%) ; road cycling 57/550 (10.36%) ; downhill 

mountain biking 6/29 (20.69%) ; mountain bike trials 2/14 

(14.29%); cross-country mountain biking 7/63 (11.11%) ; track 

sprint 3/23 (13.04%). And for the athletes with multiple 

disciplines, the proportions are given for each statistic in Table 3. 

The proportions of abnormal values for the statistic  

𝑇𝑛
(2) for the ferritin and IGF1 biomarkers are particularly high. It 

is observable for all disciplines but occurs more specifically 

among professionals (see Table 2). Some examples of abnormal 

sequences detected by this statistic are provided in Figure 3.   
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Table 2. Proportion of abnormal sequences for each statistic according to athlete status. For each cell of the table, the format of the 

numbers reads: #positive sequences / #total sequences (value in %). Additionally, the proportions for the mixed status (amateur → 

professional) are given in section 3.1 for 𝑇𝑛
(3)

. 

Biomarker 𝑇𝑛
(2) 𝑇𝑛

(4)
 (model A) 𝑇𝑛

(4)
 (model B) 𝑇𝑛

(4)
 (model C) 

Amateur 

Erythrocytes (T/L) 87/681 (12.78%) 55/917 (6.00%) 23/681 (3.38%) 36/681 (5.29%) 

Hemoglobin (g/L) 65/681 (9.54%) 76/917 (8.29%) 26/681 (3.82%) 33/681 (4.85%) 

Hematocrit (%) 63/680 (9.26%) 50/917 (5.45%) 24/681 (3.52%) 28/681 (4.11%) 

Ferritin (μmol/L) 124/678 (18.29%) 46/915 (5.03%) 40/678 (5.90%) 56/678 (8.26%) 

Reticulocyte (G/L) 69/656 (10.52%) 62/894 (6.94%) 29/656 (4.42%) 47/656 (7.16%) 

Reticulocyte (%) 72/656 (10.98%) 96/894 (10.74%) 33/656 (5.03%) 37/656 (5.64%) 

OFF-hr 76/656 (11.59%) 64/894 (7.16%) 36/656 (5.49%) 51/656 (7.77%) 

IGF1 (ng/mL) 123/486 (25.31%) 31/646 (4.80%) 18/473 (3.81%) 35/473 (7.40%) 

Cortisol (nmol/L) 75/676 (11.09%) 69/913 (7.56%) 38/676 (5.62%) 48/676 (7.10%) 

Testosterone (nmol/L) 49/485 (10.10%) 48/666 (7.21%) 23/485 (4.74%) 33/485 (6.80%) 

Osteocalcin (ng/mL) 11/173 (6.36%) 15/226 (6.64%) 6/163 (3.68%) 11/163 (6.75%) 

Professional 

Erythrocytes (T/L) 6/72 (8.33%) 4/81 (4.94%) 4/72 (5.56%) 7/72 (9.72%) 
Hemoglobin (g/L) 3/73 (4.11%) 5/81 (6.17%) 4/73 (5.48%) 3/73 (4.11%) 
Hematocrit (%) 5/73 (6.85%) 6/81 (7.41%) 2/73 (2.74%) 5/73 (6.85%) 
Ferritin (μmol/L) 30/75 (40.00%) 5/83 (6.02%) 6/75 (8.00%) 9/75 (12.00%) 

Reticulocyte (G/L) 8/73 (10.96%) 7/81 (8.64%) 6/72 (8.33%) 5/72 (6.94%) 

Reticulocyte (%) 9/73 (12.33%) 10/81 (12.35%) 4/72 (5.56%) 5/72 (6.94%) 

OFF-hr 16/73 (21.92%) 7/81 (8.64%) 18/72 (25.00%) 17/72 (23.61%) 

IGF1 (ng/mL) 31/74 (41.89%) 2/81 (2.47%) 4/72 (5.56%) 2/72 (2.78%) 

Cortisol (nmol/L) 17/74 (22.97%) 6/84 (7.14%) 12/74 (16.22%) 12/74 (16.22%) 

Testosterone (nmol/L) 9/78 (11.54%) 4/84 (4.76%) 3/75 (4.00%) 6/75 (8.00%) 

Osteocalcin (ng/mL) 5/61 (8.20%) 2/66 (3.03%) 2/56 (3.57%) 0/56 (0.00%) 

Mixed status (amateur → professional) 

Erythrocytes (T/L) 24/158 (15.19%) 4/160 (2.50%) 11/158 (6.96%) 9/158 (5.70%) 

Hemoglobin (g/L) 21/158 (13.29%) 9/160 (5.63%) 11/158 (6.96%) 11/158 (6.96%) 

Hematocrit (%) 16/158 (10.13%) 11/160 (6.88%) 13/158 (8.23%) 14/158 (8.86%) 

Ferritin (μmol/L) 89/158 (56.33%) 7/160 (4.38%) 20/158 (12.66%) 22/158 (13.92%) 

Reticulocyte (G/L) 25/154 (16.23%) 12/158 (7.59%) 18/155 (11.61%) 17/155 (10.97%) 

Reticulocyte (%) 25/154 (16.23%) 11/158 (6.96%) 15/155 (9.68%) 15/155 (9.68%) 

OFF-hr 24/154 (15.58%) 15/158 (9.49%) 21/155 (13.55%) 18/155 (11.61%) 

IGF1 (ng/mL) 96/135 (71.11%) 11/156 (7.05%) 11/150 (7.33%) 22/150 (14.67%) 

Cortisol (nmol/L) 30/158 (18.99%) 14/160 (8.75%) 22/158 (13.92%) 17/158 (10.76%) 

Testosterone (nmol/L) 28/156 (17.95%) 12/160 (7.50%) 14/159 (8.81%) 12/159 (7.55%) 

Osteocalcin (ng/mL) 6/53 (11.32%) 6/72 (8.33%) 3/68 (4.41%) 6/68 (8.82%) 

 

Table 3. Proportion of abnormal sequences for each statistic for cyclists with multiple disciplines. For each cell of the table, the format 

of the numbers reads: #positive sequences / #total sequences (value in %). 

Biomarker 𝑇𝑛
(2) 𝑇𝑛

(4)
 (model A) 𝑇𝑛

(4)
 (model B) 𝑇𝑛

(4)
 (model C) 

Erythrocytes (T/L) 2/14 (14.29%) 0/14 (0.00%) 0/14 (0.00%) 0/14 (0.00%) 

Hemoglobin (g/L) 1/14 (7.14%) 1/14 (7.14%) 0/14 (0.00%) 1/14 (7.14%) 

Hematocrit (%) 2/14 (14.29%) 1/14 (7.14%) 1/14 (7.14%) 2/14 (14.29%) 

Ferritin (μmol/L) 9/14 (64.29%) 1/14 (7.14%) 0/14 (0.00%) 2/14 (14.29%) 

Reticulocyte (G/L) 1/14 (7.14%) 0/14 (0.00%) 1/14 (7.14%) 0/14 (0.00%) 

Reticulocyte (%) 1/14 (7.14%) 1/14 (7.14%) 2/14 (14.29%) 1/14 (7.14%) 

OFF-hr 4/14 (28.57%) 0/14 (0.00%) 2/14 (14.29%) 2/14 (14.29%) 

IGF1 (ng/mL) 10/12 (83.33%) 0/13 (0.00%) 1/13 (7.69%) 2/13 (15.38%) 

Cortisol (nmol/L) 6/14 (42.86%) 0/14 (0.00%) 2/14 (14.29%) 0/14 (0.00%) 

Testosterone (nmol/L) 3/13 (23.08%) 1/13 (7.69%) 2/13 (15.38%) 2/13 (15.38%) 

Osteocalcin (ng/mL) 1/4 (25.00%) 1/8 (12.50%) 1/8 (12.50%) 1/8 (12.50%) 
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Figure 6. Heat map of the detected abnormal sequences (individuals) for statistics 𝑇𝑛
(2)

 (panel (a)) and 𝑇𝑛
(4)

 (Model A, B, C, panel (b)-

(d)) per discipline. The number in each cell is the percentage, and the proportion of detected individuals is given below each percentage 

as #detected sequences / #sequences. The letters 'MB' stand for ‘Mountain Biking’. 
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4. Discussion 

In this article, we implement three different methods for detecting 

abnormal values in real data sets composed of professional or 

amateur athletes (cyclists or soccer players), on whom several 

samples of different biomarkers were taken. These methods detect 

different abnormalities, ranging from detecting a single outlier 

(𝑇𝑛
(4)

 model A) to a subsequence of outliers (𝑇𝑛
(2)

), or integrating 

the correlation between biomarkers (𝑇𝑛
(3)

) or the time component 

(𝑇𝑛
(4)

 model B and C). All these methods allow for taking into 

account different characteristics of the longitudinal intra-

individual data. In some detections, the proportion of abnormal 

sequences far exceeds the expected significance level (Figure 4 

and 5). In particular, the statistic 𝑇𝑛
(2)

  detects more abnormal 

sequences compared to the other methods. This method differs 

from the other methods presented here, and can also be classified 

as a “change point detection” method. It therefore allows outliers 

to be detected, as well as groups of observations that fluctuate 

around a reference value that differs from that of the other 

observations (see Figure 3). This allows for greater sensitivity 

compared to the other methods. Our study suggests that this 

method should be preferred to other methods for detecting 

changes in longitudinal follow-ups. 

The large number of abnormal ferritin sequences detected can 

be the result of temporary biological changes due to repeated 

endurance training (Clénin et al., 2015), inflammation/infection 

& iron loss and hemolysis (Namaste et al., 2017; Peeling, 2010; 

Keller et al., 2024), altitude and hypoxia (Sim et al., 2019), 

prolonged detraining conditions like injury-related immobility 

(Gledhill, 1985) and low iron intake and iron supplementation 

(Všmid et al., 2024). The change in iron can also be associated 

with pathological effects, due to liver disease, chronic 

inflammatory conditions with malabsorption (such as 

inflammatory bowel disease or celiac disease, Mahadea et al., 

2021), hereditary hemochromatosis, thyroid disorders, blood loss, 

or vitamin B12 deficiency. Medical treatments can lead to blood 

loss and iron-deficiency anemia (Tai & McAlindon, 2021). In 

particular, gastrointestinal bleeding is another potential reason for 

reductions of total hemoglobin mass (and thus ferritin) in athletes, 

especially in ultramarathon athletes which are reported to have a 

high prevalence for gastrointestinal bleeding (Baska et al., 1990). 

This was also demonstrated with the follow-up of one elite rower 

in (Treff et al., 2014).  

More generally, Nabhan et al. (2020) showed that iron 

deficiency is significantly lower in athletes compared to non-

athletes. Completing this observation, Lippi et al. (2005) showed 

that the serum ferritin concentrations of professional endurance 

athletes (cross-country skiers and road cyclists) are 2-fold to 3-

fold higher than those of matched sedentary individuals and 

amateur athletes (road cyclists). It is also possible that seasonality 

such as training and competitions periods vs. less intense periods 

affect ferritin concentrations. Similarly, previous investigations 

measured the effect of training and nutrition on the IGF1 

biomarkers and showed that the training type (endurance vs. 

strength) (Khalid et al., 2020), the energy deficits (e.g. in ultra-

endurance events) (Geesmann et al., 2017), and the protein and 

overall caloric intake (Gulick et al., 2020) can affect the IGF1 

dynamics with time, potentially explaining the observed 

proportions. It is also interesting to note that there are some 

similarities between the two datasets, as the high proportions of 

abnormality are detected in the same biomarkers. There also exist 

some differences between the two datasets, in particular the 

selected transformations may differ for the same biomarkers (see 

Table 1). It underlines the importance of transforming the dataset 

based on the population of study and testing different 

transformations. This does not go against the individualized 

rationale of the proposed approach, as adjusting a different 

transformation per sequence (i.e. each sequence would be tested 

for a transformation) would instead lead to overfitting.  

There are some limitations to the presented approach. First, 

there may be some intra-individual correlation between the 

variables 𝑋𝑖  as some collections were only separated by a few 

days (Buoro et al., 2018; Cooper & Zlotkin, 1996; Sun et al., 

2016). This depends on the biomarker and intraclass correlation 

coefficients are limited or unavailable in the literature for several 

markers (hemoglobin, hematocrit levels, reticulocytes, 

osteocalcin). This can limit the descriptive analysis presented here. 

Second, each statistic requires a minimum number of observations 

to estimate the individual baseline (i.e. estimate the parameters of 

the statistic for one individual). It increases both time and resource 

costs compared with cohort-based approaches, which often rely 

on a single sample per individual. Third, it is also possible we 

detect ‘opposite’ profiles, where the values deemed as abnormal 

are in fact normal, and vice versa. Consider a very specific 

scenario in which most samples from an individual were collected 

during a pathological phase. The estimated baseline will reflect 

this pathological state and the statistic might then classify non-

pathological values as abnormal relative to this baseline. 

Although the approach would correctly detect the overall 

sequence as abnormal, it could misidentify the specific 

observations (these observations are indeed statistically abnormal, 

but not necessarily abnormal from a clinical point of view). In 

practice, however, further clinical or contextual examination 

would help resolve such cases. Finally, we also did not have any 

information about input errors which can occur during the data 

collection. This could also affect the detection rates. However, the 

proposed framework (Figure 1) remains flexible enough to 

integrate new information and to further capture the biological 

complexity using more sophisticated model designs. In practice, 

the proposed methods and tools could already be integrated into 

existing medical programs to support data-driven decisions, 

enable early detection of atypical biological profiles and to 

automate the screening detection of athlete’s biological follow-

ups to highlight possible pathological conditions. One additional 

limitation is that the biological data were available only for male 

athletes. The analysis of biological data in male athletes is 

typically more straightforward than in female athletes, as 

biological measurements in women may exhibit greater 

physiological variability due to hormonal fluctuations, 

particularly across the menstrual cycle. These fluctuations can 

affect biomarkers such as iron status and hematological 

parameters (e.g. serum iron and ferritin) across menstrual phases 

(Aguree et al., 2025). When such information is available at the 

individual level, it can be included in the model design to account 

for such effects, as demonstrated for 𝑇𝑛
(4)

 models A, B, and C 

using the devianLM package 

Future direction will focus on the improvement of the 

proposed Z-score methods to increase the statistical power of the 
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detection while leading to a better understanding of the 

environmental or medical features affecting intra-individual 

variance in the personalized medicine context. We also aim to 

expand screening to a larger number of athletes in order to better 

understand the longitudinal variability of athletes, which may play 

a key role in athletic performance. In the long term, this approach 

could influence how anti-doping programs are designed and 

implemented, particularly if further studies confirm the presence 

of significant natural biological variability in longitudinal 

measurements. 
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 Despite the growth in female participation within rugby union, research surrounding the 

assessment of force and acceleration remains underdeveloped. This study aimed to 

investigate the relationship between rate of force development and 5-metre sprint times in 

female rugby union players. Nine female athletes (age = 17 ± 0.5 years; height = 164.8 ± 

4.24 cm; weight = 67.2 ± 13.16 kg) performed three maximal isometric pushes, followed by 

three maximal effort 5-metre sprints. Rate of force development at epochs of 30, 50, 75 and 

100 milliseconds were correlated with sprint times. Statistical analysis included Pearson 

Correlation Coefficient, coefficient of variance and regression models. Rate of force 

development the coefficient of variance (32.6–51.0%) data indicated poor reliability 

compared to 5-metre sprint data (6.8%). No significant relationship was discovered 

between variables (p = 0.428 – 0.902). However, rate of force development at 30ms had a 

moderate positive correlation with 5-metre sprint times (r = 0.303), compared to small, or 

less than, reported at 50ms (r = 0.075), 75ms (r = 0.048) and 100ms (r = 0.127). A 

regression model revealed results with a high variance inflation factor (30ms = 60.55) to 

have no statistical significance (30ms p = 0.428). This study demonstrates that rate of force 

development could not be used to predict sprint times. Future research should aim to 

improve run-specific ankle isometric push protocols and use alternative metrics, such as 

peak force, in female youth rugby union athletes at a college level. Subsequently, more 

female rugby union athletes can gain experience in force expressing practices, aiding 

academically informed athletic programming for power and acceleration improvements 

specific to female populations.  
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1. Introduction  

The growth in female participation in rugby union (RU) in recent 

years has prompted research to focus on an athlete’s physical 

characteristics to provide practitioners with evidence-based 

insights (Atack et al., 2023). Yet despite this growth research 

remains limited, with female focused investigations accounting 

for ~13% of studies (Cowley et al., 2021; Devries & Jakobi, 2021; 

Hutchins et al., 2021; Smith et al., 2022), assessing an array of 

physical performance attributes, including reactive strength, 

metabolic function, and the expression of force (Dubois et al., 

2020; Zabaloy et al., 2022).  

With advancing technology there has been a shift to 

investigate the expression of force via isometric contraction 

modalities (James et al., 2017). Specifically, force expressed 

against an immovable apparatus while adhering to specific joint 

angles and postures (Stolz et al., 2022). Lum et al.’s (2020) 

systematic review investigated correlations between isometric 

strength testing modalities, force-time metrics, and dynamic 

performance. Their findings demonstrated that isometric strength 

testing interventions such as the isometric bench press, isometric 

squat test, and isometric mid-thigh-pull (IMTP) align with 

primary force-time metrics (peak force, impulse, and epochs of 

rate of force development) (RFD). These underlying metric values 
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correlated with assessed athletic movements (jumping, sprinting, 

change of direction, and throwing tasks), collectively yielding 

small-to-very large meaningful correlations (r ≈ 0.20 - 0.87). This 

data reinforces the use of isometric strength testing as a measure 

of expressing force in athletic populations. Due to the likes of the 

IMTP’s high test-retest reliability (Intraclass correlation 

coefficient (ICC) = 0.94; Grover et al., 2024), minimal injury risk 

and reduced resulting fatigue (Comfort et al., 2019) isometric 

strength testing has steadily emerged within sports research 

applications (Moeskops et al., 2018). The IMTP has grown over 

several sporting disciplines, and substantially more so in RU 

(Martin & Beckham, 2020). Understanding an athlete’s capacity 

for maximal and rapid force generation is of paramount 

significance within RU, considering the athletic skills where these 

qualities are of value (e.g. tackle, maul) (Martin & Beckham, 

2020; Wang et al., 2016).  

Alongside bilateral testing of IMTP, Dos ‘Santos et al. (2017) 

highlight the reliability of unilateral IMTP. Though unilateral 

testing is more apparent in injury pathways and asymmetry testing 

for imbalances, single-leg force-time metrics from isometric 

testing share metrics relevant to sprint assessments (Bishop et al., 

2018). Kuki et al. (2019) similarly emphasise a discrepancy 

between IMTP and sprinting; as force is generated unilaterally 

during sprinting, an alternative method with unilateral IMTP and 

sprinting was challenged. The results suggested this method was 

harder to perform for athletes with less experience in strength 

training, but effective as a predictor of strength for sprinting (Kuki 

et al., 2019). As Watkins et al. (2021) accentuate speed and 

acceleration as pivotal qualities for success in RU, employing a 

test more replicable of these skills used for performance would 

outline data holding more practical significance to RU.  

Dobbs et al. (2018) assessed speed and unilateral isometric 

force in collegiate RU players (n = 19; age = 22.4; height = 178.3; 

weight = 94). The investigation demonstrated the importance of 

measuring unilateral leg strength when attempting to match the 

demands of RU, due to the positive influence unilateral horizontal 

strength had on sprint times. Taking the value isometric testing 

instils in athletic development, in conjunction with sprinting, 

would start to compare these performance parameters to advise 

towards athletic performance in RU athletes (Brady et al., 2019; 

Ferguson et al., 2024; Wang et al., 2016). Although Hicks et al. 

(2020) outlined ground reaction force and horizontal force as 

imperative features for understanding sprint ability, Haugen et al. 

(2019) indicate a level of vertical force that is required to 

overcome gravity when sprinting. As the acceleration phase at the 

start of the sprint relies heavily on both horizontal and vertical 

force to increase ground reaction time, measuring one of these 

variables outlines an element practitioners can target during an 

athlete’s training sessions (Moiroux-Sahraoui et al., 2024; Wilkau 

et al., 2020). Although Brady et al. (2019) identified isometric 

strength measures to account for 33 – 37% variance in 0–5-metre 

sprint performance, more research is required to understand why 

this relationship differs for female athletes. Despite Brady et al. 

(2019) highlighting this need for more female-driven research, the 

importance of 5-metre sprint testing is linked similarly with a 

study by Wannouch et al. (2024), who conducted a 

comprehensive analysis of sprint test reliability in male and 

female youth athletes. Good coefficient of variation percentage 

(CV%) and ICC data concluded that the 0 – 9.14-metre (0 – 10 

yards) sprint is a reliable assessment of youth athletes (females: 

CV = 8.9%, ICC = 0.76; males: CV = 9.8%, ICC = 0.80). 

Although not specific to sex, Freitas et al. (2022) illustrated that 

female RU players demonstrate greater sprint speed and velocity 

in 5-metre sprints than handball and football players. 

Encompassing Brady et al. (2019), Wannouch et al. (2024) and 

Freitas et al. (2022) results and reliability, 5-metre sprint distances 

prevail as a relevant choice for sprint testing female college RU 

athletes.  

Despite RFD remaining a well-established force-time metric 

for athletic performance, literature highlights the unknown 

relationship isometric RFD holds for female athletes (Blazevich 

et al., 2020; Brady et al., 2019; Martin & Beckham, 2020). Haff 

et al. (2015) explored isometric RFD reliability in female 

collegiate volleyball players, with significant RFD results 

demonstrating relevance towards pioneering academically 

informed research investigations towards female athletic 

populations. This presents an opportunity to gather further insight 

into the correlations between force-time metric values and a key 

athletic determinant of success (acceleration) in the sport of 

female RU to better support training prescription and thus 

adaptation in force generating capacity. With this, there is scope 

to examine this relationship through a novel unilateral isometric 

testing means (the run specific ankle isometric push test) to more 

appropriately correspond force generating capacity with linear 

sprint performance in female RU athletes. This potentially offers 

an opportunity to assess the expression of force across wider 

female populations, across playing levels, and sports. This 

investigation therefore through a modern unilateral testing format 

sort to assess the correlation between RFD force-time metrics and 

sprint accelerative performance in adolescent female rugby union 

populations.  

2. Methods 

2.1. Participant recruitment 

A cross-sectional experimental study design was adopted using 

female RU players (age = 17 ± 0.5 years; height = 164.8 ± 4.24cm; 

weight = 67.2 ± 13.16kg). Sample size was calculated using 

G*Power software, version 3.1 where, population correlation: 0.8 

effect size, alpha: 0.05, power analysis: 0.8, and null hypothesis 

correlation: 0 (Kang, 2021).  Participants (n = 9) were recruited 

from a college programme in England and were part of the same 

female college RU team. Ethics were approved by SGS Higher 

Education University Centre.  

Informed consent was obtained from the participants and the 

participant’s parents and/or guardians, and they were informed of 

their right to withdraw at any stage of the study. Data was 

collected and stored on a password-protected laptop and 

transferred to a secure OneDrive database where it would be 

stored in alignment with local data protection guidelines.  

2.2. Data Collection 

Testing consisted of a run specific ankle isometric push (RSAIP) 

test protocol conducted on a flat, solid surface using the VALD 

ForceDecks (FD Lite-0308, ForceDecks, VALD Performance, 

Australia). No administrative protocol has been registered within 

academic literature for the RSAIP protocol therefore the VALD 
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performance practitioner’s run-specific ankle ISO-push guide 

(VALD, n.d.) was largely adopted to facilitate delivery of testing. 

This was followed by a 5-metre linear sprint test on a flat indoor 

third generation artificial surface, using Brower TCi speed gates 

(TCi, Brower Timing Systems, Utah, USA).   

2.3. RSAIP testing 

Participants completed a standardised warm up comprised of a 2-

minute cycle at a moderate pace of 60 revolutions per minute 

(McCormick et al., 2022) followed by a series of preparatory 

exercises consisting of a dynamic kneeling quadricep stretch, a 

banded sprint hold, and three maximal effort countermovement 

jumps (two sets of six repetitions on each exercise). Each 

participant was then familiarised and guided to position 

themselves under the barbell, chest up, with their dominant limb 

extended in contact with the corresponding force plate, with the 

active foot slightly plantar-flexed. The participant then lifted their 

inactive limb off the plate raising their flexed knee to hip height, 

dorsi-flexing at the ankle (replicating a high knee sprint position 

typically adopted during accelerative phases of a sprint start), and 

maintained this position throughout the duration of a given 

recorded push. This was followed by a specific warmup on the 

force plates of a 1 x 4-second effort at 70%, 80%, and 90% of a 

perceived one repetition max push, with a 10-second recovery 

period between efforts (Healy et al., 2019). For official push 

recordings, on the call “3, 2, 1, push”, the participants performed 

a 4-second maximal voluntary contraction (MVC) isometric push 

(Travis et al., 2018). A 60-second rest was permitted between 

efforts to maximise recovery (Davies et al., 2025).  

2.4. 5-metre linear sprint testing 

Sprint performance was evaluated using a 5-metre marked 

distance with timing speed gates set up on the third-generation 

artificial grass surface. Participants completed a short (2-3 efforts) 

series of gradual increase in sprint efforts to prepare (Healy et al., 

2019). Participants were instructed to place their RSAIP dominant 

limb on the starting line, thus, adopting a two-point stance. The 

participants were instructed to initiate each sprint at their own 

volition (Darrall-Jones et al., 2016). Each participant completed 

three maximal effort sprints, with a one-minute rest between 

bouts. The results were recorded to the nearest 0.01 seconds, with 

the average from all three logged. 

2.5. Data analysis 

Pearson Correlation Coefficient was used to ascertain the extent 

of the linear relationship between RFD and sprint times. 

Correlations were evaluated as: small (0.10–0.29), moderate 

(0.30–0.49), large (0.50–0.69), very large (0.70–0.89), nearly 

perfect (0.90–0.99) and perfect (1.0). To establish reliability 

throughout the statistical process, hypothesis testing was used to 

reduce systematic bias and help avoid Type I and Type II errors 

(Ferguson et al., 2024; Streib & Dehmer, 2019). The criterion for 

statistical significance was set at an alpha level of p-value (p) ≤ 

0.05. The reliability of the data sets was measured from the CV% 

of the data and its variance (Bailey, 2023). Regression analysis 

models interpreted the data to reveal the magnitude of the effect 

and investigated whether the variables could be used as predictors 

for one another (Gratton & Jones, 2010).   

3. Results 

Results indicated poor RFD reliability from high degrees of 

variability (32.6 – 51.0%) compared to the 5-metre sprint (CV = 

6.8%) (Table 1).  

Table 1. Descriptive values for RSAIP, RFD and spring times (M 

± SD) and coefficient of variation.  

 M ± SD CV% 

Sprint 1.1 ± 0.08* 6.8% 

RFD 30m 771.56 ± 251.58** 32.6% 

RFD 50ms 1016.22 ± 437.59** 43.1% 

RFD 75ms 1285.11 ± 654.94** 51.0% 

RFD 100ms 1470.67 ± 691.13** 47.0% 

 

 

No significant relationship was observed between targeted 

epochs of RFD and 5-metre sprint times (p = 0.428 – 0.902) 

(Table 2).  

Table 2. Correlations and statistical significance between 5-metre 

sprint times and epochs of RFD.  

  Mean Sprint Times (s) 

 r p 

RFD 30m 0.30 (moderate) 0.428 

RFD 50ms 0.07 (<small) 0.847 

RFD 75ms 0.04 (<small) 0.902 

RFD 100ms 0.12 (small) 0.745 

 

 

RFD at 30ms had a moderate positive correlation with 5-metre 

sprint times (r = 0.30) (Figure 1), compared to small or less 

reported at 50ms (r = 0.07) (Figure 2), 75ms (r = 0.04) (Figure 3), 

and 100ms (r = 0.12) (Figure 4).  

 

Figure 1. Scatter plot of association between 5-metre sprint time 

and RFD at 30ms. 
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Figure 2. Scatter plot of association between 5-metre sprint time 

and RFD at 50ms. 

 

 

Figure 3. Scatter plot of association between 5-metre sprint time 

and RFD at 75ms. 

 

 

Figure 4. Scatter plot of association between 5-metre sprint time 

and RFD at 100ms. 

 

A multiple linear regression model explained the proportion 

of variance in sprint performance (R2 = 0.841), reporting no 

statistical significance (p = 0.061) (Table 3).  

Table 3. Multiple liner regression results of the proportion of 

variation in sprint performance. 

 SE 
Lower 

95% 

Upper 

95% 
p 

RFD 30ms 0.00045 -0.00006 0.00245 0.057 

RFD 50ms 0.00055 -0.00242 0.00062 0.177 

RFD 75ms 0.00053 -0.00126 0.00168 0.708 

RFD 100ms 0.00036 -0.00104 0.00095 0.904 

 

4. Discussion 

This investigation sought to assess the correlation between RFD 

force-time metrics and sprint accelerative performance in 

adolescent female rugby union populations. This study 

demonstrated no significant positive correlations between 

isometric strength and 5-metre sprint time (Table 2). This is 

contrast with Thomas et al. (2015) and Tillin et al. (2013) who 

reported moderate to strong negative correlations between 

isometric strength and 5-metre sprint time in male rugby players 

(r = -0.58 - 0.63), likely because sprint performance was assessed 

alongside maximal force and RFD metrics, which may be more 

sensitive to short-distance acceleration. Aligning similarly to the 

results of this study, Wang et al. (2016) presented the first 5-metre 

sprint to significantly correlate with RFD between 30ms and 50ms 

(30ms r = -0.570; 50ms r = -0.527). The results suggest that 

during acceleration, where ground contact times during the 

concentric phase average around 50ms, observing RFD and 5-

metre sprint relationships is more beneficial if the RFD metric 

does not exceed 50ms or higher due to no significant correlations 

observed (Wang et al., 2016).  

While Wang et al. (2016) used male university rugby athletes, 

which opposes the female sample from this study, Martinopoulou 

et al. (2022) investigated RFD in twenty-three male and female 

basketball and volleyball players. The study comparably explored 

RFD at 50ms and showed similarities between the male and 

female athletes’ ability to exert rapid force isometrically 

(Martinopoulou et al., 2022). However, Martinopoulou et al. 

(2022) highlight how this may result from both sexes in the 

sample being well-trained athletes. Nevertheless, the maximum 

lower limb strength to overcome the inertia of body weight in 

accelerating affiliates with the practical application of 

understanding 5-metre sprint times and force expression from 

these studies (Martinopoulou et al., 2022; O’Driscoll et al., 2024; 

Thomas et al., 2015; Tillin et al., 2013; Wang et al., 2016). 

Throughout the literature, sprint distances vary for RU 

athletes, with no set sprint distance exceeding the importance of 

another (Darrall-Jones et al., 2016). However, when paired with 

RFD correlations, as previously mentioned, Wang et al. (2016) 

identified that 5-metre sprints significantly correlate with RFD at 

30ms and 50ms. The correlation discrepancy between this study 

and Wang et al. (2016) may be related to the use of university 

participants (20.67 ± 1.23 years) with greater experience in 

expressing force and a higher sample size (n = 15). However, 

although RFD at 75ms was not used by Wang et al. (2018), the 

correlation between a 5-metre sprint and RFD at 100ms (100ms r 

= -0.163), similar to this study, revealed no significant correlation 
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(100ms r = 0.127). Nonetheless, the results from the 5-metre 

sprint show greater reliability than the RSAIP RFD results, 

proposing the practical significance potential this study could 

present if reliability measures were improved in the RSAIP test 

(Ferguson et al., 2024). 

During this investigation, the multiple linear regression 

established an R2 value of 0.850, explaining an 85% variance in 

sprint time, with the overall model p-value reporting no statistical 

significance at 0.061. RFD at 30ms was the most statistically 

promising predictor of 5-metre sprint with a p-value of 0.057. 

Despite this, all RFD variables were highly correlated, resulting 

in multicollinearity that compromised the stability of the 

regression model, an issue similarly observed in a study by 

Weaving et al. (2019) on youth rugby league players. In this 

study’s analysis, RFD at 30ms presented the variance inflation 

factor at 60.55, well above the recommended threshold of 10, 

confirming severe multicollinearity across predictors (Akinwande 

et al., 2015). When the singular regression model of RFD at 30ms 

and 5-metre sprint times was calculated, the R2 value dropped to 

0.092, and the p-value increased to 0.428. This suggests that, 

while RFD at 30ms had the strongest relationship with 5-metre 

sprint performance, none of the single RFD time points could 

significantly predict 5-sprint times. These results are likely 

influenced by the small sample size (n = 9), the multicollinearity 

observed in the full regression model and wider biomechanical 

and neuromuscular factors of sprint performance that were not 

measured in this study (Akinwande et al., 2015; Oleksy et al., 

2024).  

The lack of significance across Pearson’s correlation 

coefficient and multiple linear regression models suggests that 

RFD at 30ms, 50ms, 75ms, and 100ms do not significantly 

correlate with 5-metre sprint times in this sample of 16–18-year-

old female RU players. Contrastingly, a study by Brady et al. 

(2019) demonstrated isometric tests to be reliable tests that 

correlate with and predict early acceleration (r = -0.517 to -0.714; 

P<0.05). The results displayed the high statistical significance of 

5-metre sprint prediction in IMTP and isometric squat (IMTP p = 

0.023; isometric squat p = 0.017). Despite Brady et al. (2019) 

highlighting that isometric strength accounts for 33-37% of the 

variance in 5-metre sprint performances, the IMTP was based on 

impulse, and the isometric squat was based on relative-peak force, 

neither of which both were included in this investigation. 

Although Wang et al. (2016) do show RFD contributions to sprint 

acceleration, this study demonstrated that an isolated use of RFD 

in correlations with and predictive measures of 5-metre sprint 

times is somewhat limited.  

The high CV% across all the RFD time points indicated poor 

within-session reliability of the RSAIP test. These findings 

correspond with previous research by Dos ‘Santos et al. (2017), 

demonstrating RFD at different time points during an IMTP 

showed lower reliability in 16-year-old male athletes. Similarly, 

while studying female youth athletes, Moeskops et al. (2018) 

reported high typical errors in RFD values despite showing good 

reliability for absolute and relative peak force. Although Haff et 

al. (2015) observed higher reliability for time-specific RFD (CV 

= 2.3-2.7%) in trained female volleyball players, the overall 

evidence suggests that RFD is a less stable measure in younger or 

less experienced athletes. This inherent variability in RFD 

measurement could help explain the weak correlations and lack of 

significant predictive value observed in this study. Given that 

RFD values may fluctuate, especially in adolescent populations, 

the low reliability likely contributed to the inconsistency and 

instability of the regression models and the poor correlation 

between RFD time points and 5-metre sprint performance 

(Moeskops et al., 2018).  

Dos ‘Santos et al. (2017) and Moeskops et al. (2018) 

highlighted that athletes’ ability to express force improves with 

maturation and training experience, suggesting that future studies 

may see more apparent relationships in older or more physically 

developed populations. While Moeskops et al. (2018) highlight 

isometric tests, such as the IMTP, as reliable for evaluating peak 

force in adolescent female athletes, a further emphasis explains 

the unreliability seen when testing RFD across the ages 6-17 

years. This unreliability can be seen in the high variability of all 

RFD time points: RFD at 30ms (CV = 32.6%), 50ms (CV = 

43.1%), 75ms (CV = 51%) and 100ms (CV = 47%). Studies by 

Focke et al. (2013) and Merrigan et al. (2020) similarly 

documented RFD as inherently less reliable across adult, 

adolescent and child athletes in multi-joint movements with more 

degrees of freedom (Moeskops et al., 2018).  

These results may have been mitigated if pre-tension levels 

were set to avoid countermovement within the push phase of the 

RSAIP testing (Comfort et al., 2019). However, due to time 

limitations of the VALD ForceDecks’ availability, the pre-tension 

was only prompted by verbal cues to push into the bar when 

counting down before the MVC testing. Furthermore, Merrigan et 

al. (2020) explain a limitation of minimal familiarisation that also 

impacted the testing protocols. Similar limitations within this 

study highlight a need for extensive familiarisation when asking 

mixed-ability RU athletes to complete a new, complex multi-joint 

isometric test such as the RSAIP (Merrigan et al., 2020; Moeskops 

et al., 2018).  

For future recommendations, researchers should plan to have 

more than one familiarisation day when a population of youth 

athletes, who may be inexperienced in force expression, is used. 

Allocating time for the female athletes to practice would improve 

the data sets’ accuracy and provide a better understanding of the 

testing procedures (Martin & Beckham, 2020; Merrigan et al., 

2020). Throughout these sessions and the testing day, protocols 

around the bar pre-tension should also be considered and 

implemented. Comfort et al. (2019) suggest that a pre-tension that 

does not exceed 50 N should remove slack from the body before 

MVC testing. Due to the inherent unreliability of RFD in 

adolescent athletes, researchers could also investigate athletes’ 

peak force alongside RFD (Moeskops et al., 2018). McCormick 

et al. (2022) explain that within-session performances for peak 

force are highly reliable (CV = 3.4 – 5.1%) in youth athletes, 

while similarly emphasising verbal cues to help participants 

achieve their best testing results. Encompassing these 

recommendations in future research would aim to improve the 

overall value of the data, from greater understanding and 

implementation by the participants, and broader research 

applications in female RU settings (Martin & Beckham, 2020; 

McCormick et al., 2022; Moeskops et al., 2018). Beyond these 

adjustments, a study exploring the reliability of RSAIP testing 

protocols in female adolescent RU athletes may contribute to 

standardised procedures for future research, similarly to studies 

by Darrall-Jones et al. (2016), Dos’Santos, Thomas, Comfort, et 

al. (2019) and Ferguson et al. (2024). The findings from this 

investigation may serve as a benchmark for kinetic performance 
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assessment in female adolescent populations, within the emerging 

RU game as RFD is a valued derivative of explosive strength. 

Under the unilateral testing construct there is scope to further 

investigate as to the degree of relation between kinetic 

performance and other key dynamic performance parameters such 

as vertical jump, change of direction, and throwing performance.  

The findings of this study add further knowledge to the field 

of unilateral kinetic assessment and its insights relating to 5-metre 

sprint performance in female RU players. Understanding optimal 

metrics and their alignment to early sprint performance, in 

adolescent female RU players, can determine appropriate kinetic 

metric selection to better profile athletes and therefore more 

accurately prescribe for them. At present the current study 

suggests that RFD at selected early time points (30-100ms) in 

isolation may not sufficiently predict 5-metre sprint performance. 

As a result, grassroots academies may benefit in understanding 

their female athletic populations further through reliable isometric 

force-time metric outputs, under reasonable time frames.  
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