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Thesis Abstract 

Sprint interval training (SIT) has been shown to be a time efficient training 

modality for improving performance measures such as peak oxygen uptake, 

incremental time to exhaustion, and power output. Whilst this is beneficial, 

literature has focussed on the use of lower extremity SIT, despite contributions 

from both lower and upper extremities in sporting performance. Furthermore, 

limited investigation has occurred into the acute programme variables involved 

with SIT. 

 

The overarching aim of this thesis was to investigate the effects of combined 

lower and upper extremity SIT on performance measures. To achieve this, the 

thesis utilised three intervention based studies, each with the following primary 

aims: 1) to investigate the effects of applied resistance during a combined lower 

and upper extremity SIT intervention on performance measures; 2) to determine 

the effect of a combined lower and upper extremity SIT protocol on recovery 

duration outcomes and performance measures; 3) to determine the effects of a 

short duration, combined lower and upper extremity SIT protocol on combat 

sport performance. To achieve these aims, each intervention utilised combined 

extremity SIT (lower and upper body sprints, 8 x 10 s sprints, sprints 

interspersed with a 30 s recovery, extremities interspersed with a period of 

recovery) of varying durations, with the findings from each study setting up the 

following interventions.  

 

This thesis demonstrates that combined extremity SIT is an effective training 

modality for improving an array of anaerobic and aerobic performance 

measures, with the applied resistance effecting the magnitude of adaptation 

gained. Furthermore, this training modality can improve the rate of recovery 

following exercise, and is a time efficient manner for improving combat sport 

performance. Collectively, this thesis improves the current understanding of 

SIT, establishes combined extremity SIT as a practical training paradigm for 

improving performance measures, and demonstrates that combined extremity 

SIT is a time efficient and effective training modality for improving combat sport 

performance. 
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1. Chapter 1 – General Introduction 

Sporting activities commonly involve varying, whole body, intermittent activity 

patterns that fluctuate between periods of maximal or near maximal intense 

activity (e.g. sprinting, jumping, punching), interspersed by periods of lower 

intensity activity (e.g. walking, jogging) or rest (Glaister 2005; Spencer, Bishop 

et al. 2005; Girard, Mendez-Villanueva et al. 2011). These events contain an 

array of lower and upper body movement patterns and physiological 

requirements, due to differences in physical environments, rule structures, 

equipment, ability levels, playing positions, and event durations, although this 

list is not exhaustive. Briefly, examples of different whole body movement 

patterns includes striking, kicking or grappling in combat sports (Del Vecchio, 

Hirata et al. 2011), moving and striking the ball in racquet sports (Faber, Bustin 

et al. 2016), and running, kicking, passing, and tackling in field sports such as 

football, hockey and rugby (Green, Batada et al. 2010; Swaby, Jones et al. 

2016). However, the ability to perform repeated bouts of whole body, short 

duration, high intensity activities interspersed with periods of recovery is a 

commonality, with these activities often occurring at critical points within a 

game, bout or match (Fernandez, Mendez-Villanueva et al. 2006; Swaby, Jones 

et al. 2016; Franchini 2017; Jones, Williams et al. 2018).  

 

Within field-based sports such as rugby, hockey and football, time-motion 

analysis demonstrates a mean duration of high intensity efforts from 2-7 s, with 

players covering distances ranging from 4000-11000m (Randers, Mujika et al. 

2010; Cahill, Lamb et al. 2013; White and MacFarlane 2013; Swaby, Jones et 

al. 2016). The ratio of high to low intensity activities also has a wide range of 

~1:1 to ~1:14 (Randers, Mujika et al. 2010; Cahill, Lamb et al. 2013; White and 

MacFarlane 2013; Swaby, Jones et al. 2016), although the exact values are 

challenging to quantify due to differences in study methodological approaches 

(Glaister 2005). Similarly within combat sports, bursts of high intensity efforts 

range from 2-14 s, although there is a large variance in work to rest ratio ranges 

of 1:1 to 3:1 due to the array of disciplines that are categorised under this 

heading (Franchini, Brito et al. 2012; Franchini 2017). Contrastingly, racquet 

based sports (e.g. tennis, squash, badminton), demonstrate more consistent 
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activity patterns with high intensity efforts ranging from 5-11 s, with work to rest 

ratios of 1:1 to 1:5 (Fernandez, Mendez-Villanueva et al. 2006; Kovacs 2007; 

Gawin, Beyer et al. 2015; Jones, Williams et al. 2018).  

 

Current research into the physiological demands of sporting activities involving 

whole body, repeated high intensity movements demonstrate a considerable 

requirement for both anaerobic and aerobic energetic pathways (Glaister 2005; 

Spencer, Bishop et al. 2005). However, the extent of relevant contributions of 

the adenosine triphosphate-phosphocreatine (ATP-PCr), anaerobic glycolysis 

and oxidative systems within sporting activities are currently debated, especially 

within contact-based activities. Current estimations suggest that mean exercise 

intensities range from 60-80% maximum oxygen uptake (V̇O2max) with mean 

heart rates ranging from 70-90% of maximum (Fernandez, Mendez-Villanueva 

et al. 2006; Deutsch, Kearney et al. 2007; Kovacs 2007; Stølen, Chamari et al. 

2005; Alghannam 2012; Jones, Williams et al. 2018). However, this provides 

limited information as the expression of intensity as a mean across total game 

duration omits physiological content and processes that are associated with 

intermittent activities (Glaister 2005). Portable equipment for direct oxygen 

calorimetry allows the field based assessment of oxygen uptake to occur, 

however the use of these within contact sports is limited, resulting in 

assessments of game or match simulations. Furthermore, while oxygen uptake 

can be determined from heart rate data, through the use of pre-measured, 

laboratory based, submaximal heart rate/oxygen uptake relationships, these 

have limited use within intermittent sports due to the lack of instantaneous 

feedback following individual high intensity movements (Borresen and Lambert 

2008). Regarding anaerobic contributions, the majority of field-based 

assessments focus on the production of ATP through the anaerobic glycolytic 

energy pathway, with measurements taken from the accumulation of blood 

lactate (Gharbi, Dardouri et al. 2014; Padulo, Tabben et al. 2015). However, this 

reflects the balance between blood lactate accumulation and clearance, not the 

utilisation of glycolysis within working tissue (Brooks 2000; Gladden 2004). 

Further, the measurement of blood lactate is restricted to breaks or disruptions 

within bouts, games or matches, and as such only reflect the intensity of activity 

within a short duration prior to measurements occurring. Regardless, based on 
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the current research it is evident that ATP resynthesis is required from a range 

of energy pathways in order to maintain the completion of high intensity 

movements, reduce the onset of fatigue, and allow recovery to occur within rest 

periods during intense, intermittent sports, although the specific extent of this is 

still to be determined.  

 

Due to the wide range of intensity ratios, energetic pathway demands, and 

physiological requirements of sporting activities, muscle fibre type and 

distribution varies between sports, and across both muscle groups and 

extremities (Yoon 2002; Krustrup, Christensen et al. 2010; Sanchis-Moysi, 

Idoate et al. 2010). For example based on measurements from the vastus 

lateralis, football players reported ~43% Type I fibres, ~39% Type IIa fibres, and 

~18% Type IIb fibres (Krustrup, Christensen et al. 2010). Within ice hockey, 

lower distributions of Type II fibres have been reported compared to Type I 

fibres within the vastus lateralis (57-60% Type I fibres; 34-36% Type IIa fibres; 

4-6% Type IIb fibres) (Green, Batada et al. 2010), while rugby union players 

have reported greater numbers (52-57% Type I fibres; 43-48% Type II fibres) 

within measures from the same muscle group (Jardine, Wiggins et al. 1988; 

Duthie, Pyne et al. 2003). While sport specific data is limited, differences in fibre 

types between extremities has also been reported in both wrestling and tennis 

(Tesch, Karlsson et al. 1982; Yoon 2002; Sanchis-Moysi, Idoate et al. 2010). 

Within wrestling, Type II fibres accounted for 53-56% of total fibres within the 

lower extremity (gastrocnemius or vastus lateralis) compared to ~39% within the 

upper extremity (deltoid) (Tesch, Karlsson et al. 1982; Yoon 2002). 

Contrastingly, within tennis Type II fibres accounted for ~38% of total fibres 

within the lower extremity (vastus lateralis), compared to ~49% within the upper 

extremity (triceps brachii), with no differences in fibre type distribution between 

dominant and non-dominant arms (Sanchis-Maysi, Idoate et al. 2010). 

However, it is important to note that limited data on fibre type contributions 

within varying sporting activities is available due to varying methodological 

issues.  

 

Differences in underlying muscle physiology and energetic pathway 

contributions have been reported between upper and lower extremities, with the 
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upper extremity performing less work and consisting of a lower level of muscle 

mass compared to the lower extremity (Koppo, Bouckaert et al. 2002; 

Calbet, Gonzalez-Alonso et al. 2015). Furthermore, the upper extremity 

possesses an increased proportion of Type II fibres, increased relative blood 

flow, decreased blood mean transit time, a larger diffusion distance, a smaller 

diffusion area, and a lower cardiac output and increased cardiac strain during 

exercise compared to the lower extremity (Ramonatxo, Prioux et al. 1996; 

Koppo, Bouckaert et al. 2002; Richardson, Secher et al. 2006; 

Calbet, Gonzalez-Alonso et al. 2015). During 30 s Wingate (WAnT) tests, lower 

peak power outputs, mean power outputs and total oxygen consumption (V̇O2) 

are recorded within the upper extremity compared to the lower extremity, 

although when normalised for lean mass these values are greater within the 

arms (Calbet, Gonzalez-Alonso et al. 2015; Zinner, Morales-Alamo et al. 2016). 

Regarding differences in energetic pathway contributions to ATP turnover, no 

differences between extremities have been reported for the ATP-PCr system, 

although the upper body possesses a higher glycolytic contribution, and the 

lower body has a greater oxidative contribution during a maximal effort 30 s 

WAnT (Harvey, Wiegand et al. 2015; Julio, Panissa et al. 2019). As such, the 

upper extremity has shown to contribute to only ~33% of whole body V̇O2 

compared to the lower extremity (Calbet, Jensen-Urstad et al. 2004; Calbet, 

Holmberg et al. 2005; Calbet, Gonzalez-Alonso et al. 2015). Collectively, these 

differences have been suggested to occur due to variations in muscle size, 

relative proportions of Type II fibres and oxygen extraction capacity (Koppo, 

Bouckaert et al. 2002; Calbet, Holmberg et al. 2005; Julio, Panissa et al. 2019). 

Therefore, adaptations to training may differ between extremities (Harvey, 

Wiegand et al. 2015; Zinner, Morales-Alamo et al. 2016). 

 

High intensity interval training (HIIT) is considered a time efficient method for 

producing performance benefits to a similar extent as traditional endurance 

training (Gibala, Little et al., 2012; Milanović, Sporiš et al., 2015). This includes, 

but is not limited to, increases in mitochondrial markers and enzymatic activity 

(Burgomaster, Hughes et al. 2005; Burgomaster, Howarth et al. 2008), 

improved skeletal muscle capillerisation (Cocks, Shaw et al. 2013; Scribbans, 

Edgett et al. 2014), improved blood lactate clearance (Burgomaster, 
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Heigenhauser et al. 2006) and increased stores of energy providing metabolites 

(Burgomaster, Hughes et al. 2005; Burgomaster, Howarth et al. 2008). HIIT has 

been defined as repeated bouts of short-to-long exercise performed at a power 

output or velocity within the severe-intensity domain, which occurs between the 

second ventilatory threshold and maximal oxygen consumption (V̇O2max) 

(Rosenblat, Perrotta et al., 2020). Therefore, HIIT requires ‘near maximal’ 

efforts at an intensity that elicits ≥ 80% of maximal heart rate or V̇O2max 

(MacInnis and Gibala 2017; Viana, De Lira et al., 2018). This training modality is 

commonly performed through running (Esfarjani and Laursen 2007), cycling 

(Stepto, Hawley et al., 1999), and rowing (Akca and Aras, 2015), although is 

limited within both upper extremity and whole body training interventions. While 

HIIT is generally considered time efficient, individual bouts of exercise can 

range up to 5 minutes, with interspersing recovery periods frequently lasting a 

similar duration (Laursen, Blanchard et al. 2002). As such, when combined with 

appropriate warm up and cool down periods, individual training sessions can 

last a similar duration as traditional endurance training sessions.        

 

Sprint interval training (SIT), a component of HIIT, is defined through the use of 

maximal effort (i.e. ≥V̇O2max), short duration (i.e. ≤30 s) sprints, interspersed 

with short periods of rest or low intensity exercise (e.g. ≤40% V̇O2max) (MacInnis 

and Gibala 2017; Rosenblat, Perrotta et al., 2020). Currently, SIT interventions 

predominantly utilise 4-6 x 30 s maximal effort sprints, interspersed by an ~4 

minute duration against a resistance of 7.5% body mass (BM) (Gillen and 

Gibala 2014). This training modality has demonstrated similar increases in 

performance as both HIIT and traditional endurance training, despite a notably 

lower training session duration (Hazell, MacPherson et al. 2010; Jakeman, 

Adamson et al. 2012; Lloyd Jones, Morris et al. 2017; Lloyd Jones, Morris et al. 

2019). Similarly, utilising shorter duration sprints (e.g. <15 s) similar 

performance improvements have been reported, suggesting that physiological 

adaptations are driven within the initial stages of each sprint. Furthermore, while 

SIT provides physiological adaptations that are beneficial for performance, the 

shorter duration sprints (≤10 s) are considered more relevant to sporting 

performance (Spencer, Bishop et al. 2005), and account for the commonly cited 

barrier to exercise of ‘lack of time’ (Trost, Owen et al. 2002). However, due to 
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the relative infancy of research into shorter duration sprints within SIT, many 

programme variables (e.g. applied resistance) have remained the same as 30 s 

based HIIT, with further investigation required into the effects of these on 

performance. Nonetheless, similar to HIIT, running or cycling SIT is 

predominantly used, with limited research into the effects of upper body or 

whole body SIT, despite physiological differences between extremities 

(Calbet, Gonzalez-Alonso et al. 2015; Zinner, Morales-Alamo et al. 2016), 

whole body contributions to sporting performance (Spencer, Bishop et al. 2005; 

Girard, Mendez-Villanueva et al. 2011), and limited contributions of lower body 

sprints on upper extremity peripheral adaptations (Grant, Watson et al. 2015). 

Instead, research has generally focussed on the use of upper body arm 

ergometry as a method of assessing oxidative capacity (Calbet, Holmberg et al. 

2005; Lovell, Harvey et al. 2016), endurance performance (Doncaster and 

Twist, 2012), and anaerobic outcome measures (Weber, Chia et al. 2006; 

Kounalakis, Bayios et al. 2008; Lovell, Mason et al. 2011; Harvey, Wiegand et 

al. 2015). As such, the aforementioned performance improvements are based 

on lower body SIT, despite the requirement for intense co-ordinated movements 

between extremities within sporting performance. To the author’s current 

knowledge, the only upper body SIT or HIIT interventions have focussed on 

male paraplegics (Harnish, Sabo et al. 2017) and spinal cord injury patients (De 

Groot, Hjeltnes et al. 2003), leading to improvements in both peak and mean 

power output. This implies that upper body SIT may have application for 

improving performance in healthy, physically active individuals. Regarding 

combined, whole body SIT and HIIT, only two interventions have investigated 

the effects of these modalities on performance measures (Osawa, Azuma et al. 

2014; Zinner, Sperlich et al. 2017). Within both upper and lower extremities 

increases in time trial mean power output, peak power output and mean power 

output (during both 30 s WAnTs and incremental exercise tests) have been 

observed, although contrasting findings in peak/maximal oxygen consumption 

were reported, potentially as a result of different training methodologies 

(Osawa, Azuma et al. 2014; Zinner, Sperlich et al. 2017).          
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2. Chapter 2 – Review of Literature 

 Skeletal Muscle 

Skeletal muscle is a highly dynamic and plastic tissue that adapts in response 

to environmental stressors, such as physical activity, which challenge the 

metabolic and structural demands of the tissue (Kraemer and Spiering 2007). 

The structure of skeletal muscle can be considered from a hierarchical 

perspective (Figure 2.1), wherein the basic contractile units of the fibre are 

formed by sarcomeres, composed of interdigitating thin and thick myofilaments. 

 
Figure 2.1: The structure of a single muscle fibre (Tortora, Derrickson 2013) 

 

In order for skeletal movement, the contraction of muscle must occur through a 

sequence of events known as excitation-contraction coupling. Excitation-

contraction coupling occurs when an action potential within the motor neuron 

initiates muscle action potential through the release of acetylcholine at the 

neuromuscular junction (Allen, Lamb et al. 2008). An action potential is 

conducted along the surface membrane and down the transverse tubules (T-

tubules) into the interior of the muscle fibre (Allen, Lamb et al. 2008). During an 

action potential, T-tubules change their conformation resulting in charge 

movement, stimulating the release of sarcoplasmic reticulum (SR) Ca2+ from 

ryanodine receptor (RyR) release channels (Allen, Lamb et al. 2008; MacLaren 

and Morton 2012). SR Ca2+ release results in a transient increase in 

myoplasmic free Ca2+, although the magnitude of this depends on both the SR 
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Ca2+ release and the Ca2+ buffers within the cell (Allen, Lamb et al. 2008, 

MacIntosh, Holash et al. 2012). Within the myoplasm, Ca2+ is an integral part of 

the sliding filament mechanism to develop force (Allen, Lamb et al. 2008; 

MacIntosh, Holash et al. 2012; MacLaren and Morton 2012). 

 

The sliding filament mechanism explains the development of force through 

contraction within the skeletal muscle. Adenosine triphosphate (ATP) binds to a 

myosin head and is hydrolysed into Adenosine diphosphate (ADP) and 

inorganic phosphate (Pi) via the enzyme ATPase, with these products 

remaining attached to the myosin head (MacLaren and Morton 2012). As a 

result of ATP hydrolysis, the myosin heads attach to the actin filament binding 

site, releasing a phosphate group and forming a crossbridge (Allen, Lamb et al. 

2008; MacIntosh, Holash et al. 2012). The release of the phosphate group tilts 

the myosin head, rotating on its hinge in a movement called the power stroke 

(MacIntosh, Holash et al. 2012; MacLaren and Morton 2012). Force is 

generated from the myosin head rotation, pulling the actin filament towards the 

sarcomere centre via the sliding filament mechanism, whereby the thin and 

thick filaments slide over one another (MacLaren and Morton 2012). This 

shortens the overall sarcomere length with the myosin heads ‘walking’ towards 

the Z-disc and the actin filaments sliding towards the M-line (MacLaren and 

Morton 2012). During muscular contraction, the I-band shortens whereas the A-

band does not change length (MacLaren and Morton 2012). Following the 

power stroke myosin releases ADP and remains bound to actin until the next 

supply of ATP binds to myosin, repeating the contraction cycle again when 

ATPase hydrolizes ATP (MacLaren and Morton 2012).  

 

Muscular relaxation occurs when tropomyosin wraps around the actin filaments 

covering the binding site, thus preventing myosin heads from binding to actin 

(MacLaren and Morton 2012). Three collective proteins of troponin C, troponin I 

and troponin T, collectively known as troponin, hold tropomyosin in place 

(MacLaren and Morton 2012). Myoplasmic Ca2+ binds to troponin C, instigating 

the movement of the troponin-tropomyosin complex away from the binding site, 

allowing the contraction-relaxation cycle to repeat (MacLaren and Morton 2012). 

Following muscle relaxation, the elevated Ca2+ is pumped back into the SR by 
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the ATP-driven SR Ca2+ pumps (Allen, Lamb et al. 2008). In order for the sliding 

filament mechanism to occur there needs to be a continuous supply of ATP and 

Ca2+, with this dependant on the contractile conditions present e.g. intensity, 

duration and type of exercise.  

 

There are large variances between skeletal muscle cells regarding speed of 

contraction, oxidative capacity, fatigue resistance and intracellular Ca2+ 

handling (Allen, Lamb et al. 2008). These fibre types are classified on the 

expression of myosin heavy chain (MHC) isoforms; type I, IIa, IIx and IIb (Allen, 

Lamb et al. 2008). MHC isoforms control the maximal shortening velocity of a 

muscle cell via determining the rate of cross bridge cycling, with type I being the 

slowest, type IIa intermediate and type IIx/b the quickest (Allen, Lamb et al. 

2008). 

 

 Energy Metabolism 

2.3.1 Adenosine Triphosphate 

The human body derives energy for muscular work through the hydrolysis of 

ATP, via the enzyme ATPase (Equation 2.1). 

 

   ATPase      

ATP + H2O ⇌ ADP + Pi + energy 

   ATPsynthase      

Equation 2.1: The utilisation of ATP during muscular contraction where ADP is 

adenosine diphosphate, Pi is inorganic phosphate, ATPsynthase is an enzyme 

that synthesizes ATP, and ATPase is an enzyme that hydrolyses ATP. 

 

Within skeletal muscle, intramuscular ATP is the immediate fuel source for 

muscular contraction (Gastin 2001; Glaister 2005). However, the storage of 

intramuscular ATP is very low [~20-27 mmol.kg-1 dry muscle mass (dm)], which 

with a peak turnover rate of 15 mmol.kg-1dm.s-1 during maximal activity, fuels 

the body for 1-2 s, if it were the only fuel source (Glaister 2005; Hargreaves, 

Spriet 2018). To preserve the concentration of intramuscular ATP and maintain 
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maximal levels of activity, three distinct integrated metabolic process 

(Phosphocreatine, anaerobic glycolysis, oxidative phosphorylation) resynthesize 

ATP as stores are depleted (Glaister 2005). It is important to note that these 

pathways work collectively and not in a sequential manner, with the contribution 

of each pathway for ATP provision dependant on the duration and intensity of 

exercise (Gastin 2001). 

 

2.3.2 Anaerobic Metabolism (Substrate Phosphorylation) 

Anaerobic metabolism refers to the pathways required for ATP re-synthesis in 

the absence of sufficient oxygen to allow contraction to occur. While oxygen 

(O2) is never completely absent from skeletal tissue, it is absent from the 

reactions involved within the adenosine triphosphate-phosphocreatine (ATP-

PCr) system and the anaerobic glycolysis system. 

 

2.3.2.1 ATP-PCr System  
Phosphocreatine (PCr) is the most immediate reserve for ATP re-synthesis 

during muscular contraction, particularly during high intensity, explosive 

movements such as repeated sprints (Glaister 2005; Girard, Mendez-Villanueva 

et al. 2011). The ATP-PCr system synthesises ATP from ADP through the 

catalysed breakdown of PCr at the muscle cross bridge by the enzyme creatine 

kinase (CK) (Equation 2.2). 

 

PCr + ADP + H+ ⇌ ATP + Cr 

     Mitochondrial CK    

Equation 2.2: The conversion of PCr to ATP, where PCr is phosphocreatine, 

ADP is adenosine diphosphate, CK is the enzyme creatine kinase that 

catalyzes PCr breakdown, mitochondrial CK is the enzyme that catalyzes PCr 

formation, H+ is a hydrogen ion and Cr is a free creatine molecule.  
 

Within resting skeletal muscle, the concentration of PCr is 75-90 mmol.kg-1 dm 

(Glaister 2005; Girard, Mendez-Villanueva et al. 2011). The breakdown of PCr 

to ATP is a rapid process with the maximum rate of ATP provision from PCr (~9 



 

11 

mmol ATP.kg-1 dm.s-1) reached within the first 1-2 s of muscular contraction. 

During maximal effort exercise, the ATP-PCr system generates large power 

outputs with stores depleted within the initial 10 s of activity (Glaister 2005; 

Girard, Mendez-Villanueva et al. 2011). 

 

2.3.2.2 Adenylate Kinase Reaction 

During high intensity exercise where the capacity of the PCr buffer is exceeded, 

muscle fibres cannot maintain the required rate of adenosine diphosphate 

(ADP) re-phosphorylation to ATP (MacLaren and Morton 2012; Sewell, Watkins 

et al. 2013). The increased concentration of ADP triggers the activation of the 

adenylate kinase (myokinase) reaction. This reaction converts ADP to an ATP 

and an adenosine monophosphate (AMP) molecule (Equation 2.3). 

 

ADP + ADP ⇌ ATP + AMP 

   Adenylate kinase    

Equation 2.3: The conversion of ADP to ATP, where ADP is adenosine 

diphosphate, AMP is adenosine monophosphate, adenylate kinase is an 

enzyme that catalyzes the reversible reaction. 

 

This pathway aids in the regeneration of ATP and results in the formation of 

AMP, which acts as an activator of the enzymes phosphorylase and 

phosphofructokinase (PFK). Phosphorylase increases the rate of glycogenolysis 

glucose-6-phosphate (G6P) production, while PFK increases the flux of G6P 

through the glycolytic pathway. AMP can be further deaminated to inosine 

monophosphate and ammonia, resulting in the net loss of an adenine 

nucleotide (Equation 2.4).  

 

AMP + H2O  IMP + NH3 

   AMP (adenylate) deamise    

Equation 2.4: The conversion of AMP to NH3, where AMP is adenosine 

monophosphate, IMP is inosine monophosphate, NH3 is ammonia, and 

AMPdeamise is an enzyme. 
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2.3.2.3 Anaerobic Glycolysis  
Anaerobic glycolysis resynthesizes ATP through the breakdown of stored 

carbohydrate, in the form of muscle glycogen. This process involves the 

contribution of glycogenolysis, which is the hydrolysis of muscle glycogen to 

glucose 1-phosphate, and glycolysis, which is the breakdown of glucose to 

pyruvate (Gastin 2001; Glaister 2005). A key regulatory enzyme for glycolysis is 

PFK that converts Fructose 6-phosphate to Fructose-1, 6-phosphate, when 

cellular levels of AMP and Pi increase (MacLaren and Morton 2012). The 

resting stores of glycogen within skeletal muscle are ~300 mmol.kg-1 dm, with 

peak rates of ATP resynthesis from anaerobic glycolysis (~6-9 mmol ATP.kg-1 

dm.s-1) reached after approximately 5-10 s duration (Glaister 2005). This is due 

to the series of key enzymatic reactions involved in catalysing the glycolytic 

processes (Figure 2.2).  
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Figure 2.2: The pathway of anaerobic glycolysis, where NAD+ is nicotinamide 

adenine dinucleotide, NADH is a reduced form of nicotinamide adenine 

dinucleotide, ATP is adenosine triphosphate, ADP is adenosine diphosphate, 

CoA is acetoacetate, Acetyl-CoA is Acetyl coenzyme A, and CO2 is carbon 

dioxide (Maughan and Gleeson 2010). 
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2.3.3 Oxidative Phosphorylation 

Oxidative phosphorylation, also known as aerobic metabolism, resynthesizes 

ATP within the mitochondria through the breakdown of glucose, glycogen and 

lipids in the presence of O2 (Gastin 2001). Following the processes involved 

within anaerobic glycolysis, pyruvate is converted into acetyl coenzyme A 

(acetyl-CoA) by the rate limiting enzyme for the oxidation of carbohydrates, 

pyruvate dehydrogenase (PDH), and enters the tricarboxylic acid cycle (Figure 

2.3) (MacLaren and Morton 2012). The use of multiple enzymatic steps within 

oxidative phosphorylation leads to a decrease in power output compared to PCr 

and anaerobic glycolysis (Gaitanos, Williams et al. 1993; Bogdanis, Nevill et al. 

1996; Hargreaves, Spriet 2018). As such, this system provides ATP generation 

within most lower intensity exercises, or when maximal intensity efforts exceed 

≥15 s, due to decreases in energy providing metabolites (i.e. PCr), and the 

inhibition of anaerobic glycolysis (Parolin, Chesley et al. 1999; Hargreaves, 

Spriet 2018). During the initial 6 s of a maximal 30 s sprint, oxidative 

phosphorylation accounts for ~1.32 mmol.kg-1 dm.s-1 ATP turnover with greater 

contribution occurring as the sprint progresses, leading to lower power outputs 

(Parolin, Chesley et al. 1999). During repeated sprints, ATP production through 

oxidative phosphorylation increases from 29% within sprint 1 to 43% within 

sprint 3 (Bogdanis, Nevill et al. 1996). 
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Figure 2.3: An overview of the oxidative phosphorylation pathway, where 

Acetyl-CoA is Acetyl coenzyme A, NAD+ is nicotinamide adenine dinucleotide, 

NADH is a reduced form of NAD, Succinyl-CoA is Succinyl coenzyme A, Pi is 

an inorganic phosphate, GDP is guanosine diphosphate, GTP is guanosine 

triphosphate, FAD is flavin adenine dinucleotide and FADH is flavin adenine 

dinucleotide hydroquinone (Maughan and Gleeson 2010). 
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 Mechanisms of Fatigue 

Muscular fatigue is defined as a reversible reduction in the capacity of skeletal 

muscle to generate force, power or torque (Allen and Westerblad 2001; Enoka 

& Duchateau 2008; Decorte, Lafaix et al. 2012). This refers to the point at which 

decreases in maximal force, power or torque occurs, and not the point of either 

muscular exhaustion or task failure (Enoka and Duchateau 2008). The extent of 

muscular fatigue is dependent on a multitude of variables, including but not 

limited to, exercise intensity, exercise duration, recovery duration, and physical 

attributes (Allen and Westerblad 2001; Glaister 2005; Davis and Walsh 2010). 

For example during repeated sprints, fatigue is manifested through the 

progressive decline in power output, with the magnitude of decline determined 

by the duration of interspersing recovery periods (Glaister 2005). However, it is 

important to note that during repeated maximal effort sprints, the decline in 

power output can be masked by a potentiation effect during the initial sprints, 

although the reasons for this are still to be resolved (Glaister 2005; Muggeridge, 

Sculthorpe et al. 2017).  

 

The mechanisms of fatigue are a range of complex, inter-related dynamic 

systems, with no single or dominant process attributable for fatigue during 

exercise (Cairns, Knicker et al. 2005; Davis and Walsh 2010). Fatigue can 

originate at multiple locations on the motor pathway between the cerebral cortex 

and muscle cross bridges, and can be classified as either central or peripheral 

fatigue depending on where it originates within the motor pathway (Sundberg 

and Fitts 2019). Central fatigue refers to changes at the central nervous system 

that effect the ability to activate muscle tissue such as diminished motor unit 

recruitment and/or firing rate within the spinal cord (Davis and Walsh 2010; 

Wan, Qin et al. 2017; Sundberg and Fitts 2019). Peripheral fatigue refers to 

alterations such as an accumulation of metabolic by-products or disturbances in 

homeostasis at/or distal to the neuromuscular junction that result in the 

dysfunction of excitation contraction coupling, crossbridge cycling, and other 

contractile mechanisms (Davis and Walsh 2010; Decorte, Lafaix et al. 2012; 

Wan, Qin et al. 2017; Sundberg and Fitts 2019). During high intensity 

contractions, this can occur due to the availability of ATP synthesising 
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molecules PCr and glycogen, and the accumulation of metabolic by products 

such as inorganic phosphates, H+ ions, extracellular K+, reactive oxygen 

species (ROS) and ADP (Allen and Westerblad 2001; Davis and Walsh 2010; 

Sundberg and Fitts 2019). Recently, Sundberg and Fitts (2019) suggested that 

during intense exercise, compounds such as extracellular K+ (at non-high firing 

frequencies), ROS and ADP either do not reach concentrations that impair 

contractile function, do not correlate with reduced force, or result in protein 

structural damage that requires an extended period of time to recover (i.e. 

days). As such, the authors argue that these compunds cannot be considered 

mechansims of fatigue development (Sundberg and Fitts 2019). However, due 

to some supporting evidence in favour of these mechanisms contributing to 

reduction in force and development of fatigue, albeit in a potentially limited 

manner, they have been included within the discussion of this topic.  

 

2.4.1 PCr Availability 

A contributing factor to the development of muscular fatigue is an inability to re-

synthesise ATP at a rate required for continued muscular contraction (Enoka 

and Duchateau 2008). During more high intensity, explosive movements such 

as repeated sprints, ATP resynthesis occurs through the breakdown of PCr and 

glycolysis, although the extent of this is dependant on variables such as 

exercise intensity and duration (Glaister 2005; Girard, Mendez-Villanueva et al. 

2011). The immediate reserve for ATP re-synthesis during high intensity 

contractions is PCr, resulting in the accumulation of Pi (Glaister 2005; Girard, 

Mendez-Villanueva et al. 2011). While, Pi is considered a key mechanism in the 

development of fatigue (Chapter 2.2.3 Inorganic Phosphate), the availability of 

PCr may contribute to fatigue development (Wan, Qin et al. 2017). In skinned 

animal fibres, the removal of PCr has shown to inhibit SR Ca2+ uptake through 

decreased ATP buffering within the CK reaction (Dahlstedt, Katz et al. 2001; 

Duke and Steele 2001). In addition, an increase in PCr concentration has 

shown to increase ATP buffering during intense activity, and delay increases in 

ADP that may inhibit crossbridge cycling and SR Ca2+ uptake (Westerblad, 

Allen et al. 1998; Allen, Lamb et al. 2008). However, within genetically modified 

fibres lacking CK (i.e. cannot breakdown PCr), no decreases in crossbridge 
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formation, SR Ca2+ release or myofibrillar Ca2+ sensitivity occur during 

prolonged high intensity stimuations (Dahlstedt, Katz et al. 2003). Within an 

applied context, the restoration of power output following a fatiguing 30 s 

maximum effort sprint has been shown to occur in parallel with the resynthesis 

of PCr (Bogdanis, Nevill et al. 1995; Cherry, Lakomy et al. 1998). In addition, 

during repeated maximal effort 30 s sprints that are interspersed with an 

insufficient period for full PCr replenishment (i.e. 4 minutes), peak power output 

was shown to decrease by ~18% compared to sprint 1 within sprint 2 

(Bogdanis, Nevill et al. 1995). Furthermore, positive correlations between 

resting type II fibre PCr concentration and performance increases within 

consectutive 30 s sprints have been made (Casey 1996), with reductions in 

fatigue reported by some (Bogdanis, Nevill et al. 1996; Mujika, Padilla et al. 

2000; Rawson, Stec et al. 2011) but not all (Delecluse, Diels et al. 2003; 

Ahmun, Tong et al. 2005; Glaister, Lockey et al. 2006) following periods of 

creatine supplementation. As such, due to the current conflicting reports on the 

effects of PCr availability on the development of fatigue, further research is 

required within this area before specific conclusions can be drawn.  

 

2.4.2 Glycogen Availability 

Glycogen is a complex polymer of glucose found mainly within the liver and 

skeletal muscles. This stored form of glucose is essential in the production of 

ATP within muscle cells, as described previously within Chapter 2.2.2.3 

Anaerobic Glycolysis. While the extent of glycogen distribution within skeletal 

tissue is dependent on training status, fibre type and exercise levels, ~75% of 

total glycogen storage occurs as intermyofibrillar glycogen, located between 

myofibrils predominantly at the I-band close to the mitochondria and SR. The 

remaining glycogen is stored as either intramyofibrillar glycogen (located within 

the myofibrils predominantly at the Z-line) or subsarcolemmal glycogen (located 

beneath the sarcolemma near the mitochondria, lipids and nuclei), with each 

accounting for ~5-15% total glycogen storage (Ørtenblad, Westerblad et al. 

2013; Nielsen, Cheng et al. 2014; Gejl, Ørtenblad et al. 2017).  
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During fatigue, a reduction in available glycogen results in the disruption of key 

steps within excitation-contraction coupling, such as the release rate of SR Ca2+ 

and sodium ion/potassium ion (Na+/K+) transport mechanisms, thus reducing 

force production and rate of muscular contraction (Ørtenblad, Lunde et al. 2000; 

Westerblad, Allen et al. 2002; Gejl, Ørtenblad et al. 2017). Following fatiguing 

contractions, both animal (Helander, Westerblad et al. 2002; Nielsen, Schrøder 

et al. 2009) and human (Ørtenblad, Nielsen et al. 2011) skinned skeletal muscle 

fibres (in the absence of glucose) demonstrated a lack of glycogen repletion, 

increased rate of fibre fatigue, and reduced tetanic Ca2+ transients in 

subsequent contractions. Further, following fatiguing cycling (Duhamel, Green 

et al. 2006), and skiing (Ørtenblad, Nielsen et al. 2011) exercises, lower 

glycogen content and depressed SR Ca2+ release occurred within training 

groups that ingested lower carbohydrate intakes. As such, Ørtenblad, 

Westerblad et al. (2013) suggested that reduced glycogen availability 

decreases SR Ca2+ release rate and per se causes a decrease in tetanic Ca2+ 

transients leading to a reduction in force production and rate of muscular 

contraction. Gejl, Ørtenblad et al. (2017) investigated the effects of repeated 

supramaximal sprints (4 x 4 minutes, interspersed with 45 minute recovery) on 

glycogen distribution and utilisation within skeletal muscle in elite cross-country 

skiers. Across the initial sprint, intermyofibrillar and subsarcolemmal glycogen 

were depleted to the same extent within type I and II fibres, whereas 

intramyofibrillar glycogen was depleted within type I fibres only (Gejl, Ørtenblad 

et al. 2017). However, during repeated sprints intermyofibrillar glycogen was 

depleted in both fibres types, resulting in similar overall reductions in total 

glycogen content across all subcellular compartments (Gejl, Ørtenblad et al. 

2017). This indicates the existence of an underlying mechanism that is 

responsible for the selective depletion of glycogen from different components of 

tissue during repeated sprints. While this requires further investigation, it is 

important to note that sprints were interspersed with a 45 minute recovery 

period, which is not applicable to the occurrence of fatigue within many sporting 

environments.  

 

An alternative role depleted muscle glycogen content has on fatigue is the effect 

it has on Na+/K+-ATPase activity (Ørtenblad, Westerblad et al. 2013). Due to the 
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positioning of T-tubule Na+/K+-ATPase and intramyofibrillar glycogen, it has 

been reported that Na+/K+-ATPase prefers to utilise glycolytically derived ATP 

(Dutka and Lamb 2007). Na+/K+-ATPase is primarily responsible for the 

regulation of membrane potential through pumping Na+ out, and K+ back into the 

fibre following an action potential (Wan, Qin et al. 2017). As such, Na+/K+-

ATPase is important in the regulation of SR Ca2+ release and ATP utilisation by 

myosin (Jensen, Nielsen et al. 2020). At rest, a coupling between glycolysis and 

Na+/K+-ATPase has been suggested in both human and animal tissue through 

the hormonal stimulation of glycolytic rate or through inhibiting glycolytic rate, 

leading to respective increases and decreases in Na+/K+-ATPase activity, based 

on estimations of intracellular Na+ concentrations (James, Wagner et al. 1999; 

Okamoto, Wand et al. 2001). Furthermore, Jensen, Nielsen et al. (2020) 

observed an increase in action potential repriming period (the time before a 

second action potential can occur) in rat tissue, which is indicative of Na+/K+-

ATPase activity. This occurred through glycogen phosphorylase (Chapter 

2.2.2.3 Anaerobic Glycolysis, Figure 2.2) inhibition or glycogen removal 

resulting in decreased intracellular Na+ and increased repriming period (Jensen, 

Nielsen et al. 2020). Collectivelly, this infers that a reduction in muscle glycogen 

content, decreases Na+/K+-ATPase activity, and subsequently reduces SR Ca2+ 

release rate and ATP utilisation by myosin, resulting in decreased force 

production and rate of muscular contraction. However, this is a recently 

developing research area, with further investigation required in human tissue 

within exercise environments before sound conclusions can be drawn.  

 

2.4.3 Inorganic Phosphate  

The rapid breakdown of PCr during high intensity exercise results in a 

concomitant increase in Pi accumulation within skeletal muscle (Allen, Lamb et 

al. 2008; Debold, Fitts et al. 2016). This occurs to a greater extent the higher 

the exercise intensity is above that which can be supported by oxidative 

phosphorylation, and is considered a major contributing factor to fatigue through 

decreasing myofibrillar force production, and through reducing both Ca2+ 

sensitivity and SR Ca2+ release (Allen, Lamb et al. 2008; Debold, Fitts et al. 

2016). Elevated levels of myoplasmic Pi have shown to decrease myofibrillar 
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force through direct inhibition of high-force crossbridges and/or the force per 

bridge in both skinned muscle fibres (Debold, Dave et al. 2004; Debold, Walcott 

et al. 2013), and animal studies (Millar, Homsher 1990; Phillips, Wiseman et al. 

1993). This reduction in force occurs due to an elevated level of Pi accelerating 

the rate of myosin detachment from actin in the high force state of the 

crossbridge cycle, before ADP and Pi have been released (Allen and 

Trajanovska 2012; Debold, Walcott et al. 2013). However, while elevated Pi is 

likely to be an early cause of fatigue in fast twitch fibres, at physiological 

temperatures this decrease is relatively small at ~10% of maximum force (Allen, 

Lamb et al. 2008). Investigation into skinned muscle fibres demonstrated that 

increased Pi levels reduce Ca2+ sensitivity resulting in a loss of force 

production, and inhibit SR Ca2+ release by entering the SR via phosphate 

permeable channels and forming SR Ca2+Pi precipitate (Westerblad, Allen et al. 

2002; Dutka, Cole et al. 2005; Allen and Trajanovska 2012). This precipitate 

reduces the availability of free Ca2+ for release, thus reducing the potential for 

high force cross bridges to be formed to aid in muscular contraction (Dutka, 

Cole et al. 2005; Allen and Trajanovska 2012). However, while Pi is a main 

contributor to decreased exercise performance, it is important to note that it is 

also utilised as a substrate for glycogen phosphorylase, a rate limiting enzyme 

in glycogenolysis. Therefore, Pi accumulation also aids in the stimulation of 

glycolytic flux (Grassi, Rossiter et al. 2015). 

 

2.4.4 H+ and Muscle Acidosis 

The use of glycolysis during high intensity activity can result in the accumulation 

of hydrogen ions (H+) and subsequent decrease in pH levels that alter metabolic 

stability (Grassi, Rossiter et al. 2015). An increase in H+ has been suggested to 

compete with Ca2+ binding to troponin (Allen, Lamb et al. 2008), with animal 

studies suggesting that elevated H+ reduces the affinity of binding sites and 

troponin (Knuth, Dave et al. 2006). Sundberg and Fitts (2019) suggests that this 

would inhibit the the low to high force state of crossbridges, but not the number 

of bound crossbridges, resulting in a reduction in the total force produced by 

myofibrillar crossbridges. Despite this, the exact underlying mechanisms for the 

role of H+ within muscular fatigue are yet to be fully determined (Sundberg and 
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Fitts 2019). Initial research into this area on skinned skeletal muscle fibres 

suggested that the accumulation of H+ and associated decrease in pH levels 

was a primary cause of fatigue and reduced force production (Glaister 2005). 

However due to the techniques available, these investigations were conducted 

under lower than physiological temperatures to maintain intracellular stability 

(i.e. 15ºC) (Glaister 2005). More recently, the use of advanced techniques has 

demonstrated differences in associations between H+ and pH levels, and 

muscular fatigue. For example, increased H+ levels (pH 6.2) have been shown 

to reduce skinned muscle fibre force in both type I and type II fibres to a greater 

extent at 15ºC (~30% in both fibre types) compared to 30ºC (12% type I, and 

4% type II) (Knuth, Dave et al. 2006). However, Sundberg, Hunter et al. (2018) 

observed a decreased rate of force development due to elevated H+ and Pi 

levels in vitro (pH 6.2, Pi 30 mM, 30 ºC) compared to a control (pH 7.0, Pi 4 

mM, 30 ºC) following a slack re-extension manoeuvre of maximally active Ca2+ 

human muscle fibres. Despite this, it is unlikely that pH levels would reach 6.2, 

with both high intensity sprints and maximal effort leg extension exercises 

resulting in skinned muscle fibre pH levels of > 6.5 (Pilegaard, Domino et al. 

1999). Further, a review by Allen, Lamb et al. (2008) reported that fatigue can 

occur without large decreases in muscular pH or increases in H+ accumulation, 

with poor correlations at physiological temperatures between decreased pH 

levels and impaired contractile function. For example, in both isolated animal 

fibres (Baker, Carson et al. 1994) and humans with myophosphorylase 

deficiency (inability to utilise muscle glycogen) (Cady, Jones et al. 1989), 

decreases in force production and accelerated fatigue development have been 

reported with no change in pH levels. As such, while increased H+ levels and 

decreased pH levels may alter metabolic stability and performance to an extent, 

this may be overestimated within current literature and may not be considered a 

primary cause of muscle fatigue ( Knuth, Dave et al. 2006; Allen, Lamb et al. 

2008; Westerblad, Bruton et al. 2010).    

 

2.4.5 Extracellular K+ 

During an action potential, the movement of Na+ and K+ across the membrane 

via Na+/K+ATPase activity results in an increased intracellular Na+ concentration 
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within muscle fibres, and an increased K+ concentration within extracellular 

compartments of tissue, such as the interstitium and T-tubular lumen of muscles 

(Nielsen and Vincenzo de Paoli 2007). The magnitude of increased extracellular 

K+ concentration is dependant on exercise intensity and size of involved muscle 

groups, with more intense exercise resulting in greater increases in extracellular 

K+, especially within fast twitch fibres (Pedersen, Nielsen et al. 2004). For 

example, during intense exercise, the interstitium of contracting muscles can 

reach a K+ concentration of 7-12 mmol/L at the point of fatigue (Mohr, 

Nordsborg et al. 2004). The accumulation of extracellular K+ can cause 

membrane potential depolarisation, leading to membrane inexcitability through 

a reduced ability to initiate and propagate action potentials along the 

sarcolemma, resulting in the reduction in force associated with muscular fatigue 

(Sejersted and Sjogaard 2000). Within skinned animal fibres, elevated 

extracellular K+ reduced tetanic force by ~5% and ~60% at 7.5 mmol/L and 12.5 

mmol/L respectively (Juel 1988). Similarly in animal fibres with mechanically 

skinned sarcolemma, elevated extracellular K+ reduced T-tubule excitation, 

leading to a reduction in SR Ca2+ release and lower force production (Pedersen, 

Nielsen et al. 2004). Within the initial phase of repeated exhaustive dynamic 

knee extensions Mohr, Nordborg et al. (2004) reported a decreased rate of 

muscle interstitial K+ accumulation, with fatigue occurring at lower interstitial K+ 

concentrations. Based on these findings, the authors suggested the decreased 

performance may not be directly due to the accumulation of interstitial K+, rather 

the degree of sarcolemma depolarisation that occurs as a result of accumulated 

K+ (Mohr, Nordsborg et al. 2004).). Following 7 weeks of high intensity unilateral 

knee extensor training (trained leg vs. non-trained control leg), decreased 

muscle interstitial K+ and venous K+ concentrations were observed during 

submaximal and incremental exercise, despite no change in K+ release rate 

occurring (Nielsen, Mohr et al. 2004). This suggests that high intensity training 

may increase the activity of Na+/K+-ATPase, in order to re-uptake K+ into 

contracting muscle cells, and remove it from the interstitium compartments 

(Nielsen, Mohr et al. 2004; MacLaren and Morton 2012). Further, the lower 

muscle interstitial K+ concentration was associated with delayed fatigue within 

the trained leg compared to the control leg, supporting the suggestion that 

interstitial K+ is involved within fatigue development (Nielsen, Mohr et al. 2004). 
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However, Nielsen and Vincenzo de Paoli (2007) infer that care should be taken 

when discussing the specific extent of K+ involvement within fatigue 

development as; 1) skinned muscle fibres from animal tissue may have different 

sensitivities to increased extracellular K+ compared to humans, and; 2) current 

research into muscular T-tubular lumen where exercise induced increases in 

extracellular K+ is very limited (Clausen 2003). 

 

2.4.6 Reactive Oxygen Species 

Free radicals are defined as molecules that contain one or more unpaired 

elctrons capable of independent existence (MacLaren and Morton 2012). Within 

resting skeletal muscle free radical concentrations remain low, but increase in 

response to contractile activity, leading to oxidative stress (i.e. redox signal and 

control disruption) during high intensity and exhaustive muscular contractions 

(Powers and Jackson 2008; MacLaren and Morton 2012; Wan, Qin et al. 2017). 

Oxygen centred radicals and reactive oxygen derivatives are referred to as the 

reactive oxygen species (ROS), with notable examples including superoxide, 

hydrogen peroxide and hydroxyl radicals (Allen, Lamb et al. 2008; Powers and 

Jackson 2008). Currently, it is suggested that ROS predominantly originate 

during skeletal muscle contraction, with intracellular sources suggested as the 

sarcoplasmic reticulum, T-tubules, plasma membrane, or through cellular 

enzymatic activity, and not soley the mitochondria as originally thought (Xia, 

Webb et al. 2003; Powers and Jackson 2008). At physiological level, low to 

moderate levels of ROS are required for cellular functions such as regulating 

cell signalling pathways and skeletal muscle force production, and controlling 

gene expression (Reid 2001; Sandström; Zhang et al. 2006). However, high 

levels of ROS result in oxidative stress and the reduction of muscular force 

production in both a dose and time dependant manner (Reid, Khawli et al. 

1993).   

 

During demanding exercise both an overproduction of ROS, and reduction in 

antoxidant defences can occur, which has been associated with reduced SR 

Ca2+ re-uptake, inhibition of SR Ca2+ ATPase (SERCA) activity, and altered 

myofilament protein structure, collectively reducing muscular force (Powers and 
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Jackson 2008; MacLaren and Morton 2012; Cheng, Yamada et al. 2016). Within 

isolated fibres, high levels of ROS (primarily locally derived superoxide) have 

shown to oxidise regulatory proteins of the RyR release channels, increasing 

the potential for RyR channel opening, and allowing a greater release of SR 

Ca2+ (Xia, Webb et al. 2003; Santulli and Marks 2015). However, within skinned 

animal muscle fibres, alterations in the redox potential do not appear to 

influence RyR related SR Ca2+ release or excitation-contraction coupling 

mechanisms during twitch contractions (Posterino and Lamb 2003). Similarly, 

during submaximal contractions high ROS levels within single skeletal muscle 

fibres have shown to have a limited effect on SR Ca2+ release, although a 

significant increase in resting myoplasmic Ca2+ levels have been reported 

(Andrade, Reid et al. 2001). An increase in resting myoplasmic Ca2+ levels is 

likely due to the observed inhibitory effect ROS has on SERCA activity within 

skinned animal fibres, with SERCA responsable for the re-uptake of Ca2+ into 

the SR (Gutiérrez-Martín, Martín-Romero et al. 2004; Powers, Nelson et al. 

2011). This occurs due to the interference of ROS with ATP binding sites, and 

through uncoupling Ca2+ uptake from ATP hydrolysis (Powers and Jackson 

2008). Collectively, this suggests that while high levels of ROS may potentially 

limit SR Ca2+ release, the combined increase in myoplasmic Ca2+ levels and 

decreased SERCA activity, implies a reduction in SR Ca2+ re-uptake, thus 

limiting the available SR Ca2+ for continued muscular contraction (Powers and 

Jackson 2008). Finally, a wide range of research suggests that high levels of 

ROS can negatively effect myofilament structure and function, aiding in the 

development of fatigue (Powers and Jackson 2008). This includes: 1) high 

levels of ROS altering myosin heavy chain molecules, thus impairing myosin 

function (Powers and Jackson 2008); 2) skeletal muscle derived ROS 

significantly reducing force due to decreased Ca2+ sensitivity (Moopanar and 

Allen 2005); 3) increased ROS exposure altering Troponin C and Ca2+ binding, 

thus impacting cross bridge kinetics (Andrade, Reid et al. 2001); and, 4) 

exogenous ROS reducing myofilament Ca2+ sensitivity (Andrade, Reid et al. 

2001). However, the latter occurs at concentrations lower than that which 

effects either Ca2+ release or re-uptake (Andrade, Reid et al. 2001).    
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It is worth noting that the current research into the effects of ROS on muscular 

fatigue are limited due to both the reactive nature of ROS, and the current 

issues within measurement techniques (He, Li et al. 2016). Regarding ROS, 

oxidised molecules existing in limited amounts within cells, possess a short half-

life, and are highly reactive, collectively making ROS difficult to locate and 

analyse within living cells (Powers and Jackson 2008; Cheng, Yamada et al. 

2016; He, Li et al. 2016). Issues with current measurement techniques include, 

but are not limited to, a lack of specificity for individual ROS (Kalyanaraman, 

Darley-Usmar et al. 2012), difficulty in assessing contraction induced ROS 

alterations, measuring real time changes in muscular function (Kalyanaraman, 

Darley-Usmar et al. 2012; Cheng, Yamada et al. 2016), and disturbing the 

redox reactions being investigated (Powers, Nelson et al. 2011). Colllectively, 

this results in terms such as ‘low’, ‘moderate’ and ‘high’ being utilised due to an 

absence of reliable quantification of ROS data within cells, as a product of 

limited and contrasting methodological approaches, and difficulties in evaluating 

investigations into this area (Powers and Jackson 2008). 

 

2.4.7 ADP 

Within resting skeletal muscle cells, ADP concentrations are maintained at low 

levels (~10 μM), due to the creatine kinase reaction favouring the breakdown of 

PCr and formation of ATP for muscular contraction to occur (Debold 2012). 

However, during intense activity the reaction equilibrium alters, with in vitro 

levels of 0.5 mM ADP demonstrating a significant effect on both the generation 

of myosin force and velocity (Greenberg, Mealy et al. 2010). Despite this, a 

review by Cooke (2007) suggested that the average intracellular ADP 

concentrations measured during fatigue were 200 μM (Cooke 2007). 

 

In skinned skeletal muscle fibres elevated ADP levels have been shown to 

reduce the unloaded shortening velocity of fibres, although increase both Ca2+ 

sensitivity and maximal isometric force (Greenberg, Mealy et al. 2010). While 

this may potentially reduce the development of fatigue in relation to other 

metabolic factors (i.e. increases in Pi, H+) (Glaister 2005; Cooke 2007), slowing 

of unloaded shortening velocity occurs at both submaximal and maximal Ca2+ 
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concentrations, which may reduce power output, despite the increases in force 

(Debold 2012). During a crossbridge cycle, elevated ADP is suggested to rebind 

to myosin during the rigor state, returning the crossbridge to the the actin-

myosin ADP state (Gorga, Fishbaugher et al. 2003; Greenberg, Mealy et al. 

2010). This theory supports the finding that elevated ADP levels may contribute 

to increased force and Ca2+ sensitivity due to an increased number of stongly 

bound crossbridges, and decreased shortening velocity due to an increased 

duration of strong actin-myosin binding and crossbridge cycling (Debold 2012). 

Gorga, Fishbaugher et al. (2003) suggests that any increases in force are offset 

by the greater decreases in velocity, and subsequent power, aiding in fatigue 

development through the reduction in muscle performance. As such, elevated 

levels of ADP may contribute to the development of fatigue, albiet to a limited 

extent (Gorga, Fishbaugher et al. 2003; Allen, Lamb et al. 2008; Debold 2012), 

although others disagree (Cooke 2007; Sundberg and Fitts 2019).  

 

 Energy Metabolism During a Single Maximal Effort Sprint 

During a single maximal effort sprint, ATP turnover is generated from a number 

of different energetic pathways at different stages of the sprint, with relevant 

contributions dependant on the sprint duration (Billaut and Bishop 2009). During 

a single short duration (i.e. 5-6 s) maximal effort sprint, ~50% of total ATP 

generation is derived through the hydrolysis of PCr (Gaitanos, Williams et al. 

1993; Parolin, Chesley et al. 1999). Similarly within the initial 6 s of a 30 s 

maximal effort sprint, Parolin, Chesley et al. (1999) reported that ~48% of ATP 

was derived in the same manner. The rapid breakdown of PCr allows the 

maximum rate of ATP provision to be reached within the initial 1-2 s of muscular 

contraction, generating large power outputs (Gastin 2001; Glaister 2005; Girard, 

Mendez-Villanueva et al. 2011). However, following both a 10 s and 20 s sprint 

total skeletal muscle PCr stores were reduced by ~55% and 73% respectively, 

with up to ~80% reductions following 30 s sprints (Bogdanis, Nevill et al. 1996; 

Gastin 2001). This leads to a reduction in power output across the sprint 

duration (Figure 2.4), with increased Pi levels reducing both Ca2+ sensitivity and 

SR Ca2+ release, reducing myofibrillar force production and power output (Allen, 

Lamb et al. 2008; Debold, Fitts et al. 2016). To offset the rapid reduction in PCr 
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concentration, anaerobic glycolysis reaches peak rates of ATP resynthesis 

following ~5-10 s duration, to maintain the turnover of ATP at a rate of 11-14 

mmol ATP.kg-1 dm.sec-1 (Gaitanos, Williams et al. 1993). This results in 

anaerobic glycolosis accounting for ~43% of total ATP provision during a single 

longer duration maximal effort sprint (i.e. 30 s), decreasing muscle glycogen 

stores by ~30% (Bangsbo, Graham et al. 1992; Hargreaves, Finn et al. 1997; 

Parolin, Chesley et al. 1999). However, as limited glycogen store depletion 

occurs, this suggests that muscle glycogen availability is not a limiting factor 

within this exercise modality (Billaut and Bishop 2009). Instead, it is likely that a 

gradual inhibition of glycolysis occurs instead (Chapter 2.4 Energy Metabolism 

During Repeated Maximal Effort Sprints) (Gaitanos, Williams et al. 1993; 

Parolin, Chesley et al. 1999). As the duration of maximal effort sprints increase, 

oxidative phosphorylation progressively contributes to a greater exent of ATP 

resythesis (Gaitanos, Williams et al. 1993; Bogdanis, Nevill et al. 1996). For 

example, within the initial 6 s of a single maximal effort 30s sprint <10% of ATP 

turnover (1.32 mmol.kg-1 dm.s-1) is provided through aerobic contributions, 

compared to ~29% over the whole sprint duration (Parolin, Chesley et al. 1999). 

While the contribution of energy systems to ATP turnover alters with sprint 

duration, leading to a decline in power output, across all sprint durations 

minimal ATP depletion occurs, suggesting this is unlikely to be a limiting factor 

of performance (Bangsbo, Graham et al. 1992; Hargreaves, Finn et al. 1997; 

Parolin, Chesley et al. 1999; Glaister 2005; Billaut and Bishop 2009).  

 
Figure 2.4: A typical profile of a 30 s WAnT sprint, where the Y axis represents 

power output (W) and the X axis represents time (s). 
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 Energy Metabolism During Repeated Maximal Effort Sprints 

While undertaking repeated maximal effort sprints, the extent of PCr 

contribution across each sprint is dependant on the duration provided for the 

replenishment of PCr stores (McMahon and Jenkins 2002). For example, 

following a maximum effort 6 s sprint, PCr stores were reduced to ~35-55% of 

initial resting levels, with ~75% regenerated following 1 minute of rest, and 

~25% over the following 3-5 minutes (Bogdanis, Nevill et al. 1996; Bogdanis, 

Nevill et al. 1998; Tomlin and Wenger 2001; Girard, Mendez-Villanueva et al. 

2011). As such, following maximum effort sprints, PCr resynthesis follows a 

biexponential pattern, with the rate of recovery dependant on the availability of 

O2 (Casey 1996; McMahon and Jenkins 2002). Similarly, during 2 x 30 s 

maximal effort sprints (interspersed with a 4 minute recovery), Bogdanis, Nevill 

et al. (1996) reported 23% ATP of turnover accounted for by intramuscular ATP 

and PCr breakdown with sprint 1, with a similar rate of 20% within sprint 2. In 

addition, utilising 10 x 6 s (interspersed with a 30 s recovery) maximal effort 

sprints, PCr contributed ≥50% of total anaerobic ATP provision throughout each 

sprint (Gaitanos, Williams et al. 1993). Collectively this demonstrates that while 

PCr is rapidly broken down, when provided with sufficient recovery duration it 

can contribute to ATP resynthesis within successive sprints. Furthermore, the 

recovery of power output and total work production within multiple sprints has a 

close relationship (r = 0.84-0.86; p < 0.05) with the resynthesis of PCr 

(Bogdanis, Nevill et al. 1995; Casey 1996). This suggests that PCr 

replenishment is directly related to the ability to reproduce high power outputs 

(Billaut and Bishop 2009).  

 

Similar to PCr contributions, the contribution of anaerobic glycolosis to ATP 

turnover during maximal effort repeated sprints depends on both sprint and 

recovery duration. For example, 2 x 30 s maximal effort sprints (interspersed 

with a 4 minute recovery) reported a decrease in the contribution of anaerobic 

glycolysis from 48% to 36% (Figure 2.5) (Bogdanis, Nevill et al. 1996). This 

decline is even greater following repeated 6 s sprints (10 x 6 s sprints, 

interspersed with 30 s recovery, against 7.5% BM resistance), with anaerobic 

glycolysis generating ~40% of ATP production within sprint 1 compared to ~9% 
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within sprint 10 (Gaitanos, Williams et al. 1993). As previously stated, as muscle 

glycogen availability is unlikely to be a limiting factor, it is suggested that 

glycolytic inhibition occurs as repeated sprints are completed due to alterations 

within the metabolic environment (Gaitanos, Williams et al. 1993; Parolin, 

Chesley et al. 1999; Glaister 2005; Billaut and Bishop 2009). Currently, it is 

suggested that glycolytic inhibition during repeated sprints occurs due to: 1) the 

progressive decline in glycogen resulting alterations in glycolytic rate; 2) 

increases in H+ and muscle acidosis inhibiting glycolytic regulatory enzymes; or, 

3) an accumulation of cytoplasmic citrate synthase inhibiting glycolytic 

regulatory enzymes (Gaitanos, Williams et al. 1993; Parolin, Chesley et al. 

1999; Glaister 2005; Billaut and Bishop 2009). For the latter, pyruvate created 

as an end product of glycolysis is converted to either citrate or lactate, both of 

which have been shown to inhibit PFK (a key enzyme for increasing G6P flux 

through the glycolytic pathway) through negative feedback, resulting in an 

accumulation of G6P, decreased hexokinase activity, and reduced glycolytic flux 

(Jenkins, Yang et al. 2011; Al Hasawi, Alkandari et al. 2014). However, within 

normal physiological ranges cytoplasmic citrate synthase has a limited, albeit 

contributing, effect on PFK activity and glycolytic inhibition (Glastier 2005; Costa 

Leite, Da Silva et al. 2007).  

 

As the duration or number of repeated sprints progresses, the decrease in PCr 

concentrations and inhibition of glycolysis results in an increased demand for 

oxidative phosphorylation to provide the required ATP (McMahon and 

Thornbury 2020). For example, during repeated maximal effort sprints (2 x 30 s 

sprints, interspersed with a 4 minute recovery), the contribution of oxidative 

phosphorylation for ATP turnover increases from 29% in sprint 1 to 43% in 

sprint 2 (Figure 2.5) (Bogdanis, Nevill et al. 1996). During the initial seconds of 

intense activity, O2 bound to myoglobin may buffer the initial skeletal muscle 

demand for oxygen (Richardson, Newcomer et al 2001; Glaister 2005). 

Myoglobin is responsible for the temporary storage of O2, facilitiated diffusion of 

O2 into the required cell and acting as an intracellular catalyst for ROS 

interaction (Kamga, Krishnamurthy et al. 2012). O2 bound to myoglobin 

decreases to ~50% of resting values within ~20 s of intense activity, with full 

replenishment occurring within the same time frame following the termination of 
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exercise, implying that O2 bound to myoglobin  availability is not a limiting factor 

within multiple sprint performance (Richardson, Noyszewski et al 1995). While 

there is a delay in skeletal muscle V̇O2 at the onset of intense exercise, during 

repeated sprints ATP provision from oxidative phosphorylation increases due to 

increased and accelerated V̇O2 kinetics (Gaitanos, Williams et al. 1993; Parolin, 

Chesley et al. 1999). This process is essential during recovery periods to allow 

the replenishment of PCr and myoglobin bound O2, remove accumulated 

intracellular Pi and H+, and allow the reoxidisation of lactate and pyruvate, 

collectively allowing increased performance with subsequent sprints (Bangsbo 

and Hellsten 1998; Billaut and Bishop 2009).   

 

 
Figure 2.5: ATP turnover (mmol/kg-1 dry muscle) rate (%) from PCr and ATP, 

anaerobic glycolysis, and oxidative phosphorylation (aerobic) during two 

repeated maximal effort 30 s sprints, interspersed with 4 minute recovery 

(Bogdanis, Nevill et al. 1996). 

 

 High Intensity Interval Training and Sprint Interval Training  

High intensity interval training (HIIT) is characterised as repeated bouts of 

intermittent exercise performed at a near maximal intensity (e.g. ≥ 80% maximal 

heart rate) (MacInnis and Gibala 2017). Generally, each bout of exercise may 

last from 6 s to 5 minutes in duration, with interspersing recovery periods 

containing either inactivity or lower intensity exercise to allow full or partial 

recovery to occur (Laursen, Blanchard et al. 2002). This training modality can 

occur in many variations, with broad classifications of HIIT including long 
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interval based HIIT, short interval based HIIT, game based HIIT, reduced 

exertion HIIT, and sprint interval training (SIT), although many interventions use 

components of several classifications (Bucheit and Laursen 2019 pp. 51-72; 

Table 2.1). The type of HIIT variation implemented can have an impact on the 

extent of physiological adaptations gained, with the extent dependant on the 

programme variables utilised. However, it is important to note that research 

often does not differentiate between classifications of HIIT, with terms such as 

HIIT, high intensity training (HIT), SIT and ‘all out’ exercise often used 

interchangeably. As the overall focus of this thesis pertains to the effects of SIT 

on performance, this will be discussed in further depth within this literature 

review. 

 

Table 2.1: A Comparison of HIIT Classifications 

HIIT Format Duration Intensity Recovery 
Long Interval HIIT >1 minute ~95-105% velocity at V̇O2max 1-4 minutes 

Short Interval HIIT <1 minute ~100-120% peak power output of 

an incremental test to exhaustion 

< 60 s 

Game Based HIIT 2-5 minutes Sport specific intensity 1.5-4 minutes 

Reduced exertion HIIT 10-20 s Maximal effort 3-4 minutes 

SIT ≤30 s Maximal effort < 4 minute 

     

SIT is a component of HIIT, and is defined through the use of maximal effort 

(i.e. ≥V̇O2peak), short duration (i.e. ≤30 s) sprints, interspersed with short periods 

of rest or low intensity exercise (e.g. ≤40% V̇O2max) (MacInnis and Gibala 2017). 

Current research into the effects of SIT have predominantly utilised repeated 

lower extrmeity 30 s WAnT sprints interspersed with a 4 minute recovery, 

against an applied resistance of 7.5% BM, although shorter duration sprints 

such as 5-15 s have also been utilised (Table 2.2; Table 2.3). SIT has 

demonstrated improvements similar to that elicited by traditional endurance 

training, such as increases in mitochondrial markers and enzymatic activity 

(Burgomaster, Hughes et al. 2005; Burgomaster, Howarth et al. 2008), 

improved skeletal muscle capillerisation (Cocks, Shaw et al. 2013; Scribbans, 

Edgett et al. 2014), improved blood lactate clearance (Burgomaster, 

Heigenhauser et al. 2006; Jakeman, Adamson et al. 2012) and increased stores 
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of energy providing metabolites (Burgomaster, Hughes et al. 2005; 

Burgomaster, Howarth et al. 2008). However, the extent of adaptation are 

dependant on the manipulation of programme variables within the confines of 

SIT, including; sprint duration, recovery duration, work to rest ratio, number of 

sprints and intervention duration (Table 2.2; Table 2.3).  

 

Current research into the effects of SIT have focussed on the use of lower 

extremity dominant exercises such as running (Esfarjani and Laursen 2007), 

cycling (Stepto, Hawley et al., 1999; Burgomaster, Hughes et al. 2005; 

Burgomaster, Heigenhauser et al. 2006), and rowing (Akca and Aras, 2015), 

despite the physiological and energetic differences between upper and lower 

extremities (Koppo, Bouckaert et al. 2002; Calbet, Gonzalez-Alonso et al. 

2015). Briefly, this includes the lower extremity possing a decreased relative 

Type II fibre content, decreased blood flow, increased blood mean transit time, 

lower diffusion difference, greater diffusion area, increased oxidative 

contribution (during maximal 30 s WAnT), and increased cardiac output 

compared to the upper extremity (Ramonatxo, Prioux et al. 1996; Koppo, 

Bouckaert et al. 2002; Richardson, Secher et al. 2006; Calbet, Gonzalez-Alonso 

et al. 2015). Furthermore, differences in performance measures have been 

reported, with the upper extremity recording lower peak power outputs, mean 

power outputs and V̇O2 during during 30 s WAnTs compared to the lower 

extremity, although when normalised for lean mass these values are greater 

within the arms (Calbet, Gonzalez-Alonso et al. 2015; Zinner, Morales-Alamo et 

al. 2016). Collectively, this has led to several authors suggesting that 

physiological and energetic adaptations to training may differ between 

extremities (Calbet, Jensen-Urstad et al. 2004; Harvey, Wiegand et al. 2015; 

Zinner, Morales-Alamo et al. 2016; Julio, Panissa et al. 2019). 

 

To date, upper extremity arm ergometry has predominantly been utilised as a 

method for assessing aerobic capacity (Calbet, Holmberg et al. 2005; Lovell, 

Harvey et al. 2016), endurance performance (Doncaster and Twist, 2012), and 

anaerobic outcome measures (Weber, Chia et al. 2006; Kounalakis, Bayios et 

al. 2008; Lovell, Mason et al. 2011; Harvey, Wiegand et al. 2015). To date, 

there is limited research into the effects of upper extremity SIT on performance, 
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and the effects of upper extremity SIT in physically active, healthy participants. 

Nonetheless, similar physiological and performance adaptations have been 

reported to that observed following lower body SIT interventions. For example, 

Harnish, Sabo et al. (2017) demonstrated an 11.9% and 9.9% increase in peak 

and mean output respectively following 2 weeks of SIT (4-7 x 30 s sprints, 

interspersed with 4 minute recovery, against 3.5% BM resistance) within male 

paraplegics. Further, using a HIIT arm cranking protocol (4 x 4 minute sprints, 

interspersed with 3 minute recovery, at 85% heart rate reserve [HRR]), 

Schoenmakers, Reed et al. (2016) reported improvements in V̇O2peak (22%) and 

peak power (47%) in physically active individuals. Similarly, De Groot, Hjeltnes 

et al. (2003) reported an increase in peak power output following a combined 

HIIT (3 minute arm cranking, 2 minute recovery, at 70-80% HRR) and other 

exercise (boxing, push ups and ball throwing) intervention in spinal cord injury 

patients, although individual participant data was only presented.  

 

Regarding combined, whole body SIT and HIIT, only two interventions have 

investigated the effects of these modalities on performance measures (Osawa, 

Azuma et al. 2014; Zinner, Sperlich et al. 2017). Osawa, Azuma et al. (2014) 

utilised 32 sessions of HIT (8-12 sets, 60 s sprints at >90% V̇O2peak, 

interspersed by 60 s recovery, for both upper and lower body sprints) and 

observed increases in leg (11%) and arm (25%) peak power output during 

incremental exercise tests, but no change in V̇O2peak. Furthermore, the study 

observed increases in psoas major (9%) and anterolateral abdominal (7%) 

muscle cross sectional area (CSA) when measured through magnetic 

resonance imaging and dual-energy X-ray absorptiometry (Osawa, Azuma et al. 

2014). Similarly, Zinner, Sperlich et al. (2017) reported significant increases in 

WAnT peak (upper, 10%; lower, 5%) and mean power output (upper, 7%; lower 

5%), time trial mean power output (upper, 14.5%; lower, 13.9%), and V̇O2peak 

(upper, 9.8%; lower, 6.1%) following 6 sessions of SIT (4-6 x 30 s sprints, 

interspersed with 4 minute recovery, extremities separated by 1 hr). Further, 

Zinner, Sperlich et al. (2017) concluded that while similar improvements were 

observed between the upper and lower extremities, the upper body improved as 

a greater result of aerobic adaptations despite possessing greater anaerobic 

potential, compared to the lower body. While similar adaptatations within each 
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extremity have been observed when utilising combined SIT compared to either 

lower or upper extremity SIT individually, it is important to note that the 

programme variables utilised within the aforementioned studies differ with 

regards to sprint duration, recovery duration, work to rest ratio, number of 

sprints and intervention duration. As such, further investigation would be 

beneficial to determine the effects of combined SIT on physiological and 

performance adaptations.  

 

2.7.1 Duration of Repeated Sprints  

The duration of repeated sprints within SIT are commonly based on maximal 

effort 30 s WAnT protocols, with performance improvements in peak oxygen 

consumption (V̇O2peak), time trial, incremental time to exhaustion (TTE), and 

anaerobic power based measures reported (Table 2.2; Table 2.3). However, 

studies that have utilised shorter duration sprints (e.g. <15 s) have 

demonstrated similar improvements, suggesting that physiological adaptations 

are driven within the initial stages of each sprint. For example, Yamagishi and 

Babraj (2017) compared 15 s and 30 s sprints matched for work-to-rest ratio (4-

6 sprints, 2 or 4 minute recovery, against 7.5% BM resistance) with no reported 

differences in either V̇O2peak (15 s, 12.1%; 30 s, 12.8%) or TTE (15 s, 16.2%; 30 

s, 12.8%). Similarly, Lloyd Jones, Morris et al. (2017) compared 6 s and 30 s 

sprints matched for total sprint duration and work to rest ratio, with no reported 

differences in time trial (6 s, 5.1%; 30 s, 6.2%), or training peak power output (6 

s, 9%; 30 s, 20%), although the 6 s group did significantly more total work than 

the 30 s group.  

 

Regardless of sprint duration, during repeated maximal effort sprints PCr 

breakdown contributes to ~48-50% of total ATP generation within the initial 6 s 

of activity (Gaitanos, Williams et al. 1993; Parolin, Chesley et al. 1999). 

Research utilising repeated sprints of different durations (2 x 30 s sprints, 

interspersed with a 4 minute recovery; 10 x 6 s sprints, interspersed with a 30 s 

recovery) have demonstrated that PCr contributes to ATP turnover within 

successive sprints, provided a sufficient availability of O2 (Gaitanos, Williams et 

al. 1993; Bogdanis, Nevill et al. 1996). Furthermore, the replenishment of PCr 
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concentration has been directly related to the reproduction of high power 

outputs within successive bouts (Billaut and Bishop 2009). As the initial 6 s of a 

5-30 s maximal effort sprint is the same regardless of sprint duration, similar 

increases in anaerobic power output are unsurprising. Following 2 weeks of 

HIIT, (4-7 x 30 s sprints, interspersed with 4 minute recovery, against 6-7.5% 

BM resistance) Forbes, Slade et al. (2008) reported a significant 14% reduction 

in PCr recovery duration following leg extension exercises. An increase in PCr 

resynthesis rate may reduce Pi levels and delay increases in ADP, thus 

reducing the inhibition of muscle cross bridge cycling, improve SR Ca2+ 

dynamics (release and reabsorption rates), and subsequently decrease 

development of fatigue, and improve both power output and performance 

across repeated bouts (Allen, Lamb et al. 2008; Debold, Fitts et al. 2016). 

However, while an increased resynthesis of PCr stores has been suggested to 

occur following shorter duration SIT sprints (Lloyd Jones, Morris et al. 2017), 

this has not yet been investigated.  

 

In general, increasing the duration of sprints during a SIT or HIIT intervention 

increases the glycolytic energy contribution to ATP turnover, due to more work 

being completed within a set period (Buchheit and Laursen 2013). However, 

during intense exercise, glycolytic inhibition can occur due to alterations in the 

metabolic environment (Gaitanos, Williams et al. 1993; Parolin, Chesley et al. 

1999; Glaister 2005; Billaut and Bishop 2009). For example, during maximal 

effort sprints, the rate of anaerobic glycolysis is greater within the initial 6-10 s 

of the sprint, with an ~35% decrease occurring within the second 10 s of a 20s 

sprint (Gaitanos, Williams et al. 1993; Bogdanis et al. 1998). As such, anaerobic 

glycolysis has been shown to account for similar ATP turnover during SIT, 

regardless of maximal effort sprint duration with ~43-48% occurring during a 30 

s sprint compared to ~40% during a 6 s sprint (Gaitanos, Williams et al. 1993; 

Bogdanis, Nevill et al. 1996). Further, Sousa, Vasque et al. (2017) reported no 

significant differences in relative glycolytic contributions between maximal effort 

30 s, 20 s and 10 s sprints (~53%, ~56% and ~54% respectively). The large 

variation in observed anaerobic contribution during sprints may be due to 

variations in participant characteristics such as training level, fibre type, or 

resting glycogen levels, or methodological approaches such as measurement 
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techniques, or warm up durations and intensities (Gaitanos, Williams et al. 

1993; Bogdanis, Nevill et al. 1996; Sousa, Vasque et al. 2017). 

 

To the author’s current knowledge, no intervention has investigated the effects 

of short duration SIT sprints on glycogen storage, although increases have 

been reported following 30 s SIT sprints (Burgomaster, Hughes et al. 2005; 

Burgomaster, Heigenhauser et al. 2006; Burgomaster, Howarth et al. 2008; 

Thompson, Wylie et al. 2017). However, as previously stated, the rate of 

glycolysis is greater within the initial 6-10 s of a maximal effort sprint, with no 

differences in glycolytic contribution between 10-30 s sprints (Gaitanos, 

Williams et al. 1993; Bogdanis, Nevill et al. 1998; Sousa, Vasque et al. 2017). 

As such, it is not unreasonable to suggest that increases in glycogen stores 

may occur within SIT interventions consisting of ≥10 s duration. Increased 

glycogen stores have been significantly correlated (r2 = 0.29) to increased SR 

Ca2+ release, with 10 s sprints (15 sessions, 20 x 10 s sprints, 50 s recovery, 

against 8-8.5% BM resistance) increasing SR Ca2+ by~5.5%, in addition to 

increasing power output, and reducing fatigue across each sprint (Ørtenblad, 

Lunde et al 2000; Ørtenblad, Nielsen et al. 2011). An increase in SR Ca2+ 

release, as a result of enhanced SR content, is associated with an increase in 

force due to a greater proliferation of myoplasmic free Ca2+ binding with 

troponin, allowing greater potential for higher force crossbridges to be formed 

(Ørtenblad, Lunde et al., 2000; Allen, Lamb et al. 2008; MacIntosh, Holash et al. 

2012). 

 

The inhibition of glycolysis results in an increased demand of ATP turnover from 

oxidative metabolism, with the demand increasing to a greater extent with 

longer duration sprints compared to shorter duration sprints (Gaitanos, Williams 

et al. 1993; Parolin, Chesley et al. 1999; McMahon and Thornbury 2020). 

During SIT, this results in a greater decline in power output over the 30 s period 

(Bangsbo, Graham et al. 1992; Hargreaves, Finn et al. 1997; Parolin, Chesley 

et al. 1999; Billaut and Bishop 2009). During a maximal effort 30 s sprint, the 

relative contribution of oxidative metabolism to ATP turnover is significantly 

greater compared to 20 s and 10 s (~21%, ~15% and ~10% respectively) 

(Sousa, Vasque et al. 2017). Utilising a very short maximal effort sprint (e.g. 6 
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s), aerobic contributions account for <10% of ATP turnover compared to ~29% 

over the whole 30 s sprint duration (Parolin, Chesley et al. 1999). Collectively, 

this demonstrates that during SIT there is an increased reliance on oxidative 

contributions to ATP generation with greater sprint durations. However, 

increases in key regulators of oxidative metabolism and markers of oxidative 

potential (i.e. citrate synthase and cytochrome c oxidase) have been reported 

following 20 s sprints (3 x 20 s sprints, interspersed with 2 minute recovery, 5% 

BM resistance), with improved oxidative metabolism associated with greater 

TTE and TT performance (Burgomaster, Hughes et al. 2005; Burgomaster, 

Heigenhauser et al. 2006; Burgomaster, Howarth et al. 2008; Gillen, Martin et 

al. 2016). Therefore, while greater sprint durations may result in a greater 

reliance on oxidative metabolism, this may not be solely required to gain 

improvements in oxidative related performance measures. 

 

2.7.2 Recovery Duration and Work-to-Rest Ratio 

The effect of work-to-rest ratio on the adaptations gained during SIT is 

dependant on the primary energy pathway utilised during each sprint, the extent 

of substrate depletion during each sprint, and the length of interspersing 

recovery period (Bogdanis, Nevill et al. 1996; Mendez-Villanueva, Bishop et al. 

2007; Kavaliauskas, Aspe et al. 2015). This is due to the alterations in relative 

ATP turnover from PCr, anaerobic glycolysis and oxidative metabolism during 

repeated sprints, and the required duration of substrate recovery between each 

sprint (Gaitanos, Williams et al. 1993; Bogdanis, Nevill et al. 1998; Lloyd Jones, 

Morris et al. 2019). Within current SIT literature, a 1:8 ratio is most commonly 

utilised within studies that have investigated aerobic or endurance capacity 

and/or power outcome measures (Table 2.2; Table 2.3). To determine the effect 

of work-to-rest ratio on performance, Kavaliauskas, Aspe et al. (2015) utilised 6 

x 10 s sprints (2 weeks, 6 sessions, against 7.5% BM resistance) with either a 

30 s (1:3), 80 s (1:8) or 120 s (1:12) recovery period between each sprint. 

Improvements in in V̇O2peak, TTE, and 3km TT occurred to a greater extent at a 

lower work-to-rest ratio, with peak and mean power output improving to a larger 

degree at greater work-to-rest ratios (Kavaliauskas, Aspe et al. 2015). These 

adaptations were suggested to occur due to lower work:rest ratios requiring a 
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greater aerobic challenge due to lack of PCr replenishment and glycolytic 

inhibition, with greater work-to-rest ratios allowing a greater period of 

resynthesis and subsequent associated increase in power output 

(Kavaliauskas, Aspe et al. 2015). In contrast, a replication study utilising shorter 

duration sprints (2 weeks, 6 sessions, 10 x 6 s sprints interspersed with a 48 s 

[1:8], 60 s [1:10] or 72 s [1:12] recovery), reported no differences in peak or 

mean power output, 10km TT, or mean session total work between groups, 

although all significantly improved compared to a non-exercising control group 

(Lloyd Jones, Morris et al. 2019). The lack of disparity in peak and mean power 

output measures between exercising groups may be due to the recovery 

duration provided being too limited for additional power generating capacity 

adaptations to occur despite utilising the same 1:8 and 1:12 ratios as 

Kavaliauskas, Aspe et al. (2015) (Gaitanos, Williams et al. 1993; Billaut, Bishop 

2009; Lloyd Jones, Morris et al. 2019). As such, a more pronounced difference 

in work-to-rest ratios using short duration sprints may be required to gain 

optimal performance adaptations (Lloyd Jones, Morris et al. 2019). A secondary 

theory is that while the magnitude of adaptation can be effected by the 

employed work-to-rest ratio, there is a minimum recovery duration required 

between repeated sprints based on absolute instead of relative recovery 

duration, although this value would differ dependant on sprint duration. To the 

authors current knowledge, within the training paradigm of SIT only two 

interventions have investigated the effects of different duration sprints with 

interspersing recovery duration based on absolute and not relative time (Hazell, 

MacPherson et al. 2010; Zelt, Hankinson at al. 2014). However, these 

interventions consisted of 10, 15 or 30 s maximal effort sprints, interspersed 

with longer 2, 4 or 4.75 minutes of recovery, thus allowing a greater 

replenishment of PCr stores, and reduced inhibition of glycolysis in comparison 

to the 48-72 s utilised by Lloyd Jones, Morris et al. (2019). However, this theory 

requires further investigation before clear conclusions can be drawn.  

 

Utilising shorter recovery durations between maximal effort repeated sprints, 

results in an increased contribution and reliance on oxidative metabolism. 

Briefly, if insufficient recovery durations are provided for the replenishment of 

PCr and myoglobin bound O2, or removal of metabolic by products that may 
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inhibit glycolysis (e.g. intracellular Pi and H+), sequential sprints have a greater 

reliance on oxidative metabolism, leading to enhanced physiological 

adaptations that support this ATP generating mechanism compared to others 

(Bangsbo and Hellsten 1998; Billaut and Bishop 2009). Following SIT 

interventions, this is widely reported to improve both endurance capacity and 

aerobic performance measures (Linossier, Denis et al. 1993, Linossier. Dormois 

et al. 1997; Hazell, MacPherson et al. 2010; Lloyd Jones, Morris et al. 2017; 

Lloyd Jones, Morris et al. 2019; Yamagishi and Babraj 2019; Table 2.2).  

 

2.7.3 Exercise Intensity 

A key feature of both HIIT and SIT paradigms is the intensity at which exercise 

is performed (MacInnis and Gibala 2017). This high level of exercise intensity 

has been shown to increase cellular stress and metabolic signalling to a greater 

extent than moderate intensities (Egan and Zierath, 2013), thus resulting in 

similar performance benefits despite lower total work requirements. For 

example, higher exercise intensities have been shown to increase ATP turnover 

to a greater extent, thus increasing levels of PCr breakdown, intra- and extra 

cellular lactate, AMP, ADP, AMP-activated protein kinase (AMPK) and PGC-1α 

as a result of an increased reliance on carbohydrate oxidation and glycogen 

utilisation compared to lower intensity exercise (Burgomaster et al. 2008; 

Forbes, Slade et al. 2008; Egan, Carson et al. 2010; van Loon, Greenhaff et al. 

2011). For example, Egan, Carson et al. (2010) compared a single bout of cycle 

ergometry exercise matched for energy expenditure at high (80% V̇O2peak) or 

low (40% V̇O2peak) intensities, with significantly greater increases in glycogen 

utilisation, AMPK, and PGC-1α reported following the high intensity exercise, 

despite a lower total exercise duration. Regarding repeated bouts of SIT or 

HIIT, greater or similar increases in mitochondrial content, mitochondrial 

respiration and lactate threshold have been reported compared to moderate 

intensity continuous training (MICT) when matched for total work (Daussin, Zoll 

et al. 2008; Bækkerud, Solberg et al. 2016). For example, using a matched 

work crossover study Daussin, Zoll et al. (2008) reported a 40% increase in in 

situ mitochondria respiration rates following HIIT (24 sessions, 4-7 x 4 minutes 
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at first ventilatory threshold, 1 minute at 90%peak power) compared to 18% 

following MICT (24 sessions, at a power equivelant to that which allowed similar 

total energy expenditure and session duration, ~[4 x power at first ventilatory 

threshold + 90% peak power]/5). Furthermore, when SIT (i.e. 4-7 x 30 s sprints, 

interspersed with 4-4.5 minutes recovery) is compared with larger volumes of 

MICT (i.e. 90–120 minutes of continuous cycling at 65% V̇O2peak), similar 

physiological changes have been reported, thus highlighting the role exercise 

intensity has on physiological adaptations to exercise. For example, similar 

increases in muscle oxidative capacity (e.g. ~25%), as reflected by increased 

cytochrome c oxidase and citrate synthase activity, have been reported 

following 2-12 weeks of SIT, despite possessing a 90% lower total training 

volume (Gibala, Little et al. 2006; Burgomaster, Howarth et al. 2008; Scribbans, 

Edgett et al. 2014; Gillen, Martin et al. 2016). Furthermore, SIT has been shown 

to improve lactate threshold to a similar extent as greater volumes of both HIIT 

and MICT (McKay, Paterson et al. 2009), with lactate threshold strongly 

associated with skeletal muscle mitochondrial content (Ivy, Withers et al. 1980). 

However, it is important to note that while these adaptations have been 

observed, this data is based on a limited number of interventions into SIT and 

the role exercise intensity has when compared to other training paradigms such 

as MICT. 
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Table 2.2: Summary of Sprint Interval Training Studies on Aerobic Capacity and Endurance Based Performance Measures 

Study N Participant 
Type 

Number 
of Sprints 

Sprint 
Duration 

Recovery 
Duration 

Study 
Duration 

Resistance Performance Measures 

(Astorino, Allen et 
al. 2011) 

11M 
9F 

PA 4-6 30s 300s 2 weeks 
(6sess) 

7.5% BM V̇O2max↑* 

(Babraj, Vollaard et 
al. 2009) 

16M MA 4-6 30s 240s 2 weeks 
(6sess) 

7.5% BM TT250kJ↑* 

(Bailey, Wilkerson 
et al. 2009) 

5M 
3F 

PA 4-7 30s 240s 2 weeks 
(6sess) 

7.5% BM V̇O2peak↑*, Wtmax↑* 

(Barnett, Carey et 
al. 2004) 

8M MA 3-6 30s 180s 8 weeks 
(24sess) 

Gear ratio of 
8.87 flywheel 
revolutions 
per pedal 
revolution 

V̇O2peak↑* 

(Bayati, Farzad et 
al. 2011) 

8M PA 3-5 30s 240s 4 weeks 
(12sess) 

7.5% BM V̇O2max↑, Pmax↑*, Tmax↑*, Wtmax↑* 

(Broatch, Petersen 
et al. 2017) 

10 MA 4-6 30s 240s 6 weeks 
(18sess) 

7-5-9.5% BM V̇O2peak↑*,  TT2km↑*,  
TT2kmMPO↑*, TT20km↑, 

TT20kmMPO→, CS↑, PGC-1α↑ 
(Burgomaster, 
Hughes et al. 
2005) 

6M 
2F 

PA 4-7 30s 240s 2 weeks 
(6sess) 

7.5% BM CS↑*, TT250kJ↑*, TT250kJMPO↑* 

(Burgomaster, 
Heigenhauser et al. 
2006) 

8M PA 4-7 30s 240s 2 weeks 
(6sess) 

7.5% BM CS↑*, TT250kJ↑*, TT250kJMPO↑*,  
V̇O2peak→ 
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Study N Participant 
Type 

Number 
of Sprints 

Sprint 
Duration 

Recovery 
Duration 

Study 
Duration 

Resistance Performance Measures 

(Burgomaster, 
Cermak et al. 
2007) 

8M PA 4-6 30s 240s 6 weeks 
(18sess) 

7.5% BM TT250kJ↑*,  COX↑* 

(Burgomaster, 
Howarth et al. 
2008) 

5M 
5F 

PA 4-6 30s 270s 6 weeks 
(18sess) 

∼500 W V̇O2peak↑*, CS↑*, PGC-1α↑* 

(Cochran, Percival 
et al. 2015) 

12 PA 4-6 30s 240s 6 weeks 
(18sess) 

7.5% BM V̇O2peak↑*, TT250kJ↑*, COX↑* 

(Cocks, Shaw et al. 
2013) 

8M MA 4-6 30s 270s 6 weeks 
(18sess) 

7.5% BM V̇O2peak↑*, Wtmax↑* 

(Creer, Ricard et 
al. 2004) 

10 CA 4-10 30s 240s 4 weeks 
(8sess) 

7.5% BM V̇O2max↑ 

(Edgett, Bonafiglia 
et al. 2016) 

- PA 8 20s 10s 6 weeks 
(22sess) 

180% V̇O2peak V̇O2peak↑* 

(Etxebarria, Anson 
et al. 2014) 

7M CA 9-11 10s, 20s 
& 40s 

20s - 120s 3 weeks 
(6sess) 

- V̇O2peak↑, TT5kmrun↑ 

(Gibala, Little et al. 
2006) 

8M PA 4-6 30s 240s 2 weeks 
(6sess) 

~700 W TT750kJ↑*,  TT750kjMPO↑*, 
TT50kJ↑*,  TT50kjMPO↑*, COX↑* 

(Gillen, Martin et al. 
2016) 

9M MA 3 20s 120s 12 weeks 
(31sess) 

5% BM V̇O2peak↑*,  CS↑* 

(Harmer, McKenna 
et al. 2000) 

7M PA 4-10 30s 180s - 
240s 

7 weeks 
(21sess) 

7.5% BM TTE↑*, V̇O2peak↑, Tmax↑*, 

(Harris, 
Rakobowchuk et 
al. 2014) 

6F PA 4 30s 270s 4 weeks 
(12sess) 

7.5% BM V̇O2max↑*, Wtmax↑*, LT↑ 
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Study N Participant 
Type 

Number 
of Sprints 

Sprint 
Duration 

Recovery 
Duration 

Study 
Duration 

Resistance Performance Measures 

(Hazell, 
MacPherson et al. 
2010) 

35M 
13F 

PA 4-6 30s, & 
10s 

240s, & 
120s 

2 weeks 
(6sess) 

7.5% BM TT5km↑*, V̇O2max↑* 

(Hommel, 
Öhmichen et al. 
2019) 

10M PA 4-6 30s 270s 6 weeks 
(18sess) 

7.5% BM V̇O2max↑* 

(Ikutomo, Kasai et 
al. 2018) 

10 CA 2 x 12 6s 24s - 7min 3 weeks 
(9sess) 

7.5% BM V̇O2max↑, TTE↑* 

(Jakeman, 
Adamson et al. 
2012) 

6 CA 10 6s 60s 2 weeks 
(6sess) 

7.5% BM TT10km↑*, TTE↑ 

(Kavaliauskas, 
Aspe et al. 2015) 

10M 
14F 

CA 6 10s 30s, 80s, 
& 120s 

2 weeks 
(6sess) 

7.5% BM TT3km↑*, ↑, TTE↑*, ↑, V̇O2peak↑*, ↑ 

(Kavaliauskas, 
Steer et al. 2016) 

8F MA 4 30s 240s 4 weeks 
(8sess) 

7% BM V̇O2peak↓,  TTE↑*, TT10km↑*, CP↑* 

(Kavaliauskas, 
Jakeman et al. 
2018) 

6M PA 4 30s 240s 2 weeks 
(8sess) 

7.5% BM V̇O2peak→, TTE↑, VT↑* 

(Kiviniemi, Tulppo 
et al. 2014) 

12M MA 4-6 30s 240s 2 weeks 
(6sess) 

7.5% BM V̇O2peak↑*, Wtmax↑* 

(Larsen, Maynard 
et al. 2014) 

8M MA 4-6 30s 240s 2 weeks 
(6sess) 

7.5% BM TTE↑*, V̇O2peak↑* 

(Lewis, Stucky et 
al. 2017) 

7M PA 4-7 30s 240s 2 weeks 
(6sess) 

7.5% BM TT10km↑* 

(Little, Langley et 
al. 2019) 

9M 
7F 

MA 3 20s 180s 6 weeks 
(18sess) 

.21NM/kg TT150kJ↑*, V̇O2peak↑* 
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Study N Participant 
Type 

Number 
of Sprints 

Sprint 
Duration 

Recovery 
Duration 

Study 
Duration 

Resistance Performance Measures 

(Linossier, Denis et 
al. 1993) 

8M 
2F 

MA 2 x 8 5s 55s & 
15min 

7 weeks 
(28sess) 

8% BM V̇O2peak→, CS↑ 

(Linossier, Dormois 
et al. 1997) 

8M MA 2 x 15 5s 55s & 
15min 

7 weeks 
(28sess) 

8% BM V̇O2peak↑*, CS↑ 

(Lloyd Jones, 
Morris et al. 2017) 

20M PA 4, & 20 30s, & 6s 240s, & 
48s 

2 weeks 
(6sess) 

7.5% BM TT10km↑*, V̇O2max→ 

(Lloyd Jones, 
Morris et al. 2019) 

18M 
9F 

PA 10 6s 48s, 60s & 
72s 

2 weeks 
(6sess) 

7.5% BM TT10km↑* 

(Ma, Scribbans et 
al. 2013) 

10M PA 8 20s 10s 4 weeks 
(16sess) 

170% V̇O2peak V̇O2peak↑*, Pmax↑*, 

(MacDougall, Hicks 
et al. 1998) 

12M MA 4-10 30s 240s - 
150s 

7 weeks 
(21sess) 

7.5% BM V̇O2max↑*, CS↑* 

(Metcalfe, Babraj et 
al. 2012) 

7M 
8F 

- 1-2 10-20s 200s - 
220s 

6 weeks 
(18sess) 

7.5% BM V̇O2peak↑* 

(Metcalfe, Tardif et 
al. 2016) 

17M 
18F 

MA 1-2 10-20s 200s - 
220s 

6 weeks 
(18sess) 

5% BM V̇O2max↑* 

(Muggeridge, 
Sculthorpe et al. 
2017) 

10M MA 4 15s 240s 3 weeks 
(9sess) 

7% BM V̇O2max↑, LT↑ 

(Nalcakan 2014) 8M PA 4-6 30s 270s 7 weeks 
(21sess) 

7.5% BM V̇O2max↑* 

(Nalçakan, 
Songsorn et al. 
2017) 

19M 
17F 

MA 2 10-20s, & 
5-10s 

200 - 230s 6 weeks 
(18sess) 

7.5% BM V̇O2max↑*, ↑, 

(Ørtenblad, Lunde 
et al. 2000) 

9M PA 20 10s 50s 5 weeks 
(15sess) 

8-8.5% BM V̇O2max→ 
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Study N Participant 
Type 

Number 
of Sprints 

Sprint 
Duration 

Recovery 
Duration 

Study 
Duration 

Resistance Performance Measures 

(Rakobowchuck, 
Tanguay et al. 
2008) 

5M 
5F 

PA 4-6 30s 270s 6 weeks 
(18sess) 

7.5% BM V̇O2peak↑ 

(Richardson and 
Gibson 2015) 

6M 
3F 

PA 4-7 30s 240s 2 weeks 
(6sess) 

7.5% BM V̇O2max↑*, TTE↑*, 

(Rodas, Ventura et 
al. 2000) 

5M MA 2-7 15 - 30s 45s - 
12min 

2 weeks 
(14sess) 

7.5% BM CS↑*, V̇O2max↑*, 

(Scalzo, Peltonen 
et al. 2014) 

11M 
10F 

PA 4-8 30s 240s 3 weeks 
(9sess) 

7.5% BM V̇O2max↑*, TT40km↑*, ↑, 

(Shenouda, Gillen 
et al. 2017) 

9M MA 3 20s 120s 12 weeks 
(31sess) 

5% BM V̇O2peak↑* 

(Shepherd, Cocks 
et al. 2013) 

8M MA 4-6 30s 270s 6 weeks 
(18sess) 

7.5% BM V̇O2peak↑*, Wtmax↑*, 

(Siahkouhian, 
Khodadadi et al. 
2013) 

12M PA 6-10 30s 240s 8 weeks 
(24sess) 

7.5% BM V̇O2max↑*, TT3000mrun↑* 

(Songsorn, 
Lambeth-Mansell 
et al. 2016) 

5M 
10F 

MA 1 20s 0s 4 weeks 
(12sess) 

7.5% BM MeanV̇O2max→,  Pmax↑*  

(Terada, Toghi 
Eshghi et al. 2019) 

11M PA 4-7 30s 240s 4 weeks 
(12sess) 

7.5% BM V̇O2peak→, TTE↑*, 

(Thompson, Wylie 
et al. 2017) 

6M 
6F 

PA 4-5 30s 240s 4 weeks 
(14sess) 

7.5% BM V̇O2peak→ 

(Yamagishi and 
Babraj 2017) 

9M 
7F 

PA 4-6 30s, & 
15s 

240s, & 
120s 

9 weeks 
(18sess) 

7.5% BM (M) 
6.5% BM (F) 

V̇O2peak↑*, TTE↑*, TT10km↑*, 
CP↑*, ↑ 
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Study N Participant 
Type 

Number 
of Sprints 

Sprint 
Duration 

Recovery 
Duration 

Study 
Duration 

Resistance Performance Measures 

(Yamagishi and 
Babraj et al. 2019) 

9M 
5F 

PA 4-6 30s 240s 2 weeks 
(6sess) 

7.5% BM V̇O2peak→,  TT10km↑*, Pmax↑, 
CPTW↑*, 

(Zelt, Hankinson et 
al. 2014) 

23M PA 4-6 30s, & 
15s 

270s, & 
285s 

4 weeks 
(12sess) 

7.5% BM V̇O2peak↑*, LT↑*, CP↑* 

Table 2.2: N, number of participants; M, males, F, females; PA, physically active (minimum of 3 hr per week); MA, moderately 

active (< 3 hr per week); CA, competitive athletes; Sess, sessions; BM, body mass; ↑, improved performance; →, no performance 

change; ↓, decreased performance; *, significant increase; V̇O2max, maximal oxygen consumption; V̇O2peak, peak oxygen 

consumption; Pmax, power at V̇O2max; Tmax, time to exhaustion at power at V̇O2max; Wtmax, total work during time to exhaustion; TT, 

time trial; MPO, mean power output; CS, citrate synthase; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 

1-alpha; COX, cytochrome c oxidase; TTE, time to exhaustion; LT, lactate threshold; CP, critical power; TW, total work.        
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Table 2.3: Summary of Sprint Interval Training Studies on Anaerobic Capacity and Power Based Performance Measures 

Study N Participant 
Type 

Number of 
Sprints 

Sprint 
Duration 

Rest 
Duration 

Study Duration Resistance Performance 
Measures 

(Astorino, Allen et al. 
2011) 

11M 
9F 

PA 4-6 30s 300s 2 weeks (6sess) 7.5% BM PPO↑*, MPO↑* 

(Barnett, Carey et al. 
2004) 

8M MA 3-6 30s 180s 8 weeks (24sess) Gear ratio of 8.87 
flywheel revolutions 
per pedal revolution 

PPO↑*, MPO↑* 

(Bayati, Farzad et al. 
2011) 

8M PA 3-5 30s 240s 4 weeks (12sess) 7.5% BM PPO↑*, MPO↑*, TW↑* 

(Burgomaster, Hughes 
et al. 2005) 

6M 
2F 

PA 4-7 30s 240s 2 weeks (6sess) 7.5% BM PPO↑*, MPO↑*, GLY↑*, 
PCr↑ 

(Burgomaster, 
Heigenhauser et al. 
2006) 

8M PA 4-7 30s 240s 2 weeks (6sess) 7.5% BM GLY↑*, PCr→ 

(Burgomaster, Howarth 
et al. 2008) 

5M 
5F 

PA 4-6 30s 270s 6 weeks (18sess) ∼500 W MPO↑*, GLY↑*, PCr↑* 

(Cochran, Percival et 
al. 2015) 

12 PA 4-6 30s 240s 6 weeks (18sess) 7.5% BM TW↑*, MPO↑* 

(Creer, Ricard et al. 
2004) 

10 CA 4-10 30s 240s 4 weeks (8sess) 7.5% BM PPO↑*, MPO↑*, TW↑ 

(Etxebarria, Anson et 
al. 2014) 

7M CA 9-11 10s, 20s & 
40s 

20s - 120s 3 weeks (6sess) - PPO↑, MPO↑, 

(Forbes, Slade et al. 
2008) 

4M 
3F 

PA 4-6 30s 240s 2 weeks (6sess) 7.5% BM (M) & 
6.5% BM (F) 

MPO↑*, PCr→ 

(Gibala, Little et al. 
2006) 

8M PA 4-6 30s 240s 2 weeks (6sess) ~700 W GLY↑* 
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Study N Participant 
Type 

Number of 
Sprints 

Sprint 
Duration 

Rest 
Duration 

Study Duration Resistance Performance 
Measures 

(Harmer, McKenna et 
al. 2000) 

7M PA 4-10 30s 180s - 
240s 

7 weeks (21sess) 7.5% BM PPO↑*, TW↑*,  

(Hazell, MacPherson et 
al. 2010) 

35M 
13F 

PA 4-6 30s, & 10s 240s, & 
120s 

2 weeks (6sess) 7.5% BM PPO↑*, MPO↑* 

(Ikutomo, Kasai et al. 
2018) 

10 CA 2 x 12 6s 24s - 7min 3 weeks (9sess) 7.5% BM TPPO↑* 

(Jakeman, Adamson et 
al. 2012) 

6 CA 10 6s 60s 2 weeks (6sess) 7.5% BM TPPO↑* 

(Kavaliauskas, Aspe et 
al. 2015) 

10M 
14F 

CA 6 10s 30s, 80s, 
& 120s 

2 weeks (6sess) 7.5% BM PPO↑*, ↑, MPO↑*, ↑ 

(Kavaliauskas, Steer et 
al. 2016) 

8F MA 4 30s 240s 4 weeks (8sess) 7% BM TPPO↑*, TMPO↑ 

(Kavaliauskas, 
Jakeman et al. 2018) 

6M PA 4 30s 240s 2 weeks (8sess) 7.5% BM TMPO↑ 

(Larsen, Maynard et al. 
2014) 

8M MA 4-6 30s 240s 2 weeks (6sess) 7.5% BM PPO↑*, TPPO↓, 
TMPO↑*, PCr↑* 

(Linossier, Denis et al. 
1993) 

8M 
2F 

MA 2 x 8 5s 55s &  
15min 

7 weeks (28sess) 8% BM PPO↑*, TW↑, MPO→, 
PCr↑ 

(Lloyd Jones, Morris et 
al. 2017) 

20M PA 4, & 20 30s, & 6s 240s, & 
48s 

2 weeks (6sess) 7.5% BM TPPO↑*, TTW↑*, ↑ 

(Lloyd Jones, Morris et 
al. 2019) 

18M 
9F 

PA 10 6s 48s, 60s & 
72s 

2 weeks (6sess) 7.5% BM TPPO↑*, TMPO↑* 

(Ma, Scribbans et al. 
2013) 

10M PA 8 20s 10s 4 weeks (16sess) 170% V̇O2peak PPO↑*, MPO↑* 

(MacDougall, Hicks et 
al. 1998) 

12M MA 4-10 30s 240s - 
2.5min 

7 weeks (21sess) 7.5% BM PPO↑*, TW↑*, PFK↑*, 
LDH↑, 
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Study N Participant 
Type 

Number of 
Sprints 

Sprint 
Duration 

Rest 
Duration 

Study Duration Resistance Performance 
Measures 

(Muggeridge, 
Sculthorpe et al. 2017) 

10M MA 4 15s 240s 3 weeks (9sess) 7% BM TPPO↑*, TMPO↑* 

(Nalcakan 2014) 8M PA 4-6 30s 270s 7 weeks (21sess) 7.5% BM PPO↑*, MPO↑*, 
(Ørtenblad, Lunde et al. 
2000) 

9M PA 20 10s 50s 5 weeks (15sess) 8-8.5%BM TTW↑*, TMPO↑*, PCr↑, 
GLY↑*, SRCa2+v↑*, 

SRCa2+r↑*, SRCa2+u→ 
(Parra, Cadefau et al. 
2000) 

10M PA 4-14 15-30s 45s – 
4min 

2 weeks (14sess) 
6 weeks (14sess) 

7.5% BM GLY↑*, PCr↑*, CK↑*, 
PFK↑*, LDH↑*, PPO↑, 

MPO↑ 
(Rakobowchuck, 
Tanguay et al. 2008) 

5M 
5F 

PA 4-6 30s 270s 6 weeks (18sess) 7.5% BM PPO↑* 

(Richardson and 
Gibson 2015) 

6M 
3F 

PA 4-7 30s 240s 2 weeks (6sess) 7.5% BM TMPO↑* 

(Rodas, Ventura et al. 
2000) 

5M MA 2-7 15 - 30s 45s - 
12min 

2 weeks (14sess) 7.5% BM GLY↑*, PCr↑*, CK↑*, 
PFK↑*, LDH↑*, PPO↑, 

MPO↑ 
(Scalzo, Peltonen et al. 
2014) 

11M 
10F 

PA 4-8 30s 240s 3 weeks (9sess) 7.5% BM TMPO↑* 

(Siahkouhian, 
Khodadadi et al. 2013) 

12M PA 4-10 30s 240s 8 weeks (24sess) 7.5% BM PPO↑*, MPO↑* 

(Thompson, Wylie et al. 
2017) 

6M 
6F 

PA 4-5 30s 240s 4 weeks (14sess) 7.5% BM GLY↑*, PCr→ 

(Vera-Ibanez, Colomer-
Poveda et al. 2017) 

7M PA 3-6 30s 240s 4 weeks (12sess) 7.5% BM PPO↑* 

(Yamagishi and Babraj 
2017) 

9M 
7F 

PA 4-6 30s, & 15s 240s, & 
120s 

9 weeks (18sess) 7.5% BM (M) & 
6.5% BM (F) 

PPO↑*, TW↑* 
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Study N Participant 
Type 

Number of 
Sprints 

Sprint 
Duration 

Rest 
Duration 

Study Duration Resistance Performance 
Measures 

(Yamagishi and Babraj 
et al. 2019) 

9M 
5F 

PA 4-6 30s 240s 2 weeks (6sess) 7.5% BM TPPO→, TTW↑* 

(Zelt, Hankinson et al. 
2014) 

23M PA 4-6 30s, & 15s 270s, & 
285s 

4 weeks (12sess) 7.5% BM PPO↑*, MPO↑* 

Table 2.3: N, number of participants; M, males, F, females; PA, physically active (minimum of 3 hr per week); MA, moderately 

active (< 3 hr per week); CA, competitive athletes; Sess, sessions; BM, body mass; ↑, improved performance; →, no performance 

change; ↓, decreased performance; *, significant increase; PPO, Wingate peak power output; MPO, Wingate mean power output; 

TW, Wingate total work; GLY, glycogen; PCr, phosphocreatine; TPPO, training peak power output; TMPO, training mean power 

output; PFK, phosphofructokinase; LDH, lactate dehydrogenase; TTW, training total work; SRCa2+v, sarcoplasmic reticulum 

calcium volume; SRCa2+r, sarcoplasmic reticulum calcium release; SRCa2+u, sarcoplasmic reticulum calcium uptake; CK, creatine 

kinase. 
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2.7.1 Neural Adaptations to Sprint Interval Training 

A motor unit is defined as a single motor neuron and all the muscle fibres it 

innervates (MacLaren and Morton 2012). While this has been covered in detail 

previously (Chapter 2.2 Skeletal Muscle), briefly, muscle fibre contraction 

occurs when an action potential within a motor neuron initiates excitation 

contraction coupling through the release of acetylcholine at the neuromuscular 

junction (Allen, Lamb et al. 2008). The propagation of an action potential occurs 

through the release of acetylcholine into the synaptic cleft, where it binds to 

receptors that activate voltage-gated ion channels (MacLaren and Morton 

2012). The opening of the ion channels results in an influx of Na+ and efflux of 

K+ from the muscle fibre, resulting in depolarisation of the plasma membrane 

(MacLaren and Morton 2012). The change in membrane potential triggers the 

action potential, propagating along the sarcolemma and into the T-tubules of the 

muscle fibre (MacLaren and Morton 2012). With regards to SIT neural 

adaptations include an increase in motor unit recruitment, firing rate and 

synchronisation, resulting in an increased ability to exert more force (Creer, 

Ricard et al. 2004). These adaptations are similar to that demonstrated through 

strength based resistance training following a 4 week duration (Creer, Ricard et 

al. 2004). However, following 2 weeks of SIT (4-7 x 30 s sprints interspersed 

with a 4 minute recovery, against 7.5% BM resistance), Lewis, Stucky et al. 

(2017) did not observe any neuromuscular adaptations in seven active males 

despite increases in peripheral fatigue and decreases in 10km time trial. In 

contrast, utilising the same protocol over a 4 week duration (12 sessions), Vera-

Ibanez, Colomer-Poveda et al. (2017) reported a non-significant improvement in 

maximum voluntary contraction (MVC) (10.9%) and volitional wave (14.8%), 

and significant 14.7% increase in peak power output. Further, 4 weeks of SIT 

(4-10 x 30 s sprints interspersed with a 4 minute recovery, against 7.5% BM 

resistance) and HIIT (6 sessions, 8-12 x 60 s sprints interspersed with a 75 s 

recovery at 100% peak power output) demonstrated increases in vastus 

lateralis motor unit activation (Creer, Ricard et al. 2004; Martinez-Valdes, Falla 

et al. 2017). This has been associated with an increase in root mean squared 

(28%), decreased medium frequency (17%), increased MVC (7%), increased 
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motor unit discharge rate at higher (50%-70% MVC) but not lower (10%-30% 

MVC) force levels, and improved peak and mean power outputs (6%) (Creer, 

Ricard et al. 2004; Martinez-Valdes, Falla et al. 2017). 

 

2.7.2 Lactate Transporter Activity Adaptations to Sprint Interval Training 

During anaerobic glycolysis, pyruvate is converted to lactate in the reversible 

oxidation-reduction reaction through the enzyme lactate dehydrogenase (LDH) 

while nicotinamide adenine dinucleotide (NADH) is oxidised to NAD+ (Baker, 

McCormick et al. 2010). This occurs due to the production of pyruvate 

exceeding the rate at which it can be uptaken into the mitochondria (Baker, 

McCormick et al. 2010). At physiological pH, the formed lactate is immediately 

dissociated into lactate anion and H+ ions, accumulating within skeletal muscle, 

with the latter contributing to muscular fatigue (Facey, Irving et al. 2013). 

Lactate is either utilised within the cell of production, transported to nearby cells, 

or enters the bloodstream for transport and utilisation in distal tissues (Brooks 

2000; Brooks 2007; Adeva-Andany, López-Ojén et al. 2014). This occurs 

through two mechanisms known as the cell-cell and intracellular lactate shuttles 

(Brooks 2000; Brooks 2007). In order for lactate formed within the cell cytosol to 

utilised elsewhere, it must be transported across the cell or mitochondrial 

membrane. This occurs through monocarboxylate transporter proteins (MCTs), 

particularly MCT1 and MCT4 (Brooks 2000; Brooks 2007; Baker, McCormick et 

al. 2010; Facey, Irving et al. 2013). MCT1 is associated with type I muscle fibres 

(greater concentrations of mitochondria) as it is responsible for the 

mitochondrial transport of lactate/pyruvate, thus allowing lactate to be oxidised 

within actively respiring cells (Pilegaard, Terzis et al. 1999; Baker, McCormick 

et al. 2010; Facey, Irving et al. 2013). MCT4 has a greater variability within 

muscle fibres, and is suggested to be the main transporter for secreting lactate 

out of the cell site of production (Pilegaard, Terzis et al. 1999; Adeva-Andany, 

López-Ojén et al. 2014). During high intensity exercise, lactate production 

exceeds the rate of clearance, especially within greater force producing type II 

muscle fibres (Gladden 2004). As such, lactate is shuttled into the bloodstream 

or into neighbouring oxidative muscle tissue cells, where the greater number of 

mitochondria and mitochondrial enzymes uptake lactate and oxidise it to be 
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utilised as a fuel source, contributing to increases in time to exhaustion and 

10km time trial performance (Pilegaard, Domino et al. 1999; Brooks 2000; 

Gladden 2004). However, the rate of lactate oxidation and conversion is 

dependent on the rate of lactate metabolism, concentration of cellular lactate, 

muscle fibre types and rate of blood flow (Gladden 2004). During exercise, 

~80% of lactate produced is oxidised, with the remaining ~20% converted into 

glucose or glycogen through gluconeogenesis (Gladden 2004), thus allowing a 

greater turnover in ATP and subsequent higher rates of muscular contraction 

(Gaitanos, Williams et al. 1993). Following 8 weeks of high intensity knee 

extensor training, Pilegaard, Domino et al. (1999) reported increases in MCT1 

and MCT4 content and activity, with links made to improved endurance and 

power output performance. Similarly, Burgomaster, Cermak et al. (2007) 

reported increases in MCT1 and MCT4 content following 6 weeks of SIT (18 

sessions, 4-6 x 30 s sprints, interspersed with 4 minute recovery, against 7.5% 

BM resistance) in addition to a reduced time to complete a 250kJ cycling TT. 

Furthermore, utilising shorter duration sprints, Jakeman, Adamson et al. (2012) 

reported a significant rightward shift in the onset of blood lactate accumulation 

(OBLA) during an TTE following 2 weeks of SIT (10 x 6 s sprints, interspersed 

with 60 s recovery, against 7.5% BM resistance), in addition to improved TTE 

and 10km time trial performance. It was suggested that the rightward shift of 

OBLA was due to either a decrease in blood lactate accumulation at the same 

workload as a result of improved oxidative metabolism, or due to increases in 

MCT1 and MCT4 content as reported following 30 s sprints (Burgomaster, 

Cermak et al. 2007).  

 

2.7.3 Muscle Fibre Recruitment Adaptations to Sprint Interval Training 

Alterations in the recruitment of muscle fibres have been reported following 

repeated bouts of both HIIT and SIT. For example, following both WAnT based 

(4-6 x 30 s sprints, interspersed with a 4 minute recovery, against 7.5% BM 

resistance) and short duration SIT (15 x 10 s sprints, interspersed with 50 s 

recovery, against 7% BM resistance; 8-13 x 5 s sprints, 55 s recovery, against 

8% BM resistance), decreases in Type IIb fibre and increases in Type IIa fibre 

recruitment has been reported (Jacobs, Esbjornsson et al. 1987; Esbjornsson, 



 

55 

Hellsten-Westing et al. 1993; Linossier, Denis et al. 1993; Allemeier, Fry et al. 

1994). However, varying results have been presented regarding adaptations in 

Type I fibres following SIT, with no alterations (Allemeier, Fry et al. 1994), 

decreases (Jacobs, Esbjornsson et al. 1987; Jansson, Esbjornsson et al. 1990) 

and increases (Linossier, Denis et al. 1993) all reported. While the extent of 

fibre type adaptations following short duration SIT requires further investigation, 

an increased recruitment of type IIa and type I fibres would potentially allow for 

an improved rate of glycolysis, an improved rate of recovery recovery through 

increases in oxidative phosphorylation, and an improvement in aerobic power 

production. 

 

 Aims of the Thesis 

The overarching aim of this PhD thesis is to determine the effects of short 

duration, combined extremity SIT on performance measures. It is intended that 

this body of work will add to the current understanding of lower, upper and 

combined extremity SIT, will aid in the development and application of acute 

programme variables within SIT interventions, and will provide information as to 

the use of combined extremity SIT for improving sporting performance. In order 

to achieve this, the thesis comprises three intervention-based studies, each with 

the following aims: 

1) To determine the effects of applied resistance during a combined lower 

and upper extremity SIT intervention on performance measures 

2) To determine the effect of a combined lower and upper extremity SIT 

protocol on recovery duration outcomes and performance measures 

3) To determine the effects of a short duration, combined lower and upper 

extremity SIT protocol on combat sport performance 
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3. Chapter 3 – General Methodology 

Participants 
Within all three studies participants were physically active adults aged 18-35 

years. Physically active was defined in line with Haskell and Kiernan (2000), 

with all participants self-reporting that they completed a minimum of 3 hours of 

physical exercise per week. Study 1 consisted of 36 participants (22 males; 14 

females), with study 2 and study 3 consisting of 12 and 9 male participants 

respectively. Voluntary participation occurred within all studies, with participants 

recruited through the use of email and through the explanation of the study 

procedures within lectures. All participants were made fully aware of the study 

procedures and held the right to withdraw from the study at any point without 

question or reason. Written and verbal consent was provided by the participants 

before each study began, along with a completed physical activity readiness 

questionnaire to screen for any health issues that may prevent inclusion within 

each study. Each study was fully approved by the Abertay University Ethics 

Committee and was carried out in line with the Declaration of Helsinki, 2013. 

 

Study Design and Sampling Technique 
A stratified sampling technique was implemented within study 1 due to the 

between subjects design. While random sampling is portrayed as the gold 

standard technique due to the lack of possible researcher bias (Gorard 2001), 

stratified sampling adheres to the underlying principle of randomisation, and 

allows crucial population parts to be appropriately represented within the whole 

sample (Denscombe 2011). Within study 1, this sampling technique allowed for 

an equal male to female ratio to occur within each group. This was important 

due to differences in physiological responses to exercise and performance 

between sexes (Billaut, Bishop 2009). A within subjects design was 

implemented within studies 2 and 3. This method has been shown to be 

beneficial over between subjects designs when employing singular treatments 

to participants, such as the same training intervention (Charness, Gneezy et al. 

2012), and as such no sampling technique was required.  
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 Experimental Procedures 

3.2.1 Familiarisation Trials 

Familiarisation trials were completed for each performance measure within all 

three studies to allow the detection and interpretation of performance 

adaptations, and to limit possible learning effects (Mendez-Villanueva, Bishop et 

al. 2007; Kavaliauskas and Phillips 2016). Regarding maximal or maximal 

repeated cycle sprints most studies have completed two familiarisation trials 

(Kavaliauskas and Phillips 2016). However, at least one trial is recommended 

due to the larger change between the initial two trials compared to subsequent 

trials (Hopkins, Schabort et al. 2001; Kavaliauskas and Phillips 2016). In line 

with the aforementioned recommendation, one familiarisation trial was utilised in 

each of the three studies. In all studies, participants were familiarised with the 

equipment, performance assessment protocols, and training protocols for both 

lower and upper body extremities. Within familiarisation sessions, the seat 

height and handlebar position of the Monark cycle ergometer (Monark 

Ergomedic 894E, Varberg, Sweden) and the height of the arm crank ergometer 

(Monark Ergomedic 891E Arm Crank Ergometer, Vansbro, Sweden) were 

aligned in relation to each participant. The familiarisation sessions for the 

training protocols involved participants undertaking a series of lower and upper 

body sprints to mimic the training intervention requirements. In study 1, lower 

body and upper body sprints were completed against the applied load assigned 

during each the lower and upper body WAnTs (lower body 7.5% BM, upper 

body 5% BM) respectively as participants had not been assigned to training 

groups until pre control measures had been completed. In studies 2 and 3, 

lower and body sprints occurred against the applied training resistance (lower 

body 8% BM, upper body 4.5% BM). 

 

3.2.2 Body Composition 

The stature, body mass and fat percentage of each participant was recorded to 

the nearest 0.1 cm, 0.1 kg and 0.1% respectively. In all three studies body 

composition was used as a measure of determining the participant group as a 

sample of the population and as a measure of change in participants following 
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control and/or training intervention periods. The stature of each participant was 

measured through the use of a stadiometer (SECA 216 Mechanical 

Stadiometer, Hamburg, Germany) with body mass measured using weigh 

scales (Seca Weigh Scales, Hamburg, Germany). Body fat percentage (BF%) 

was measured using a calibrated bioelectrical impedance metre (SC-330ST 

Tanita Body Composition Analyser, Tanita Europe BV, Amsterdam, 

Netherlands). Bioelectrical impedance analysis (BIA) is a non-invasive, reliable 

method of measuring body composition with a <1% error on repeated 

measurements (Dehghan and Merchant 2008). In order for more accurate 

measurements to be gained, participants removed all footwear, completed a 4 

hr fasting period and refrained from both alcohol and intense physical activity for 

a 24 hr period prior to body composition measurements (Dehghan and 

Merchant 2008). Under these conditions, BIA has been shown to provide similar 

results as dual-energy X-ray absorptiometry (DXA) scanning and air 

displacement plethysmography for measuring body fat composition (Beeson, 

Batech et al. 2010). Although BIA underestimates BF% by 2% with no 

difference occurring between sexes, the excellent level of repeatability allow it 

to be a valid method of determining BF% in research (von Hurst, Walsh et al. 

2016). 

 

3.2.3 Peak Oxygen Uptake 

Maximum oxygen uptake (V̇O2max) is defined as the highest rate that oxygen 

can be taken up and used by the body during maximal exercise, which is often 

represented by a plateau in V̇O2, a respiratory exchange ratio of >1.15 or post 

exercise blood lactate levels of ≥8 mmol (Bassett and Howley 2000; Loftin, 

Sothern et al. 2004). This parameter is commonly utilised within the fields of 

both exercise physiology and SIT interventions, to assess the cardiorespiratory 

fitness of an individual (Bassett and Howley 2000; Loftin, Sothern et al. 2004) 

and determine cardiorespiratory adaptations (Metcalfe, Babraj et al. 2012; 

Kavaliauskas, Aspe et al. 2015; Lloyd Jones, Morris et al. 2017). While many 

different testing protocols have been used to determine V̇O2max, the use of an 

incremental exercise test allows for this measure to be determined within a 

single testing session, and relatively short period of time (e.g. 8 – 12 minutes) 
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(Poole and Jones 2017). However, the use of an incremental time to exhaustion 

test is limited as an accurate measure of V̇O2max if participants are unmotivated 

or are unaccustomed to high exercise demands, and as such do not meet the 

maximum rate of oxygen uptake and utilisation (Poole and Jones 2017). To 

account for this, the term V̇O2peak is often used within literature to represent the 

peak rate of oxygen uptake and use recorded during incremental exercise tests 

(Poole and Jones 2017). While a validation test at a work rate ~10% greater 

than, and 5 - 20 minutes following the initial incremental test, can be 

implemented to determine if V̇O2max was met, this requires participants to 

remain attached to gas analysis equipment which has been reported as 

uncomfortable for many (Silva, Nakamura et al. 2016). Further, in young healthy 

participants, such as those recruited in all study interventions, the use of a 

single initial incremental test has demonstrated a high level of reproducibility 

regardless of pacing strategies used, work rate function or test protocol 

(Chidnok, Dimenna et al. 2013). For example within the lower body, this method 

of determining V̇O2max has presented no statistical significant differences (p > 

0.05) between utilising shorter (e.g. 30 W increments every 60 s until the point 

of exhaustion) or longer (e.g. applied increments > 60 s) incremental time to 

exhaustion tests (Zhang, Johnson et al. 1991; Bentley, McNaughton 2003). 

Within the current thesis, the incremental exercise tests used required young, 

healthy, physically active participants to exercise to the limit of their tolerance 

levels with strong verbal encouragement provided throughout. While this 

strongly implies that V̇O2max will have been achieved, as no validation tests were 

completed post incremental exercise tests, the term V̇O2peak is considered more 

appropriate. In all three studies lower body V̇O2peak was measured, with upper 

body V̇O2peak obtained in study 1 only. This occurred due to Zinner, Sperlich et 

al. (2017) reporting differences in V̇O2peak adaptations between upper and lower 

extremities following a combined SIT protocol. As such, lower and upper 

V̇O2peak measures were employed to determine if the training resistance 

employed affected the degree of V̇O2peak adaptation gained between upper and 

lower extremities. To date, no standard or common incremental arm crank test 

exists to measure upper body V̇O2peak, with few studies assessing the reliability 

and validity of this measure (Leicht, Sealey et al. 2009; Bulthuis, Drossaers-

Bakker et al. 2010). However, unpublished data has reported no differences 
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between the use of a 1 minute and 3 minute incremental time to exhaustion test 

to determine V̇O2peak (p > 0.05), with intraclass correlations (ICC) of 0.94 and 

0.95 respectively.  

 

3.2.4 Critical Power 

Critical power (CP) represents an important parameter of aerobic function, and 

signifies the boundary between steady-state work rates (heavy intensity 

domain) and non-steady state work rates (severe intensity domain) (Vanhatalo, 

Jones 2008; Vanhatalo, Jones et al. 2011). Physiologically, CP represents the 

highest rate of energy production that can be sustained through oxidative 

metabolism without depleting finite energy sources such as PCr, and/or 

resulting in the accumulation of fatigue resulting metabolites (eg. ADP, Pi) to the 

extent of exercise termination (Vanhatalo and Jones 2008; Jones, Vanhatalo et 

al. 2010). As such, this exercise parameter provides valuable information 

regarding exercise tolerance and adaptations in performance. Anaerobic Work 

Capacity (AWC) is the total volume of work that can be achieved above CP, and 

represents the work that can be achieved primarily using energy reserves 

stored within the muscle. As such, AWC provides a direct measure of anaerobic 

capability, and a suggestive measure of aerobic capability (Vanhatalo, Jones 

2008; Jones, Vanhatalo et al. 2010). CP and AWC were determined in studies 2 

and 3 through the use of a 3 minute maximal effort cycling test on a Monark 

cycle ergometer (Monark Ergomedic 894E, Varberg, Sweden). This test has 

been utilised in other SIT interventions, and has been shown to be a valid 

method for determining CP and AWC compared to other CP tests, with inter-

correlation values reported at r = 0.90 – 0.97 (Bergstrom, Housh et al. 2012). 

 

3.2.5 Upper Arm and Mid-Thigh Circumference 

Muscle circumferences have been shown to be an inexpensive, portable and 

practical collection method of determining skeletal muscle mass (Lee, Wang et 

al. 2001). While magnetic resonance imaging is the gold standard for 

determining muscle cross sectional area, muscle circumferences have been 

recommended for use when this is not available (Housh, Housh et al. 1995). 
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This measure was utilised within study 1, to determine if the training resistance 

employed affected changes in limb circumferences in both upper and lower 

extremities. Prior to the start of data collection for study 1, a pilot study was 

completed to determine the intra observer reliability for both tensed bicep and 

mid thigh circumferences. The researcher took measures on two occasions for 

each extremity from 20 participants (10 male, 10 female). Measurement 

reliability was determined using typical error (TE), ICC, change in mean and 

Cohen’s D Effect sizes (ES). In accordance with standard practice, the ES was 

set as trivial < 0.1, small 0.1-0.5, moderate 0.5-0.8 and large > 0.8 (Cohen 

1992; Rice and Harris 2005; Fröhlich, Emrich et al. 2009). ‘Good’ reliability was 

determined as ICC > 0.8, change in mean of < 5%, and ES < 0.6 (Joseph, 

Bradshaw et al. 2013). ‘Moderate’ reliability was determined as meeting all but 

one of the criteria for good reliability, with ‘poor’ reliability determined as not 

meeting two or more of the criteria for ‘good’ reliability (Joseph, Bradshaw et al. 

2013). The pilot study demonstared that intra observer reliability was 

considered ‘good’ for both Upper arm (TE, 1.0; ICC, 1.0; change in mean 0.2%, 

ES, 0.01) and Mid-thigh (TE, 1.3%; ICC, 1.0; change in mean 0%, ES, 0.01).      

 

3.2.6 Anaerobic Wingate Tests 

The Wingate test (WAnT) is an extensively used method for assessing 

anaerobic power, performance, and anaerobic capacity within exercise 

physiology, despite contributions from oxidative metabolism within the final 15 

seconds of the test (Parolin, Chesley et al. 1999). This measure is considered 

safe, easily administered and valid (Parolin, Chesley et al. 1999; Coppin, Heath 

et al. 2012; Jaafar, Rouis et al. 2014). Within study 1, anaerobic performance 

and adaptation within the lower body and upper body were measured through 

the use of a lower body WAnT and upper body WAnT respectively. While 

differences in values have been observed between Cranlea and Monark 

Wingate systems (Talbot, Kay et al. 2014), the Monark system has been 

commonly used within literature for both the upper and lower body 

measurements (Smith, Price et al. 2007; Zagatto, Beck et al. 2009; Zupan, 

Arata et al. 2009; Talbot, Kay et al. 2014; Larsen, Christensen et al. 2016). 

Within the lower body, the WAnT test-retest coefficient of correlation is 



 

62 

considered high for peak power output (r > 0.90) and mean power output (r = 

0.91 – 0.93), but not fatigue index (r = 0.43) (Dotan, Bar-Or 1983; Bar-Or 1987; 

Ozkaya, Balci et al. 2018). While the upper body WAnT is less investigated 

compared to the lower body WAnT, it has reported similar reliability levels with 

correlation coefficiants ranging from 0.95-0.97 in physically active individuals 

(Dotan, Inbar 1977; Dotan, Bar-Or 1983). 

 

3.2.7 Blood Lactate Measurement 

Blood lactate accumulation (BLa) is commonly measured within exercise 

physiology to monitor changes in lactate production and removal following 

periods of training (Pyne, Boston et al. 2000; Tanner, Fuller et al. 2010). In 

study 2, BLa was used to monitor changes in lactate production and removal 

during repeated lower and upper body SIT sprints. In study 3 BLa was used to 

monitor changes in lactate production and removal following two rounds of 

boxing simulation following the control and intervention periods. Within both 

studies, a portable Lactate Pro (Lactate pro, Arkay Inc., Kyoto, Japan) was used 

to determine BLa levels. The Lactate Pro is highly correlated to other portable 

BLa measurement devices (r = 0.97 – 0.99), with greater levels of both intra (TE 

= 0.5; CV = 5.7%, r = 0.98) and inter reliability (TE = 0.4; CV 5.2%; r = 0.99) 

over a range of 1.0-18.0 mmol·L-1 compared to other portable blood lactate 

analysers (Pyne, Boston et al. 2000; Tanner, Fuller et al. 2010).  

 

3.2.8 Force Platform 

The force platform is considered the gold standard measure of force, and has 

been implemented within both vertical jump and striking performance measures 

(Canavan, Vescovi 2004; Spinks, Murphy et al. 2009; McLellan, Lovell et al. 

2011; Loturco, Nakamura et al. 2016). The use of a portable force platform 

allows measures to be gained in various sites and situations, regardless of 

whether the jumping surface is level with the ground, thus increasing its 

practicality within a sporting context compared to a standard fixed force plate 

(Walsh, Ford et al. 2006). Further, the portable force plate is considered a 

reliable method of measuring peak force (ICC = 0.98), peak velocity (ICC = 
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0.93, CV = 3.4%) and peak power (ICC = 0.94, CV = 4.6%), with no statistical 

difference in measures when compared to either a standard fixed laboratory 

force plate and a linear position transducer (Walsh, Ford et al. 2006; Hansen, 

Cronin et al. 2011). As such, a portable force plate (Advanced Mechanical 

Technology Inc., MA, USA) was utilised within study 3 to determine peak force 

during vertical jump and striking force performance measures.  

 

For striking measures, the portable force platform was mounted on the wall 

perpendicular to the floor at a height of 1m. To minimise the risk of injury to 

participants, the plate was covered by 30 x 20 x 4.5 cm solid foam covering. As 

such, a pilot study was completed prior to the start of data collection for study 3 

to determine the absoption effect of impact forces with the foam covering 

compared to impact forces without the foam covering. The pilot study consisted 

of releasing a 7kg weighted ball onto the force platform from a height of 1.7 m. 

A total of 20 attempts were provided for both with and without the foam 

covering. To ensure a consistent release, a pin was removed from the clasp 

holding the weight resulting in an automatic drop of the weight onto the force 

platform (Figure 3.1).  

 

 
Figure 3.1: Schematic for force platform pilot with and without foam covering 

  

The measure of agreement of the force platform with and without the foam 

covering was determined using change in mean and TE, with an independent 

samples T-test used to determine the difference in peak and mean force 

between conditions (Joseph, Bradshaw et al. 2013). The reliability of force plate 

measures with and without the foam covering was determined using TE and 
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coefficient of variation (CV), with a CV limit of ≤ 10% considered good (Hopkins 

2000; Joseph, Bradshaw et al. 2013). The pilot study indicated that the 

absorption effect from the foam covering on impact forces was < 7% compared 

to impact forces with no foam covering. All measures of agreement and 

reliability statistics of the striking force plate pilot study are presented in Table 

3.1.  

 

Table 3.1: Force platform reliability and measures of agreement between with 

foam covering and without foam covering 

 Without Covering With Covering Measure of Agreement 
 Force 

Output (N) 
TE CV 

(%) 
Force 

Output (N) 
TE CV 

(%) 
Change in 
mean (N) 

Change in 
mean (%) 

TE 

Peak 
Force 

2278.2 35.3 1.5 2422.5  21.5 0.9 144.3 ± 
45.4 

6.0% 32.1 

Mean 
Force 

2112.6 28.1 1.3 2262.2  18.1 0.8 149.6 ± 
36.4 

6.6% 25.8 

Values are expressed as mean ± SD. TE, typical error; CV, coefficient of 

variation.  

 

3.2.9 Vertical Jump Measures  

The vertical jump, while not sport specific, is a common method employed for 

determining lower body explosive power characteristics (Markovic, Dizdar et al. 

2004; Maulder and Cronin 2005). Although a number of vertical jump tests have 

been employed to determine functional power, the squat jump  and counter 

movement jump (CMJ) have been shown to be the most reliable within 

physically active males (squat jump - ICC 0.97, CV 3.3%; CMJ – ICC 0.98, CV 

2.8%) (Markovic, Dizdar et al. 2004). Within combat sports, the squat jump and 

CMJ have been widely used to both determine lower limb power and the effects 

of training methods (Turner 2009; Chaabene, Hachana et al. 2012; Alm and Yu 

2013; Ouergui, Hammouda et al. 2014; Loturco, Nakamura et al. 2016). As 

such, both the squat jump and CMJ were utilised within study 3 as a measure of 

lower body explosive power performance and adaptation following SIT.  
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 Training Interventions 

3.3.1 Equipment 

In all three studies lower body cycle sprints were performed on a Monark cycle 

ergometer (Monark Ergomedic 894E Bike Ergometer, Vansbro, Sweden) with 

upper body sprints performed on a Monark arm ergometer (Monark Ergomedic 

891E Arm Crank Ergometer, Vansbro, Sweden). Power output (peak and mean) 

was automatically calculated through Monark Software (Monark Anaerobic Test 

Software Version 2.24.2, Monark Exercise AB) in Watts (W) and Watts per 

kilogram (W/kg), with work done calculated in kilojoules (kJ), to the nearest 0.1 

unit. The Monark ergometers are designed for immediate load resistance and 

removal, allowing for the resistance to be immediately applied and for 

unweighted recovery to occur immediately following each sprint (Franco, 

Signorelli et al. 2012). This equipment is regularly used within both lower and 

upper body SIT training interventions (Jakeman, Adamson et al. 2012; 

Yamagishi and Babraj 2013; Adamson, Lorimer et al. 2014; Kavaliauskas, Aspe 

et al. 2015; Kavaliauskas, Steer et al. 2016; Harnish, Sabo et al. 2017; 

Kavaliauskas, Jakeman et al. 2018).  

 

3.3.2 Study Intervention Protocol 

In all three studies participants completed combined SIT utilising 8 x 10 s lower 

body sprints and 8 x 10 s upper body sprints with each sprint interspersed with 

30 s recovery. However, the interventions varied in recovery duration and 

session number. Study 1, utilised a 5 minute recovery between lower and upper 

body sprints based on literature from recovery during resistance training studies 

(Campos, Luecke et al. 2002; Kraemer and Ratamess 2004; Schoenfeld, 

Ogborn et al. 2016), as a result of limited information on combined lower and 

upper body SIT protocols. Within study 2, a maximum 10 minute self-

determined recovery was provided to allow the rate of recovery between lower 

and upper body sprints to be measured, whereas study 3 utilised a 1 minute 

recovery to simulate the permitted recovery between combat sport bouts (del 

Vecchio, Hirata et al. 2011). In all studies, participants remained seated to 

standardise recovery. Within study 1, participants completed 20 sessions (2 



 

66 

sessions per week for 10 weeks) of SIT to allow sufficient duration for potential 

adaptations in muscle circumferences to occur (Kraemer and Ratamess 2004; 

Osawa, Azuma et al. 2014; Schoenfeld, Ogborn et al. 2016), with studies 2 and 

3 utilising 9 sessions in line with others (Muggeridge, Sculthorpe et al. 2017; 

Ikutomo, Kasai et al. 2018). 
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4. Chapter 4 – Study 1 

 Abstract 

This study aimed to determine the effects of applied resistance during a 

combined sprint interval training (SIT) intervention on performance measures. 

Using a repeated measures design, 36 physically active participants were 

assigned to a non-exercise control group (CON), light (LSIT), medium (MSIT), or 

heavy (HSIT) resistance group, prior to completing a 10-week combined SIT 

intervention (8 x 10s sprints, interspersed with 30s recovery on both 

extremities). The applied resistance was assigned as a percentage of 

bodymass for both lower (LSIT, 6%; MSIT, 7%; HSIT, 8%) and upper (LSIT, 2.5%; 

MSIT, 3.5%; HSIT, 4.5%) sprints. Lower time to exhaustion (TTE) signficiantly 

improved in MSIT and HSIT, with upper TTE improving in HSIT only (p < 0.01). 

Upper peak oxygen consumption (V̇O2peak) reported an increase across time (p 

= 0.003) with lower body V̇O2peak improving in both LSIT and HSIT (p < 0.05). 

During both lower and upper body WAnTs, significant increases were only 

observed within upper peak power output across time only (p = 0.03), and 

within lower body mean power output (p = 0.04), although the post hoc test 

could not determine where this occurred. Regarding training data, peak power 

did not change, work done significantly increased across time only (p = 0.02), 

and mean power was significantly greater in MSIT and HSIT compared to LSIT 

across the intervention (p = 0.001). No significant changes were reported in 

anthropometric measures. Overall, the results suggest that the applied 

resistance during SIT can effect the magnitude of performance adaptations 

gained.      
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 Introduction 

Sprint interval training (SIT), a component of high intensity training (HIIT), is an 

effective training modality for eliciting similar performance improvements to 

traditional endurance training (Gibala, Little et al., 2012; Milanović, Sporiš et al., 

2015). These improvements have been associated with increased mitochondrial 

markers and enzymatic activity (Burgomaster, Hughes et al. 2005; 

Burgomaster, Howarth et al. 2008), improved skeletal muscle capillerisation 

(Cocks, Shaw et al. 2013; Scribbans, Edgett et al. 2014), and increased 

glycogen stores (Burgomaster, Hughes et al. 2005; Burgomaster, Howarth et al. 

2008). Current research into the effects of SIT have predominantly utilised 

repeated lower body 30 s Wingate (WAnT) sprints interspersed with a 4 minute 

recovery, against an applied resistance of 7.5% bodymass (BM) (Gillen and 

Gibala 2014). However, within sporting activities such as combat sports (Del 

Vecchio, Hirata et al. 2011), racquet sports (Faber, Bustin et al. 2016) and field 

based sports (Green, Batada et al. 2010; Swaby, Jones et al. 2016), there is a 

requirement for repeated, intense movements of both the lower and upper 

extremities. Despite this, within current literature there is limited information 

regarding the effects of upper body SIT, or combined SIT utilising both lower 

and upper extremities, on performance measures.    

 

Between extremities, there are various physiological differences such as the 

proportion of Type II fibres, relative levels of muscle mass, diffusion distances, 

diffusion areas, and relative blood flow levels (Ramonatxo, Prioux et al. 1996; 

Koppo, Bouckaert et al. 2002; Richardson, Secher et al. 2006; 

Calbet, Gonzalez-Alonso et al. 2015). These physiological differences, and the 

limited contributions of lower body sprints to upper body peripheral adaptations 

(Grant, Watson et al. 2015) suggest that adaptations to SIT may differ between 

extremities (Harvey, Wiegand et al. 2015; Zinner, Morales-Alamo et al. 2016). 

Nonetheless, the limited literature has reported similar physiological and 

performance adaptations to that observed following lower body SIT 

interventions. For example, 2 weeks of upper body SIT (4-7 x 30 s sprints, 

interspersed with a 4 minute recovery, against 3.5% BM resistance) increased 

both peak and mean power output within male paraplegics (Harnish, Sabo et al. 
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2017). Similarly, 24 sessions of combined HIIT arm cranking (3 minute arm 

cranking, interspersed with a 2 minute recovery, at 70-80% heart rate reserve 

[HRR]) and other exercise (boxing, push ups and ball throwing) intervention 

increased peak power (individual participant data presented only) in spinal cord 

injury patients (De Groot, Hjeltnes et al. 2003). Collectively, this implies that 

upper body SIT may have application for improving performance in healthy, 

physically active individuals. 

 

To date, two interventions have investigated the effects of a combined SIT or 

HIIT programme on performance measures. Zinner, Sperlich et al. (2017) 

reported significant increases in lower and upper extremity V̇O2peak, time trial 

mean power, and WAnT peak and mean power output following 6 sessions of 

SIT (4-6 x 30 s sprints, interspersed with a 4 minute recovery, extremities 

separated by 1 hr) within untrained males. Similarly, utilising a HIIT programme 

Osawa, Azuma et al. (2014) (32 sessions, 8-12 sets, 60 s sprints at >90% 

V̇O2peak, interspersed by 60 s recovery, for both upper and lower body sprints) 

observed increases in leg and arm peak power output during incremental 

exercise tests, although no change in V̇O2peak was reported. While differences in 

V̇O2peak may be due to variations in methodological approaches, the limited 

investigation into combined SIT infers that it may be a beneficial training 

paradigm for improving upper and lower body performance measures.  

 

It is well documented that the magnitude of training adaptation gained can be 

effected through the manipulation of acute programme variables. Within SIT 

interventions, this can occur through the number of repeated sprints (Vollaard, 

Metcalfe et al. 2017), duration of sprints, (Hazell, MacPherson et al. 2010;  

Lloyd Jones, Morris et al. 2017; Yamagishi and Babraj 2017), duration of 

interspersing recovery periods, work-to-rest ratios (Kavaliauskas, Aspe et al. 

2015; Lloyd Jones, Morris et al. 2019) the duration of the interventions, and the 

applied resistance during repeated sprints. Although regarding the latter, there 

is limited information regarding the effects of applied resistance on training 

adaptations within lower, upper or combined SIT interventions. During repeated 

SIT sprints, a greater resistive force may increase both the total work completed 

and associated training intensity, thus effecting the rate of substrate depletion 
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during each sprint (Billaut and Bishop 2009). For example, increased rates of 

PCr breakdown and glycolytic inhibition have been shown to occur during more 

intense compared to less intense exercise (Egan and Zierath, 2013). 

Subsequently, a greater reliance on oxidative contributions will be required 

within consecutive sprints, resulting in adaptations in oxidative related 

performance measures if sufficient time is not provided for appropriate 

anaerobic replenishment (Gaitanos, Williams et al. 1993; Bogdanis, Nevill et al. 

1998; Billaut and Bishop 2009; Lloyd Jones, Morris et al. 2019). However, the 

early research by Patton, Murphy et al. (1985) reported report a decline in 

power output at resistive forces greater than 10.0% BM during lower body 

sprints, indicating that there is a point at which the resistive force may not elicit 

optimal performance increases. 

 

Despite this, to date an applied resistance of 7.5% BM has primarily been 

utilised within lower extremity SIT (Chapter 2.5 High Intensity Interval Training 

and Sprint Interval Training, Table 2.2; Table 2.3), with those not utilising this 

either basing resistance as a percentage of maximal velocity (Linossier, Denis 

et al. 1993, Linossier, Dormois et al. 1997), provided no explanation (Ørtenblad, 

Lunde et al. 2000; Broatch, Petersen et al. 2017), or reduced the resistance for 

females due to lower percentages of muscle mass compared to males (Forbes, 

Slade et al. 2008; Kavaliauskas, Steer et al. 2016; Yamagishi and Babraj 2017). 

Regardless, early research into the 30 s WAnT suggests that the traditional 

7.5% BM resistance may not be optimal when training for increased 

performance, with optimal peak and mean power outputs occurring at resistive 

forces of 9.6% and 9.4% BM respectively in physically active individuals 

(Patton, Murphy et al. 1985). Similarly within the upper extremity, discrepancies 

in applied resistance are also evident, with upper body SIT and WAnTs utilising 

resistances ranging from 3 – 6% BM (Smith, Price et al. 2007; Lovell, Mason et 

al. 2011; Price, Beckford et al. 2014; Talbot, Kay et al. 2014; Weinstein, Inbar et 

al. 2018), despite peak power outputs reported at 4.8% and 6.2% BM 

resistance in females and males respectively (Dotan and Bar-Or 1983). 

Regarding combined lower and upper extremity SIT, no investigation into the 

effects of applied training resistance has occurred, potentially due to the limited 
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studies within this training approach, with studies implementing applied 

resistances based on lower and upper SIT studies individually.  

 

Therefore, the aim of the current study was to investigate the effects of applied 

resistance during a combined lower and upper extremity SIT intervention on 

performance measures. It was hypothesised that greater improvements in 

aerobic and endurance performance would occur at greater resistances 

compared to lower resistances. 

 

 Methods 

4.4.1 Experimental Approach to the Problem 

A between-subjects design was implemented to compare the effect of different 

resistive forces on performance measures following a short duration, combined 

lower and upper body SIT intervention. Measurements were taken at 2 time 

points, separated by 10 weeks. Testing 1 acted as a pre measurement, and 

Testing 2 acted as a post measurement following the intervention. Testing 2 

occurred at least 48 hr after the last training session, with tests completed at a 

similar time of day as Testing 1 (± 2 hr). Each testing session was measured 

over a duration of 4 days, each separated by a 24 hr period as follows: day 1, 

anthropometric measures and lower body WAnT to determine lower body peak 

and mean power output; day 2, an upper body WAnT to determine upper body 

peak and mean power output; day 3, lower body incremental exercise test to 

exhaustion (TTE) to determine V̇O2peak; day 4, upper body TTE to determine 

V̇O2peak. All participants completed a familiarisation trial of all testing procedures 

prior to pre testing, and were asked to fast for 4 hr prior and to void the bladder 

prior to any intervention measures. 

 

4.4.2 Participants 

Thirty-eight physically active participants volunteered to participate within the 

study. Following pre intervention measures participants were assigned to 

groups based on sex; CON, LSIT, MSIT and HSIT (Table 4.1). Stratified sampling 
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occurred based on sex, with participants assigned to groups so an even sex 

ratio occurred in each group. During the intervention, two male participants from 

LSIT were forced to withdraw due to injury suffered outwith the study. As such, 

thirty-six participants (22M:14F) completed the intervention. The study was fully 

approved by the Abertay University Ethics Committee and carried out in line 

with the Declaration of Helsinki, 2013. Participants were made fully aware of the 

study procedures, including the right to withdraw at any point, and provided 

written consent and a completed Physical Activity Readiness Questionnaire to 

screen for any health issues.      

 

Table 4.1: Participant Characteristics 

 Participants (n = 36) Group 
 CON LSIT MSIT HSIT 

Age (years) 25 ± 5 24 ± 6 25 ± 6 26 ± 7 

Sex 6M: 2F 4M: 4F 6M: 4F 6M: 4F 

Height (cm) 172 ± 6 173 ± 9 174 ± 9 171 ± 9 

Bodymass (kg) 73 ± 9 71 ± 17 73 ± 14 73 ± 15 

Body Mass Index (kg.m-2) 25 ± 3 24 ± 4 24 ± 3 25 ± 4 

Values are presented as mean ± SD. 

 

4.4.3 Procedures 

4.4.3.1 Anthropometric Measures 

Participant standing height (Stadiometer-Seca 217 Mobile Stadiometer, Seca, 

Hamburg, Germany), mass and body composition (SC-330ST Tanita Body 

Composition Analyser, Tanita Europe BV, Amsterdam, Netherlands) were 

recorded prior to upper arm and mid-thigh circumference measures. All 

circumference measurements were completed in line with protocols outlined by 

Norton and Olds, (1996). Participants held a tensed bicep position to measure 

flexed UA circumference (Figure 4.1). The peak bicep muscle height was 

marked with the circumference measurement occurring at this point. With an 

extended, relaxed arm the distance between the elbow crease and the marked 

area was measured to allow post-test measurements to be gained from the 
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same position. Mid-thigh circumference measures occurred with participants 

standing erect, feet spaced shoulder width apart, and mass equally distributed 

on both feet. The mid-point between the trochanterion (superior point of the 

greater trochanter of the femur) and the tibiale laterale was marked with the 

mid-thigh circumference taken from this position (Figure 4.2). The distance 

between the marked position and the tibiale laterale was taken to ensure 

subsequent measurements were taken from the same position. The pilot study 

undertaken prior to data collection determined intra-observer reliability as ‘good’ 

for both Upper-arm circumference (TE, 1.0; ICC, 1.0; change in mean 0.2%, 

ES, 0.01), and Mid-thigh circumference (TE, 1.3%; ICC, 1.0; change in mean 

0%, ES, 0.01) measures (Chapter 3.2.5 Upper Arm and Mid Thigh 

Circumference).  

 

 

 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
 
 

 

 

 

  

Figure 4.1: Measurement of the 
Upper Arm Tensed and Flexed 
(Norton and Olds 1996 p.55) 

Figure 4.2: Measurement of 

Mid-Thigh Girth 

(Norton and Olds 1996 p.59) 
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4.4.3.2 Wingate Measures 

Separate 30 s WAnT tests were used to measure lower body peak power 

output and mean power output within the lower and upper body. Both tests were 

completed in accordance with procedures utilised by others within SIT and 

exercise physiology research (Burgomaster, Hughes et al. 2005; Burgomaster, 

Howarth et al. 2008; Yamanaka, Furusawa et al. 2010; Zelt, Hankinson et al. 

2014; Kavaliauskas, Aspe et al. 2015). Simply, for the lower body WAnT, 

participants completed a 5 minute warm up on a cycle ergometer (Monark 

Ergomedic 894E, Varberg, Sweden) against no applied resistance at a cadence 

of 60 revolutions per minute (rpm). The test began once a pedal cadence of 110 

rpm was reached following which the applied load (7.5% of bodyweight) was 

automatically applied. Within the upper body, prior to the start of the test 

participants were aligned in a kneeling position with the central axis of the 

shoulder joint horizontally orientated with the central axis of rotation of the arm 

crank ergometer (Monark Ergomedic 891E Arm Crank Ergometer, Vansbro, 

Sweden). The kneeling position involved the buttocks remaining in contact with 

the heels, which was maintained throughout the test to minimise contributions 

from the lower body (Yamanaka, Furusawa et al. 2010). Participants completed 

a 3 minute warm up on the arm crank ergometer (Monark Ergomedic 891E Arm 

Crank Ergometer, Vansbro, Sweden) against no applied resistance at a 

cadence of 60 rpm. The test began once a rotation cadence of 100 rpm was 

reached following which the applied load (5% of bodyweight) was automatically 

applied. In both lower and upper body 30 s WAnT tests participants were 

instructed to sprint at a maximum intensity for the test duration with strong 

verbal encouragement provided throughout. Power output was recorded using 

Monark software (Monark Anaerobic Test Software Version 2.24.2, Monark 

Exercise AB), with peak power output (W) taken as the highest recorded power 

output over a 5 s duration and mean power output (W) taken as the mean 

power output over the 30 s test duration.  

 

4.4.3.3 Incremental Exercise Tests to Exhaustion 

A lower body incremental exercise test to exhaustion (TTE) and upper body 

TTE were used to determine V̇O2peak within each extremity. Prior to the start of 
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each test participants were fitted with a rubber face mask and connected to a 

calibrated breath by breath oxygen analyser (Metalyzer®3B gas analyser, 

Cortex, Leipzig, Germany) to record respiratory gas exchange, and attached to 

a dampened HR monitor (Polar Electro, Kempele, Finland) to record heart rate. 

The lower body TTE began with a 4 minute warm up against the resistance of 

an unweighted cradle (1kg), at a speed of 60 rpm on a Monark cycle ergometer 

(Monark Ergomedic 894E, Varberg, Sweden). Following this duration 30W 

increments occurred every minute until the point of exhaustion. The upper body 

TTE required participants to be positioned to the arm crank ergometer (Monark 

Ergomedic 891E Arm Crank Ergometer, Vansbro, Sweden) in the same manner 

as the upper body WAnT. Participants completed a 3 minute warm up on the 

arm crank ergometer against no applied resistance at a cadence of 60 rpm. The 

test began against an unweighted cradle (1kg) for 1 minute duration, following 

which 12.5W increments occurred every minute until the point of exhaustion. 

For both measures strong verbal encouragement was provided throughout, with 

the point of exhaustion defined as the time at which the participant could no 

longer maintain 60 rpm or chose to stop (Lorimer and Babraj 2013). Peak 

oxygen consumption (V̇O2/ml/min/kg) was recorded with V̇O2peak taken as the 

highest 30 s average achieved through the duration of each test. 

 

4.4.4 Training Intervention 

The training intervention occurred over a 10 week period with LSIT, MSIT and HSIT 

exercising twice a week for the duration. Each exercise session followed the 

same protocol, and was separated by a minimum of 48 hr to promote maximal 

effort in each session and to allow recovery to occur. A 4 minute warm up was 

completed at a cadence of 60 rpm against no applied resistance on a cycle 

ergometer (Monark Ergomedic 894E, Varberg, Sweden). Following a 5 s 

countdown, 8 x 10 s maximal effort sprints on a cycle ergometer (Monark 

Ergomedic 894E, Varberg, Sweden) were completed. The applied exercise 

resistance during lower body sprints was dependant on the exercise group; LSIT, 

6% BM; MSIT, 7% BM; HSIT, 8% BM. The resistive load was automatically 

applied once the pedal cadence reached 110 rpm. A 30 s self-paced active 

recovery was completed between each sprint with no resistance on the 
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flywheel. A 5 minute recovery period was provided prior to completing the upper 

body SIT where participants remained seated to standardise recovery. 8 x 10 s 

maximal effort sprints were completed on an arm ergometer (Monark 

Ergomedic 891E Arm Crank Ergometer, Vansbro, Sweden) immediately 

following the recovery period, with the applied resistance dependant on the 

exercise group; LSIT, 2.5% BM; MSIT, 3.5% BM; HSIT, 4.5% BM. A 30 s self-

paced active recovery was completed between each sprint with no resistance 

on the flywheel. A 3 minute cool down occurred at a cadence and resistance of 

subject choice following each training session. Within each training session, 

peak power output (W), mean power output (W) and work done (kJ) were 

recorded (Monark Anaerobic Test Software Version 2.24.2, Monark Exercise 

AB). Peak power output was taken as the highest recorded power output over a 

5 s duration, mean power output was taken as the mean power output over the 

30 s test duration, and work done was taken as the total power output over the 

30 s duration. 

 

4.4.5 Statistical Analysis 

All statistical tests were completed on the statisticial package R, with Jamovi 

(version 1.1.9) interface for Windows operating system. All data are presented 

as mean ± SD. A Shapiro-Wilk test and visual analysis were conducted to 

ensure the normal distribution of all data. Where data was not normally 

distributed, it underwent rank transformation prior to other statistical tests being 

completed. A one-way analysis of variance (ANOVA) was used to determine the 

difference between groups for each test at pre, and at training session 1. Where 

data was normally distributed a repeated measures ANOVA was run to 

determine the difference between group (CON, LSIT, MSIT, HSIT) and time (pre 

and post testing). To determine the difference in training session variables (total 

session peak power output, total session mean power output, total session work 

done) between group (CON, LSIT, MSIT, HSIT) across time (training sessions 1, 5, 

10, 15, 20) a repeated measures ANOVA was run. Partial eta squared (n2p) 

was run with all repeated measures ANOVAs to determine the total variance 

within dependant variables. Where interactions were observed within the 

repeated measures ANOVA, a Bonferroni post hoc test was run to determine 
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where the difference lay. Statistical significance was set as p < 0.05 for all tests. 

The magnitude of change was calculated using Cohen’s D effect sizes (ES), 

with ≤ 0.1 trivial, 0.2 small, 0.5 moderate, and ≥ 0.8 large in accordance with 

standard practice (Cohen 1992; Rice and Harris 2005; Fröhlich, Emrich et al. 

2009). The reliability of circumference measures occurred within a pilot study as 

detailed elsewhere (Chapter 3.2.5 Upper Arm and Mid-Thigh Circumference).   
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 Results 

4.5.1 Anthropometric Measures 

The Shapiro-Wilk test and visual analysis showed no significant depature from 

normaility for any anthropometric measure (p > 0.05). Bodymass, W(35) = 0.95, 

p = 0.08; Total body fat mass, W(35) = 0.94, p = 0.14; Mid-thigh circumference, 

W(35) = 0.98, p = 0.82; Upper-arm circumference, W(35) = 0.96, p = 0.29.  

 

The one way ANOVA reported no significant differences between each group 

for anthropometric measures at pre (p > 0.05). Bodymass, F(3,17.2) = 0.04, p = 

0.99; Total body fat mass, F(3,16.4) = 0.39, p = 0.76; Mid-thigh circumference, 

F(3,17.1) = 0.21, p = 0.89; Upper-arm circumference, F(3,17.4) = 0.59, p = 0.63. 

 

Following the 10 week intervention period, the repeated measures ANOVA 

reported no change in Bodymass (Time: F(1,32) = 1.28, p = 0.27, n2p = 0.04; 

Group: F(3,32) = 0.09, p = 0.97, n2p = 0.01; Time*Group: F(3,32) = 1.25, p = 

0.31, n2p = 0.11); Total body fat mass (Time: F(1,32) = 0.11, p = 0.74, n2p = 

0.00; Group: F(3,32) = 0.52, p = 0.67, n2p = 0.05; Time*Group: F(3,32) = 0.83, p 

= 0.49, n2p = 0.07); or Mid-thigh circumference (Time: F(1,32) = 1.61, p = 2.13, 

n2p = 0.05; Group: F(3,32) = 0.22, p = 0.88, n2p = 0.02; Time*Group: F(3,32) = 

0.42, p = 0.74, n2p = 0.04). There was a significant difference in Upper-arm 

circumference across Time, but not Group or Time*Group interaction (Time: 

F(1,32) = 12.84, p = 0.001, n2p = 0.29; Group: F(3,32) = 0.77, p = 0.52, n2p = 

0.07; Time*Group: F(3,32) = 1.34, p = 0.28, n2p = 0.11). Effect sizes ranged 

from trivial, small and small-moderate across all anthropometric measures. 

Bodymass (CON: ES = 0.2; LSIT: ES = 0.0; MSIT: ES = 0.0; HSIT: ES = 0.0); Total 

body fat mass (CON: ES = 0.0; LSIT: ES = 0.2; MSIT: ES = 0.3; HSIT: ES = 0.1); 

Mid-thigh Circumference (CON: ES = 0.1; LSIT: ES = 0.0; MSIT: ES = 0.1; HSIT: 

ES = 0.0); and Upper Arm Circumference (CON: ES = 0.2; LSIT: ES = 0.0; MSIT: 

ES = 0.1; HSIT: ES = 0.2). Anthropometric measures are shown in Table 4.2. 
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Table 4.2: Anthropometric Measures Prior and Following the Study Intervention 

Values are expressed as mean ± SD. BM, body mass; Total Body FM, Total body fat mass; %, percentage change in mean data 

between pre and post testing sessions. 

 

 

 CON LSIT MSIT HSIT 
Group Pre Post %  Pre Post %  Pre Post %  Pre Post %  
BM (kg) 73.2 ± 

9.1 
74.5 ± 

8.7 
1.9 ± 
2.4 

71.0 ± 
16.7 

70.4 ± 
16 

-0.7 ± 
1.1 

73.0 ± 
14.4 

73.6 ± 
13.4 

1.1 ±  
2.8 

73.3 ± 
14.6 

73.5 ± 
14.7 

0.3 ±  
3.9 

Total Body FM (kg) 13.8 ± 
10.5 

13.9 ± 
8.9 

5.8 ± 
14.3 

12.4 ± 
7.8 

14.0 ± 
11.1 

12.7 ± 
36.2 

12.1 ± 
4.6 

13.6 ± 
5.4 

6.7 ± 
48.8 

17.5 ± 
11.4 

16.8 ± 
11.0 

8.8 ± 
24.2 

Mid-thigh Circumference 
(cm) 

50.4 ± 
6.4 

50.8 ± 
6.6 

0.8 ± 
3.1 

50.5 ± 
4.9 

50.7 ± 
4.4 

0.5 ±  
2.8 

50.9 ± 
4.3 

51.3 ± 
4.0 

1.0 ±  
2.5 

52.3 ± 
5.7 

52.2 ± 
5.4 

0.0 ±  
3.3 

Upper Arm 
Circumference (cm) 

33.4 ± 
2.7 

34.0 ± 
2.8 

1.6 ± 
1.7 

31.4 ± 
3.3 

31.4 ± 
3.0 

0.1 ±  
2.1 

32.4 ± 
4.1 

33.0 ± 
3.6 

1.9 ±  
3.0 

32.9 ± 
2.8 

33.6 ± 
3.2 

1.9 ±  
2.8 
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4.5.2 Performance Measures   

All performance data was reported as normally distributed by the Shapiro-Wilk 

test and visual analysis (p > 0.05). Lower body TTE, W(35) = 0.97, p = 0.43; 

Upper body TTE, W(35) = 0.95, p = 0.13; Lower body V̇O2peak, W(35) = 0.97, p 

= 0.46; Upper body V̇O2peak, W(35) = 0.97, p = 0.57; Lower body WAnT peak 

power output, W(35) = 0.95, p = 0.11; Lower body WAnT mean power output, 

W(35) = 0.96, p = 0.19; Upper body WAnT peak power output, W(35) = 0.94, p 

= 0.08; Upper body WAnT mean power output, W(35) = 0.96, p = 0.27.   

 

The one way ANOVA reported no significant differences between each group 

for performance measures at pre (p > 0.05). Lower body TTE, F(3,17) = 0.49, p 

= 0.7; Upper body TTE, F(3,17.1) = 1.51, p = 0.25; Lower body V̇O2peak, 

F(3,16.9) = 0.21, p = 0.89; Upper body V̇O2peak, F(3,16.4) = 0.56, p = 0.64; 

Lower body WAnT peak power output, F(3,16.4) = 0.37, p = 0.78; Lower body 

WAnT mean power output, F(3,16.8) = 0.09, p = 0.97; Upper body WAnT peak 

power output, F(3,16) = 1.4, p = 0.28; Upper body WAnT mean power output, 

F(3,15.4) = 0.73, p = 0.55.  

 

Following the 10 week intervention period, the repeated measures ANOVA 

reported a significant difference across time and time*group for both Lower 

body TTE (Time: F(1,32) = 34.21, p = 0.001, n2p = 0.53; Group: F(3,32) = 0.15, 

p = 0.93, n2p = 0.01; Time*Group: F(3,32) = 3.68, p = 0.02, n2p = 0.26; Table 

4.3) and Upper body TTE (Time: F(1,32) = 7.02, p = 0.01, n2p = 0.19; Group: 

F(3,32) = 0.64, p = 0.6, n2p = 0.06; Time*Group: F(3,32) = 5.09, p = 0.01, n2p = 

0.33; Table 4.3). The bonferroni post hoc test reported no significant changes 

across time in Lower body TTE for CON (p = 1.0) or LSIT (p = 0.24), but did for 

both MSIT (p = 0.002) and HSIT (p = 0.003). The Upper body TTE bonferroni post 

hoc test reported no significant changes across time for CON (p = 1.0), LSIT (p = 

1.0) or MSIT (p = 1.0), but did for HSIT (p = 0.005). Effect sizes were reported as 

trivial, small and moderate across Lower body TTE (CON: ES = 0.0; LSIT: ES = 

0.3; MSIT: ES = 0.4; HSIT: ES = 0.5) and Upper body TTE (CON: ES = 0.2; LSIT: 

ES = 0.3; MSIT: ES = 0.3; HSIT: ES = 0.3). 
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The repeated measures ANOVA reported a significant difference across time, 

group and time*group for Lower body V̇O2peak, (Time: F(1,32) = 28.78, p = 

0.001, n2p = 0.48; Group: F(3,32) = 0.02, p = 0.99, n2p = 0.001; Time*Group: 

F(3,32) = 3.3, p = 0.03, n2p = 0.24; Table 4.3), with Upper body V̇O2peak 

reporting a significant difference across time only (Time: F(1,32) = 10.6, p = 

0.003, n2p = 0.26; Group: F(3,32) = 0.44, p = 0.72, n2p = 0.04; Time*Group: 

F(3,32) = 1.51, p = 0.23, n2p = 0.13; Table 4.3). The bonferroni post hoc test 

reported a signficiant difference in Lower body V̇O2peak across time for LSIT (p = 

0.02) and HSIT (p = 0.01), but not CON (p = 1.0) or MSIT (p = 0.22). Effect sizes 

were reported as trivial, small, moderate and large across Lower body V̇O2peak 

(CON: ES = 0.0; LSIT: ES = 0.5; MSIT: ES = 0.4; HSIT: ES = 0.6) and Upper body 

V̇O2peak (CON: ES = 0.1; LSIT: ES = 0.2; MSIT: ES = 0.5; HSIT: ES = 0.8).   

 

Following the 10 week intervention period, the repeated measures ANOVA 

reported no change in Lower body WAnT peak power output, (Time: F(1,32) = 

1.29, p = 0.27, n2p = 0.04; Group: F(3,32) = 0.14, p = 0.94, n2p = 0.01; 

Time*Group: F(3,32) = 0.97, p = 0.42, n2p = 0.09; Table 4.4), although Lower 

body WAnT mean power output significance was observed across both time 

and time*group interaction (Time: F(1,32) = 9.39, p = 0.004, n2p = 0.23; Group: 

F(3,32) = 0.05, p = 0.98, n2p = 0.01; Time*Group: F(3,32) = 3.26, p = 0.04, n2p 

= 0.24; Table 4.4). The bonferroni post hoc test reported no signficiant change 

for any group across time (CON: p = 1.0; LSIT: p = 1.0; MSIT: p = 0.18; HSIT: p = 

0.37). Effect sizes were reported as trivial, small or bordering on moderate for 

both lower body peak (CON: ES = 0.0; LSIT: ES = 0.1; MSIT: ES = 0.4; HSIT: ES = 

0.1) and mean (CON: ES = 0.1; LSIT: ES = 0.3; MSIT: ES = 0.4; HSIT: ES = 0.2) 

power output.  

 

Upper body WAnT peak power output reported a signficiant increase across 

time only (Time: F(1,32) = 5.22, p = 0.03, n2p = 0.15; Group: F(3,32) = 0.37, p = 

0.78, n2p = 0.04; Time*Group: F(3,32) = 2.49, p = 0.08, n2p = 0.2; Table 4.4), 

with Upper body WAnT mean power output reporting no change (Time: F(1,32) 

= 2.51, p = 0.12, n2p = 0.08; Group: F(3,32) = 0.21, p = 0.89, n2p = 0.02; 

Time*Group: F(3,32) = 0.36, p = 0.78, n2p = 0.04; Table 4.4). Effect sizes were 

reported as trivial, small, moderate and bordering on large across upper body 
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peak (CON: ES = 0.1; LSIT: ES = 0.2; MSIT: ES = 0.5; HSIT: ES = 0.7) and mean 

(CON: ES = 0.2; LSIT: ES = 0.1; MSIT: ES = 0.2; HSIT: ES = 0.6) power output.  
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Table 4.3: Peak Oxygen Consumption and Incremental Time to Exhaustion Performance Measures at Pre and Post Intervention 

Values are expressed as mean ± SD. TTE, incremental test to exhaustion; V̇O2peak, peak oxygen uptake; %, percentage change in 

mean data between pre and post testing sessions. * Indicates p < 0.05. ** Indicates p < 0.01. 

 
 
Table 4.4: WAnT Performance Measures at Pre and Post Intervention 
 CON LSIT MSIT HSIT 

Parameter Pre Post % Pre Post % Pre Post % Pre Post % 
Lower body peak 

power output (W/kg) 
11.4 ± 

2.4 
11.3 ± 

2.3 
-0.2 ± 

8.5 
11.5 ± 

2.3 
11.3 ± 

2.0 
-0.4 ± 

8.3 
10.6 ± 

1.8 
11.3 ± 

2.2 
7.2 ± 
13.8 

11.5 ± 
3.3 

11.9 ± 
4.0 

2.4 ± 
10.6 

Lower body mean 
power output (W/kg) 

7.8 ± 
1.2 

7.6 ± 
1.3 

-2.5 ± 
5.3 

7.4 ± 
1.1 

7.7 ± 
1.2 

4.3 ± 
6.4 

7.6 ± 
1.1 

8.0 ± 
1.1 

5.6 ± 
6.7 

7.6 ± 
1.5 

8.0 ± 
1.8 

4.7 ± 
5.8 

Upper body peak 
power output (W/kg) 

8.2 ± 
3.0 

8.5 ± 
3.3 

3.2 ± 
8.8 

9.7 ± 
2.9 

9.2 ± 
3.7 

-3.6 ± 
30.4 

7.2 ± 
3.0 

8.6 ± 
3.2 

26.3 ± 
38.3 

6.9 ± 
2.7 

9.6 ± 
4.7 

38.6 ± 
44.8 

Upper body mean 
power output (W/kg) 

4.4 ± 
1.1 

4.8 ± 
2.5 

6.7 ± 
33.0 

4.3 ± 
1.2 

4.4 ± 
1.4 

0.7 ± 
11.7 

4.3 ± 
1.4 

4.5 ± 
1.2 

10.4 ± 
28.4 

3.7 ± 
0.9 

4.4 ± 
1.4 

17.3 ± 
15.7 

Values are expressed as mean ± SD. %, percentage change in mean data between pre and post testing sessions. 

 CON LSIT MSIT HSIT 
Parameter Pre Post %  Pre Post %  Pre Post %  Pre Post %  

Lower TTE (s) 443.0 ± 
83.6 

445.1 ± 
96.0 

0.2 ± 
7.3 

391.4 ± 
110.5 

426.8 ± 
124.1 

8.8 ± 
3.1 

397.3 ± 
115.6 

448.2 ± 
117.8** 

14.1 ± 
11.4 

404.9 ± 
110.5 

458.0 ± 
106.0** 

14.7 ± 
12.4 

Lower V̇O2peak 
(V̇O2/ml/min/kg) 

40.3 ± 
8.2 

40.7 ± 
8.8* 

1.0 ± 
9.9 

37.5 ± 
12.4 

43.8 ± 
11.6 

22.1 ± 
24.5 

39.0 ± 
11.2 

43.1 ± 
11.5 

10.8 ± 
8.9 

35.5 ± 
8.2 

42.5 ± 
10.6** 

20.3 ± 
18.2 

Upper TTE (s) 356.8 ± 
135.7 

321.4 ± 
161.6 

-8.9 ± 
24.8 

229.4 ± 
121.2 

265.6 ± 
128.7 

19.3 ± 
43.0 

281.7 ± 
117.3 

319.8 ± 
131.3 

15.5 ± 
26.4 

242.8 ± 
110.9 

340.5 ± 
126.8** 

47.2 ± 
32.2 

Upper V̇O2peak 
(V̇O2/ml/min/kg) 

27.3 ± 
6.3 

28.6 ± 
7.7 

4.0 ± 
9.5 

25.7 ± 
5.7 

25.1 ± 
6.3 

-4.1 ± 
23.3 

26.8 ± 
7.6 

29.0 ± 
7.0 

9.9 ± 
9.3 

23.1 ± 
5.5 

25.9 ± 
5.4 

14.6 ± 
20.0 
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4.5.3 Training Session Data 

The Shapiro-Wilk test and visual analysis reported all lower body training data 

at session 1 as normally distributed (p > 0.05), with the exception of Training 

peak power output (W/kg). Training peak power output (W), W(24) = 0.95, p = 

0.25; Training peak power output (W/kg), W(24) = 0.91, p = 0.04; Training mean 

power output (W), W(24) = 0.94, p = 0.15; Training mean power output (W/kg), 

W(24) = 0.97, p = 0.63; Training work done (kJ), W(24) = 0.94, p = 0.14. 

Following rank transformation, Training peak power output (W/kg) reported 

normal distribution, W(24) = 0.96, p = 0.35.    

 

At session 1, the one way ANOVA reported no significant differences between 

each group for lower body training variables (p > 0.05). Training peak power 

output (W), F(2,14.5) = 1.1, p = 0.36; Training peak power output (W/kg), 

F(2,13.4) = 0.36, p = 0.71; Training mean power output (W), F(2,13.9) = 0.54, p 

= 0.59; Training mean power output (W/kg), F(2,14.6) = 1.14, p = 0.35; Training 

work done (kJ), F(2,13.9) = 0.54, p = 0.59. 

 

Within the lower body, the repeated measures ANOVA reported no significant 

changes (p > 0.05) across each training session for Training peak power output 

(W) (Time: F(4,84) = 0.21, p = 0.93, n2p = 0.01; Group: F(2,21) = 1.11, p = 0.35, 

n2p = 0.1; Time*Group: F(8,84) = 0.56, p = 0.81, n2p = 0.05, Figure 4.3) or 

Training peak power output (W/kg) (Time: F(4,84) = 0.27, p = 1.0, n2p = 0.001; 

Group: F(2,21) = 1.43, p = 0.26, n2p = 0.12; Time*Group: F(8,84) = 0.51, p = 

0.85, n2p = 0.05, Figure 4.3). There was a significant time and time*group 

interaction for Training mean power output (W) (Time: F(4,84) = 58.8, p = 0.001, 

n2p = 0.74; Group: F(2,21) = 3.03, p = 0.07, n2p = 0.22; Time*Group: F(8,84) = 

60.6, p = 0.001, n2p = 0.85, Figure 4.4). The bonferroni post hoc test reported a 

significant difference in Training mean power output for LSIT for all sessions 

compared to both MSIT and HSIT (p = 0.001), with no differences between MSIT 

and HSIT (p = 1.0) reported. Training mean power output (W/kg) reported a 

significant effect across time only (Time: F(4,84) = 3.33, p = 0.01, n2p = 0.14; 

Group: F(2,21) = 1.37, p = 0.28, n2p = 0.12; Time*Group: F(8,84) = 1.56, p = 

0.15, n2p = 0.13, Figure 4.4). Training work done significantly increased across 
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time, although there was no significant group or time*group interaction (Time: 

F(4,84) = 3.25, p = 0.02, n2p = 0.13; Group: F(2,21) = 0.58, p = 0.57, n2p = 0.05; 

Time*Group: F(8,84) = 1.18, p = 0.32, n2p = 0.1, Figure 4.5).  

 

 

 
Figure 4.3: Lower body peak power output in Watts and Watts/kg for each 

exercising intervention group across each training session. Error bars have 

been removed for visual clarity. 
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Figure 4.4: Lower body training mean power output in Watts and Watts/kg 

across each exercise session. Error bars have been removed for visual clarity. 

 

 
Figure 4.5: Lower body training work done across each exercise session. Error 

bars have been removed for visual clarity.  
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 Discussion 

The present study demonstrates for the first time that the applied resistance 

during a combined lower and upper body SIT protocol (8 x 10 s sprints 

interspersed with 30 s recovery, 5 minute recovery between extremities) can 

affect the magnitude of aerobic and endurance capacity based performance 

measures in physically active participants. Within the lower extremity, 

performance improvements in TTE were observed at applied resistances of ≥ 

7% BM, with V̇O2peak improving at 6% and 8% BM only. Within the upper 

extremity, no differences were reported in V̇O2peak, although TTE significantly 

improved within HSIT. Peak power output do not change within the lower 

extremity, although significant improvements across time were reported within 

the upper extremity. Conversely, mean power output improved within the lower 

extremity, but did not change within the upper extremity. Within training 

sessions, differences in lower body mean power output were reported between 

LSIT and the other exercising groups, although no differences were reported for 

either lower body peak power output or lower body work done.  

 

4.6.1 Aerobic Adaptations to Combined Sprint Interval Training  

4.6.1.1 Peak Oxygen Consumption 

Significant increases in lower body V̇O2peak were observed in LSIT and HSIT, but 

not MSIT, with upper body V̇O2peak presenting a significant effect of time only 

following 10 weeks of a combined lower and upper body SIT protocol. Further, 

the magnitude of change was greater in HSIT compared to other exercising 

groups, suggesting that the applied resistance in both lower and upper 

extremities can effect the extent of V̇O2peak adaptations. To date, contrasting 

V̇O2peak findings have been reported following both lower (Hazell, MacPherson 

et al. 2010; Skleryk, Karagounis et al. 2013; Kavaliauskas, Aspe et al. 2015; 

Lloyd Jones, Morris et al. 2017), and combined (Osawa, Azuma et al. 2014; 

Zinner, Sperlich et al. 2017) SIT and HIIT interventions. Currently, these 

contrasts have been attributed to various training parameters such as sprint 

duration, training session number, baseline V̇O2peak values and work-to-rest 

ratios, although number of sprints does not appear to attenuate V̇O2peak 
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adaptations (Vollaard, Metcalfe et al. 2017). Furthermore, changes in V̇O2peak 

may be driven through both central adaptations such as altered pulmonary 

diffusing capacity, maximal cardiac output, and O2 transport within the blood, 

and peripheral adaptations such as alterations in skeletal muscle characteristics 

(Bassett and Howley 2000).  

 

Central adaptations such as increased cardiac output have been reported 

following 6 (8-12 x 60 s submaximal sprints at 95-100% V̇O2max, interspersed 

with 75 s recovery) and 20 sessions (8-12 x 30-60 s sprints at 90-150% peak 

power output, interspersed with 75-120 s recovery) of lower extremity HIIT 

(Esfandiari, Sasson et al. 2014; Astorino, Edmunds et al. 2017). Further, a 6.5% 

increase in stroke volume, and 5.3% increase in left ventricular hypertrophy 

have been observed following 8 weeks (7 x 30 s sprints at 120% V̇O2max 

interspersed with 15 s recovery) of lower extremity SIT (Matsuo, Saotome et al. 

2014). However, increases in V̇O2peak and O2 pulse (ratio of oxygen consumption 

to heart rate) have been reported following 6 sessions of cycling based SIT (4-6 

x 30 s sprints, interspersed with a 5 minute recovery, against 7.5% BM 

resistance), despite no changes in resting blood pressure or heart rate, 

suggesting peripheral factors may be driving these adaptations (Astorino, Allen 

et al. 2012). Yamagishi and Babraj (2017) further this through observing no 

marked changes in resting cardiovascular measures, despite increased cardiac 

function following 3 weeks of shorter duration, lower extremity sprint based SIT 

(18 sessions, 4-6 x 15 s sprints, interspersed with a 2 minute recovery, against 

7.5% BM resistance), although the underlying mechanisms have yet to be 

explored. The difference in findings between Matsu, Saotome et al. (2014) and 

others have been associated with the use of a greater work-to-rest ratio of 2:1 

providing a greater stimulus for central aerobic adaptations to occur. While the 

present study utilised a lower work-to-rest ratio of 1:3, the greater resistance 

applied to HSIT within both lower and upper extremities may have resulted in an 

increased depletion rate of PCr and myoglobin bound O2, and increased rate of 

glycolytic inhibition. Thus, resulting in an increased aerobic demand and greater 

stimulation of central adaptations compared to other exercise groups.  
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Bassett and Howley (2000) suggest that V̇O2peak adaptations may be limited due 

to increased maximal cardiac output during exercise limiting time for red blood 

cells to be saturated with O2 in the pulmonary capillary. This may explain the 

lack of significant improvement within upper extremity V̇O2peak despite 

improvements in lower extremity V̇O2peak. Compared to the lower body, the 

upper body possesses a greater O2 diffusion distance and lower diffusion area, 

in addition to demonstrating greater heart rates during maximal effort exercise 

(Louhevaara, Sovijärvi et al. 1990; Ramonatxo, Prioux et al. 1996; Calbet, 

Holmberg et al. 2005). This coincides with the observed reduction in capillary 

O2 conductance and extraction values within the upper extremity, as a further 

reduction in time for O2 blood saturation within the pulmonary capillary is 

available, collectively limiting increases in V̇O2peak (Calbet, Holmberg et al. 

2005). 

 

4.6.1.2 Incremental Time to Exhaustion  

The applied resistance effected the magnitude of TTE performance change, 

with greater improvements occurring at ≥ 7% BM and ≥ 4.5% BM resistances 

within the lower and upper extremities respectively (Table 4.3). Improvements in 

TTE performance have been well documented following shorter duration lower 

body SIT (Larsen, Maynard et al. 2014; Kavaliauskas et al. 2015; Kavaliauskas 

et al. 2016; Ikutomo, Kasai et al. 2018). Further, while the limited literature base 

regarding upper body SIT and combined SIT does not currently present any 

measures of upper TTE performance, increases in arm peak power output 

during an incremental exercise tests and arm time trial mean power have been 

reported (Osawa, Azuma et al. 2014; Zinner, Sperlich et al. 2017). While the 

latter supports the notion of SIT supporting improved TTE performance, it is 

important to note that time trial is a measure of endurance performance and not 

a measure of exercise capacity unlike the TTE (Kavaliauskas, Aspe et al. 2015).  

 

The present study reported a greater improvement in lower body TTE at 

resistances ≥ 7% BM compared to other short duration SIT sprint interventions 

(Jakeman, Adamson et al. 2012; Kavaliauskas, Aspe et al. 2015). This may be 

due to the length and number of exercise sessions within the current 
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intervention exceeding those used by others. For example, Yamagishi and 

Babraj (2017) reported a plateau in V̇O2peak following 3 weeks of SIT (18 

sessions, 4-6 x 15 s sprints, interspersed with a 2 minute recovery, 6.5-7.5% 

BM resistance), despite applying overload through increasing the number of 

sprints, while TTE had a trend for increase over the study duration. However, as 

no further improvements were observed in HSIT compared to MSIT for lower body 

TTE, the extent of adaptations may either be limited at the 7% BM resistance, 

or more likely, plateau in performance occurred at separate points prior to the 

post testing measures being performed.  

 

Due to the lack of consistent improvement in V̇O2peak across all exercise groups 

within both lower and upper extremities, it is likely that peripheral adaptations 

are primarily responsible for improvements in TTE performance (Tordi, Perrey 

et al. 2003; Esfandiari, Sasson et al. 2014; Matsuo, Saotome et al. 2014; 

Astorino, Edmunds et al. 2017), with the magnitude of increase dependant on 

the applied resistance. Improved O2 delivery to skeletal muscle would aid in the 

oxidative generation of ATP thus increasing exercise capacity. While no 

changes occur in blood haemoglobin content following HIIT (Batacan, Duncan 

et al. 2017), increased heart rate and blood flow have been shown to increase 

O2 delivery to the muscle following sequential bouts of heavy exercise (Tordi, 

Perrey et al. 2003; Batacan, Duncan et al. 2017). Within the upper body, this is 

amplified due to the lower extraction rate requiring greater blood flow and 

cardiovascular effort to maintain the ATP demands of exercise (Calbet, 

Holmberg et al. 2005). While not directly measured within the current study, 

increased O2 delivery to the muscle may have occurred through an increase in 

skeletal muscle capillerisation (Jensen, Bangsbo et al. 2004; Krustrup, Hellsten 

et al. 2004; MacLaren and Morton 2012). Increases in muscular capillerisation 

would also aid in the removal and transport of fatigue related metabolites out of 

the cell, reducing the rate of fatigue accumulation and prolonging exercise 

duration (Jensen, Bangsbo et al. 2004; Krustrup, Hellsten et al. 2004; MacLaren 

and Morton 2012). Within both fast (21-32%) and slow twitch (19-28%) muscle 

fibres, improved skeletal muscle fibre capillerisation has occurred following 4-7 

weeks of high, but not low intensity knee extensor training (29 sessions, 15 x 1 

minute bouts, interspersed by 3 minute recovery periods, at 150% thigh 
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V̇O2peak) (Jensen, Bangsbo et al. 2004; Krustrup, Hellsten et al. 2004). Similarly, 

Cocks Shaw et al. (2016) reported significant increases in the number of 

capillary contacts, capillary-to-fibre ratio, and capillary density following 18 

sessions of SIT (4-7 x 30 s sprints, interspersed by a 4.5 minute recovery, 

against 7.5% BM resistance). However, using the same measures no change 

was reported following 8 sessions of the same protocol, suggesting that skeletal 

muscle capillerisation may be effected by training volume (Mitchell, Martin et al. 

2019). As training volume is important within the stimulation of angiogenesis 

(blood vessel growth), the greater volume utilised in the present study 

compared to that of Mitchell, Martin et al. (2019), infers that increased skeletal 

muscle capillerisation may account for the observed increases in TTE within the 

current study. Tentatively, this may also explain observed differences between 

intervention groups, with MSIT and HSIT, but not LSIT, significantly improving 

lower body TTE, with only HSIT, improving upper body TTE. However, the lack 

of significant differences between groups for regarding training work done, and 

lack of data regarding upper body training work done, suggest a need for further 

investigation into the effects of applied resistance during SIT on skeletal muscle 

capillerisation.  

 

Within the skeletal muscle, increased mitochondrial biogenesis and enzymatic 

function has been shown to increase oxidative capacity following both lower and 

combined SIT (Burgomaster, Hughes et al. 2005; Gibala, Little et al. 2006, 

Burgomaster, Howarth et al. 2008; Zinner, Morales-Alamo et al. 2016). 

Peroxisome proliferator-activated receptor-y coactivator 1 alpha (PGC-1α), is 

thought to be responsible for increasing mitochondrial mRNA gene expression, 

subsequently increasing mitochondrial protein content and maximal enzyme 

activity (Little, Safdar et al. 2011). The activity of PGC-1α has been shown to 

increase following acute bouts of lower body SIT (4 x 30 s sprints, interspersed 

with a 4 minute recovery, against 7.5% BM resistance) leading to increased 

time to fatigue (Gibala, McGee et al. 2009; Little, Safdar et al. 2010; Little, 

Safdar et al. 2011), although this has not yet been investigated within combined 

or upper body SIT interventions. In addition, lower body SIT has repeatedly 

shown to increase (11-38%) the key mitochondrial enzyme citrate synthase 

(Burgomaster, Hughes et al. 2005; Gibala, Little et al. 2006; Burgomaster, 
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Howarth et al. 2008), with significant improvements in the lower extremity (20% 

increase, p < 0.05), but not upper extremity (25% increase, p = 0.11) following 

combined SIT (6 sessions, 4-6 x 30 s sprints, interspersed with a 4 minute 

recovery, extremities separated by 1 hr) (Zinner, Sperlich et al. 2017). With the 

upper body possessing a greater anaerobic potential, additional training 

duration may be required for significant increases in citrate synthase to occur. 

Regardless, while an increase in both mitochondrial density and activity would 

allow a greater oxidative turnover of ATP and continued force generation to 

occur over an extended period of time, the differences in citrate synthase 

activity suggests that varying metabolic responses may occur between 

extremities in response to the same training stimulus (Gibala, McGee et al. 

2009; Zinner, Morales-Alamo et al. 2016). However, further investigation into 

mitochondrial enzyme activity following shorter duration sprints within SIT 

interventions are required before this can be conclusively stated.  

 

4.6.2 Anaerobic Adaptations to Combined Sprint Interval Training 

Within the upper extremity, a significant improvement across time was reported 

for peak power output, with HSIT demonstrating a large effect size for peak 

power and moderate-large effect size for mean power output. Within the lower 

extremity, a significant group*time interaction was observed for mean power 

output although the post hoc test could not determine where this interaction 

occurred. Across the training intervention LSIT reported significantly lower mean 

power output levels compared to both MSIT and HSIT, although no significant 

differences in peak power output were reported. Increases in peak and mean 

power have been reported following other lower (Hazell, MacPherson et al. 

2010; Jakeman, Adamson et al. 2012; Kavaliauskas, Aspe et al. 2015; Lloyd 

Jones, Morris et al. 2017), upper (Harnish, Sabo et al. 2017) and combined 

(Zinner, Sperlich et al. 2017) SIT interventions, as measured by the 30 s WAnT 

test and through training sessions. Furthermore, the 4.3 - 5.6% change in lower 

extremity mean power output is similar to others implementing 6 sessions of 10 

s SIT sprints against a 7.5% BM resistance (Hazell, MacPherson et al. 2010; 

Kavaliauskas, Aspe et al. 2015), suggesting that this may be an early 

adaptation to SIT, with additional data required to determine this within the 
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present study. To date, adaptations in peak and mean power output have been 

associated with alterations in metabolites, enzymatic activity, muscle fibre 

recruitment and/or neural changes (Burgomaster, Hughes et al. 2005; Hazell, 

MacPherson et al. 2010; Kavaliauskas, Aspe et al. 2015) following SIT, with the 

findings of the present study suggesting that the applied resistance may effect 

the magnitude of adaptation gained.  

 

Regarding metabolic and enzymatic adaptations, no change (Burgomaster, 

Hughes et al. 2005; Perry, Heigenhauser et al. 2008) or decreased (Parra, 

Cadefau et al. 2000; Burgomaster, Heigenhauser et al. 2006) resting 

concentrations of skeletal muscle ATP have been observed following lower 

extremity SIT (Parra, Cadefau et al. 2000; Gibala, Little et al. 2006). Further, 

equivocal results have been presented with regards to resting concentrations of 

PCr following ≥ 2 weeks of SIT (Parra, Cadefau et al. 2000; Rodas, Ventura et 

al. 2000; Burgomaster, Hughes et al. 2005; Burgomaster, Heigenhauser et al. 

2006), despite reported increases in PCr recovery (Forbes, Slade et al. 2008). 

An increase in PCr recovery would reduce muscle cross bridge inhibiting Pi, 

allowing improved SR Ca2+ dynamics (release and reabsorption rates) 

(Ørtenblad, Lunde et al. 2000). Skeletal muscle glycogen content has been 

shown to increase following both 30 s and mixed sprint duration based SIT 

(Rodas, Ventura et al. 2000; Burgomaster, Hughes et al. 2005; Burgomaster, 

Heigenhauser et al. 2006; Burgomaster, Howarth et al. 2008), with the 

availability of muscle glycogen reported as important for the generation of peak 

power (Casey 1996). While this is yet to be investigated following repated 10 s 

SIT sprints, it has been demonstrated that greater rates of glycolysis occur in 

the initial 6-10 s of a 20 s sprint, (Gaitanos, Williams et al. 1993; Bogdanis, 

Nevill et al. 1998). Furthermore, 2 weeks of SIT (14 sessions, 2-7 x 15-30 s 

maximal effort sprints, 7.5% BM resistance) has shown to upregulate key 

glycolytic enzymes such as hexokinase, phosphofructokinase, creatine kinase 

and lactate dehydrogenase, increasing glycogen and PCr concentrations 

immediately following the intervention (Rodas, Ventura et al. 2000; Laursen, 

Jenkins 2002). As each SIT session utilises similar levels of muscle glycogen 

(assuming applied effort remains constant within each session), 

supercompensation may occur resulting in increased glycolytic rate, increased 
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levels of skeletal muscle glycogen, and subsequent increase in muscular 

power. Increases in glycogen storage content has been reported to be 

significantly correlated with increased SR Ca2+ release (Ørtenblad, Nielsen et 

al. 2011), with an ~5.5% increase in SR Ca2+ release following 5 weeks of SIT 

(20 x 10 s sprints, 50 s recovery, 3 times per week) associated with improved 

maximum and mean power output (Ørtenblad, Lunde et al. 2000). An increase 

in SR Ca2+ release, as a result of enhanced SR Ca2+ content, is associated with 

an increase in force due to a greater proliferation of myoplasmic free Ca2+ 

binding with troponin, allowing greater potential for higher force crossbridges to 

be formed (Ørtenblad, Lunde et al. 2000; Allen, Lamb et al. 2008; MacIntosh, 

Holash et al. 2012). 

 

Neural adaptations have been reported to occur following 4 weeks of SIT (4-10 

x 30 s sprints interspersed with a 4 minute recovery), as determined through 

increased motor unit recruitment, firing rate and synchronisation within the 

vastus lateralis, resulting in an ability to exert more force (Creer, Ricard et al. 

2004). While these adaptations may have occurred within the current study, the 

lack of signficiant difference in lower body peak power output between 

exercising groups suggest that neural adaptations are unaffected by the applied 

resistance. However, the large effect for HSIT within upper extremity peak power 

compared to other groups may have occurred due to the relationship of the 

force-velocity curve. For example, the 4.5% BM resistance applied within upper 

extremity HSIT sprints may be appropriately placed on the force-velocity curve to 

allow improvements in both velocity and force to occur, increasing power to a 

greater extent. However, the lighter resistive loads applied to both MSIT and LSIT 

may have resulted in a greater velocity, but lower proportionate increase in 

force, thus limiting power output to the same extent. While this theory may be 

backed through research into traditional resistance training (Newton, Kraemer 

et al. 1996; Newton, Murphy et al. 1997; Baker, Nance et al. 2001; Aagaard, 

Simonsen et al. 2002), no statistical difference was reported between training 

groups for training work done, although LSIT did report lower training mean 

power outputs across the intervention. As such, it is suggested that further 

investigation occurs into the effects of applied resistance load during SIT on 

neural adaptations before conclusions are drawn.  
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Finally, improvements in lower extremity mean power output may have occurred 

due to adaptations in muscle fibre types. Following 4-6 weeks of varying SIT 

and HIT protocols a decreased recruitment of type I and IIb fibres, with an 

increased recruitment of type IIa fibres, has been reported (Jacobs, 

Esbjornsson et al. 1987; Jansson, Esbjornsson et al. 1990; Esbjornsson, 

Hellsten-Westing et al. 1993; Allemeier, Fry et al. 1994; Kohn, Essen-

Gustavsson et al. 2011). The physiological differences between IIb and IIa 

fibres may assist in the maintainance of power output, and metabolic and 

enzymatic adaptations previously discussed, although albiet to a limited extent. 

Within the upper extremity, the larger effect size for both peak and mean power 

may infer that the resistive force applied within HSIT was substantial enough to 

stimulate these changes, as previously discussed. However, the lack of both 

upper extremity training data and measurement of muscular fibre types limit the 

rationale for the observed peak and mean power performance changes 

concerning upper extremity fibre type adaptations.  

 

4.6.3 Anthropometric Adaptations to Combined Sprint Interval Training 

No significant changes were observed in BMI, mid-thigh circumference, upper 

arm circumference, or total body fat mass (Table 4.2), inferring that no marked 

increases in skeletal muscle hypertrophy occurred within these muscle sites. 

Similar findings have been reported following lower body cycle based SIT and 

HIIT as measured by vastus lateralis and soleus muscle fibre CSA (Linossier, 

Denis et al. 1993; Allemeier, Fry et al. 1994; Harridge, Bottinelli et al. 1998; 

Ross, Leveritt 2001). Further, a review by Ozaki, Loenneke et al. (2015) 

suggests that interval training cycle studies with > 40 training sessions are 

required to increase muscle hypertrophy, regardless of the training protocol 

employed. In contrast, a similar methodology with regards to utilising a 

combined lower and upper body HIIT protocol (32 sessions of 2 x 4-6 x 60 s 

sprints, 60 s recovery between each sprint, at a workload >90% V̇O2peak) to that 

implemented within the present study observed a 5.2% increase in CSA of the 

rectus femoris. While muscle CSA was not directly measured in the present 
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study, increases appear unlikely due to the lack of change in BM, BMI, 

circumference measures or total body fat mass. 

 

4.6.4 Study Limitations 

The present study is not without some limitations that may have affected the 

adaptations observed. Firstly, neither the nutritional intake nor the physical 

activity levels of participants were recorded over the study duration. 

Consequently, the observed physical adaptations may be influenced by 

nutritional or physical factors out with the study. To limit this, participants were 

asked to maintain what was considered ‘normal’ nutritional intake and levels of 

physical activity throughout the study, and were asked to fast for 4 hours prior to 

intervention measures with recordings taken on the same time of day (± 2 hr). 

However, it cannot be stated for certainty that this occurred.  

 

Secondly, while the aim of the study was to determine the effects of applied 

resistance of performance measures during combined extremity SIT, only small 

changes in resistive load were applied to each training group. This resulted in 

no statistical differences in training intervention work done and peak power 

output within the lower extremity, inferring that regardless of assigned group 

there were no differences in the applied intervention. While the varying 

differences in performance measures across each group suggest that this is not 

the case, the lack of difference between each group (particularly training work 

done) limits the potential physiological explanations for the observed changes in 

performance. As such, this limitation necessitates the requirement for additional 

investigation into this area utilising a wider range of applied resistances. 

 

Thirdly, in a similar manner to the aforementioned limitation, upper body training 

variables were not fully recorded during the training intervention, resulting in the 

omission of this data from the study. This content would have allowed additional 

discussion and a potential rationale (e.g. work done) for the observed changes, 

or lack thereof, in upper body performance measures. As such, while HSIT was 

the only group to demonstrate a significant improvement (TTE) and moderate-

large effect sizes (V̇O2peak, WAnT peak and mean power output) within the 
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upper extremity, these findings cannot be backed up through training based 

data of work done, peak power output, and mean power output data in 

comparison to other exercise groups. Further, this limitation prevented the rate 

of change of work done, peak power output, and mean power output from being 

measured across the intervention for all exercising groups.  

 

Finally, while the use of body circumference measures demonstrated ‘good’ 

intra-observer reliability, the use of gold standard magnetic resonance imaging 

and dual-energy X-ray absorptiometry techniques would have allowed any 

alterations in muscle cross-sectional area as a result of changes in applied 

resistance during SIT to be more accurately determined.  

 

4.6.5 Conclusion 

The novel findings of the present study are that the applied resistance during a 

short duration, combined lower and upper body SIT protocol can affect the 

magnitude of performance adaptations gained. Further, the extent of adaptation 

differ between lower and upper extremities. This data will allow SIT protocols to 

be further improved to in order to maximise performance depending on the 

adaptation required, thus potentially increasing the use of this training paradigm 

within sports. Within the lower body, it is suggested that the greater resistance 

promotes larger increases in aerobic performance due to the greater magnitude 

of change in TTE and V̇O2peak at 8% BM resistance. Within the upper extremity, 

a resistance of 4.5% BM resistance should be used, with both 2.5% and 3.5% 

BM resistances not sufficient to elicit significant adaptations. Collectively, while 

central adaptations may have contributed to some extent, the lack of consistent 

improvement in V̇O2peak within both extremities suggests that peripheral 

adaptations are responsible for the observed changes. Finally, the study 

demonstrated no change in anthropometric measures at any resistance, 

suggesting that SIT may be a suitable training paradigm in weight classed 

sports. 
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5. Chapter 5 – Study 2 

 Abstract 

This study aimed to determine the effects of short duration, combined SIT on 

recovery adaptations. The repeated measures within subjects design including 

12 physically active male participants completing a combined lower and upper 

body SIT protocol (3 weeks, 8 x 10 s sprints, interspersed with 30 s recovery), 

with a self-determined ≤ 10 minute recovery duration between extremities. 

Performance measures of time to exhaustion (TTE), peak oxygen uptake 

(V̇O2peak), critical power (CP) and anaerobic work capacity (AWC) were taken at 

pre control, post control, and post intervention time points, with sessions 1 and 

9 measuring oxygen uptake (O2) and blood lactate. TTE (p = 0.02) and AWC (p 

= 0.01) significantly improved following the intervention, with CP improving 

following both control and intervention periods (p < 0.01). Recovery time 

between extremities decreased by 30% at session 6 onwards (p < 0.01), with 

an increase in O2 amplitude (p < 0.01), but not time constant (p < 0.54), with no 

correlation (R2 < 0.02) reported between recovery time and upper body peak or 

mean power output. No change in blood lactate or training session data was 

reported across the intervention. This study demonstrates that combined 

extremity SIT can improve the rate of exercise recovery, potentially due to 

improved O2 efficiency. This finding, combined with improvements in 

performance measures, suggest that SIT may be an effective training paradigm 

for performers undertaking repeated bouts of high intensity, fatiguing 

movements such as gymnastics, kickboxing or mixed martial arts. 
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 Introduction 

An array of sporting activities require performers to complete varying, whole 

body, intermittent movement patterns at maximal or near maximal effort, 

interspersed with periods of lower intensity or rest (Glaister 2005; Spencer, 

Bishop et al. 2005; Girard, Mendez-Villanueva et al. 2011). These activities 

frequently occur at critical moments within a game, bout or match, thus are 

often paramount to a successful performance (Fernandez, Mendez-Villanueva 

et al. 2006; Swaby, Jones et al. 2016; Franchini 2017; Jones, Williams et al. 

2018). However, during demanding physical activities, increases in fatigue 

occur with the extent of which dependant on variables such as exercise 

intensity, exercise duration, recovery duration, work-to-rest ratio and current 

physical attributes (Glaister 2005; Vollaard, Metcalfe et al. 2017). As fatigue 

refers to decreases in maximal force, power and/or torque, this is concomitant 

with reductions in performance (Allen and Westerblad 2001; Enoka and 

Duchateau 2008; Decorte, Lafaix et al. 2012). Subsequently, an increased rate 

of recovery is crucial in maintaining performance levels, thus allowing repeated 

bouts of high intensity activity to occur (Tomlin and Wenger 2001). 

 

The mechanisms associated with fatigue are complex, inter-related dynamic 

systems, with no single or dominant process accountable for the development 

of fatigue during exercise (Cairns, Knicker et al. 2005; Davis and Walsh 2010). 

Briefly, while this has been explained in detail elsewhere (Chapter 2.2 

Mechanisms of Fatigue), fatigue may be separated into either central or 

peripheral depending on the originating location along the motor pathway 

(Sundberg and Fitts 2019). Central fatigue refers to alterations within the central 

nervous system that effect muscle tissue activiation such as decreased motor 

unit recruitment, or firing rate within the spinal cord (Davis and Walsh 2010; 

Wan, Qin et al. 2017; Sundberg and Fitts 2019), while peripheral fatigue refers 

to changes at or distal to the neuromuscular junction that result in the 

dysfunction of excitation contraction coupling, crossbridge cycling, and other 

contractile mechanisms (Davis and Walsh 2010; Decorte, Lafaix et al. 2012; 

Wan, Qin et al. 2017; Sundberg and Fitts 2019). These changes include a 

reduction in the availability of ATP synthesising molecules (e.g. PCr, glycogen), 
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alterations in oxygen kinetics, and an accumulation of inorganic phosphates, H+ 

ions, extracellular K+, reactive oxygen species (ROS) and ADP (Davis and 

Walsh 2010). However, both the extent and role of metabolic by products within 

fatigue are undergoing considerable debate within literature (Allen and 

Westerblad 2001; Fitts 2016; Westerblad 2016; Sundberg and Fitts 2019).   

 

Sprint interval training (SIT), is a training modality that consists of repeated 

intermittent bursts of maximal effort exercise, similar to those required within 

sporting activiites (Spencer, Bishop et al. 2005; MacInnis and Gibala 2017; 

Rosenblat, Perrotta et al., 2020). More specificially, SIT consists of repeated 

maximal effort sprints at an intensity of ≥ V̇O2peak, interspersed with short 

periods of rest or low intensity exercise such as ≤ 40% V̇O2max, with the high 

intensity levels limiting sprint duration to ≤ 30 s (MacInnis and Gibala 2017). 

Currently, SIT has demonstrated physiological adaptations that may both 

reduce the onset of fatigue, and increase the rate of recovery following maximal 

effort exercise. For example, utilising 6 sessions of cycling based SIT (4-7 x 30 

s sprints, interspersed with a 4 minute recovery, against 7.5% BM resistance), 

increases in mitochondrial enzyme activity and mitochondrial biogenesis have 

been reported, as measured through citrate synthase, cytochrome c oxidase 

and peroxisome proliferator-activated receptor γ coactivator (PGC-1α) activity 

(Burgomaster, Hughes et al. 2005; Lin, Handschin et al. 2005; Gibala, Little et 

al. 2006; Burgomaster, Howarth et al. 2008; Little, Safdar et al. 2011). 

Furthermore, increases in skeletal muscle capillerisation have been reported 

following lower extremity SIT in obese, sedentary and in recreationally active 

individuals (Cocks, Shaw et al. 2013; Scribbans, Edgett et al. 2014; Cocks, 

Shaw et al. 2016). Collectively, these adaptations increase the potential for 

improved O2 delivery, uptake and utilisation within skeletal muscle allowing a 

greater contribution of oxidative phosphorylation to ATP turnover during 

repeated bouts of maximal effort exercise (Bogdanis, Nevill et al. 1995; Jones 

and Burnley 2009; DiMenna, Fulford et al. 2010; Bogdanis 2012). Further, this 

contributes to an increased rate of PCr and myoglobin bound O2 replenishment, 

removal of potentially glycolytic inhibiting H+ ions and muscle acidosis, removal 

of accumulated intracellular Pi, and increased rate of lactate and pyruvate 

reoxidisation. All of which aid in reduced fatigue, increased recovery, and 
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subsequent performance within repeated intense movements (Gaitanos, 

Williams et al. 1993; Casey 1996; Bangsbo and Hellsten 1998; Glaister 2005; 

Billaut and Bishop 2009).  

 

Between lower and upper extremities, there are differences in underlying 

physiological and energetic pathways that can effect the rate of fatigue 

development, and associated time to recover from intense activity (Koppo, 

Bouckaert et al. 2002; Calbet, Gonzalez-Alonso et al. 2015). For example, the 

upper extremity contains an increased relative proportion of high power output, 

low fatigue resistant Type II muscle fibres compared to the lower extremity 

(Richardson, Secher et al. 2006; Calbet, Gonzalez-Alonso et al. 2015). In 

addition, the upper extremity possesses a larger diffusion distance and smaller 

diffusion area, resulting in lower levels of O2 delivery and uptake into cellular 

components, resulting in greater glycolytic and lower oxidative contributions to 

ATP turnover compared to the lower extremity (Ramonatxo, Prioux et al. 1996; 

Koppo, Bouckaert et al. 2002; Richardson, Secher et al. 2006; 

Calbet, Gonzalez-Alonso et al. 2015; Harvey, Wiegand et al. 2015; Julio, 

Panissa et al. 2019). During performance based measures, these differences 

are highlighted through lower total oxygen consumption (V̇O2) when compared 

to the lower extremity, and greater power outputs are recorded when 

normalised for lean mass (Calbet, Gonzalez-Alonso et al. 2015; Zinner, 

Morales-Alamo et al. 2016). Despite this, and the aforementioned requirement 

for high intensity, intermittent, whole body movements within sporting acitivies, 

there is a lack of literature regarding the effects of whole body SIT.  

 

Currently, only one intervention has investigated the effects of a combined 

lower and upper body SIT protocol on performance measures, with specific 

measures taken into adaptations that may effect the rate of recovery. Zinner, 

Sperlich et al. (2017) compared the effects of SIT on lower and upper body 

performance measures in untrained males (6 sessions, 4-6 x 30 s sprints, 

interspersed with a 4 minute recovery, extremities separated by 1 hr), and 

observed significant performance improvements in V̇O2peak, time trial mean 

power, and Wingate (WAnT) peak and mean power within both extremities. 

Further, it was suggested that while the upper extremity possesses greater 
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anaerobic potential, performance improved through enhanced oxidative 

adaptations such as increased capillerisation, although no increases in citrate 

synthase were reported (Zinner, Sperlich et al. 2017). Only one other study has 

investigated the use of a combined lower and upper extremity high intensity 

interval training approach (32 sessions, 8-12 sets, 60 s sprints at >90% V̇O2peak, 

interspersed by 60 s recovery, for both upper and lower body sprints), although 

no direct measures of recovery adaptations were investigated (Osawa, Azuma 

et al. 2014). However, while V̇O2max did not improve, increases in peak power 

output during incremental exercise tests were reported within both extremities, 

suggesting localised muscular adaptations may have occurred (Osawa, Azuma 

et al. 2014). 

 

Therefore, the aim of the present study was to determine the effect of a 

combined lower and upper extremity SIT protocol on recovery duration 

outcomes and performance measures. It was hypothesised that a reduction in 

time to recover from repeated maximal effort bouts of activity would occur due 

to improved lacate and O2 kinetics, with increases in the performance measures 

of V̇O2peak, incremental time to exhaustion, anaerobic work capacity and critical 

power following the combined SIT protocol.  

 

 Methods 

5.4.1 Experimental Approach to the Problem 

A within-subjects repeated measures design was implemented to compare the 

effects of SIT on recovery duration and performance measures in physically 

active males. Measurements were taken at 3 time periods, each separated by 3 

weeks. Testing 1 acted as a pre measurement, testing 2 acted as a post 

measurement for the control period, and testing 3 acted as a post measurement 

for the training intervention. Participants acted as their own controls, and as 

such were asked to perform no additional physical activity outwith normal levels 

between testing sessions 1 and 2. Each testing session was measured over 

duration of 2 days, each separated by a 48 hour period as follows: day 1, 

incremental exercise test to exhaustion (TTE) to determine peak oxygen 
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consumption (V̇O2peak); day 2, all-out critical power test (CP). All participants 

completed a familiarisation trial of all testing procedures one week prior to pre 

testing, and were asked to fast for 4 hours prior and to void the bladder prior to 

all intervention measures. 

 

5.4.2 Participants 

Twelve physically active males (26 ± 4.9 years; height 177.3 ± 7.4 cm; body 

mass [BM] 81 ± 11.2 kg; body mass index [BMI] 25.2 ± 2.8 kg.m-2) volunteered 

to participate within the study. Physically active was determined as completing a 

minimum of 3 hr exercise per week (Haskell and Kiernan 2000). Participants 

provided written consent and a completed Physical Activity Readiness 

Questionnaire to screen for any health issues, following being made fully aware 

of the study procedures, including the right to withdraw at any point. The study 

was fully approved by the Abertay University Ethics Committee and carried out 

in line with the Declaration of Helsinki, 2013.  

 

5.4.3 Procedures 

5.4.3.1 Incremental Exercise Test to Exhaustion 

Participants were fitted with a rubber face mask and connected to a calibrated 

breath by breath oxygen analyser (Metalyzer®3B gas analyser, Cortex, Leipzig, 

Germany) and attached to a dampened HR monitor (Polar Electro, Kempele, 

Finland) to record respiratory gas exchange and heart rate respectively. Peak 

oxygen consumption (V̇O2/ml/min/kg) was recorded with V̇O2peak taken as the 

highest 30 s average achieved through the duration of each test (Metcalfe, 

Babraj et al. 2012). A 4 minute warm up occurred against the resistance of an 

unweighted cradle (1kg) at a speed of 60 rpm on a Monark cycle ergometer 

(Monark Ergomedic 891E, Varberg, Sweden). Following this duration 30W 

increments occurred every minute until the point of exhaustion. The point of 

exhaustion was defined as the time at which the participant could no longer 

maintain 60 rpm or chose to stop (Lorimer and Babraj 2013). Strong verbal 

encouragement was provided throughout the test. 
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5.4.3.2 Critical Power  

CP was measured through the use of a 3 minute maximal effort cycling test. 

Participants completed a 3 minute warm up on a cycle ergometer (Monark 

Ergomedic 894E, Varberg, Sweden) at 60 rpm against a 1kg resistance. The 

test began once a pedal cadence of 110 rpm was reached following which the 

applied load (4.5% BM) was automatically applied. Participants were instructed 

to sprint at a maximum intensity throughout the test duration. To minimise the 

use of pacing tactics, strong verbal encouragement was provided throughout, 

with no indication of time given. Power output (Watts) was recorded using 

Monark software (Monark Anaerobic Test Software Version 2.24.2, Monark 

Exercise AB), with the average final 30 s of the test taken as CP. Anaerobic 

work capacity (AWC) was taken as the integral of the power output vs. time 

relationship above CP (Bergstrom, Housh et al. 2012).  

 

5.4.4 Training Intervention 

The training duration lasted a duration of 3 weeks, with participants completing 

3 SIT sessions each week, and each session separated by a minimum 48 hr 

period to allow recovery. Each exercise session consisted of a 4 minute warm 

up at a cadence of >60 rpm against no applied resistance on a cycle ergometer 

(Monark Ergomedic 894E, Varberg, Sweden). Following a 5 s countdown, 8 x 

10 s maximal effort sprints on a cycle ergometer (Monark Ergomedic 894E, 

Varberg, Sweden) at a resistance of 8% BM were completed, with the resistive 

load automatically applied once the pedal cadence reached 110 rpm. A 30 s 

self-paced active recovery was completed between each sprint with no 

resistance on the flywheel, with this protocol repeated for each sprint. 

Immediately following sprint number 8, a self-determined ≤10 minute recovery 

period was provided where participants remained seated to standardise 

recovery. During this period, no indication of time was provided to participants. 

8 x 10 s maximal effort sprints on an arm ergometer (Monark Ergomedic 891E 

Arm Crank Ergometer, Vansbro, Sweden) at a resistance of 4.5% BM were then 

immediately performed when the participants felt as though they had fully 
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recovered, or the 10 minute recovery period had elapsed. The term ‘fully 

recovered’ was self-determined and defined to the participants as the ability to 

produce maximum effort during the upper body sprints.  

 

5.4.5 Oxygen Consumption Measures  

Prior to the start of training sessions 1 and 9, participants were fitted with a 

rubber face mask and connected to a calibrated breath by breath oxygen 

analyser (Metalyzer®3B gas analyser, Cortex, Leipzig, Germany) and attached 

to a dampened heart rate monitor (Polar Electro, Kempele, Finland) to record 

respiratory gas exchange and heart rate respectively. Oxygen (O2) uptake was 

recorded every second during training sessions 1 and 9, with 5 s averages 

taken for data analysis when determining O2 kinetics during the recovery 

between lower and upper sprints. Data was fitted with a mono-exponential 

function (Equation 5.1) (Billat, Mille-Hamard et al. 2002), using QtiPlot Software 

(Version 1.1, Bucuresti, Romania). 

 

 
Equation 5.1: O2 kinetic mono exponential function where, x is VO2, EE is the 

value at the end of exercise, A is the asymptotic value for the exponential term, 

t is time, τ is the time constant, and TD is the time delay.  

 

5.4.6 Blood Lactate Measures 

Blood lactate (BLa) measurements were taken in training sessions 1 and 9 via 

finger prick. BLa samples were taken from a standardised position of the index 

finger of each participant in order to determine BLa concentrations. The skin 

was punctured using an Accu-check single use lancet (Roche Diagnostics, UK) 

with pressure applied to the finger to draw the blood. The initial blood drop was 

discarded with the second drop collected for analysis. A coded reagent strip 

was inserted into the Lactate Pro (Lactate pro, Arkay Inc., Kyoto, Japan) and 

filled with the blood sample. BLa measures were taken on 5 occasions; at rest 

prior to lower body sprints, immediately following lower body sprints, 

immediately prior to upper body sprints, immediately following upper body 
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sprints, and immediately following the rest duration that was taken between 

lower and upper body sprints (Recovery following upper body sprints 1). In 

training session 9, an additional measurement was taken following upper body 

sprints where BLa was taken following the recovery duration between lower and 

upper body sprints in training session 1 (Recovery following upper body sprints 

2).  

 

5.4.7 Statistical Analysis 

All statistical tests were completed on the statisticial package R, with Jamovi 

(version 1.1.9) interface for Windows operating system. All data are presented 

as mean ± SD. Shapiro-Wilk test and visual analysis were conducted to ensure 

the normal distribution of data. A repeated analysis of variance (ANOVA) was 

used to determine the difference between each testing session for BM, BMI, 

TTE, V̇O2peak, CP, AWC, and across each training session for training peak 

power outputs, training mean power outputs, work done and recovery duration. 

Partial eta squared (n2p) was run with the repeated measures ANOVA to 

determine the total variance within dependant variables. Where interactions 

were observed, a Bonferroni post hoc test was run to determine where the 

difference lay. A paired samples T-Test was run to determine the difference in 

blood lactate concentration change between each exercise session (session 1, 

session 9), and both each bout of exercise (lower body sprints, upper body 

sprints) and each recovery period (between lower and upper body sprints, 

following upper body sprints). Changes in the O2 kinetic amplitude and time 

constant between lower and upper body sprints across training sessions 1 and 

9 were determined through the use of a paired samples T-Test. The relationship 

between rest duration and upper body peak power was calculated using a 

Pearson correlation coefficient (boundaries set as -1 and 1) and linear 

regression analysis. Significance was accepted at p < 0.05, with the magnitude 

of change calculated using Cohen’s D effect sizes (ES). The ES was interpreted 

as trivial < 0.1, small 0.2, moderate 0.5 and large ≥ 0.8 in accordance with 

standard practice (Cohen 1992; Rice and Harris 2005; Fröhlich, Emrich et al. 

2009). 
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 Results 

5.5.1 Anthropometric and Performance Measures  

The Shapiro-Wilk test and visual analysis showed no significant depature from 

normality for any anthropometric or performance measure (p > 0.05). 

Bodymass, W(11) = 0.96, p = 0.82; BMI, W(11) = 0.91, p = 0.22; TTE, W(11) = 

0.96, p = 0.81; V̇O2peak, W(11) = 0.96, p = 0.70; CP, W(11) = 0.97, p = 0.89; 

AWC, W(11) = 0.88, p = 0.1.  

 

The repeated measures ANOVA reported a significant increase in TTE, CP and 

AWC (p < 0.05), although no change occurred across each testing point for 

anthropometric measures or V̇O2peak (p > 0.05). Bodymass, F(2,22) = 0.02, p = 

0.99, n2p = 0.26; BMI, F(2,22) = 1.85, p = 0.18, n2p = 0.14; TTE, F(2,22) = 4.72, 

p = 0.02, n2p = 0.3; V̇O2peak, F(2,22) = 0.22, p = 0.8, n2p = 0.13; CP, F(2,22) = 

10.9, p < 0.01, n2p = 0.5; AWC, F(2,22) = 6.48, p = 0.01, n2p = 0.37; Table 5.1. 

The bonferroni post hoc test reported a significant increase in TTE (post 

intervention vs. pre control, p = 0.03; post intervention vs. post control, p = 

0.05), CP (post control vs. pre control, p < 0.01; post intervention vs. pre 

control, p < 0.01) and AWC (post intervention vs. pre control, p = 0.01) following 

3 weeks of SIT.     
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Table 5.1: Participant characteristics for BM, BMI, TTE, V̇O2peak, CP and AWC 

Parameter Pre Control Post  
Control 

Post 
Intervention 

% Change1 
(Control Period) 

ES % Change2 
(Intervention Period) 

ES 

BM (kg) 79.8 ± 11.7 79.3 ± 11.4 79.0 ± 11.0 -0.6 ± 1.1 0.0 0.4 ± 0.9 0.0 
BMI (kg.m-2) 25.2 ± 2.9 25.1 ± 2.8 24.3 ± 3.7 -0.5 ± 1.2 0.0 0.6 ± 1.0 0.2 
TTE (s) 501.1 ± 98.0 503.5 ± 100.0 527.4 ± 101.7 0.6 ± 6.1 0.0 4.9 ± 7.1*† 0.2 
V̇O2peak  (ml·kg-1·min-1) 44.0 ± 11.6 45.9 ± 11.8 44.4 ± 9.9 5.3 ± 11.8 0.2 1.7 ± 9.0 0.1 
CP (W) 178.5 ± 50.2 194.6 ± 48.5 195.0 ± 49.3 10.2 ± 7.8* 0.3 0.9 ± 11.2* 0.0 
AWC (J) 19716.9 ± 4223.2 21412.7 ± 4054.9 21784.2 ± 6252.3 8.7 ± 13.6 0.4 4.6 ± 11.8* 0.2 

Values are expressed as mean ± SD. BM, body mass; BMI, body mass index; TTE, lower body incremental test to exhaustion; 

V̇O2peak, lower body peak oxygen uptake; CP, critical power; AWC, anaerobic work capacity. % Change1 is the percentage change 

in mean data between pre and post control testing sessions. % Change2 is the percentage change in mean data between post 

control and post intervention testing sessions. *Indicates p < 0.05 vs. Pre Control. †Indicates p < 0.05 vs. Post Control.  
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5.5.2 Recovery Duration 

The repeated measures ANOVA reported a significant difference in recovery 

duration across the training intervention (F(8,80) = 5.56, p < 0.01, n2p = 0.07). 

The bonferroni post hoc test reported a signficiant difference at session 1 (vs. 

session 6, p < 0.01, d = 0.9; vs. session 7, p < 0.01, d = 0.7; vs. session 8, p < 

0.01, d = 0.7; vs. session 9, p < 0.01, d = 1.0; Figure 5.1) and session 2 (vs. 

session 6, p = 0.03, d = 0.6; vs. session 9, p = 0.03, d = 0.7; Figure 5.1) only.  

 

 

Figure 5.1: Recovery duration between lower and upper body sprints across 

each training session. Values are expressed as mean ± SD. *Indicates p < 0.05 

compared to session 1. †Indicates a p < 0.05 compared to session 2. 

 

 

There was no correlation between recovery duration and upper body peak 

power output (session 1: R2 = 0.02, p = 0.71; session 9: R2 = 0.00, p = 0.96), or 

upper body mean power output (session 1: R2 = 0.02, p = 0.73; session 9: R2 = 

0.00, p = 0.93). 
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5.5.3 Mean Oxygen Uptake 

Session 1 reported an amplitude of 2.96 ± 0.92 L.min-1, time constant of 90.57 ± 

47.62 s and an R2 value of 0.92, with Session 9 reporting an amplitude of 3.21 ± 

0.98 L.min-1, time constant of 79.41 ± 24.61 s and an R2 value of 0.91. The 

paired samples T-Test reported a significant difference in amplitude (t(8) = 5.15, 

p < 0.01, d = 0.3) but not time constant (t(8) = 0.64, p = 0.54, d = 0.3) between 

session 1 and session 9.  

 

5.5.4 Training Session Data 

All lower body training data at session 1 was reported as normally distributed (p 

> 0.05) through the Shapiro-Wilk test and visual analysis. Training lower body 

peak power output (W), W(11) = 0.91, p = 0.22; Training lower body peak power 

output (W/kg), W(11) = 0.92, p = 0.29; Training lower body mean power output 

(W), W(11) = 0.95, p = 0.65; Training lower body mean power output (W/kg), 

W(11) = 0.91, p = 0.24; Training lower body work done (kJ), W (11) = 0.95, p = 

0.68.  

 

The one way ANOVA reported no significant differences across each training 

session for duration of the intervention within the lower body (p > 0.05). Training 

lower body peak power output (W), F(8,41.2) = 0.22, p = 0.99; Training lower 

body peak power output (W/kg), F(8,41.2) = 0.27, p = 0.97; Training lower body 

mean power output (W), F(8,41.2) = 0.05, p = 1.0; Training lower body mean 

power output (W/kg), F(8,41.2) = 0.06, p = 1.0; Training lower body work done 

(kJ), F(8,41.2) = 0.08, p = 1.0; Table 5.2. 

 

All upper body training data at session 1 was reported as normally distributed (p 

> 0.05) through the Shapiro-Wilk test and visual analysis. Training upper body 

peak power output (W), W(9) = 0.93, p = 0.41; Training upper body peak power 

output (W/kg), W(9) = 0.94, p = 0.57; Training upper body mean power output 

(W), W(9) = 0.93, p = 0.43; Training upper body mean power output (W/kg), 

W(9) = 0.92, p = 0.34. 

 



 

111 

The one way ANOVA reported no significant differences across each training 

session for duration of the intervention within the upper body (p > 0.05). 

Training upper body peak power output (W), F(8,33.6) = 0.60, p = 0.77; Training 

upper body peak power output (W/kg), F(8, 8,33.6) = 0.71, p = 0.68; Training 

upper body mean power output (W), F(8, 8,33.6) = 1.69, p = 0.14; Training 

upper body mean power output (W/kg), F(8, 33.6) = 2.05, p = 0.07, Table 5.3.  
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Table 5.2: Lower Body Training Output Variables 

Values are expressed as mean ± SD. 
 

 Table 5.3: Upper Body Training Output Variables 

Values are expressed as mean ± SD. 

 Training Session Number 
Training Parameter 1 2 3 4 5 6 7 8 9 

Peak power output (W) 865.23 ± 
176.57 

855.91 ± 
177.10 

884.06 ± 
174.44 

856.36 ± 
168.49 

834.40 ± 
167.10 

848.01 ± 
118.47 

849.75 ± 
145.21 

836.63 ± 
148.93 

806.22 ± 
136.35 

Peak power output (W/kg) 10.94 ± 
1.82 

10.85 ± 
1.95 

11.21 ± 
1.92 

10.84 ± 
1.77 

10.56 ± 
1.71 

10.77 ± 
1.24 

10.76 ± 
1.49 

10.59 ± 
1.48 

10.24 ± 
1.58 

Mean power output (W) 722.64 ± 
129.44 

707.66 ± 
127.35 

721.36 ± 
115.48 

722.76 ± 
115.10 

709.25 ± 
129.94 

723.02 ± 
110.86 

722.68 ± 
117.82 

716.65 ± 
115.34 

702.89 ± 
103.74 

Mean power output (W/kg) 9.16 ±  
1.44 

8.98 ± 
1.45 

9.17 ± 
1.41 

9.21 ± 
1.43 

9.00 ± 
1.38 

9.20 ± 
1.23 

9.18 ± 
1.32 

9.09 ± 
1.20 

8.95 ± 
1.26 

Work Done (kJ) 45.18 ± 
8.99 

43.42 ± 
8.57 

44.79 ± 
8.52 

44.63 ± 
8.67 

44.23 ± 
8.09 

45.66 ± 
8.51 

45.73 ± 
7.93 

45.28 ± 
8.27 

45.32 ± 
8.59 

 Training Session Number 
Training Parameter 1 2 3 4 5 6 7 8 9 

Peak power output (W) 749.85 ± 
424.84  

651.61 ± 
344.74 

666.68 ± 
363.07 

720.94 ± 
469.60  

719.82 ± 
245.68  

795.15 ± 
360.06  

803.37 ± 
272.51 

1029.83 ± 
516.13 

814.88 ± 
290.76 

Peak power output (W/kg) 9.28 ± 
5.06  

8.04 ± 
3.78 

8.36 ± 
4.41 

8.97 ± 
5.61  

9.04 ± 
3.01 

10.13 ± 
4.51 

10.09 ± 
3.18 

12.76 ± 
5.99 

10.22 ± 
3.49 

Mean power output (W) 297.13 ± 
112.43 

296.73 ± 
82.19  

280.66 
 ± 83.86 

289.08 ± 
108.48 

202.80 ± 
55.97 

236.43 ± 
67.24 

  255.90 ± 
96.31 

261.39 ± 
77.36 

255.72 ± 
77.95 

Mean power output (W/kg) 3.7 ± 
1.30  

3.72 ± 
0.87  

 3.52 ± 
0.86  

 3.61 ± 
1.20  

2.56 ± 
0.63  

2.98 ±  
0.78  

3.18 ±  
1.09 

3.26 ±  
0.72  

3.18 ±  
0.80  
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5.5.5 Blood Lactate Accumulation 

The paired T-test reported no differences between session 1 and session 9 in 

blood lactate concentration change during either lower and upper body sprints, 

or recovery durations. Lower body sprints: t(10) = 1.3, p = 0.22, d = 0.5; Upper 

body sprints: t(10) = 1.8, p = 0.1, d = 0.2; Recovery following lower body sprints 

t(10) = 0.45, p = 0.66, d = 0.2; Recovery following upper body sprints 1, t(10) = 

0.01, p = 0.99, d = 0.1; Recovery following upper body sprints 2, t(10) = 1.5, p = 

0.17, d = 0.9; Table 5.4, Figure 5.2.  

 

 

Table 5.4: Raw Blood Lactate Data 

 Blood Lactate Measurement 
 1 2 3 4 5 6 

Session 1 1.9 ± 0.8 13 ± 1.9 12.2 ± 1.9 14.6 ± 2.2 12.6 ± 1.1 - 
Session 9 1.6 ± 0.5 13.8 ± 1.7 13.2 ± 1.3 13.9 ± 1 11.8 ± 1.8 13.0 ± 1.2 

Values are expressed as mean ± SD. 1, Rest; 2, Post lower body sprints; 3, Pre 

upper body sprints; 4, Post upper body sprints; 5, Recovery following upper 

body sprints 1; 6, Recovery following upper body sprints 2.  

 

 
Figure 5.2: Blood lactate fold change across each measurement point within 

training session 1 and training session 9. Values are expressed as mean, with 

error bars removed for visual clarity.  
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 Discussion  
The present study demonstrates that 9 sessions of a combined lower and upper 

body SIT protocol (8 x 10 s sprints interspersed with 30 s recovery) can improve 

the rate of exercise recovery without reductions in peak or mean upper body 

power output. A significant decrease in time to recover between extremities 

occurred at following session 6 with no decrease in either mean or peak power 

output, or correlation between recovery duration and power output. Comparing 

session 9 to session 1 showed a significant increase in O2 amplitude, but no 

change in time constant, with no difference in blood lactate during each 

measurement point. Following the intervention, performance increases were 

observed in TTE and AWC, with CP improving following both control and 

intervention periods.   

 

5.6.1 Recovery Adaptations to Sprint Interval Training 

A decrease in mean time to recover between lower and upper body sprints was 

demonstrated throughout the training intervention, with significant decreases 

compared to training session 1 occurring at training session 6 onwards (Figure 

5.1). Despite the time taken to recover reducing by 30% compared to session 1 

there was no correlation between rest duration and upper body power output 

(peak and mean). This suggests that SIT could have very beneficial application 

to sports performance where repeated high intensity efforts are required. 

Physiologically, the reduction in time to recover could be driven through 

changes in both central and peripheral mechanisms. However, the lack of 

increase in both V̇O2peak and O2 uptake during the recovery period within 

training sessions, combined with the significant increase in TTE (Table 5.1), 

implies that while central adaptations may have occurred to some extent, 

peripheral adaptations are likely to be the main driver behind improvements. 

These peripheral adaptations include altered O2 kinetics, metabolite storage 

and utilisation, and lactate metabolism. It is important to note however, that 

while not measured, increases in methodological familiarisation may have 

occurred to some extent, although no significant differences were observed in 

recovery duration until training session 6. Currently, literature has not 

investigated the learning effects on multiple repeated high intensity sprints 
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between extremities. However, Kavaliauskas and Phillips (2016) suggest that 

learning effects do not occur in physically active males across 4 trials 

(separated by 2-4 days) of either 6 s or 30 s WAnT tests in terms of peak and 

mean power performance.   

 

5.6.2 Alterations in Oxygen Kinetics to Sprint Interval Training 

Following the intervention, there was a significant increase in O2 amplitude 

during recovery between extremities, although no change was reported in the 

time constant when comparing session 9 to session 1. The increase in O2 

amplitude reflects an increase in O2 consumption following the lower extremity 

sprints (i.e. start of the recovery between extremities). As such, the lack of 

improvement in time constant may reflect an improvement in O2 efficiancy as 

the same time is being taken for V̇O2 to decrease in session 9 when compared 

to session 1. This improvement in O2 efficiancy may also be reflected in the 

reported improvements in recovery duration, TTE performance and AWC 

performance (Figure 5.1). An increase in O2 efficiancy may have occurred 

through an improved O2 delivery to the skeletal muscle and/or uptake into the 

mitochondria (Bassett and Howley 2000).  

 

An improvement in O2 delivery may be attributed to alterations in maximal 

cardiac output, pulmonary diffusion capacity, and O2 transport within the blood 

(Macpherson, Hazell et al. 2011; Astorino, Allen et al. 2012; Matsuo, Saotome 

et al. 2014), as described previously (Chapter 4.6.1.1. Peak Oxygen 

Consumption). Regarding adaptations in the transport of O2 to skeletal muscle 

within the blood, this may have occurred through an increase in heart rate, 

blood flow (Tordi, Perrey et al. 2003), or skeletal muscle capillerisation, but not 

blood haemoglobin content or plasma volume (Jacobs, Flück et al. 2013; 

Batacan, Duncan et al. 2017). While this has been covered to some extent 

previously (Chapter 4.6.1.2. Incremental Time to Exhaustion), increases in 

muscle fibre capillerisation have been observed following 18 sessions (4-6 x 30 

s sprints, interspersed with a 4.5 minute recovery, 7.5% BM resistance) of SIT 

in sedentary, and 24 sessions (8 x 20 s sprints at 170% V̇O2peak, interspersed 

with 10 s recovery) in recreationally active individuals (Cocks, Shaw et al. 2013; 
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Scribbans, Edgett et al. 2014). In contrast, no change has been reported 

following either HIIT in well trained runners (Kohn, Essen-Gustavsson et al. 

2011) or cross country skiers (Evertsen, Medbo et al. 1999), although this is 

likely due to the level of performer already possessing an adapted capillary 

supply beneficial for O2 delivery and uptake, and endurance performance 

(Kohn, Essen-Gustavsson et al. 2011). While the present study did not employ 

as many sessions as either Cocks, Shaw et al. (2013), or Scribbans, Edgett et 

al. (2014), increases in muscle fibre capillerisation have been shown to occur 

following 12 sessions of SIT (4-7 x 30 s sprints at a workload corresponding to 

200% Wmax, interspersed with a 2 minute recovery) in obese males (Cocks, 

Shaw et al. 2016). Furthermore, improved capillerisation has been observed in 

both slow and fast twitch fibres by 28% and 32% respectively following 4 weeks 

of high intensity, but not low intensity knee extensor training (15 x 1 minute 

bouts, interspersed by 3 minute recovery periods, 150% thigh V̇O2peak) 

(Krustrup, Hellsten et al. 2004; Jensen, Bangsbo et al. 2004). As such, it is not 

unreasonable to suggest increased muscle fibre capillerisation has occurred 

within the present study, contributing to improved recovery and performance 

adaptations. 

 

An increase in O2 uptake from the blood into the skeletal muscle mitochondria is 

likely due to an increase in mitochondrial biogenesis and enzymatic function 

(Bassett and Howley 2000), both of which have been shown to increase 

following SIT. Increases in mitochondrial enzymes, and markers of muscle 

oxidative potential, such as citrate synthase, and cytochrome c oxidase (COX), 

have repeatedly been observed following 6 sessions of 30 s based SIT (4 x 30 s 

sprints, interspersed with a 4 minute recovery, 7.5% BM resistance) 

(Burgomaster, Hughes et al. 2005; Gibala, Little et al. 2006; Burgomaster, 

Howarth et al. 2008). Furthermore, Gillen, Martin et al. (2016) have reported a 

48% increase in citrate synthase maximal activity following 36 sessions of SIT 

(3 x 20 s sprints, interspersed with a 2 minute recovery, 5% BM resistance) in 

sedentary males. Increases in mitochondrial biogenesis have been reported 

following 6 sessions of SIT (4 x 30 s sprints, interspersed with a 4 minute 

recovery, 7.5% BM resistance) as measured by the transcriptional co-activator 

peroxisome proliferator-activated receptor γ coactivator (PGC-1α), which co-
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ordinates a series of transcriptional pathways that facilitate both mitochondrial 

and metabolic adaptations (Lin, Handschin et al. 2005; Burgomaster, Howarth 

et al. 2008). An increase in mitochondrial biogenesis would increase the 

potential for O2 uptake from the blood, thus aiding in the efficiency of V̇O2 

decrease reported in the present study. While a lack of investigation into 

mitochondrial adaptations following short duration combined extremity SIT 

sprints has occurred, given the similar kinetic adaptations with 30 s lower 

extremity SIT, it is plausible that similar mitochondrial adaptations are induced 

by both intervention mechanisms. However, further investigation should occur 

before definite conclusions are drawn. 

 

5.6.3 Peak Oxygen Consumption 

The present study did not demonstrate a change in participant V̇O2peak following 

9 sessions of a combined lower and upper extremity SIT protocol (Table 5.1). 

To date, contrasting V̇O2peak findings have been reported following both lower 

(Hazell, MacPherson et al. 2010; Skleryk, Karagounis et al. 2013; Kavaliauskas, 

Aspe et al. 2015; Lloyd Jones, Morris et al. 2017), and combined (Osawa, 

Azuma et al. 2014; Zinner, Sperlich et al. 2017) SIT and HIIT interventions. 

Furthermore, these findings are in contrast to those reported within Study 1 of 

the present thesis. Currently, these contrasts have been attributed to various 

training parameters such as sprint duration, baseline V̇O2peak values, work:rest 

ratios, and the number of training sessions (Vollaard, Metcalfe et al. 2017). This 

may explain the difference in findings between the current study and Study 1, 

with each study differing in total number of training sessions, study duration, 

frequency of sessions and baseline V̇O2peak values. The lack of improvement in 

V̇O2peak may be physiologically limited due to pulmonary diffusing capacity, 

maximal cardiac output, O2 transport within the blood and skeletal muscle 

characteristics such as mitochondrial number and function (Bassett and Howley 

2000). However, the increase in O2 amplitude during the recovery between 

extremities (i.e. improved O2 efficiency), improved TTE performance (Table 

5.1), and reported findings from other similar SIT interventions suggest that the 

lack of V̇O2peak increase may be due to alternative reasons which require further 

investigation.  
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5.6.4 Incremental Time to Exhaustion  

TTE significantly increased by 4.9% following the training intervention, with no 

change observed during the control period (Table 5.1). Similar improvements in 

TTE performance have been reported following other lower extremity, short 

duration sprint interventions. For example, Jakeman, Adamson et al. (2012) 

observed a 4% increase in sub elite triathletes (6 sessions, 10 x 6 s sprints, 

interspersed with a 1 minute recovery, 7.5% BM resistance) while Kavaliauskas, 

Aspe et al. (2015) reported a 6.4% increase in long distance runners (6 

sessions, 6 x 10 s sprints, interspersed with 30 s recovery 7.5% BM resistance). 

While this has been discussed previously (Chapter 4.6.1 Aerobic Adaptations to 

Combined Sprint Interval Training), briefly, an improvement in O2 delivery and 

uptake, as a result of improved capillerisation and increases in mitochondrial 

number and enzyme activity, would contribute to an improved ability for 

oxidative phosphorylation to generate ATP (Tordi, Perrey et al. 2003; 

Esfandiari, Sasson et al. 2014; Matsuo, Saotome et al. 2014; Astorino, 

Edmunds et al. 2017). Therefore, there would be reduction in O2 requirements 

during lower intensity exercise, leading to rightward shift in ventilator threshold 

and a greater time to fatigue, as evidenced through improved TTE performance 

(Table 5.1). Consequently, improvements in O2 kinetics during incremental time 

to exhaustion exercise do not necessarily result in increases in V̇O2peak. 

Furthermore, these improvements would contribute to the generation of ATP, 

increasing exercise capacity at a greater workload during the incremental TTE, 

and contribute to the removal of fatigue related metabolites, thus reducing SR 

Ca2+ release allowing an increased and more sustained force production 

(Glaister 2005).   

 

5.6.5 Critical Power and Anaerobic Work Capacity 

A 10.2% increase in CP was observed compared at the post control 

measurement point, with an additional 0.9% increase occurring following the 

SIT intervention (Table 5.1). CP represents the highest rate of energy 

production that can be sustained through oxidative metabolism without 
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depleting finite energy sources such as phosphocreatine (PCr), and/or resulting 

in the accumulation of fatigue resulting metabolites (eg. ADP, Pi) to the extent 

of exercise termination (Vanhatalo, Jones 2008; Jones, Vanhatalo et al. 2010). 

Increases in CP have been reported following lower extremity SIT interventions 

(Zelt, Hankinson et al. 2014, Kavaliauskas, Steer et al. 2016; Yamagishi and 

Babraj 2017), with no literature reporting findings following combined extremity 

SIT. Utilising lower extremity SIT, Yamagishi and Babraj (2017) reported 7.8% 

and 7.4% increases in CP following 18 sessions of both 15 s and 30 s based 

sprints respectively (4-6 x 15/30 s sprints, interspersed with 2/4 minutes of 

recovery respectively, 7.5% BM resistance). Similalry, Zelt, Hankinson et al. 

(2014) reported a <10% increase following 12 sessions of a similar protocol (4-6 

x 15/30 s sprints, interspersed with a 4.75/4.5 minute recovery, 7.5% BM 

resistance). As such, the current findings are suprising, with improved CP 

performance reported as being dependant on the rate of O2 extraction, 

increased mitochondrial content, mitochondrial enzyme content and activity and 

skeletal muscle capillerisation (Zelt, Hankinson et al. 2014; Kavaliauskas, Steer 

et al. 2016; Yamagishi and Babraj 2017; Mitchell, Martin et al. 2019), all of 

which are likely to have occurred within the current study as previously 

discussed. Within the current study large standard deviations from the mean 

were reported, suggesting that the data has a high level of variability (Table 

5.1). As such, while some individuals may have improved CP as a result of the 

SIT intervention, this may not have occurred for all. Over the control duration, a 

10.2% increase in CP was observed, with AWC increasing by 8.7%, despite 

participants being asked to maintain levels of physical activity that were 

considered normal for them. However, there is no evidence apart from verbal 

confirmation to suggest that participants complied with this, which may explain 

the observed increase. Another explanation may be that a familiarisation effect 

with the test may have occurred. While the 3 minute critical power test has 

shown to be a valid method for determining CP and AWC compared to other CP 

tests (r = 0.90 – 0.97) (Bergstrom, Housh et al. 2012), the learning effect of this 

measure is currently unknown. One week prior to baseline measures 

participants were fully familiarised with the equipment and testing procedures. 

However, the demanding nature of the 3 minute maximal effort CP test may 

have inadvertently encouraged participants to not complete the pre control 
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measure at a maximal intensity to avoid negative feelings of dizziness, fatigue 

and nausea. As such, the recorded pre control measure may not have been an 

accurate measure of either CP or AWC. To limit this, participants were strongly 

verbally encouraged to complete the test with maximal effort, with the test 

considered void if an increase in power output was observed within the final 30 

s of the test duration. While the same may have occurred for both post control 

and post intervention measures, the three week duration between tests (control 

and intervention periods) may have been sufficient enough to reduce participant 

apprehension to the test difficulty. However based on these findings, it is 

suggested that further investigation into this area should be taken, utilising a 

larger sample size, or further test-rest reliability of the 3 minute CP test should 

be completed before conclusions are drawn. 

 

A 4.6% significant increase in AWC was observed following the three week 

intervention period (Table 5.1). An increase in AWC demonstrates an improved 

ability to undertake work above CP, using finite intramuscular energy stores 

such as ATP, PCr, glycogen and oxygen bound to myoglobin (Morton 2006). 

Therefore, this finding may contribute to the likliehood of increases in metabolite 

storage capacity, alterations in enzymatic activity and/or adaptations in 

muscular buffering capacity, such as those previously discussed. However, care 

should be taken regarding the interpretation of this finding as AWC was 

calculated through the use of the CP test, and as such is liable to the same 

potential limitations. Furthermore, no improvement was reported in either peak 

or mean training power output (Table 5.2, Table 5.3), which may be expected to 

improve due to alterations in metabolic concentrations, enzymatic adaptations 

and neural alterations as discussed in Chapter 4.6.2 Anaerobic Adaptations to 

Combined Sprint Interval Training.  

 

5.6.6 Alterations in Lactate Metabolism  

Following the SIT intervention, no significant difference was reported between 

training sessions 1 and 9 (Table 5.4, Figure 5.2). Furthermore, blood lactate fold 

change did not increase during upper body sprints within session 9 of the SIT 

intervention compared to the observed increase within the session 1 (Table 5.4, 
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Figure 5.2). In addition, blood lactate fold change was lower following the new 

recovery duration in session 9 compared to the initial recovery duration in 

session 1, despite being measured 143 seconds prior (Table 5.4, Figure 5.2). 

This suggests that there is an improvement in the rate of lactate clearance 

within skeletal muscle following the training intervention. Burgomaster et al. 

(2006) reported a reduction in lactate accumulation following 6 sessions of SIT 

(4-6 x 30 s sprints, interspersed with a 4 minute recovery, against 7.5% BM 

resistance). Further, utilising shorter duration sprints, Jakeman, Adamson et al. 

(2012) reported a rightward shift in the blood lactate curve following 6 sessions 

of SIT (10 x 6 s sprints, interspersed with a 1 minute recovery, against 7.5% BM 

resistance) during a time to exhaustion test. Increases in the rate of oxidative 

phosphorylation and pyruvate dehydrogenase activity, may lead to a decrease 

in glycogenolysis rate and lactate production (Burgomaster, Hughes et al. 2005; 

Burgomaster, Howarth et al. 2008). Further, adaptations in sarcolemma lactate 

transporter activity have been reported following SIT through enhanced 

monocarboxylate transporter MCT1 and MCT4 content (Pilegaard, Domino et 

al. 1999; Burgomaster, Cermak et al. 2007). MCT1 is more prevalent in type I 

muscle fibres for lactate uptake into oxidative cells whereas MCT4 is more 

prevalent in type II muscle fibres for lactate removal from glycotic cells 

(Pilegaard, Terzis et al. 1999; MacLaren and Morton 2012). An increase in 

lactate transporter activity allows for greater movement through the lactate 

shuttle, thus maintaining a lower blood lactate concentration at the same 

absolute workload (Jacobs, Rasmussen et al. 2011). Furthermore, an ability to 

maintain lower levels of blood lactate during exercise is associated with the 

mitochondrial capacity of the skeletal muscle (Van Hall, Jensen-Urstad et al. 

2003), which has been shown to improve following SIT interventions 

(Burgomaster, Hughes et al. 2005; Gibala, Little et al. 2006; Burgomaster, 

Howarth et al. 2008; Gillen, Martin et al. 2016). As such, lactate transport has 

been reported as a key factor for improvements in time to exhaustion following 

SIT (Kavaliauskas, Aspe et al. 2015), and may contribute to the observed 

increase in TTE performance within the present study.    
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5.6.7 Study Limitations 

This study contains limitations which may have affected the observed 

outcomes. Firstly, the demanding nature of the intervention and reported 

participant uncomfortableness with wearing the gas analysis equipment, limited 

recording mean O2 uptake to session 1 and session 9. While this allowed a 

comparison to be made pre and post intervention, it would have been beneficial 

to record this across all SIT sessions to establish the minimum number of 

required SIT sessions for adaptations to occur, and the rate of mean O2 uptake 

adaptation across training sessions. 

 

Secondly, prior to undertaking the incremental exercise test to determine 

V̇O2peak, and training sessions 1 and 9, participants were connected to a 

dampened heart rate monitor (Polar Electro, Kempele, Finland) to measure 

heart rate during exercise. Initially, heart rate was implemented to assess 

aerobic demand during recovery, which would have aided in knowledge 

regarding central adaptations to short duration combined SIT, and further 

information regarding the effects of this training paradigm on recovery. 

However, connection issues resulted in a lack of measurement or incomplete 

measurement of heart rate across each participant during the study. As such, 

heart rate data was excluded from statistical analysis.  

 

Thirdly, the study is limited through investigating the effects of recovery on 

upper body exercise, at a point where that muscle group had not been 

extensively challenged. Specifically, correlating upper body peak and mean 

power output with the recovery duration taken between extremities. This was 

completed in an attempt to determine the effects of recovery on power 

performance within sequential exercise. However, while there are contributions 

from the upper extremity to lower body high intensity cycling performance 

(Grant, Watson et al. 2015), this would not be considered sufficient enough to 

confidently utilise the present study as a method for investigating this, and as 

such this finding should be interpreted with significant caution. Instead, it is 

suggested that future studies that wish to investigate the effects of recovery 
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following SIT on sequential power output utilise the same extremity of exercise 

pre and post recovery period. 

  

5.6.8 Conclusion 

This study is the first to report an improved the rate of exercise recovery 

between extremities following 9 sessions of a combined lower and upper body 

SIT protocol (8 x 10 s sprints interspersed with 30 s recovery, against 8% BM 

resistance). The increased rate of recovery is likely due to improved O2 kinetics 

based on the observed increase in O2 amplitude, with no significant change in 

time constant during the recovery between extremities when comparing session 

9 and session1. The increase in mean O2 uptake is expected to be driven 

through improved skeletal muscle capillerisation, and increased mitochondrial 

number and function. Furthermore, adaptations in blood lactate values are likely 

to be driven through increased blood lactate transporter activity, which has been 

associated with improved mitochondrial capacity of skeletal muscle, leading to 

improvements in TTE and AWC. Collectively, this demonstrates for the first time 

that a combined extremity SIT protocol could have direct application as a 

training modality for fatiguing sports that require whole body, repeated bursts of 

maximal activity, interspersed with periods of recovery.   
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6. Chapter 6 – Study 3 

 Abstract 

This study aimed to determine the effects of short duration, combined sprint 

interval training (SIT) on combat sport performance. 9 male semi-professional 

combat sport performers completed a 3 week combined lower and upper 

extremity SIT intervention (3 sessions per week, 8 x 10 s maximal sprints, 30 s 

recovery periods), following a 3 week control period. Performance measures 

included an incremental exercise test to exhaustion (TTE) to determine peak 

oxygen consumption (V̇O2peak), and an all-out critical power test (CP) to 

measure anaerobic work capacity (AWC) and CP. A boxing simulation was 

used to measure blood lactate levels (BLa) with squat jump, counter movement 

jump (CMJ), and striking impact (jab and cross) tests measured pre and post 

boxing simulation. TTE (p = 0.03) and AWC (p = 0.02) significantly improved 

following the intervention period, with no changes in performance measures 

over the control period. Striking peak force significantly improved (p < 0.05), 

with a reduction in BLa during (p < 0.05) and following the boxing simulation. 

This study is the first to demonstrate that a combined SIT protocol is a time 

efficient method for improving striking peak force and BLa clearance during and 

following a boxing simulation. This provides evidence that SIT is an effective, 

practical training paradigm for combat sports that involve some degree of 

striking with the fist. 
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 Introduction 

Combat sports are characterised as dynamic, intermittent, high intensity 

activities that require complex skills and tactical awareness for success (Silva, 

Del Vecchio et al. 2011). These sports typically involve some degree of striking 

and/or grappling techniques by the upper and/or lower limbs for both offensive 

and defensive purposes (Crisafulli, Vitelli et al. 2009; Del Vecchio, Hirata et al. 

2011; Chaabene, Hachana et al. 2012). For example, the use of hands (open 

palm or fist), elbows, knees, and feet are all commonly used, although the 

allowance of each is dependent on the exact rules of the sport performed. To 

increase the equitability of matches in terms of body size and strength, 

opponents are classified based on body mass (Franchini, Brito et al. 2012). The 

duration of combat sport bouts are dependant on the sport and level of 

performer. For example, Kickboxing matches consist of 3-12 x 2-4 minute 

rounds interspersed with 1-2 minute recovery (Moreira, Arsati et al. 2010) while 

mixed martial arts (MMA) consist of 3 x 5 minute rounds interspersed with a 1 

minute recovery (Del Vecchio, Hirata et al. 2011). As such, there is a 

requirement for energy contribution from both glycotic and oxidative 

metabolism, although the extent of which is dependent on both the combat 

sport and athlete’s fighting preference. In simulated karate matches (4 x 4 

minute bouts interspersed with ~ 18 minute, 15 minute and 9.3 minute recovery 

between each bout), estimated energy contributions were 78% (± 6%) for the 

oxidative system, 16% (± 5%) for the ATP-PCr system and 6% (± 2%) for the 

glycolytic system (Beneke, Beyer et al. 2004). In taekwondo, (3 x 2 minute 

rounds interspersed with a 1 minute recovery) estimates of energy system 

contributions are primarily driven by the oxidative system (66 ± 6%) followed by 

the ATP-PCr system (30 ± 6%) and glycolytic system (4 ± 2%) (Campos, 

Bertuzzi et al. 2012). Similarly, semi-contact boxing (3 x 2 minute interspersed 

with a 1 minute recovery) reported greater oxidative contributions (77 ± 8%) 

compared to glycolytic contributions (4 ± 1%) (Davis, Leithäuser et al. 2014). 

While combat sports consist of diverse round and bout durations, with oxidative 

metabolism accounting for a large percentage of total energy expenditure, 

varying work-to-rest ratios occur within each round, requiring 2-14 s bursts of 

high intensity activity (Franchini 2017). For example, kickboxing has been 
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reported to contain a work-to-rest ratio of 1:1, MMA 1:2, and taekwondo 1:6 

activity (Franchini 2017). As such, regardless of the combat sport, Del Vecchio, 

Hirata et al. (2011) suggest that high intensity, intermittent training should be 

employed to improve performance.  

 

Within striking combat sports, the ability to punch is a key component in order to 

inflict physical damage, score points, and develop a tactical advantage against 

an opponent (Lenetsky, Harris et al. 2013). The punch is a complex skill that 

involves movement of arm, trunk and legs, with 17-39% of total punching force 

generated by the lower body (Filimonov, Koptsev et al. 1983; Lenetsky, Harris 

et al. 2013). While both speed and accuracy are important for a punch to be 

effective, numerous studies have reported that punching impact force is 

paramount within combat sports that require striking with the hand (Lenetsky, 

Harris et al. 2013; Halperin, Chapman et al. 2016; Loturco, Nakamura et al. 

2016). Punching impact force is primarily driven through leg drive (Filimonov, 

Koptsev et al. 1983; Loturco, Nakamura et al. 2016), although force transfer 

occurs through effective trunk rotation and arm extension (Kimm, Thiel 2015). 

Further, Loturco, Artioli et al. (2014) demonstrated that both upper and lower 

body power are positively correlated to punching acceleration and subsequent 

impact force. This implies the need for the athlete to train both the upper and 

lower body for punching success. Currently, there is limited literature on the 

effects of training programmes on striking force within combat sports (Lenetsky, 

Harris et al. 2013). Instead, literature has focussed on the analysis of 

contributing factors to punching success (e.g. punching accuracy, punching 

force), or have superficially addressed issues through the use of other sports 

such as shot putt and tennis. 

 

In order to improve punching force, it is suggested that both specific technical 

training such as striking a heavy bag or pads, and non-specific training such as 

resistance training or plyometric training should be implemented (Turner 2009; 

Turner, Baker et al. 2011; Lenetsky, Harris et al. 2013). Within combat sports, 

Turner, Baker et al. (2011) conducted a needs analysis and suggested the use 

of axial loaded movements including vertical jumps, squats, deadlifts and 

weightlifting variations in order to specifically develop the leg drive required 
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during punching. Further suggestions have been made to incorporate these 

actions with more longitudinal movements such as sled pulling, horizontal 

jumping and throws to aid in the application of force transfer (Lenetsky, Harris et 

al. 2013). Resistance training has demonstrated an effective training modality 

for improving muscular force through the use of lower repetitions against a 

greater resistance (Kraemer, Patton et al. 1995; Campos, Luecke et al. 2002; 

Kraemer and Ratamess 2004; Bird, Tarpenning et al. 2005). A meta-analysis 

observed greater increases in trained athlete muscular force development in 

studies exercising twice a week, at 4 x 8 repetition maximum (RM), with each 

set and exercise separated by 3-5 minutes of recovery (Rhea, Alvar et al. 

2003). For example, when matched for training volume, significantly greater 

increases have been observed across multiple exercises following lower 

repetition, greater intensity exercise (4 x 3-5 RM, interspersed with a 3 minute 

rest) compared to intermediate (3 x 9-11 RM, interspersed with a 2 minute rest) 

and high repetition, low intensity exercise (2 x 20-28 RM, interspersed 1 minute 

rest) (Campos, Luecke et al. 2002). However, in line with the repetition-intensity 

continuum, the lower repetition high intensity exercise group did not increase in 

time to exhaustion or aerobic power, whereas the higher repetition group did 

(Campos, Luecke et al. 2002). As such, resistance training on its own may not 

be suitable for combat sport athletes aiming to simultaneously increase 

muscular force and endurance adaptations. While complex training (integrating 

resistance training) may be used as an alternative to this, maximal strength, 

power, and maximal aerobic capacity may be limited depending on the training 

focus (Kraemer, Patton et al. 1995; Bell, Syrotuik et al. 2000; Glowacki, Martin 

et al. 2004). Despite this, a survey of 28 MMA fighters and found that 89% 

implemented some type of resistance training programme in addition to fight 

specific training, although details of the training programmes were not reported 

(Amtmann 2004). Further, anterior musculature compared to posterior 

musculature is often developed in boxers and MMA fighters, increasing the risk 

of injury (Amtmann and Berry 2003, Amtmann 2004). An alternative to 

resistance training is plyometric training, which has demonstrated 

improvements in bone density and neural function, leading to increased force 

development, muscular strength and explosive power. While this is beneficial to 

combat sport performance, a review by Markovic and Mikulic (2010) 
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demonstrated that noticeable improvements (e.g. >2%)  in performance 

variables such as sprinting, jumping, muscular endurance, muscular strength 

and muscular power, are only demonstrated following a minimum of 5 weeks 

training. Therefore, while both resistance and plyometric training may be 

considered beneficial to combat sport performance, both training methods may 

be considered time consuming. In addition, a certain degree of skill is required 

in order to instruct and complete difficult movement patterns within a safe 

environment, thus keeping the potential injury risk to a minimum. Further, 

depending on the training variables employed, increases in body mass may 

occur following resistance training, which may not be suitable in weight classed 

combat sports.  

 

An alternative training method to enhance performance is sprint interval training 

(SIT). This training paradigm utilises repeated bouts of maximal effort exercise, 

interspersed with periods of rest or low intensity exercise (MacInnis and Gibala 

2017). Currently this training modality has demonstrated both lower and upper 

physiological adaptations that may be beneficial for improved combat sport 

performance. For example, neural adaptations such as increased motor unit 

recruitment, firing rate, and synchronisation have been reported, leading to 

increases in maximum voluntary contraction, volitional wave and peak power 

output (Creer, Ricard et al. 2004; Martinez-Valdes, Falla et al. 2017; Vera-

Ibanez, Colomer-Poveda et al. 2017). Furthermore, improvements in oxidative 

related adaptations (Parra, Cadefau et al. 2000; Burgomaster, Hughes et al. 

2005; Gibala, Little et al. 2006; Burgomaster, Howarth et al. 2008), ATP 

providing metabolite storage (Rodas, Ventura et al. 2000; Burgomaster, 

Heigenhauser et al. 2006) and skeletal muscle capillerisation (Cocks, Shaw et 

al. 2013; Scribbans, Edgett et al. 2014), have been associated with 

performance improvements in peak oxygen consumption (V̇O2peak), time to 

muscular exhaustion (TTE), time trial, and muscular power (Hazell, 

MacPherson et al. 2010; Jakeman, Adamson et al. 2012; Kavaliauskas, Aspe et 

al. 2015). 

 

Despite the beneficial adaptations to SIT, and the requirement for repeated, 

intense movements of both the lower and upper extremities, there is a lack of 
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investigation into the effects of a combined lower and upper body SIT protocol 

on exercise performance. Currently, only two interventions have investigated 

the effects of a combined lower and upper body SIT protocol on performance 

measures, with no investigation occurring into combat sport performance. 

Zinner, Sperlich et al. (2017) compared the effects of SIT on lower and upper 

body performance measures in untrained males (6 sessions, 4-6 x 30 s sprints, 

interspersed with a 4 minute recovery, extremities separated by 1 hr), with 

significant increases in V̇O2peak, time trial mean power, and Wingate (WAnT) 

peak and mean power reported within both extremities. Similarly, Osawa, 

Azuma et al. (2014) reported increases in both leg and arm peak power output 

during incremental exercise tests following 32 sessions (8-12 sets, 60 s sprints 

at >90% V̇O2peak, interspersed by 60 s recovery, for both upper and lower body 

sprints) of HIIT. However, this study is not considered SIT due to the lower 

training intensity, is not time efficient due to the session duration, and reported 

increases in increases in both psoas major (9%) and anterolateral abdominal 

(7%) muscle cross sectional area, which would not be beneficial for individuals 

competing in weight classed sports such as combat sports. Yet, the 

performance improvements from combined extremity SIT and HIIT protocols, 

suggest that this training paradigm may have applications to combat sports 

where high intensity requirements from both upper and lower extremities are 

required (Del Vecchio, Hirata et al. 2011; Franchini 2017). Further, as combat 

sports are primarily driven by oxidative metabolism with contributions from 

anaerobic metabolism (Franchini 2017), short duration (e.g. <10 s sprints) SIT 

may offer a suitable, time efficient training paradigm for improving oxidative 

adaptations without reducing force output, thus improving performance. 

 

Therefore, the aim of the present study was to determine the effect of a short 

duration, combined lower and upper body SIT protocol on combat sport 

performance. It was hypothesised that the performance measures of V̇O2peak, 

incremental time to exhaustion, critical power, striking force and vertical jump 

height would improve, with a reduction in blood lactate levels following the 

combined SIT protocol. 
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 Methods 

6.4.1 Experimental Approach to the Problem 

A within-subjects repeated measures design was implemented to investigate 

the effects of SIT on combat sport performance within semi-professional combat 

sport performers. Measurements were taken at 3 time periods, each separated 

by 3 weeks; Testing 1 acted as a pre measurement, Testing 2 acted as a post 

measurement for the control period; Testing 3 acted as a post measurement for 

the training intervention. Participants acted as their own controls between 

testing 1 and 2. Each testing session was measured over a duration of 3 days, 

each separated by a 24 hr period as follows: day 1, squat jump, counter 

movement jump (CMJ), impact tests using jab and cross striking movements, 

and a boxing simulation to determine blood lactate (BLa) and heart rate (HR); 

day 2, incremental exercise test to exhaustion to determine V̇O2peak; day 3, all-

out critical power test (CP).  

 

6.4.2 Participants 

Nine male semi-professional combat sport performers (3 MMA, 6 kickboxing; 

age 26 ± 6 years; height 178 ± 3 cm; body mass [BM] 81 ± 11 kg) volunteered 

to participate within the study. One participant was forced to withdraw due to 

injury suffered outwith the study. The study was fully approved by the Abertay 

University Ethics Committee and carried out in line with the Declaration of 

Helsinki, 2013. Participants provided written consent and a completed Physical 

Activity Readiness Questionnaire to screen for any health issues, following 

being made fully aware of the study procedures, including the right to withdraw 

at any point. All participants completed a familiarisation trial of all testing 

procedures prior to pre testing, and were asked to fast for 4 hr prior and to void 

the bladder prior to any intervention measures. 
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6.4.3 Procedures 

6.4.3.1 Vertical Jump and Impact Measures 

The squat jump and CMJ were completed in line with the protocols outlined by 

(Loturco, Nakamura et al. 2016). For both jumps, hand position was maintained 

on the hips throughout the jump duration, with the squat jump beginning in a 

static position with a 90º knee flexion angle. This position was maintained for 2 

s prior to the jump attempt without any preparatory movement. The CMJ 

involved a downward movement followed by the complete extension of the 

lower limb joints in a freely determined amplitude of countermovement to avoid 

any changes in jumping co-ordination movement pattern. Three attempts 

occurred for each jump, separated by a 15 s duration. Vertical jumps were only 

valid for analysis if the take-off and landing positions were visually similar. All 

jumps were performed on an AMTI (Advanced Mechanical Technology Inc., 

MA, USA) force plate 1.02 x 0.76 x 0.12 m with custom designed software 

(AccuPower; AMTI, Graz, Austria) at a sample rate of 1200Hz. The flight time (t) 

method was used to estimate the rise of the body’s centre of gravity (h) during 

each vertical jump (i.e., h = gt2/8, where g = 9.81m·s-2) (Loturco, Nakamura et 

al. 2016).  

 

A second force platform of the same model sampling at 1200Hz was mounted 

on the wall at a height of 1 m perpendicular to the floor in order to determine 

punching impact measures (Loturco, Nakamura et al. 2016). To prevent injuries 

the plate was covered by a 30 x 20 x 4.5 cm solid foam covering with 

participants using their own MMA competition gloves with open finger holes. A 

pilot study indicated that the absorption effect from the foam covering on impact 

forces was < 7% compared to impact forces with no foam covering (Chapter 

3.2.8 Force Platform, Table 3.1). Prior to impact measurements individual 

standardised punching positions were established by measuring the distance 

from the front foot to the wall at a position which resulted in the full extension of 

the dominant arm, after striking both with a jab and a cross. A standardised 

warm up was completed involving three minutes of shadow boxing followed by 

submaximal striking attempts on the foam covering. The participants performed 

12 maximal striking attempts on the target following the protocol employed by 
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Loturco, Nakamura et al. (2016). The striking attempts included 3 jabs from a 

standardised position (SJ), 3 crosses from a standardised position (SC), 3 jabs 

from a self-selected position (MJ), and 3 crosses from a self-selected position 

(MC). The self-selected position was determined by the each participant to 

allow for maximal performance. A 15 s recovery was given between each punch 

and 1 minute interval was provided between each type of punch. Verbal 

motivation was provided throughout to encourage participants to hit the target 

as forcefully as possible. Immediately following the simulated boxing rounds, 

participants completed a further 12 striking attempts using the same protocols 

outlined.  

 

All striking impact data were low-pass filtered using a 25 Hz cut off frequency 

Butterworth filter based on a residual analysis of the data. Cut off points to 

determine the point of striking impact and exit were taken, with excess data 

excluded from analysis. An average baseline value was calculated, with the 

point of striking impact determined as the force data point that was double the 

value of the preceding force data point. The point of striking exit (removal of fist 

from the force platform) was determined as a return to baseline force value. 

Data selected for analysis was normalised for time to 101 data points using a 

cubic spline algorithm sheet on Microsoft Excel 2016 to reduce variance in 

punching technique. Peak striking force (e.g. SJpeak) was determined as the 

highest recorded impact force during each punch. Total striking force (e.g. 

SJforce) was calculated as an integral of the force versus time relationship from 

the point of impact to the point of peak force. 

 

6.4.3.2 Blood Lactate and Boxing Simulation 

Following initial vertical jump and impact tests participants were equipped with a 

HR monitor (Polar Electro, Kempele, Finland). Participants wore open finger 

MMA gloves to increase hand protection and allow easier access for blood 

lactate to be collected throughout the boxing simulation. 2 x 2 minute simulated 

boxing rounds occurred with a 1 minute interval provided between each round 

where participants remained seated. Simulated boxing rounds were chosen due 

to the relevance of the punch within combat sports. A prescribed audio striking 
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sequence was constructed based on data presented in Davis, Wittekind et al. 

(2013) on the number of punches and combinations thrown per round, with 

participants instructed to produce maximum effort for each punch. A trained 

combat sport instructor held boxing mitts for participants to strike against. 

Participants were instructed to move away from the target following each 

punch/punch combination and simulate defensive movements similar to those 

used within competition, and to move back into punching distance when the 

audio cue instructed. Participant HR was monitored throughout with BLa 

measurements taken on 5 occasions; at rest prior to any measurements, 

immediately following round 1, immediately prior to round 2, immediately 

following round 2, and 1 minute following round 2. BLa samples were taken 

from a standardised position of the index finger of each participant in order to 

determine BLa concentrations. The skin was punctured using an Accu-check 

single use lancet (Roche Diagnostics, UK) with pressure applied to the finger to 

draw the blood. The initial blood drop was discarded with the second drop 

collected for analysis. A coded reagent strip was inserted into the Lactate Pro 

(Lactate pro, Arkay Inc., Kyoto, Japan) and filled with the blood sample. 

 

6.4.3.3 Incremental Exercise Test to Exhaustion 

Participants were fitted with a rubber face mask and connected to a calibrated 

breath by breath oxygen analyser (Metalyzer®3B gas analyser, Cortex, Leipzig, 

Germany) and attached to a dampened HR monitor (Polar Electro, Kempele, 

Finland) to record respiratory gas exchange and heart rate respectively. Peak 

oxygen consumption (V̇O2/ml/min/kg) was recorded with V̇O2peak taken as the 

highest 30 s average achieved through the duration of each test. A 4 minute 

warm up occurred against the resistance of an unweighted cradle (1 kg) at a 

speed of 60 rpm on a Monark cycle ergometer (Monark Ergomedic 891E, 

Varberg, Sweden). Following this duration 30 W increments occurred every 

minute until the point of exhaustion. The point of exhaustion was defined as the 

time at which the participant could no longer maintain 60 rpm or chose to stop 

(Lorimer and Babraj 2013). Strong verbal encouragement was provided 

throughout the test. 
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6.4.3.4 Critical Power 

Critical power (CP) was measured through the use of a 3 minute maximal effort 

cycling test. Participants completed a 3 minute warm up on a cycle ergometer 

(Monark Ergomedic 894E, Varberg, Sweden) at 60 rpm against a 1kg 

resistance. The test began once a pedal cadence of 110 rpm was reached 

following which the applied load (4.5% BM) was automatically applied. 

Participants were instructed to sprint at a maximum intensity for the test 

duration. Strong verbal encouragement was provided throughout, with no 

indication of time given to minimise the use of pacing tactics. Power output 

(Watts) was recorded using Monark software (Monark Anaerobic Test Software 

Version 2.24.2, Monark Exercise AB), with CP taken as the average power over 

the final 30 s of the test, and anaerobic work capacity (AWC) calculated as the 

integral of the power output vs. time relationship above CP (Bergstrom, Housh 

et al. 2012).  

  

6.4.4 Training Intervention  

Participants completed 3 SIT sessions each week, with the training intervention 

lasting a duration of 3 weeks. Each SIT session was separated by a minimum 

rest of 48 hr to allow recovery. Each exercise session consisted of a 4 minute 

warm up at a cadence of 60 rpm against no applied resistance on a cycle 

ergometer (Monark Ergomedic 894E, Varberg, Sweden). Following a 5 s 

countdown, 8 x 10 s maximal effort sprints on a cycle ergometer (Monark 

Ergomedic 894E, Varberg, Sweden) at a resistance of 8% BM were completed. 

The resistive load was automatically applied once the pedal cadence reached 

110 rpm. A 30 s self-paced active recovery was completed between each sprint 

with no resistance on the flywheel. This protocol was repeated for each sprint. A 

1 minute recovery period was provided prior to completing the upper body SIT 

where participants remained seated to standardise recovery and replicate break 

duration during combat sport bouts. 8 x 10 s maximal effort sprints were 

completed on an arm ergometer (Monark Ergomedic 891E Arm Crank 

Ergometer, Vansbro, Sweden) at a resistance of 4.5% BM immediately 

following the 1 minute recovery period. A 30 s self-paced active recovery was 
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completed between each sprint with no resistance on the flywheel. This protocol 

was repeated for each sprint. Within each training session, peak power output 

(W), mean power output (W) and work done (kJ) were recorded (Monark 

Anaerobic Test Software Version 2.24.2, Monark Exercise AB). Peak power 

output was taken as the highest recorded power output over a 5 s duration, 

mean power output was taken as the mean power output over the 30 s test 

duration, and work done was taken as the total power output over the 30 s 

duration. 

 

6.4.5 Statistical Analysis 

All statistical tests were completed on the statisticial package R, with Jamovi 

(version 1.1.9) interface for Windows operating system. All data are presented 

as mean ± SD. A Shapiro-Wilk test and visual analysis were conducted to 

ensure the normal distribution of data. A one-way analysis of variance (ANOVA) 

was used to determine the difference between each testing session for BM, 

BMI, TTE, V̇O2peak, CP and AWC, and across each training session for training 

peak power output, training mean power output and work done. Lactate change 

from pre round 1 was analysed using a one-way repeated measures ANOVA at 

each time point. Where significance was observed, a Bonferroni post hoc test 

was run to determine where the difference lay. Vertical jump and striking impact 

measures were analysed using a linear mixed effects model with factor (pre and 

post-fight simulation) and time (pre, post control and post intervention) (Casals, 

Girabent-Farres, et al. 2014). The magnitude of change was calculated using 

Cohen’s D effect sizes (ES). The ES was interpreted as ≤ 0.1 trivial, ≤ 0.2 small, 

≤ 0.5 moderate, and ≥ 0.8 large (Cohen 1992; Rice and Harris 2005; Fröhlich, 

Emrich et al. 2009). Significance was accepted at p < 0.05 in line with standard 

practice. 
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 Results 

6.5.1 Anthropometric and Performance Measures 

The Shapiro-Wilk test and visual analysis showed no significant depature from 

normality for any anthropometric or performance measure (p > 0.05). 

Bodymass, W(7) = 0.85, p = 0.10; BMI, W(7) = 0.87, p = 0.13; TTE, W(7) = 

0.87, p = 0.14; V̇O2peak, W(7) = 0.97, p = 0.92; CP, W(7) = 0.86, p = 0.16; AWC, 

W(7) = 0.94, p = 0.64.  

 

The one way ANOVA reported a significant increase in TTE and AWC 

measures (p < 0.05), although no change occurred across each testing point for 

anthropometric measures, V̇O2peak or CP (p > 0.05). Bodymass, F(2,14) = 

0.003, p = 1.0; BMI, F(2,14) = 0.002, p = 1.0; TTE, F(2,13.8) = 0.66, p = 0.005; 

V̇O2peak, F(2,12.9) = 0.21, p = 0.81; CP, F(2,13) = 0.32, p = 0.73; AWC, 

F(2,13.3) = 1.59, p = 0.02, Table 6.1. The bonferroni post hoc test reported a 

significant increase in both TTE (p = 0.03) and AWC (p = 0.02) when compared 

to post control measures following 3 weeks of SIT.     

 

Effect sizes ranged from trivial to moderate across bodymass (control period: 

ES = 0.0; intervention period: ES = 0.0); BMI (control period: ES = 0.0; 

intervention period: ES = 0.0); TTE (control period: ES = 0.0; intervention 

period: ES = 0.5); V̇O2peak (control period: ES = 0.2; intervention period: ES = 

0.2); CP (control period: ES = 0.2; intervention period: ES = 0.2); and AWC 

(control period: ES = 0.4; intervention period: ES = 0.4) measures. 
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Table 6.1: Participant characteristics for BM, BMI, TTE, V̇O2peak, CP and AWC.  

Parameter Pre  
Control 

Post  
Control 

Post 
Intervention 

% Change1 
(Control Period) 

% Change2 
(Intervention Period) 

BM (kg) 81.6 ± 10.7 81.8 ± 10.6 81.4 ± 10.4 0.4 ± 2.2 -0.5 ± 1.7 

BMI (kg.m-2) 25.6 ± 2.8 25.7 ± 3.0 25.6 ± 2.9 0.2 ± 1.7 -0.3 ± 1.8 

TTE (s) 529.1 ± 86.1 531.6 ± 61.0 564.6 ± 64.4* 1.6 ± 8.9 6.2 ± 4.1 

V̇O2peak (ml/min/kg) 45.2 ± 8.8 46.7 ± 10.0 48.64 ± 10.9 3.2 ± 13.1 4.2 ± 9.0 

CP (W) 186.7 ± 37.4 194.3 ± 36.9 201.5 ± 32.0 2.4 ± 7.5 5.0 ± 13.0 

AWC (J) 19721.5 ± 2983 21151.8 ± 3555.6 22669.5 ± 3258.3* 5.9 ± 6.6 7.6 ± 6.5 

Values are expressed as mean ± SD. BM, body mass; BMI, body mass index; TTE, incremental test to exhaustion; V̇O2peak, peak 

oxygen uptake; CP, critical power; AWC, anaerobic work capacity. % Change1 is the percentage change in mean data between pre 

and post control testing sessions. % Change2 is the percentage change in mean data between post control and post intervention 

testing sessions. *Indicates p < 0.05 compared to post control. 
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6.5.2 Striking and Vertical Jump Measures 

The linear mixed effects model showed a significant decrease (p < 0.05) in 

striking measures at pre control from pre to post fight simulation, with the 

exception of MCpeak and MJforce. SJpeak, F(1,39) = 13.39, p = 0.00, ES = 0.5; 

SCpeak, F(1,39) = 7.44, p = 0.01, ES = 0.4; MJpeak, F(1,39) = 4.33, p = 0.04, ES 

= 0.2; MCpeak, F(1,39) = 1.81, p = 0.19, ES = 0.3; SJforce, F(1,39) = 8.59, p = 

0.01, ES = 0.5; SCforce, F(1,39) = 4.38, p = 0.04, ES = 0.3; MJforce, F(1,39) = 

3.83, p = 0.06, ES = 0.3; MCforce, F(1,39) = 4.01, p = 0.05, ES = 0.3; Table 6.2). 

 

No significant change occurred in punching measures at post control from pre 

to post fight simulation. SJpeak, F(1,39) = 0.65, p = 0.42, ES = 0.1; SCpeak, 

F(1,39) = 0.36, p = 0.55, ES = 0.1; MJpeak, F(1,39) = 1.81, p = 0.19, ES = 0.2; 

MCpeak, F(1,39) = 0.02, p = 0.89, ES = 0.0; SJforce, F(1,39) = 0.16, p = 0.69, ES 

= 0.0; SCforce, F(1,39) = 0.78, p = 0.38, ES = 0.1; MJforce, F(1,39) = 0.25, p = 

0.62, ES = 0.1; MCforce, F(1,39) = 0.05, p = 0.83, ES = 0.0; Table 6.2).  

 

Post intervention, MCpeak and MCforce significantly decreased from pre to post 

fight simulation with no significant changes in other striking measures. SJpeak, 

F(1,39) = 3.85, p = 0.06, ES = 0.3; SCpeak, F(1,39) = 0.01, p = 0.93, ES = 0.0; 

MJpeak, F(1,39) = 1.55, p = 0.22, ES = 0.2; MCpeak, F(1,39) = 5.70, p = 0.02, ES 

= 0.6; SJforce, F(1,39) = 0.18, p = 0.67, ES = 0.1; SCforce, F(1,39) = 0.24, p = 

0.63, ES = 0.1; MJforce, F(1,39) = 0.45, p = 0.51, ES = 0.1; MCforce, F(1,39) = 

4.43, p = 0.04, ES = 0.5; Table 6.2).  

 

Compared to pre control, SJpeak significantly increased at post control and post 

intervention, with MJpeak significantly increasing at post intervention only (p < 

0.05). SJpeak; Post control, F(1,131) = 4.34, p = 0.04; Post intervention, SJpeak, 

F(1,131) = 9.77, p = 0.00; MJpeak, Post intervention, MJpeak, F(1,131) = 3.82, p = 

0.05; Table 6.2). No change was reported for other striking measures at each 

testing period (p > 0.05).   

 

When punch type was grouped irrespective of type, there was an increase in 

peak force between pre and post measures at post intervention compared to 
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pre control, but not post control. Peak force; Post control, F(1,560) = 3.32, p = 

0.07; Post intervention, F(1,560) = 4.89, p = 0.03. Total force between pre and 

post measures was not signficiantly different at post control or post intervention 

when compared to pre control. Total force; Post control, F(1,559) = 3.2, p = 

0.07; Post intervention, F(1,559) = 1.95, p = 0.16. 

 

The linear mixed effects model showed a significant increase (p < 0.05) in CMJ 

across all three testing periods from pre to post fight simulation, with squat jump 

significantly increasing at post control only. Pre control; CMJ, F(1,39) = 6.87, p 

= 0.01, ES = 0.3; Squat jump, F(1,39) = 2.9, p = 0.1, ES = 0.1; Post control; 

CMJ, F(1,39) = 15.43, p = 0.00, ES = 0.4; Squat jump, F(1,39) = 10.52, p = 

0.00, ES = 0.3; Post intervention; CMJ, F(1,39) = 4.24, p = 0.05, ES = 0.2; 

Squat jump, F(1,39) = 2.92, p = 0.1, ES = 0.1.    
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Table 6.2: Participant Characteristics for Striking Peak Force, Total Force and Vertical Jump Measures 

Values are expressed as mean ± SD. %, Percentage change from pre to post measure; SJpeak, standing jab peak force; SCpeak, 

standing cross peak force; MJpeak, moving jab peak force; MCpeak, moving cross peak force; SJforce, standing jab force; SCforce, 

standing cross force; MJforce, moving jab force; MCforce, moving cross force; CMJ, counter movement jump. * Indicates p < 0.05 

between pre and post fight simulation; ** Indicates p < 0.01 between pre and post fight simulation; *** Indicates p < 0.001 between 

pre and post fight simulation; † Indicates p < 0.05 compared to pre control.

 Pre Control Post Control Post Intervention 
Parameter Pre Post % Pre Post % Pre Post % 

SJpeak (N) 1209.6 ± 
239.7 

1111.9 ± 
186.9*** -7.4 ± 7.5 1097.9 ± 

150.9 
1114.9 ± 
180.7† 

1.3 ± 6.0 1205.4 ± 
223.1 

1280.0 ± 
353.3† 

5.7 ± 16.4 

SCpeak (N) 1611.3 ± 
308.4 

1498.6 ± 
251.9** -6.1 ± 9.7 1517.4 ± 

253.9 
1508.9 ± 

244.5 -0.1 ± 8.0 1552.0 ± 
254.4 

1556.0 ± 
182.8 1.7 ± 13.8 

MJpeak (N) 1303.9 ± 
270.9 

1235.5 ± 
281.1* -5.2 ± 8.4 1227.1 ± 

268.7 
1182.9 ± 

257.6 -2.4 ± 15.0 1294.9 ± 
295.0 

1372.0 ± 
383.6† 

7.8 ± 28.5 

MCpeak (N) 1759.3 ± 
307.1 

1702.8 ± 
324.3 -3.2 ± 7.4 1603.5 ± 

282.1 
1597.9 ± 

268.1 0.2 ± 9.2 1706.8 ± 
285.4 

1561.4 ± 
236.8* -7.0 ± 16.2 

SJforce (N/ms) 13.8 ± 2.5 12.7 ± 2.1** -6.8 ± 8.2 12.6 ± 2.1 12.7 ± 2.7 0.4 ± 6.3 13.2 ± 2.4 13.1 ± 2.1 -0.5 ± 6.2 
SCforce (N/ms) 17.3 ± 3.4 16.3 ± 2.7* -4.6 ± 11.7 16.4 ± 2.9 16.1 ± 2.9 -1.9 ± 8.0 16.9 ± 2.6 16.7 ± 1.7 -0.1 ± 12.8 
MJforce (N/ms) 15.3 ± 3.1 14.4 ± 3.3 -6.3 ± 5.7 14.0 ± 3.3 13.7 ± 3.7 -1.1 ± 17.2 14.8 ± 3.3 15.2 ± 4.1 5.2 ± 25.7 
MCforce (N/ms) 18.8 ± 3.3 17.8 ± 3.3* -4.8 ± 7.0 17.1 ± 3.1 17.0 ± 3.1 0.1 ± 12.0 18.3 ± 3.3 16.9 ± 2.3* -6.0 ± 17.0 
CMJ (cm) 34.0 ± 5.3 36 ± 6.0* 5.8 ± 7.2 34.8 ± 5.8 37.0 ± 5.7*** 6.8 ± 4.7 33.4 ± 7.0 34.6 ± 7.0* 4.1 ± 8.1 
Squat Jump (cm) 30.1 ± 5.4 30.9 ± 6.0 2.5 ± 2.9 29.7 ± 4.6 31.0 ± 5.2** 4.1 ± 2.4 28.8 ± 5.4 29.5 ± 6.0 2.2 ± 5.1 
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6.5.3 Blood Lactate Accumulation 

The repeated measures ANOVA demonstrated no significant difference at Post 

Rd 1, (F(2,21) = 2.5, p = 0.11), but did at all other measurement points (p < 

0.05). Pre Rd 2, F(2,21) = 4.18, p = 0.3; Post Rd 2, F(2,21) = 3.62, p = 0.04; Pre 

Rd 3, F(2,21) = 5.52, p = 0.01, Figure 6.1). The bonferroni post hoc test 

reported no significant differences at any lactate measure between pre and post 

control (Pre Rd 2, p = 0.8; Post Rd 2, p = 1.0; Pre Rd 3, p = 1.0), or post control 

and post intervention (Pre Rd 2, p = 0.3; Post Rd 2, p = 0.25; Pre Rd 3, p = 

0.67), although there were significant differences across all lactate measures 

between pre control and post intervention measurements (Pre Rd 2, p = 0.03; 

Post Rd 2, p = 0.04; Pre Rd 3, p = 0.01).   

 

 
Figure 6.1: Blood lactate fold change across boxing simulation rounds. Values 

are expressed as mean with standard error bars removed for visual clarity. * 

indicates p < 0.05 compared to pre control.  
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6.5.4 Training Session Data 

The Shapiro-Wilk test and visual analysis showed no significant departure from 

normality for any training session variable (p > 0.05). Training peak power 

output (W), W(7) = 0.93, p = 0.47; Training peak power output (W/kg), W(7) = 

0.92, p = 0.44; Training mean power output (W), W(7) = 0.93, p = 0.47; Training 

mean power output (W/kg), W(7) = 0.90, p = 0.30; Training work done (kJ), 

W(7) = 0.92, p = 0.47.  

 

The one way ANOVA reported no significant differences across each training 

session for the intervention duration (p > 0.05). Training peak power output (W), 

F(8,26.2) = 0.48, p = 0.86; Training peak power output (W/kg), F(8,26.2) = 0.48, 

p = 0.86; Training mean power output (W), F(8,26.2) = 0.05, p = 1.0; Training 

mean power output (W/kg), F(8,26.2) = 0.05, p = 1.0; Training work done (kJ), 

F(8,26.2) = 0.05, p = 1.0, Table 6.3.  
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Table 6.3: Lower Extremity Training Ouput Variables 

Values are expressed as mean ± SD.  

 

 

 Training Session Number 
Training Parameter 1 2 3 4 5 6 7 8 9 
Peak power output (W) 918.38 ± 

153.42 
892.99 ± 
140.27 

968.09 ± 
136.37 

887.21 ± 
134.90 

887.05 ± 
181.96 

908.81 ± 
136.01 

879.51 ± 
137.18 

881.41 ± 
142.23 

843.66 ± 
108.73 

Peak power output (W/kg) 11.39 ± 
1.47 

11.12 ± 
1.80 

12.05 ± 
1.67 

11.06 ± 
1.74 

11.03 ± 
2.28 

11.34 ± 
1.88 

10.98 ± 
1.97 

10.95 ± 
1.59 

10.51 ± 
1.41 

Mean power output (W) 586.77 ± 
97.32 

580.47 ± 
83.97 

601.03 ± 
98.10 

584.20 ± 
101.97 

598.00 ± 
104.35 

602.88 ± 
111.84 

592.19 ± 
101.97 

598.99 ± 
113.79 

599.00 ± 
120.11 

Mean power output (W/kg) 7.30 ± 
1.15 

7.22 ± 
1.02 

7.48 ± 
1.23 

7.25 ± 
1.14 

7.42 ± 
1.14 

7.48 ± 
1.24 

7.36 ± 
1.23 

7.43 ± 
1.27 

7.43 ± 
1.39 

Work Done (kJ) 46.94 ± 
7.79 

46.44 ± 
6.72 

48.08 ± 
7.85 

46.74 ± 
8.16 

47.84 ± 
8.35 

48.23 ± 
8.95 

47.37 ± 
8.16 

46.51 ± 
10.01 

47.92 ± 
9.61 
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 Discussion 

The present study demonstrates that 9 sessions of a combined lower and upper 

body SIT protocol (8 x 10 s maximal effort sprints, interspersed with 30 s 

recovery, 1 minute recovery between extremities) can effect performance 

adaptations in combat sport athletes. The SIT intervention resulted in a 

significant increase in TTE and AWC when compared to the control period, 

although no change in either CP or V̇O2peak was observed. Increases in striking 

peak force, and recovery from a fight simulation were demonstrated, collectively 

showing that SIT is a time efficient, beneficial method of training for combat 

sport performers.  

 

6.6.1 Peak Oxygen Consumption 

The participant pre control V̇O2peak value of 45.2 ± 8.8 ml·kg-1·min-1 (Table 6.1) 

is similar to other reported values in both experienced kickboxers (49.1 ± 4.6 

ml·kg-1·min-1) (Slimani, Miarka et al. 2017), and semi-professional MMA fighters 

(44.22 ± 6.69 ml·kg-1·min-1) (de Oliveira, Follmer et al. 2015), demonstrating a 

relevant representative sample of the population in these sports. Within the 

present study, similar to the findings within Study 2, no improvement was 

reported V̇O2peak following 9 sessions of a combined lower and upper body SIT 

protocol (Table 6.1), depite the reported improvements in Study 1. However, 

this is unsurprising due to studies 2 and 3 utilising the same training protocol 

with the exception of recovery duration between extremities. As previously 

discussed, within current literature, contrasting findings have been reported 

regarding adaptations in V̇O2peak following both lower (Hazell, MacPherson et al. 

2010; Skleryk, Karagounis et al. 2013; Kavaliauskas, Aspe et al. 2015; Lloyd 

Jones, Morris et al. 2017), and combined (Osawa, Azuma et al. 2014; Zinner, 

Sperlich et al. 2017) SIT and HIIT interventions, due to differences in assigned 

acute programme variables. Within the present study, the lack of V̇O2peak 

improvement may be due to insufficient adaptations in pulmonary diffusing 

capacity, maximal cardiac output, O2 transport within the blood, and 

characteristics of skeletal muscle (Bassett and Howley 2000). However, while 

the training parameters in the present study may not have provided a great 
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enough stimulus for V̇O2peak adaptation to occur, central adaptations such as 

maximal cardiac output and O2 transport within the blood may have occurred to 

some extent. While these have been discussed in more detail previously 

(Chapter 4.6.1.1. Peak Oxygen Consumption; Chapter 5.6.2 Alterations in 

Oxygen Kinetics to Sprint Interval Training), these adaptations potentially 

include improved cardiac function, O2 pulse, resting stroke volume, and left 

ventricular hypertrophy (Astorino, Allen et al. 2012; Matsuo, Saotome et al. 

2014; Yamagishi and Babraj 2017).  

 

6.6.2 Incremental Time to Exhaustion 

The present study is the first to measure exercise capacity through TTE in semi-

professional combat sport performers. The 6.2% increase in TTE is similar to 

the 6.4% increase reported by Kavaliauskas, Aspe et al. (2015) following 6 

sessions of lower extremity SIT (6 x 10 s sprints, 7.5% BM resistance) in long 

distance runners. Similar to Study 2, the lack of increase in V̇O2peak suggests 

that the increase in TTE performance is primarily being driven by peripheral 

adaptations such as improved O2 delivery to skeletal muscle, O2 uptake into 

skeletal muscle and adaptations in lactate metabolism. While these have been 

discussed in more detail previously (Chapter 4.6.1.2. Incremental Time to 

Exhaustion; Chapter 5.6.2 Alterations in Oxygen Kinetics to Sprint Interval 

Training), this includes increases in blood flow, skeletal muscle capillerisation 

(Tordi, Perrey et al. 2003; Cocks, Shaw et al. 2013; Scribbans, Edgett et al. 

2014; Cocks, Shaw et al. 2016), mitochondrial biogenesis and density, and 

enzymatic function (Burgomaster, Hughes et al. 2005; Gibala, Little et al. 2006; 

Burgomaster, Howarth et al. 2008). This has been shown to result in improved 

O2 delivery, oxidative capacity, and reduced accumulation of fatigue resulting 

metabolites (Jensen, Bangsbo et al. 2004; Krustrup, Hellsten et al. 2004; 

MacLaren and Morton 2012), thus allowing for greater force production to occur 

over an extended period of time (Gibala, McGee et al. 2009), improving 

incremental TTE performance. 
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6.6.3 Critical Power and Anaerobic Work Capacity 

The present study is the first to measure CP and AWC in semi-professional 

combat sport performers, despite the underlying physiology being important 

parameters in combat sports. Similalry to the findings of Study 2, no 

improvement in CP was reported over the intervention period, although AWC 

significantly improved by 7.6% (Table 6.1). The lack of improvement in CP is in 

contradiction to findings reported by others (Zelt, Hankinson et al. 2014; 

Yamagishi and Babraj 2017), although a lower number of sessions was utilised 

within both Studies 2 and 3 (9 compared to 12-18), implying that these 

adaptations may either be effected by training session number, or require a 

greater increase prior to being evidenced through the use of the demanding 3 

minute CP test. The significant increase in AWC suggests that combined 

extremity SIT increases metabolite storage capacity, enzymatic activity and/or 

adaptations in muscular buffering capacity, such as those discussed previously 

(Chapter 4.6.2 Anaerobic Adaptations to Combined Sprint Interval Training; 

5.6.5 Critical Power and Anaerobic Work Capacity), despite the lack of change 

within training session power or work done (Table 6.3). Interestingly, despite the 

potential issues with the CP test within Study 2, the similar findings within the 

present study imply that the AWC values reported following the intervention 

may be more accurate than initially hypothesised. However, due to the 

uncertainty of the increases in AWC and increases in CP over the intervention 

period within Study 2, further investigation in this area is warranted.   

 

6.6.4 Alterations in Lactate Metabolism 

The blood lactate measures taken during the fight simulation within the present 

study were similar to some (Smith, Dyson et al. 2001; Khanna and Manna 

2006) but lower than other studies implementing fight simulations (Ghosh 2010; 

Davis, Leithäuser et al. 2014). The fight simulation was designed to replicate 

standard boxing rounds with the number and combination of punches thrown 

per round based on data presented by Davis, Wittekind et al. (2013). Further, 

participants were encouraged to mimic a boxing contest through completing 

defensive actions and striking with maximum effort in each punch. Therefore, 

the difference in blood lactate values reported in the present study compared to 
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others may be due to various factors such as utilising different fight simulation 

content, the anaerobic fitness levels of participants, and different bout durations 

(Davis, Leithäuser et al. 2014). Following the SIT intervention there were 

significant adaptations in blood lactate accumulation compared to pre control 

measures, with no change reported over the control period (Figure 6.1). This 

suggests that there may be alterations in lactate production, utilisation or 

transport within skeletal muscle. Decreased lactate production may occur due to 

either a decreased rate of glycogenolysis or increased pyruvate dehydrogenase 

activity (Burgomaster, Hughes et al. 2005; Burgomaster, Howarth et al. 2008). 

Adaptations in lactate transporter activity through enhanced monocarboxylate 

transporter MCT1 and MCT4 content have been reported following SIT 

(Pilegaard, Domino et al. 1999; Burgomaster, Cermak et al. 2007) and may 

have increased the utilisation and transport of lactate within the present study. 

MCT1 is more prevalent in type I muscle fibres for lactate uptake into oxidative 

cells whereas MCT4 is more prevalent in type II muscle fibres for lactate 

removal from glycotic cells (Pilegaard, Terzis et al. 1999; MacLaren and Morton 

2012). An increase in lactate transporter activity allows for greater movement 

through the lactate shuttle, thus maintaining a lower blood lactate concentration 

at the same absolute workload (Jacobs, Rasmussen et al. 2011). Further, 

increased lactate transporter activity has been reported as a key factor for 

maintaining force (Pilegaard, Domino et al. 1999) and has been linked with 

improved time trial (Jakeman, Adamson et al. 2012), time to exhaustion 

(Kavaliauskas, Aspe et al. 2015) and critical power (Yamagishi and Babraj 

2017) following SIT. This may explain the increases in TTE, and contribute to 

improved striking performance measures observed in the present study (Table 

6.1).  

 

6.6.5 Striking Force Performance Measures 

The reliability measures for striking force were determined as good reliability’ 

with a CV% of <10% (3.2.8 Force Platform, Table 3.1). Therefore, it may be 

assumed that the changes observed from pre to post fight simulation, and pre to 

post intervention were due to factors other than poor force platform reliability. At 

pre control there was a significant decrease in striking peak and total force 
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following the fight simulation (Table 6.2), coinciding with an increase in blood 

lactate compared to pre round 1 (Figure 6.1). This suggests that the fight 

simulation was effective in fatiguing participants, as would occur in contested 

combat sport bouts. However, no significant changes were observed in striking 

peak and total force at either post control or post intervention from pre to post 

fight simulation (Table 6.2). As participants completed the same fight simulation 

(e.g. same absolute workload) during each testing session improvements in 

recovery mechanisms may have occurred, allowing muscular force to be 

generated to the same degree. Adaptations in central mechanisms such as 

increased maximal cardiac output and O2 blood transport (4.6.1 Aerobic 

Adaptations to Combined Sprint Interval Training) or peripheral adaptions such 

as increased PCr recovery, capillerisation, skeletal muscle glycogen storage, 

and improved lactate shuttling may contribute to this (4.6.2. Anaerobic 

Adaptations to Combined Sprint Interval Training; 5.6.2 Alterations in Oxygen 

Kinetics to Sprint Interval Training).  

 

Significant increases in SJpeak and MJpeak were observed following the SIT 

intervention from pre to post fight simulation (Table 6.2). This demonstrates that 

the combined extremity SIT protocol implemented in the present study has a 

practical application in combat sports for improving peak force during a striking 

jab. Rear hand peak punching force (SCpeak, MCpeak) is dependent on 

contributions from arm musculature, trunk rotation, and lower limb drive off the 

ground (Filimonov, Koptsev et al. 1983; Lenetsky, Harris et al. 2013; Cheraghi, 

Alinejad et al. 2014). Further, leg drive contribution is considered of greater 

importance to peak force generation than either arm musculature or trunk 

rotation (Filimonov, Koptsev et al. 1983). The lack of increase in SCpeak and 

MCpeak may be due to either a lack of force transfer into the upper limbs from the 

lower body, or through limited neural adaptations within the lower body. The 

latter is supported by the lack of increase in vertical jump performance (Table 

6.2), where neural activation is a key component (Nicol, Avela et al. 2006). 

Increases in front hand punching force (SJpeak, MJpeak) may have occurred 

despite limited lower body neural changes. While leg drive contributes to jab 

performance (Loturco, Nakamura et al. 2016), the force transfer primarily occurs 

through trunk rotation and arm extension (Kimm, Thiel 2015). Upper body arm 
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crank training, and combined lower and upper body HIIT training, has 

demonstrated activation of the trunk muscles for both stabilisation and force 

generation purposes (Abel, Vega et al. 2003; Verellen, Meyer et al. 2012; 

Osawa, Azuma et al. 2014). As such, neural adaptations may have been 

stimulated in the upper but not lower body through the protocol employed. The 

resistive force in the upper body may have been proportionally greater to that in 

the lower body due to differences in muscle fibre number and type. The greater 

proportional resistance may have induced greater fatigue during training 

sessions, thus limiting the neural stimuli for optimal force and velocity 

development (Aagaard, Simonsen et al. 2002; Creer, Ricard et al. 2004; 

McCaulley, McBride et al. 2009). However, when punch was grouped 

regardless of type, there was a significant increase in peak force from pre to 

post fight simulation following the SIT intervention. Statistically, an increased 

number of data points provides greater power to the general linear model, thus 

reducing the probability of a type II error (Field 2013). As such, this tentatively 

implies that SIT may increase striking peak force regardless of punch type, and 

that the lack of data is limiting the findings. However, it is suggested that further 

investigation occurs into this area before sound conclusions are taken.   

 

6.6.6 Vertical Jump Performance Measures 

Squat Jump and CMJ have been widely used within combat sports to determine 

lower limb explosive power (Turner 2009; Chaabene, Hachana et al. 2012; Alm 

and Yu 2013; Ouergui, Hammouda et al. 2014; Loturco, Nakamura et al. 2016). 

In the present study, vertical jump performance did not improve compared to 

pre control (Table 6.2). This finding is similar to others, with no change in squat 

jump or CMJ occurring after 5 weeks (3 x 1 hr sessions per week, 2 minute 

specific kickboxing exercises interspersed with a 1 minute recovery, intensity of 

71-77% HRmax) (Ouergui, Hssin et al. 2014) or 6 weeks (3 x 3-90 s sprints at 

90-95% HRmax) (Fernandez-Fernandez, Zimek et al. 2012) of HIIT. 

Improvements in vertical jump performance are associated with adaptations in 

the stretch shortening cycle (SSC). The SSC consists of an eccentric action 

immediately followed by a concentric action, with optimal muscle activation 

driven by both central and peripheral neural components (Nicol, Avela et al. 
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2006). While no studies have directly measured the effects of SIT or HIIT on the 

SSC, Creer, Ricard et al. (2004) reported increased motor unit recruitment, 

firing rate and synchronisation within the vastus lateralis, resulting in an ability 

to exert more force following 4 weeks of SIT (4-10 x 30 s sprints interspersed 

with a 4 minute recovery). Further, SIT has demonstrated changes in muscle 

fibre recruitment, with decreased recruitment of type I and IIb fibres, and 

increased recruitment of type IIa fibres occurring (Jacobs, Esbjornsson et al. 

1987; Jansson, Esbjornsson et al. 1990; Esbjornsson, Hellsten-Westing et al. 

1993; Allemeier, Fry et al. 1994; Kohn, Essen-Gustavsson et al. 2011). 

However, the present study (3 weeks) may not have been of long enough 

duration with the aforementioned neural adaptations reported following 4-6 

weeks of HIT (Jacobs, Esbjornsson et al. 1987; Jansson, Esbjornsson et al. 

1990, Esbjornsson, Hellsten-Westing et al. 1993; Allemeier, Fry et al. 1994; 

Kohn, Essen-Gustavsson et al. 2011). While not directly measured, the lack of 

increase in jump height in the present study may have been due to a lack of 

neural activation or a decreased recruitment of more explosive type IIb muscle 

fibres. Similarly to the striking measures and findings from Study 1, the 8% BM 

resistive mass employed in the lower body sprints within the present study may 

have resulted in a greater proportional decrease in velocity compared to other 

studies implementing a 7.5% BM resistance (e.g. Creer, Ricard et al. 2004), 

consequently decreasing explosive power (Newton, Kraemer et al. 1996; 

Newton, Murphy et al. 1997; Baker, Nance et al. 2001; Aagaard, Simonsen et 

al. 2002). Further, this may have increased the recruitment of type IIa fibres 

compared to type IIb fibres. 

        

While vertical jump performance did not improve following the SIT intervention, 

a significant increase in jump height did occur from pre to post fight simulation 

at all measurement sessions for CMJ and at post control for the Squat Jump 

(Table 6.2). The increase in vertical jump performance following the fight 

simulation suggests a potentiation effect occurred during the rounds of boxing. 

Lowery, Duncan et al. (2012) observed increased countermovement vertical 

jump height and power after both moderate and high intensity back squat 

exercises, but not after low intensity. It was suggested that greater intensity 

warm ups result in post-activation potentiation, as a result of increased 
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phosphorylation of myosin regulatory light chains and higher threshold motor 

unit recruitment (Banister, Carter et al. 1999; Lowery, Duncan et al. 2012). In 

the present study, the initial warm up was the same as that implemented by 

Loturco, Nakamura et al. (2016) who measured striking force in a similar 

manner. This consisted of shadow boxing and submaximal striking attempts on 

the foam covering of the force platform. While not recorded due to 

complications with heart rate measuring devices, this warm up may not have 

been at a sufficient intensity to elicit post-activation potentiation in the lower 

body. However, based on analysis of blood lactate (Figure 6.1) the fight 

simulation was completed at a similar intensity to others implementing fight 

simulations (Smith, Dyson et al. 2001; Khanna and Manna 2006). As such, this 

may have allowed the recruitment of higher threshold motor units and 

subsequent increase in vertical jump height. 

 

6.6.7 Study Limitations 

The present study is not without some key limitations that may have affected 

the adaptations observed. Firstly, throughout the study duration participants 

completed their normal levels of combat sport training. While this occurred in 

order to increase participant recruitment, it may have resulted in the observed 

physical adaptations being due in part to training that occurred outwith the 

study. To limit this, participants were used as their own controls and asked to 

retain their normal levels of physical activity. However, physical activity diaries 

may have been used to document if their combat sport training stayed at the 

same level throughout the study.  

 

Secondly, the statistical tests used for analysis may have been limited by the 

number of data points collected for analysis within the study. The tests were 

chosen to maximise the data gathered, however, significance was observed 

when punch type was grouped, but not for SCpeak and MCpeak when not 

grouped. This implies that either there was not enough data for statistical 

significance to be observed, or the findings of SJpeak and MJpeak are effecting 

this test. Regardless, further investigation should occur into the effects of SIT on 

striking cross peak performance. 
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Thirdly, while the combined extremity SIT intervention resulted in some 

significant performance improvements, no comparison was made to a combat 

sport specific SIT training control group. As such, it is currently unknown 

whether the observed changes occurred to either a greater or lesser extent than 

what combat sport athletes may normally gain. Therefore, based on the 

performance improvements within the present study, it is suggested that future 

investigation occurs in order to provide a comparison in performance 

improvements between combined extremity SIT and combat sport specific SIT 

training, matched for training volume. Furthermore, this future investigation may 

aid in the practical application of combined extremity SIT as a training modality 

within practical enviroments in order to improve performance.  

 

Finally, as with the limitations reported in Study 1 (Chapter 4.6.4 Study 

Limitations), upper body training variables were not fully recorded during the 

training intervention. As such, they have been omitted from the study, limiting 

the discussion for the potential improvements or lack of decrease in striking 

performance measures.  

 

6.6.8 Conclusion 

The novel findings of the present study are that a short duration, combined 

lower and upper extremity SIT protocol can improve performance adaptations, 

increase the ability to recover during fight simulations, and can improve striking 

peak force in combat sport athletes. As such, this study implies that short 

duration, combined lower and upper extremity SIT may offer an alternative, 

more time efficient training paradigm to both resistance and plyometric training 

for improving certain performance measures within this population group. The 

improvements in aerobic measures are likely due to peripheral adaptations such 

as improved O2 delivery and diffusion, increased muscle capillerisation, 

increased mitochondrial number and function, improved lactate shuttling 

mechanisms, and removal of fatigue related metabolites. However, central 

adaptations may have occurred to some degree aiding in improved aerobic 

performance through improved cardiac function, although this was not directly 

measured. The improved anaerobic performance measures suggest an 
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increased ability to use intramuscular energy stores for muscular contraction 

during exercise. Due to the importance of the aforementioned outcomes within 

combat sport performance, this study provides evidence that short duration, 

combined SIT is a practical training paradigm for combat sports that involve 

some degree of striking with the fist.  
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7. Chapter 7 – General Discussion 

 Introduction  

The overarching aim of this thesis was to investigate the effects of short 

duration combined lower and upper extremity SIT on performance measures. 

This was achieved through the use of three separate intervention based 

studies, each with the following associated aims: 

 

1) To investigate the effects of applied resistance during a combined lower 

and upper extremity SIT intervention on performance measures 

2) To determine the effect of a combined lower and upper extremity SIT 

protocol on recovery duration outcomes and performance measures 

3) To determine the effects of a short duration, combined lower and upper 

extremity SIT protocol on combat sport performance. 

 

Current investigation into the effects of SIT have generally focussed on the use 

of repeated, lower body sprints despite contributions from both lower and upper 

extremities in sporting performance. Further, these investigations have 

predominantly utilised 30 s Wingate (WAnT) sprints interspersed with a 4 

minute recovery, at a work-rest ratio of 1:8 (Table 2.2, Table 2.3). To date, this 

protocol has demonstrated similar improvements to traditional endurance 

training, despite a noteably lower training duration, resulting in performance 

improvements such as V̇O2max, time trial, TTE, CP, and peak and mean power 

output (Burgomaster, Hughes et al. 2005; Burgomaster, Howarth et al. 2008; 

Cocks, Shaw et al. 2013; Scribbans, Edgett et al. 2014). However, the use of 

shorter duration sprints has demonstrated similar improvements in V̇O2peak, 

TTE, time trial, and peak power output, suggesting that adaptations to SIT occur 

within the initial stages of each sprint (Yamagishi and Babraj 2017; Lloyd Jones, 

Morris et al. 2017).  

 

While investigation into shorter duration sprints is expanding, the majority of SIT 

literature has focussed on the use of the lower limbs, with little research 

undertaken into the effects of upper body SIT or combined SIT. Furthermore, 

investigation into the effects of applied resistance during SIT is lacking, with 
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7.5% BM traditionally used within the lower extremity based on traditional 

WAnTs, and a range of resistances utilised within the upper extremity (Smith, 

Price et al. 2007; Lovell, Mason et al. 2011; Price, Beckford et al. 2014; Talbot, 

Kay et al. 2014; Weinstein, Inbar et al. 2018). However, no investigation has 

occurred into the effects of applied resistance during SIT for improving 

performance. As such, study 1 aimed to investigate the effects of applied 

resistance during of short duration, combined SIT on performance outcomes. 

The short duration nature, minimal skill requirements, and physiological 

adaptations from SIT suggest that it has the potential to be used for improving 

performance within sports consisting of repeated bouts of high intensity, 

intermittent exercise. Furthermore, the similar adaptations to traditional 

endurance training suggest that this training modality may increase the rate of 

recovery, thus increasing the beneficial use of this training method within 

sporting contexts. As such, study 2 aimed to determine the effect of a combined 

lower and upper extremity SIT protocol on recovery duration outcomes and 

performance measures. The collective findings from studies 1 and 2, 

demonstrated that short duration, combined extremity SIT can improve an array 

of performance measures, does not increase muscle hypertrophy, and can 

increase the self-reported rate of recovery between fatiguing bouts of exercise. 

This suggested that short duration, combined extremity SIT may be an effective 

training paradigm for use within combat sports. Current training methods for 

these sports include sports specific training such as striking a heavy bag or 

pads, and resistance or plyometric training. However, these may be considered 

time consuming, and require a high level of performer and coach ability to 

instruct and complete safely and effectively. As such, study 3 aimed to 

investigate the effects of short duration, combined SIT on combat sport 

performance.  

 

 Summary of Main Findings 

7.2.1 Applied Resistive Load 

This thesis contributes to theory through being the first to demonstrate that the 

magnitude of adaptation gained through the use of a short duration, combined 
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SIT protocol is affected by the applied resistance. Within Study 1, it was 

demonstrated that completing lower extremity exercise against an 8% BM 

resistance, as part of a combined extremity SIT intervention, produced greater 

aerobic improvements as measured through V̇O2peak and TTE, compared to 

lower extremity resistances of 7% BM and 6% BM resistances (Table 4.3). 

However, no difference was reported between groups regarding lower extremity 

WAnT peak power output and mean power output, although a 6% resistance 

reported significantly lower mean power output levels compared to both 7% and 

8% resistances across the training intervention (Table 4.4). Within the upper 

body, a greater magnitude of adaptation was reported at a resistance of 4.5% 

BM compared to lower resistances for all performance measures (Table 4.3, 

Table 4.4). Finally, no changes in muscle hypertrophy were reported in either 

mid-thigh or upper arm circumferences (Table 4.2). Collectively, while this 

thesis does not state that 8% and 4.5% resistances are optimal for improving 

performance, this information will allow practitioners to tailor SIT programmes to 

a greater extent in order to suit the adaptations required for the selected sports 

performance. Furthermore, this information will allow programmes involving 

upper body SIT to maximise the adaptations gained from training. The lack of 

change in muscle hypertrophy, despite increases in performance measures, 

suggests that this training paradigm would be applicable to numerous sports 

such as kickboxing, MMA, dance, gymnastics and horse riding where excess 

muscle mass or weight may negatively impact performance. Finally, this 

information supports findings reported by the only other combined SIT 

intervention (Zinner, Sperlich et al. 2017), adding to the evidence that combined 

SIT interventions are a beneficial training paradigm for improving performance.   

 

7.2.2 Recovery Adaptations to SIT 

A 30% decrease in time to recover between lower and upper body sprints was 

demonstrated following 9 sessions of SIT (8 x 10 s sprints interspersed with 30 

s recovery), with significant decreases reported following session 6 onwards 

(Figure 5.1). The increased rate of recovery is likely to be due to improved 

mitochondrial number and function, skeletal muscle capillerisation, O2 kinetics 

and clearance of blood lactate (Lin, Handschin et al. 2005; Burgomaster, 
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Howarth et al. 2008; Cocks, Shaw et al. 2016; Gillen, Martin et al. 2016). This is 

due to the reported improvements in O2 efficiency during recovery between 

extremities, lack of change in blood lactate measures despite recordings being 

taken at earlier time points (Table 5.4, Figure 5.2), and improved AWC and TTE 

performance (Table 5.1). While careful interpretation of the impact of lower 

extremity SIT has on the upper extremity when those muscle groups have not 

yet been extensively challenged should occur, the collective findings of this 

study infer that a combined SIT protocol could have application as a training 

modality for fatiguing sports that require whole body, repeated bursts of 

maximal activity, interspersed with periods of recovery, where the ability to 

recover more effectively is important for performance.  

 

7.2.3 Application of SIT for Combat Sport Performance 

This thesis is the first to demonstrate that a short duration, combined extremity 

SIT protocol is an effective training paradigm for use within combat sports that 

involve some degree of striking with the hand or fist. Firstly, there were no 

significant changes in anthropometric measures as measured through BM and 

BMI, and in thigh circumference, upper arm circumference or total body fat 

mass in Study 1 (Table 4.2), regardless of applied resistance. This infers that no 

marked changes in muscle hypertrophy have occurred from 3-10 weeks of 

combined SIT within these muscle sites, similar to findings reported by others 

(Linossier, Denis et al. 1993; Allemeier, Fry et al. 1994; Harridge, Bottinelli et al. 

1998; Ross and Leveritt, 2001) which is beneficial for combat sports that are 

weight classified. Secondly, this training paradigm may increase the ability to 

recover following repeated bouts of high intensity, intermittent, fatiguing 

exercise (Figure 5.1) such as combat sports, without decreases in striking force 

(Table 6.2), implying that this should be incorporated as a fundamental training 

component for combat sport athletes. Thirdly, following short duration combined 

extremity SIT, striking force does not decrease, and demonstares the potential 

to increase following training, although further investigation should be 

undertaken into this area before conclusions are drawn. Finally, other 

improvements in performance measures relevant to combat sports were 

reported within Study 3 such as increases in TTE and AWC (Table 6.1). While it 
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cannot be stated that combined extremity SIT results in greater adaptations 

than combat sport specific SIT, these findings suggest that combat sport 

performers should be completing SIT as part of their regular training routine, or 

be at a competitive disadvantage to other performers who are completing this 

training.     

 

 Future Direction 

7.2.1 The Effects of Combined, Short Duration SIT on Skeletal Muscle 
Metabolites and Capillerisation 

Current investigation into the effects of SIT on muscle metabolites such as 

glycogen, PCr and Ca2+, mitochondrial enzymes such as CS and COX, and 

muscle fibre capillerisation have utilised repeated sprints of ≥ 20 s duration 

(Ørtenblad, Lunde et al. 2000; Burgomaster, Heigenhauser et al. 2006; 

Burgomaster, Howarth et al. 2008; Cocks, Shaw et al. 2013; Cocks, Shaw et al. 

2016). The reported adaptations from SIT within literature suggest that these 

changes may have occurred within the current thesis due to improved 

performance within TTE, CP, peak and mean power output, and AWC. For 

example, increases in muscle fibre capillerisation would allow for greater O2 

delivery and reduce the accumulation of fatigue related metabolites, contributing 

to the observed improvements in exercise capacity within the current thesis. 

Whilst it is likely that these adaptations have been stimulated within the current 

thesis, no existing investigation has determined the effects of a short duration 

SIT protocol (i.e. <10 s) on muscle metabolites, mitochondrial enzymes or 

muscle capillerisation within either the lower or upper limbs. Therefore, based 

on findings from the current thesis, it is suggested that this area is investigated 

through the use of a within subjects repeated measures design using combined 

extremity SIT (8 x 10 s sprints, interspersed with 30 s recovery, lower body 

applied resistance 8%, upper body applied resistance 4.5%, extremities 

separated by 1 minute duration). Muscle biopsies would be taken at three time 

points (pre control, post control, post intervention) from the vastus lateralis and 

deltoid or triceps brachii to allow the number of capillaries around a single 

muscle fibre, capillerary:fibre ratio and capillary density to be assessed through 
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imaging techniques (Calbet, Holmberg et al. 2005; Cocks, Shaw et al. 2013; 

Cocks, Shaw et al. 2016). In addition, resting muscle PCr stores, glycogen 

stores, and CS and COX activity, would be measured with the rate of adaptation 

plotted across time. Frozen tissue samples would be analysed through 

spectrophotometry, enzymatic assay adopted for fluorometry, and 

immunoblotting in accordance to procedures presented by Burgomaster, 

Howarth et al. (2008). In addition, performance measures of V̇O2peak, TTE and 

WAnT would be taken from both extremities at pre and post measurement 

points in order to determine adaptations in performance.   

 

7.2.2 Neural Adaptations to Combined, Short Duration SIT and Combat 
Sport Performance 

Neural adaptations have been reported following 4 weeks of SIT (4-10 x 30 s 

sprints interspersed with a 4 minute recovery, against 7.5% BM resistance) 

(Creer, Ricard et al. 2004; Martinez-Valdes, Falla et al. 2017) and 2 weeks of 

longer duration HIIT sprints (6 sessions, 8-12 x 60 s sprints interspersed with a 

75 s recovery at 100% peak power output) (Martinez-Valdes, Falla et al. 2017). 

However, this has not been reported following 2 weeks of SIT (4-7 x 30 s sprints 

interspersed with a 4 minute recovery, against 7.5% BM resistance) (Lewis, 

Stucky et al. 2017). The reported adaptations include improvements in motor 

unit recruitment, firing rate and synchronisation, leading to increases in 

maximum voluntary contraction (MVC), volitional wave and peak power output 

(Creer, Ricard et al. 2004; Martinez-Valdes, Falla et al. 2017). Within the 

present thesis, neural adaptations may have contributed to improvements in 

power output, and striking performance measures (Table 6.2). Further, based 

on the findings from Study 1, the magnitude of these adaptations may be 

affected by the resistance applied during sprints (Figure 4.4), although this is 

currently unknown due to a lack of measurement. As such, investigation into the 

effects of applied resistance during a short duration combined SIT protocol on 

neural adaptations could occur. The design of this research would involve the 

use of a portable surface electromyography (EMG) device that would allow 

neural adaptations, as determined through root mean squared, median 

frequency and MVC, to be measured both during both repeated sprints (Creer, 
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Ricard et al. 2004; Martinez-Valdes, Falla et al. 2017), striking measures 

(McGill, Chaimberg et al. 2010) performed in accordance with those described 

within study 3. To allow literature to be compared with the present thesis, the 

same protocol utilised within Study 3 (9 sessions, 8 x 10 s sprints, interspersed 

with 30 s recovery, extremities separated by a 1 minute duration) would be 

implemented. Collectively, this would allow the following questions to be 

answered; 1) Does the resistance applied during combined SIT affect the extent 

of neural adaptation gained?; 2) If neural adaptations do occur following 

combined SIT does this differ between extremities?; 3) If neural adaptations 

occur following combined SIT, what is the time course of adaptation?; 4) If 

neural adaptations occur following combined SIT, how does this transfer into 

the ability to strike forcefully within combat sports? 

 

7.2.3 The Effect of Applied Resistance During Upper Body SIT on 
Performance and Hypertrophy Measures 

Study 1 demonstrated that the applied resistance during upper body sprints did 

not affect the extent of muscular hypertrophy gained, as recorded through the 

use of bicep circumference measures (Table 4.2). Furthermore, this study also 

demonstrated that an applied load of 4.5% BM resistance was more beneficial 

for improving upper extremity TTE, V̇O2peak and power output compared to both 

3.5% BM resistance and 2.5% BM resistance (Table 4.3). This demonstrates 

that the magnitude of adaptation, and type of adaptation can be effected by the 

applied resistance. Therefore, while an applied resistance of 4.5% BM provides 

greater adaptations compared to 3.5% BM and 2.5% BM, this thesis cannot 

state that this is the optimal resistance for developing performance measures 

within the upper extremity following a SIT intervention. As such, further 

investigation should occur utilising greater percentages of BM during upper 

body SIT to determine the most appropriate resistive force for developing TTE, 

V̇O2peak and power outputs, and determine the effect this has on muscular 

hypertrophy. Furthermore, this investigation should also aim to determine the 

most appropriate applied resistive force across each sex, as within the lower 

body, current literature often utilises a lighter resistive force for females 

compared to males due to differences in fibre types (Forbes, Slade et al. 2008; 
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Yamagishi and Babraj 2017). To achieve this, a large sample size of both males 

and females should be recruited (e.g. >100), and assigned to a control or 

applied resistance group (e.g. 4.5%, 5.5%, 6.5 %, 7.5%). Magnetic resonance 

imaging should be utilised to determine muscle cross sectional area, an upper 

extremity WAnT used to measure peak and mean power output, and an upper 

extremity TTE to determine V̇O2peak completed at pre and post intervention (10 

weeks, 20 sessions, 8 x 10 s sprints, interspersed with 30 s recovery) periods.  

 

7.2.4 Long Term SIT Protocols and the Effect on Performance 

This thesis, and wider literature, demonstrates that SIT may be utilised as an 

effective training paradigm for improving sporting performance. However, 

current SIT literature has utilised shorter duration studies that last ≤ 9 weeks 

(commonly 2-4 weeks) within physically active individuals, with a lack of 

investigation occurring within longer term interventions, elite level performers, 

and the effectiveness of acute programme variable manipulation to increase the 

extent of adaptation gained (Table 2.2, Table 2.3). Without investigation into 

these areas, the application of SIT within sporting contexts will remain limited. It 

is suggested that a long term SIT intervention, utilising a large number of 

participants (e.g. 100-300) is completed that lasts for a minimum of one year, 

with investigation taken within this into the effectiveness of how progressive 

overload may be applied to allow continued performance improvements to be 

gained. Within resistance training, this may be achieved through the 

manipulation of acute programme variables for altering the training volume and 

intensity applied throughout the intervention programmes (Kraemer and 

Ratamess 2004; Bird, Tarpenning et al. 2005; Kraemer and Spiering 2007). 

Within SIT, the current thesis and wider literature have demonstrated that the 

magnitude of adaptation can be affected by the applied resistance during 

sprints (Table 4.2, Table 4.3, Table 4.4), the alteration of work:rest ratios 

(Kavaliauskas, Aspe et al. 2015; Ikutomo, Kasai et al. 2018; McKie, Islam et al. 

2018), and the number of sprints (Vollaard, Metcalfe et al. 2017). As such, the 

progressive manipulation of these factors and others such as training session 

number and frequency should be investigated throughout the minimum one-

year intervention to determine more optimal strategies for improving 
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performance over this duration. Performance testing such as TTE, TT, power 

output and V̇O2peak should be recorded at regular intervals throughout the 

intervention in a similar manner to Yamagishi and Babraj (2017) to determine 

the time course for changes based on the selected manipulation of training 

variables. Practically, this may have to be completed within physically active 

individuals prior to use within elite level performers, however the findings from 

the initial study may guide the use of a long term SIT intervention within elite 

level sports performers.         

 

 Overall Conclusion 

The overall aim of this thesis was to investigate the effects of short duration 

combined lower and upper extremity SIT on performance measures. This was 

achieved through the use of three separate intervention based studies, each 

with the following associated aims: Study 1, to investigate the effects of applied 

resistance during a combined lower and upper extremity SIT intervention on 

performance measures; Study 2, to determine the effect of a combined lower 

and upper extremity SIT protocol on recovery duration outcomes and 

performance measures; Study 3, to determine the effects of a short duration, 

combined lower and upper extremity SIT protocol on combat sport performance. 

Collectively, it was demonstrated that short duration, combined extremity SIT is 

an effective training paradigm for improving performance measures of TTE, 

peak and mean power output, V̇O2peak, and AWC. Furthermore, the extent of 

these adaptations can be affected by the resistance applied during training, 

demonstrating that the standard application of 7.5% BM should not be assumed 

as optimal. Furtermore, this thesis demonstrated that combined SIT is an 

effective method for improving the rate of recovery by 30%, following as few as 

9 sessions. It is likely that this is due to increases in mitochondrial biogenesis, 

mitochondrial enzyme number and function, skeletal muscle capillerisation, and 

lactate transport activity, based on the improvements in O2 effeciency and 

reduced blood lactate accumulation during the recovery period. This training 

modality has also resulted in a reduction in the decrease of striking force 

following fatiguing combat sport fight simulations, and with further investigation 

may increase striking force. Finally, the reported increases in recovery rate, 
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blood lactate clearance and exercise capacity suggest that this training method 

should definitely be employed by practitioners to increase combat sport 

performance. 

 

 Overall Practical Implications 

To summarise, this thesis offers practitioners the following practical 

implications: 1) Exercise practitioners can utilise the applied resistance during 

SIT to alter the extent of adaptation gained. Within the lower body, if aerobic 

adaptations are required then an applied resistance of 8% BM should be 

applied, although 7% BM may be more beneficial for stimulating power 

adaptations. Within the upper body, an applied resistance of no less than 4.5% 

BM should be used by practitioners for greater gains in anaerobic and aerobic 

performance measures. While 3.5% BM resistance does stimulate beneficial 

adaptations, this is not to the same extent as 4.5% BM resistance. 2) This 

training method provides promising results that short duration, combined 

extremity SIT does not result in an increase in bodyweight or muscle 

hypertrophy, despite increases in muscular power, suggesting it is a suitable for 

sports where excess weight may negatively impact performance such as horse 

riding, gymnastics, dance, or combat sports. 3) This training modality can 

improve the rate of self reported recovery by 30% following as few as 9 

sessions. As such, whole body sports such as rugby, football, netball, hockey, 

tennis and combat sports, that involve repeated, intermittent, high intensity 

bouts of activity interspersed with brief recovery periods, could include this 

training modality within their training routines. 4) This is a very beneficial training 

paradigm for combat sports that involve some degree of striking with the fist. 

Despite undertaking fatiguing fight simulations, no decreases in striking 

performance occurred following the SIT, thus aiding the suggestion that 

combined SIT may improve recovery rate. Furthermore, increases in striking jab 

performance were observed, with the suggestion that striking cross 

performance may also be developed through the use of this training 

methodology. Therefore, within sports such as MMA which require a large 

degree of tactical and technical training, the short duration nature of SIT 
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compared to resistance or plyometric training, may allow performers to develop 

a wider skill set with the additional time available. 
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9. Appendices 

 Study 1 Ethical Information  

9.2.1 Application for Ethical Approval 

School of Social and Health Sciences 

Application for Ethical Approval 
Section 1: Checklist and Declaration 

 
Title of Project: The Effect of Upper and Lower Body High Intensity Training on Muscular 
Hypertrophy.   
Project type: RESEARCH POSTGRADUATE  

 
Name of researcher(s): Andrew Hall 
Name of Supervisor (if appropriate): ____Dr John Babraj 

 YES NO 
Is your research based solely upon reviewing existing literature?   
 

 NO 

If YES, will you be accessing literature that could be sensitive or potentially 
damaging to the University’s reputation? 

  

If NO, would you like your ethical submission to be expedited? If so, there is no 
need to include additional paperwork other than signing this form. 

 NO 

 
If your research is not a literature review, or you are accessing potentially sensitive literature 
then you must make a full submission as normal. 

 YES NO N/A 
1 Will you describe the main experimental procedures to participants 

in advance, so that they are informed about what to expect? 
YES   

2. Will you tell participants that their participation is voluntary? 
 

YES   

3. Will you obtain written consent for participation? 
 

YES   

4. If the research is observational, will you ask participants for their 
consent to being observed? 

  N/A 

5. Will you tell participants that they may withdraw from the research 
at any time and for any reason? 

YES   

6. With questionnaires will you give participants the option of omitting 
questions they do not want to answer? 

  N/A 

7. Will you tell participants that their data will be treated with full 
confidentiality and that, if published, it will not be identifiable as 
theirs? 

YES   

8. Will you debrief participants at the end of their participation (i.e. 
give them a brief explanation of the study)? 

YES   
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If you have ticked No to any of Q1-8, you must ensure that the reasons for this are made 
explicit in your project proposal.  

  YES NO N/A 
9. Will your project involve deliberately misleading participants 

in any way? 
 

 NO  

10
. 

Is there any realistic risk of participants or researchers 
experiencing either physical or psychological distress or 
discomfort? If yes, give details on a separate sheet and state 
what you will tell them to do if they should experience any 
problems (e.g. who they can contact for help). 

YES   

 
If you have ticked Yes to Q9 or Q10 you must ensure that the reasons for this are made 
explicit in your project proposal.   

  YES NO N/A 
11
. 

Does your project involve work with animals? If yes, you 
should also investigate whether you require a home office 
licence? Provide the answer to this in your proposal 

 NO  

12
. 

Do participants fall into any 
of the following groups? If 
they do, refer to 
professional body guidelines 
and include some reference 
to these in your proposal. 

Children (under 16 years of 
age) 

 NO  

Schoolchildren of all ages  NO  
Any person who may have 
difficulty understanding 
information provided to them  

 NO  

Patients  NO  
People in Custody  NO  
People engaged in illegal 
activities (e.g. drug taking) 

 NO  

 
Declaration: 
 I am familiar with, and will follow, the University of Abertay’s Code of Good Practice in 

Research  
 I am familiar with, and will follow, the governing body of my field’s own ethical guidelines. 
 I will abide by the Declaration of Helsinki throughout the research process 
 I have considered all of the potential ethical implications of this study and I consent to it 

being brought before the School Research Ethics Committee. 
 
Print Name (Lead Researcher): Andrew Hall    Date: 18.08.14 
By printing your name and submitting this form you agree to the declaration above 

Signed (Supervisor if appropriate):    Date: 18.08.14 
By signing as supervisor you agree that the student will abide by the declaration above 
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9.2.2 General Risk Assessment 

School of Social and Health Sciences 

Application for Ethical Approval 
Section 2: Health and Safety 

 
MANAGEMENT OF HEALTH AND SAFETY AT WORK REGULATIONS 1999 

 
GENERAL RISK ASSESSMENT 

 
DEPARTMENT/SCHOOL/U
NIT 

Social and Health Sciences, 
Division of Sport and Exercise 
Science 

REF NO. N/A 

TASK/OPERATION BEING 
ASSESSED 

The Effect of Upper and Lower Body High Intensity 
Training on Muscular Hypertrophy 

 
PURPOSE/METHOD OF WORK 

A hangrip dynomometer and leg/back dynomometer will be used to gain participant upper 
and lower body muscular strength respectively. Participant height, weight, BIA, bicep 
circumference (tensed and relaxed), mid thigh circumference (tensed and relaxed) will be 
gained. Muscular power will be found through the use of Wingate tests. A Monark Ergomedic 
891E arm crank ergometer will be used for the upper body while a Monark Ergomedic 894E 
peak bike will be used for the lower body. Breath by breath analysis will be used during both 
upper and lower Wingate tests along with the use of a heart rate monitor. Muscular 
endurance will be found through the use of a time to exhaustion test (TTE). A Monark 
Ergomedic 891E arm crank ergometer will be used to measure upper body TTE while a 
Monark Ergomedic 894E peak bike will be used for lower body TTE. Participant VO2peak will 
be measured during both the upper and lower body TTE tests. A rate of perceived exertion 
scale will be used during both TTE tests. A heart rate monitor will be worn during both TTE 
tests. Testing will occur over a period of four days. Participants will be asked to both void the 
bladder and not eat or drink anything for up to 4 hours prior to the completion of tests on each 
testing day. Participants will perform these tests and be monitored throughout. Participants 
will be split into 4 equal groups. A ten week intervention will then be carried out. Three groups 
will perform high intensity training twice a week for a period of 10 weeks. Training will consist 
of 8 x 10 second sprints with a 30 second recovery using a Monark Ergomedic 894E peak 
bike and 8 x 10 second sprints with a 30 second recovery using a Monark Ergomedic 891E 
arm crank machine. A rest period of 5 minutes will occur between the lower and upper body 
sprints. The groups will differ in the weight applied to both the lower and upper body sprints. 
Group 1 will perform the lower body sprints with a resistance of 6% of the participant body 
mass and the upper body sprints with a resistance of 2.5% of the participant body mass. 
Group 2 will perform the lower body sprints with a resistance of 7% of the participant body 
mass and the upper body sprints with a resistance of 3.5% of the participant body mass. 
Group 3 will perform the lower body sprints with a resistance of 8% of the participant body 
mass and the upper body sprints with a resistance of 4.5% of the participant body mass. 
Group 4 will act as a control group and perform no additional physical activity out with the 
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norm for the duration of the intervention. All pretests will be will be repeated after the training 
period to monitor for any changes that may occur. Exercise intensity and procedures will be 
in accordance to the recommended protocols at all times. The participant can stop the tests 
and exercise and withdraw at any point without question or reason.  

 
SPECIFIC LEGISLATIVE REQUIREMENTS  LEVEL OF SKILL/TRAINING REQUIRED 
 
 
 
 
 

 Induction in the use of the Monark 
Ergomedic 891E arm crank ergometer.  
Induction in the use of the  Monark 
Ergomedic 894E peak bike. 
Induction in the use of the VO2max 
equipment including mask and 
breathalyser. 
Induction in the use of the breath by 
breath analysis equipment. 

 
CHEMICALS/MATERIA
LS INVOLVED  

HSC NO. ASSESSME
NT DATE 

 SPECIFIC WORK EQUIPMENT PROVIDED 

N/A     

 
MAIN HAZARDS IDENTIFIED WHO WILL BE 

AFFECTED 
CONTROL MEASURES TO REDUCE THE 

RISK 
Musculoskeletal injury 
 
 
 
 
 
 
 
Maximal intensity training 
carries the risk of over exertion 
when perform high intensity 
activity. This may include 
medical issues such as 
dizzieness, feeling light headed 
or a loss of balance. 
 
Time to exhaustion tests carry 
the risk of over exertion. This 
may include medical issues 
such as dizzieness, feeling light 
headed or a loss of balance.   
 
Gas masks contamination 
 
 

Participant 
 
 
 
 
 
 
 
Participant 
 
 
 
 
 
 
 
Participant 
 
 
 
 
 
Participant 
 
 

Performing physical activity places 
extra demand on the musculoskeletal 
system. A PAR-Q form and written 
informed consent must be obtained 
before participation. A warm up before 
exercise and warm down post exercise 
will be completed. 
 
A first aid qualified instructor will 
monitor all training and risk 
assessments. Chairs and fresh water 
will be made available to all participants 
should this be required. 
 
 
 
A first aid qualified instructor will 
monitor all training and risk 
assessments. Chairs and fresh water 
will be made available to all participants 
should this be required. 
 
All gas masks will be washed and 
sterilised immediately after use. The 
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Equipment 

 
 
Participant/
Researcher 
 

same mask will not be worn by 
immediately following participants. 
 
Shoe laces and loose clothing must be 
secured. Long hair must be tied back. 
Any trip hazards such as loose wires 
must be appropriately secured or safely 
covered to prevent tripping. Any liquids 
on the floor must be cleaned away and 
dry before exercise occurs. All safety 
operation procedures will be pointed 
out. Familiarisation and training on how 
to use equipment will also occur in 
advance of exercise taking place. 

 
 

MANUAL HANDLING RISK  
 

PERSONAL PROTECTIVE EQUIPMENT 
REQUIRED  

 
Has a manual handling risk been identified?       Yes        
 
Is the risk considered to be                                  Low 
 
Is a further detailed assessment required?          No             

 
 

 
Appropriate clothing for use in a physical activity 
setting.  

 
If the answer to the above question is YES a 
separate manual handling assessment will be 
required to fulfil the requirements of the Manual 
Handling Operations Regulations 1992. 

 
 

 
Is training and instruction required                 YES               
 
Is there need for special accommodation        NO                  
 
Is there need for test/examination                   NO                  
 
Is all P. P. E. compatible                                 N/A                

 
FREQUENCY OF MONITORING   

 
ASSESSMENT REVIEW PERIOD 

 
   N/A 

 
 3 
Months 

 
6 
Months 

 
 1 Year 

 
   > 1 
Year 

 
 

 
 < 1  

 
 2 
Years 

 
 3 
Years 

 
 4 
Years 

 
 > 4  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
Print Name: Andrew Hall……..….  Post/Title: Research Student  

 
 

Signed: Andrew Hall………………..  Date: 18.08.14 
 

 



 

205 

9.2.3 Project Proposal 

School of Social and Health Sciences 

Application for Ethical Approval 
Section 3: Project Proposal 

 
Estimated Start and completion dates: 
8th September 2014 -  16th June 2015. 

 
Aims of study and Rationale (500 words maximum): 
Provide an overview of why the research is being suggested, what the researchers aim 
to achieve, and what impact this may have.  Researchers are encouraged to write this as a 
lay summary. 

This research is suggested as literature suggests that high intensity training may improve 
both muscular strength and recovery rate following exercise. However, whilst this method of 
training may increase muscular strength it is unknown as to the effects on muscular 
hypertrophy. Whilst it is known that resistance training may increase muscular hypertrophy, 
learning the correct technique is time consuming and carries many safety risks such as the 
handling of heavy weights. As such, this method of training is not suitable for everyone. 
High intensity training is a far more time efficient method, reduces many of the safety risks, 
and requires minimal training.  The researcher aims to investigate the effects of both upper 
and lower body high intensity training on muscular hypertrophy. In addition, this study aims 
to find out which resistance weight is better for achieving increases in muscular 
hypertrophy, time to exhaustion, maximum and average power, and handgrip and lower 
back/leg strength to observe if any changes occur at the different resistances. This study 
may impact individuals as it may result in a time efficient method of exercise which 
increases the general well- being of individuals. This would help in both sporting and daily 
situations such as a reduced fracture rate following collisions, or helping individuals looking 
to gain muscle mass without having to learn the correct resistance training lifting technique.  

 
External Partners: 
List any organisations or partner groups to be involved in the proposed project. 
 
The University of Abertay Dundee 

 
Expertise: 
Where appropriate make a statement about the qualifications/expertise of the researcher.  
For example, if the researcher is providing counselling, using clinical psychometrics, taking 
blood etc. 
 
The researcher has both used and completed high intensity training, time to exhaustion 
tests and VO2peak tests on the ergometers used within this study.   
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Method: 
Participants 
State the maximum number of participants you will recruit.  Provide a description of the 
participants, including recruitment methods, age, exclusion/inclusion criteria, and any other 
relevant demographic information. 
 
The maximum number of participants used within this study will be 50. Participants will be 
physically active males and females aged between 18-35 years. Physically active will be 
classified as those completing 3 hours or above of additional physical activity twice a week 
such as going to the gym or playing sports. Participants will be excluded if this criteria is not 
met or if an injury and/or illness would prevent the participant from completing all of the 
training or tests involved within the study. The term illness will include any long term infections 
or long term unwell feelings. Short term illnesses such as colds, coughs or similar illnesses 
that will not prevent an individual from missing any tests or training sessions will not fall under 
this category. Participants will be gained through the use of email.        
 
Materials &/or apparatus 
Describe the materials & apparatus that you need to conduct your study.  You should name 
any specific tests, questionnaires and software that you are using.  If conducting interviews 
either a list of questions or themes that will be discussed must be provided. 
 
A hangrip dynomometer  will be used to gain participant upper body muscuar strength. A 
leg/back dynomometer will be used to gain participant lower body muscular strength. Body 
composition will be found using a bioelectrical impedance analysis (BIA) machine. A tape 
measure will be used to find bicep circumference (tensed and relaxed) and mid thigh 
circumference (tensed and relaxed). A Wingate test will be used to find both upper and 
lower body peak and average power. Muscular endurance will be found using both upper 
and lower body  time to exhaustion (TTE) tests. Lower body Wingate and TTE will be found 
using a Monark Ergomedic 894E peak bike while the upper body Wingate and TTE will be 
found using a Monark Ergomedic 891E arm crank ergometer. Heart rate will be measured 
using a heart rate monitor. VO2peak equipment will be used during both TTE tests. A rate of 
perceived exertion scale will be used during both TTE tests to monitor the stages of 
increased difficulty that occurs.            
 
Procedure 
Fully describe each stage of how your proposed study will be carried out. 
 
Testing: 
All participants will provide written consent for participation and complete a PAR-Q form to 
screen for health issues that might present a risk within the study. Participants will be fully 
aware of the study procedures and withhold the right to withdraw from the experiment at 
any point without question or reason. At baseline participants will report to the laboratory on 
4 separate occasions for testing, each separated by at least 24h. Participants will be asked 
to fast for 4h prior to attending the sessions and to void their bladder prior to any 
measurements.   
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Session 1:  Participant height, weight, BIA, bicep circumference (tensed and relaxed), mid-
thigh circumference (tensed and relaxed) will be measured. Participants will then have 
measures of strength recorded using the hangrip dynomometer and leg/back dynomometer 
to gain participant upper and lower body muscular strength respectively.  Lower body 
muscular power will be gained through the use of a Wingate test (30sec cycle sprint against 
7.5% bodyweight) on a Monark Ergomedic 894E peak bike. Participants will begin with a 5-
minute unweighted cycle warm-up at 60rpm prior to performing the Wingate test.   
 
Session 2: Participants will complete an upper body Wingate type test (30sec cycle sprint 
against 4.0% body weight) completed on a Monark Ergomedic 891E arm crank ergometer 
to measure for upper body muscular power. Participants will begin with a 3-minute 
unweighted cycle warm-up at 60rpm prior to performing the Wingate test.  
 
Session 3: Participants will complete a lower body time to exhaustion test (TTE) to 
determine VO2peak.  A 4-minute warm up will occur involving cycling at 60 revolutions per 
minute (rpm) against the resistance of an unweighted cradle (1kg), after which the test will 
begin immediately. The participants will maintain a target cadence of 60 rpm with a 
resistance of 30W increment until the point of exhaustion. The point of exhaustion will be 
defined as the time at which the participant can no longer maintain 60 RPM or chooses to 
stop.  Prior to the start of the test participants will put on a heart rate monitor and a face 
mask and be connected to the cortex breath by breath analyser to determine heart rate, 
oxygen consumption and carbon dioxide production. At the end of each stage participants, 
will be asked to rate the intensity using a rate of perceived exertion scale where 6 is no 
effort and 20 is maximum effort. 
 
Session 4: Participants will complete an upper body TTE on a Monark Ergomedic 891E 
arm crank ergometer to determine VO2peak.  A 3-minute warm up will occur, involving 
cycling at 60 RPM with no applied resistance after which the test will begin immediately. 
The participants will maintain a target cadence of 60 RPM with a resistance of 12.5W 
increment until the point of exhaustion. The point of exhaustion will be defined as the time 
at which the participant can no longer maintain 60 RPM or chooses to stop.  Prior to the 
start of the test participants will put on a heart rate monitor and a face mask and be 
connected to the cortex breath by breath analyser to determine heart rate, oxygen 
consumption and carbon dioxide production. At the end of each stage participants will be 
asked to rate the intensity using a rate of perceived exertion scale where 6 is no effort and 
20 is maximum effort. 
 
Training: 
Participants will be split into 4 equal groups. A ten week intervention will then be carried 
out. Three groups will perform high intensity training twice a week for a period of 10 weeks. 
Training will consist of 8 x 10 second sprints with a 30 second recovery using a Monark 
Ergomedic 894E peak bike and 8 x 10 second sprints with a 30 second recovery using a 
Monark Ergomedic 891E arm crank machine. A rest period of 5 minutes will occur between 
the lower and upper body sprints. The groups will differ in the weight applied to both the 
lower and upper body sprints. Group 1 will perform the lower body sprints with a resistance 
of 6% of the participant body mass and the upper body sprints with a resistance of 2.5% of 
the participant body mass. Group 2 will perform the lower body sprints with a resistance of 
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7% of the participant body mass and the upper body sprints with a resistance of 3.5% of 
the participant body mass. Group 3 will perform the lower body sprints with a resistance of 
8% of the participant body mass and the upper body sprints with a resistance of 4.5% of 
the participant body mass. Group 4 will act as a control group and perform no additional 
physical activity out with the norm for the duration of the intervention.  
 
Re-testing: 
All pretests will be repeated at least 72h after the end of the training period to monitor for 
any changes that may occur. Exercise intensity and procedures will be in accordance to the 
recommended protocols at all times.  
 

 
Appendices 
Please attach all other relevant documentation required for this study.  For example: 
participant information sheets, informed consent forms, questionnaires, interview schedules. 
 

 
  



 

209 

9.2.4 Participant Information Sheet 

 
Participant Information Sheet 

Does Combined Lower and Upper Body HIT Training Improve Hypertrophy and 
Performance Measures? 

 
1. Invitation 
You are being invited to participate in a Sports and Exercise Science postgraduate study. 
Participants are required to be physically active males or females, aged 18-35 years, 
and are free from injury and/or illness that may affect the level of performance within the 
study. Participants must be able to freely provide consent for participation. It is important 
for the participant to understand both the purpose and requirements of the research 
before participation occurs. Please ensure the following information sheet is read 
carefully and feel free to discuss it amongst others. If anything is unclear or further 
information is required please ask the researcher for further details. Please take time 
before making a decision on whether or not to participate.   
 
2. What is the purpose of the study? 
The aim of this study is to investigate if both upper and lower body high intensity training 
increases muscular hypertrophy. If so, this may provide a time efficient method of gaining 
muscle mass through this method of training. 
 
3. Do I have to take part? 
It is up to the individual as to whether participation within this study occurs. If the 
individual wishes to participate then this information sheet may be kept and a signed 
consent form will be asked to be completed to ensure that the participant understands 
what is involved during participation in the study. The participant has the right to withdraw 
from the study at any point without reason.  
 
4.  What will happen to me if I take part? 
If participation occurs then the participant will be asked to complete and sign an informed 
consent form stating that the participant understands what will be done within the study 
and is consenting to participation. The participant will then be required to complete a 
physical activity readiness questionnaire to determine if the individual is physically safe 
to participate within the study. The participant will then be asked to come to the human 
investigation laboratory within the University of Abertay on four separate occasions, 
separated by 24hours within the same week at times that suit the participant, to 
determine baseline measurements of both fitness and muscular hypertrophy. 
Participants will be asked not to eat or drink anything from up to four hours before the 
completion of the baseline tests. Training of the correct technique on how to perform all 
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tests will be provided beforehand to allow familiarization to occur. Each separate testing 
occasion will last approximately 30 minutes. After the baseline measurements have been 
completed the participants will be split into 4 equal groups. 3 groups will perform high 
intensity training twice a week for 10 weeks and one group will act as a control group 
and perform no additional physical activity out with the norm for the duration of the 
intervention. Each training session will last no longer than 20 minutes and will be 
completed at times that best suit the participant. Following the 10 week intervention the 
pre tests will be performed again on four separate occasions separated by 24hours within 
the same week at times that suit the participant, to determine any differences in both 
fitness and muscular hypertrophy compared to the baseline measurements. Again, the 
participants will be asked to refrain from eating or consuming any fluids for up to four 
hours before the completion of the post tests.    
 
Testing Session 1: Your height and weight will be measured using a tape measure and 
weighing scales. Your body composition will be measured through using a bioelectrical 
impedance analysis (BIA)  scales. This will involve you standing on the BIA scales and 
having a small electrical current passed through the body. The scales are completely 
safe and cause no harm or discomfort when operating. Grip strength will be recorded by 
you squeezing the handgrip as hard as possible three times on either hand. Back/leg 
strength will also be measured through the use of a back/leg dynomometer which will 
involve you standing and pulling the dynomometer as hard as possible three times. Your 
lower body muscular power will then be determined through the use of a Wingate test. 
This will involve you cycling all out for a duration of 30seconds. Prior to the start of the 
Wingate test you will be asked to put on a face mask so that we can monitor how much 
oxygen you are consuming.   
 
Testing Session 2: Your upper body muscular power will be recorded through the use 
of a Wingate test. This will involve you performing arm cycles at an all-out effort for a 
duration of 30seconds. Prior to the start of the Wingate test you will be asked to put on 
a face mask so that we can monitor how much oxygen you are consuming. 
 
Testing Session 3: You will be asked to perform a lower body time to exhaustion test 
(TTE) to determine your VO2peak. This will involve you cycling at 60 revolutions per minute 
(RPM) with the intensity of the exercise increasing every minute. Prior to the start of the 
TTE the you will be asked to put on a face mask to record oxygen uptake. Before each 
increase in intensity you will be asked to rate the intensity using a rate of perceived 
exertion scale (RPE) where 6 is no effort and 20 is maximum effort. 
 
Testing Session 4: This testing session involves you completing an upper body TTE. 
This is similar to the lower body test and will involve you performing arm cycles at 60 
RPM with the intensity increasing every minute. Prior to the start of the TTE you will be 
asked to put on a face mask to record oxygen uptake. Before each increase in intensity 
you will be asked to rate the intensity using a rate of perceived exertion scale (RPE) 
where 6 is no effort and 20 is maximum effort 
 
Training Sessions: You will be asked to perform high intensity training twice a week for 
a period of 10 weeks. The training will consist of 8 x 10 second leg cycle sprints with a 
30 second recovery and 8 x 10 second arm cycle sprints with a 30 second recovery. A 
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rest period of 5 minutes will occur between the lower and upper body sprints. If you are 
in the control group you will be asked to perform no additional physical activity out with 
the norm for the duration of the intervention apart from the pre and post tests.  
 
5. What are other possible disadvantages and risks of taking part? 
The procedures within this study have been risk assessed to ensure that no risks to the 
participant occur that are outside that of the risks involved with high intensity exercise. 
However, you may feel nauseas after the Wingate test. The data will be kept anonymous 
to ensure anonymity and will be kept secure at all times.   
 
6. What happens when the research study stops? 
The progress and the results of the study will be made available to the participant if the 
individual wishes. Results may be presented or published in scientific journals. All data 
will maintain confidentiality so individuals will not be identified. 
 
7. What if there is a problem? 
If any areas of concern with the study arise then a researcher will always be available to 
answer questions to the best of the individual’s ability. 

 
8. What will happen if I don’t want to carry on with the study? 
Participants are free to leave the study at any point without question or reason. 
 
9. Will my part in this study be kept confidential? 
All of the information concerned with participants within this study will be kept completely 
confidential. The researchers will only have access to the participants name and contact 
details which will be kept on a security protected computer for a maximum of 5 years to 
comply with legislation. The information provided by the participant will be kept 
anonymous at all points. 
 
10. What will happen to the results of this study? 
After completion of the study the results will be made available. Results may be 
presented or published in scientific journals. The data will remain anonymous to ensure 
that no individuals may be identified in any publication or report. If the participant 
wishes to view the results then these will be made available by the researcher. 
 
11. Who is organising and funding this study? 
This study is led by the University of Abertay Dundee. 
 
12. Contact for further information 
Questions concerned with this study are encouraged throughout should any arise. If an 
individual has any queries or issues at any point please contact Andrew Hall 
(1002549@live.abertay.ac.uk) or Dr. John Babraj (J.Babraj@abertay.ac.uk). 
 
This project has been reviewed and approved by the Research Ethics Committee of 
the School of Social and Health Sciences 
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9.2.5 Informed Written Consent 

 

INFORMED CONSENT FORM 
The purpose and details of this study have been explained to me.  I understand 

that this study is designed to further scientific knowledge and that the University 

of Abertay Dundee has approved all procedures. 

 

 I have read and understood all information provided and this consent form. 
 I have had an opportunity to ask questions about my participation. 
 I understand that I am under no obligation to take part in the study.  
 I understand that I have the right to withdraw from this study at any stage for 

any reason, and that I will not be required to explain my reasons for 
withdrawing. 

 I understand that all the information I provide will be treated in strict 
confidence. 

 I agree to participate in this study. 
 

Your name…………………………………….. 

 

Your signature…………………………………. 

 

Signature of investigator……………………….. 

Date…………………………………………….. 
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9.2.6 Participant Draft Email 

 

Dear Sir/Madam 

 

I am writing to invite you to participate in a postgraduate study at the University 

of Abertay Dundee aimed at finding the effects of upper and lower body high 

intensity training on muscular hypertrophy. The study would involve participating 

in high intensity training twice a week for ten weeks, and three days a week for 

two weeks. This method of training has been shown to increase fitness levels, 

decrease recovery time and has been suggested to increase muscular strength. 

When completing the study all personal data would be kept completely 

anonymous and you as the participant can stop exercising and withdraw from 

the study at any point without question or reason. If this is something that 

interests you it would be appreciated if you could reply by email to either 

Andrew Hall at  or Dr. John Babraj at 

. 

 

Kind Regards 

Andrew Hall       
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9.2.7 Evidence of Ethical Approval 

 
RL/SP/CR/SHS/14/P/002 

9th September 2014 

 
Dear Andrew 
 
The Effect of Upper and Lower Body High Intensity Training on Muscular 
Hypertrophy 
 
This is to notify you that the Ethics Committee have looked at your submission and you 
have been granted full ethical approval to collect data for your project as entitled above.  
This is subject to the following standard conditions: 
 
i You must remain in regular contact with your project supervisor 
 
ii Your supervisor must see a copy of all experimental materials and your 
procedure prior to commencing data collection 
 
iii If you make any substantive changes to your project plan, you must submit a new 

ethical approval application to the Committee.  Application forms and the 
accompanying explanatory document are on the Intranet.  Completed forms 
should be handed in to the School Office, School of Social & Health Sciences, 
Level 5, Kydd Building, Dundee. 

 
iv Any changes to the procedures must be negotiated with your supervisor 
 
The Ethics Committee also highlighted that in future you should provide a consistent 
level of detail when describing all of your tests/procedures. 
 
Failure to comply with these conditions will result in your ethical approval being 
revoked by the Ethics Committee. 
 
Should you have any queries please contact your Supervisor. 
 
Yours sincerely 
 
School Ethics Committee 
School of Social & Health Sciences 
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 Study 2 Ethical Information  

9.3.1 Application for Ethical Approval 

 
School of Social and Health Sciences 

Application for Ethical Approval 
Section 1: Checklist and Declaration 

 
Title of Project: The Effect of Upper and Lower Body High Intensity Training on Recovery 
Duration  
 
Project type: RESEARCH POSTGRADUATE  
 
Name of researcher(s): Andrew Hall 
 
Name of Supervisor (if appropriate): Dr John Babraj 

 YES NO 
Is your research based solely upon reviewing existing literature?   
 

 NO 

If YES, will you be accessing literature that could be sensitive or potentially 
damaging to the University’s reputation? 

  

If NO, would you like your ethical submission to be expedited? If so, there is no 
need to include additional paperwork other than signing this form. 

 NO 

 
If your research is not a literature review, or you are accessing potentially sensitive literature 
then you must make a full submission as normal. 

 YES NO N/A 
1 Will you describe the main experimental procedures to participants in 

advance, so that they are informed about what to expect? 
YES   

2. Will you tell participants that their participation is voluntary? 
 

YES   

3. Will you obtain written consent for participation? 
 

YES   

4. If the research is observational, will you ask participants for their 
consent to being observed? 

  N/A 

5. Will you tell participants that they may withdraw from the research at 
any time and for any reason? 

YES   

6. With questionnaires will you give participants the option of omitting 
questions they do not want to answer? 

  N/A 

7. Will you tell participants that their data will be treated with full 
confidentiality and that, if published, it will not be identifiable as theirs? 

YES   

8. Will you debrief participants at the end of their participation (i.e. give 
them a brief explanation of the study)? 

YES   
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If you have ticked No to any of Q1-8, you must ensure that the reasons for this are made 
explicit in your project proposal.  

  YES NO N/A 
9. Will your project involve deliberately misleading participants 

in any way? 
 

 NO  

10
. 

Is there any realistic risk of participants or researchers 
experiencing either physical or psychological distress or 
discomfort? If yes, give details on a separate sheet and state 
what you will tell them to do if they should experience any 
problems (e.g. who they can contact for help). 

YES   

If you have ticked Yes to Q9 or Q10 you must ensure that the reasons for this are made 
explicit in your project proposal.   

  YES NO N/
A 

11
. 

Does your project involve work with animals? If yes, you 
should also investigate whether you require a home office 
licence? Provide the answer to this in your proposal 

 NO  

12
. 

Do participants fall into any 
of the following groups? If 
they do, refer to 
professional body guidelines 
and include some reference 
to these in your proposal. 

Children (under 16 years of 
age) 

 NO  

Schoolchildren of all ages  NO  
Any person who may have 
difficulty understanding 
information provided to them  

 NO  

Patients  NO  
People in Custody  NO  
People engaged in illegal 
activities (e.g. drug taking) 

 NO  

 
Declaration: 
 I am familiar with, and will follow, the University of Abertay’s Code of Good Practice in 

Research  
 I am familiar with, and will follow, the governing body of my field’s own ethical guidelines. 
 I will abide by the Declaration of Helsinki throughout the research process 
 I have considered all of the potential ethical implications of this study and I consent to it 

being brought before the School Research Ethics Committee. 
Print Name (Lead Researcher): Andrew Hall    Date: 07/09/15 
By printing your name and submitting this form you agree to the declaration above 

Signed (Supervisor if appropriate): ……… ………   Date: 28/09/15 
By signing as supervisor you agree that the student will abide by the declaration above 
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9.3.2 General Risk Assessment 

School of Social and Health Sciences 
Application for Ethical Approval 

Section 2: Health and Safety 
 
MANAGEMENT OF HEALTH AND SAFETY AT WORK REGULATIONS 1999 

 
GENERAL RISK ASSESSMENT 

 
DEPARTMENT/SCHOOL/U
NIT 

Social and Health Sciences, 
Division of Sport and Exercise 
Science 

REF NO. N/A 

TASK/OPERATION BEING 
ASSESSED 

The Effect of Upper and Lower Body High Intensity 
Training on Recovery Time 

 
PURPOSE/METHOD OF WORK 
 
This is a PhD study on the effects of upper and lower body high intensity training (HIT) on the 
rate of recovery from exercise. Within a previous study on the effects of lower and upper 
body HIT on muscular hypertrophy it was noted that the recovery required by each 
participant appeared to be reduced over the 10 week duration of the study. The purpose of 
the present study is to determine the effects of lower and upper body HIT on the rate of 
recovery in physically active males. It is known that HIT results in adaptations associated 
with traditional endurance training such as increased muscle oxidative capacity, increased 
capillerisation, increased time to exhaustion (TTE) and mitochdrial biogenesis despite a 
much lower training duration. However, no investigation has occurred into the effects of HIT 
on the rate of recovery. If HIT can reduce the rate of recovery required following maximal 
effort sprints in order to produce the same level of performance then this would add to the 
growing body of research that suggests HIT is beneficial for performance.  
 
The participants required for this study will be physically active males aged between 18-35 
years. Physically active will be classified as completing 3 hours or above of additional 
physical activity twice a week such as going to the gym or playing sports. All data will be 
gained within the Abertay University research laboratory. Performance measures will include 
height, weight, blood lactate levels, heart rate, VO2peak and critical power. These measures 
will be performed on three occasions. Session 1 will act as a baseline measurement. Session 
2 will act as a post measurement for the control period. Session 3 will act as a post 
measurement following the training intervention. Participants will act as their own controls 
between Session 1 and Session 2. The training intervention will last a duration of 3 weeks, 
with participants reporting to the laboratory on 3 occasions each week. The lower body HIT 
(8 x 10 second sprints against 8% bodyweight resistance) will be followed by a recovery 
period of no more than 10 minutes, although the recovery period required by the participant 
is self-evaluated. Following the recovery period the upper body HIT (8 x 10 second sprints 
against 4.5% bodyweight resistance) will occur. Blood lactate levels will be gained each 
session at rest prior to exercise, immediately following lower body HIT, and immediately prior 
to the upper body HIT, immediately following upper body HIT and immediately following the 
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rest duration that was taken between lower and upper body sprints. In the final intervention 
session, an additional measurement will be taken following the time duration of the recovery 
period taken within the initial intervention session if this differs from the final intervention 
session recovery time. The rest duration required will be timed using a stop clock. Heart rate 
will be monitored throughout using a bio harness. 

 
SPECIFIC LEGISLATIVE REQUIREMENTS  LEVEL OF SKILL/TRAINING 

REQUIRED 
Participants will be provided with an explanation 
of the requirements of the study including testing 
and exercise procedures. Participants will be 
informed that the study is completely voluntary 
and that they withhold the right to withdraw from 
the study at any point without question or reason. 
Participants will be provided with an informed 
consent form, participant information sheet and 
PAR-Q form. This will ensure that the participant 
has no health risks and will not be harmed 
throughout the duration of the study. Before 
participation within the study can occur written 
consent must be provided. All participant data will 
remain completely anonymous and be kept on a 
secure file that requires a password to access. 
Any hard copies of information will be kept in a 
securely locked drawer. No participant data will 
be singled out with all data presented expressed 
as mean group values. Following the conclusion 
of the study participants will be allowed to view 
the results and will be provided with an 
explanation of the findings if this is required. 
 

 Induction in the use of lactate 
measurements. 
Induction in the use of the Bio 
harness 
 

 
CHEMICALS/MATERIALS 
INVOLVED  

HSC NO. ASSESSMEN
T DATE 

 SPECIFIC WORK EQUIPMENT 
PROVIDED 

 
 
N/A 
 
 

   The equipment required will 
be gained from the Abertay 
University research 
laboratory. Participant 
equipment only includes the 
use of appropriate dress for 
performing physical activity. 

 
 

MAIN HAZARDS IDENTIFIED WHO WILL BE 
AFFECTED 

CONTROL MEASURES TO REDUCE THE RISK 

Musculoskeletal injury 
 

Participant 
 

Performing physical activity places extra 
demand on the musculoskeletal system. A 
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Maximal intensity 
training carries the risk 
of over exertion when 
perform high intensity 
activity. This may 
include medical issues 
such as dizzieness, 
feeling light headed or a 
loss of balance. 
 
Time to exhaustion 
tests carry the risk of 
over exertion. This may 
include medical issues 
such as dizzieness, 
feeling light headed or a 
loss of balance.   
 
Gas masks 
contamination 
 
 
 
Blood Spillages 
 
 
 
 
 
 
 
 
 
 
 
 
Equipment 

 
 
 
 
 
Participant 
 
 
 
 
 
 
 
 
 
Participant 
 
 
 
 
 
 
 
Participant 
 
 
 
 
Participant / 
Researcher 
 
 
 
 
 
 
 
 
 
 
 
Participant / 
Researcher 
 

PAR-Q form and written informed consent 
must be obtained before participation. A 
warm up before exercise and warm down 
post exercise will be completed. 
 
A first aid qualified instructor will monitor all 
training and risk assessments. Chairs and 
fresh water will be made available to all 
participants should this be required. 
 
 
 
 
 
 
A first aid qualified instructor will monitor all 
training and risk assessments. Chairs and 
fresh water will be made available to all 
participants should this be required. 
 
 
 
 
All gas masks will be washed and sterilised 
immediately after use. The same mask will 
not be worn by immediately following 
participants. 
 
Lactate measurements will be taken by a 
trained researcher. All needles and blood 
will be immediately disposed of within the 
correct contamination boxes within the 
laboratory. The researcher will be wearing 
gloves throughout each lactate 
measurement with a fresh pair applied for 
each measurement. The participant will be 
seated when lactate measurements are 
gained in case of faintness occurring and to 
avoid any possible contamination or 
spillages from occuring. 
 
Shoe laces and loose clothing must be 
secured. Long hair must be tied back. Any 
trip hazards such as loose wires must be 
appropriately secured or safely covered to 
prevent tripping. Any liquids on the floor 
must be cleaned away and dry before 
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exercise occurs. All safety operation 
procedures will be pointed out. 
Familiarisation and training on how to use 
equipment will also occur in advance of 
exercise taking place. 

 
 

MANUAL HANDLING RISK  
 

PERSONAL PROTECTIVE 
EQUIPMENT REQUIRED  

 
Has a manual handling risk been identified?       Yes        
 
Is the risk considered to be                            Low 
 
Is a further detailed assessment required?       No             

 
 

Appropriate clothing for use in 
a physical activity setting. 
Rubber gloves will be worn 
when handling small blood 
samples.  

 
If the answer to the above question is YES a separate 
manual handling assessment will be required to fulfil the 
requirements of the Manual Handling Operations 
Regulations 1992. 

 
 

 
Is training and instruction required                 
YES               
 
Is there need for special 
accommodation        NO                  
 
Is there need for test/examination                   
NO                  
 
Is all P. P. E. compatible                                 
N/A                 

 
FREQUENCY OF MONITORING   

 
ASSESSMENT REVIEW PERIOD 

 
   N/A 

 
 3 
Month
s 

 
6 
Month
s 

 
 1 Year 

 
   > 1 
Year 

 
 

 
 < 1  

 
 2 
Years 

 
 3 
Years 

 
 4 Years 

 
 > 4  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
Print Name: JOHN BABRAJ  Post/Title: Lecturer 

Signed: …… ………………………..  Date: ……28/09/15………… 
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9.3.3 Project Proposal 

School of Social and Health Sciences 
Application for Ethical Approval 

Section 3: Project Proposal 
 

Estimated Start and completion dates: 
30th September 2015 - 17th September 2016. 

 
Aims of study and Rationale (500 words maximum): 
Provide an overview of why the research is being suggested, what the researchers aim 
to achieve, and what impact this may have.  Researchers are encouraged to write this as 
a lay summary. 
 
High intensity training (HIT) has been shown to provide similar adaptations to endurance 
training despite a substantially lower training duration (Gibala et al. 2006; Laursen 2010; 
Jakeman et al. 2012). Adaptations following HIT include increased oxidative capacity, 
mitochondrial density and capillerisation (Gibala et al. 2006; Laursen 2010; Jakeman et 
al. 2012). Further, increased performance benefits such as increase mean power output, 
VO2peak and muscular endurance have been observed following HIT (Gibala and McGee 
2008; Gibala et al. 2012; Metcalfe et al. 2012). Unpublished research from the present 
author suggests that 10 weeks of HIT consisting of 8 x 10 second sprints with a 30 
second recovery, improved muscular endurance, power and VO2peak following both lower 
and upper body sprints at a respective resistance of 8% bodyweight and 
4.5%bodyweight. However, it is unknown as to the effects of this protocol on recovery 
duration. As such, the aim of this study is to determine the effects of both lower and 
upper body HIT on recovery duration.  

 
External Partners: 
List any organisations or partner groups to be involved in the proposed project. 

Abertay University  

 
Expertise: 
Where appropriate make a statement about the qualifications/expertise of the researcher.  
For example, if the researcher is providing counselling, using clinical psychometrics, 
taking blood etc. 
The researcher has both used and completed high intensity training using the ergometers 
that will be implemented within the present study. With the exception of the bio harness 
and lactate measurements all the equipment used within this study was implemented 
within a similar study for the researcher’s MbR research thesis. All training necessary 
with regards to bio harness and lactate measurements will be provided by the supervisor 
and laboratory technician prior to the collection of data. The supervisor possess extensive 
knowledge and experience with the use of these procedures and equipment. 

Method: 
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Participants 
State the maximum number of participants you will recruit.  Provide a description of the 
participants, including recruitment methods, age, exclusion/inclusion criteria, and any 
other relevant demographic information. 
 
The maximum number of participants used within this study will be 20. Participants will be 
physically active males aged between 18-35 years. Physically active will be classified as 
those completing 3 hours or above of additional physical activity twice a week such as 
going to the gym or playing sports. Participants will be excluded if this criterion is not met 
or if an injury and/or illness would prevent the participant from completing all of the training 
or tests involved within the study. The term illness will include any long term infections or 
long term unwell feelings. Short term illnesses such as colds, coughs or similar illnesses 
that will not prevent an individual from missing any tests or training sessions will not fall 
under this category. Participants will be gained through the use of email. This email will 
be sent to local sports clubs in order to target a physically active population. Lecturing 
staff, including the project supervisor, within the Sport and Exercise Division at Abertay 
University will be asked for permission to gain the opportunity to speak to sports students 
during lecturer periods. The project brief will be explained to staff members prior to the 
discussion with students to ensure a full understanding of the project is possessed by the 
members of staff prior to student discussion. Students will be informed of the project with 
the rights of the participant fully explained during this explanation. Contact information for 
both the researcher and supervisor will be presented for the participants to contact if 
interested in the project or if any more detail is required. Any questions on the topic will be 
answered in full detail to ensure a full participant understanding of the project occurs both 
following the explanation and at a later date if this is required. If more than 20 participants 
are interested in participating within the project then recruitment will occur on a first come 
first served basis. Participants that fall outwith this will be told that the project is currently 
fully booked although there will be other opportunities to take part within future studies. 
Participants in this position will be offered the opportunity to provide contact information 
that will be stored within a securely locked drawer in order for contact to be made with 
regards to future studies. 
 
Materials &/or apparatus 
Describe the materials & apparatus that you need to conduct your study.  You should 
name any specific tests, questionnaires and software that you are using.  If conducting 
interviews either a list of questions or themes that will be discussed must be provided. 
 
Participant height will be gained using a Stadiometer Seca with weight being gained 
through the use of Seca Weigh Scales. BIA scales will be used to determine whole body 
composition. A critical power test will be used to determine the critical power of the 
participant with this test occurring on a Monark Ergomedic 894E peak bike. A time to 
exhaustion (TTE) test will be used to measure lower body endurance and act as a 
method of exercise from which to measure VO2peak. The TTE test will be performed on a 
Monark Ergomedic 894E peak bike. VO2peak will be measured through breath by breath 
analysis during the TTE test. Lower body HIT will occur on a Monark Ergomedic 894E 
peak bike while upper body HIT will occur on a Monark Ergomedic 891E arm crank 
ergometer. Breath by breath analysis will occur during both lower and upper body HIT. 
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Lactate levels will be measured using a lactate pro. Recovery time will be measured 
using a stop clock. A bio harness will be used to measure participant heart rate 
throughout the critical power test, TTE and training intervention.        
 
Procedure 
Fully describe each stage of how your proposed study will be carried out. 
 
This study will occur over duration of 6 weeks. This will include a 3 week control period 
and a 3 week intervention period. 
 
Baseline Testing: 
 
At baseline participants will report to the laboratory on 2 separate occasions for testing, 
each separated by at least 24hr. All participants will provide written consent for 
participation and complete a PAR-Q form to screen for health issues that might present 
a risk within the study. Participants will be made fully aware of the study procedures and 
withhold the right to withdraw from the experiment at any point without question or 
reason. Participants will be asked to fast for 4hr prior to attending the sessions and to 
void their bladder prior to any measurements.   
 
Baseline Session 1:  Participant height, weight, body composition, resting lactate levels 
and TTE will be measured. TTE will be measured using a Monark Ergomedic 894E peak 
bike. A 4 minute warm up will be given with the participant asked to cycle at a speed of 
60 revolutions per minute (rpm) against the resistance of an unweighted cradle (1kg). 
After which, the test will begin immediately. The participants will maintain a target 
cadence of 60rpm with a resistance of 500 grams min-1 increment until the point of 
exhaustion. The point of exhaustion will be defined as the time at which the participant 
subject can no longer maintain 60rpm or choose to stop. Prior to the start of the test 
participants will put on a bio harness monitor to determine heart rate, and a face mask 
which will be connected to the cortex breath by breath analyser to determine oxygen 
consumption, carbon dioxide production and VO2peak.     
 
Baseline Session 2: Participants will complete a critical power test (3 minute maximum 
effort sprint against a 4.5% bodyweight resistance) on a Monark Ergomedic 894E peak 
bike. Participants will cycle at 60 rpm against 1 kg for 3 minutes to warm up. The test will 
begin when the participants reach 110 rpm following which the resistance will be 
automatically applied. Strong verbal encouragement will be provided throughout the 
duration on the test. No indication of time will be provided to avoid pacing tactics from 
occurring. Power output will be recorded with average power output over the final 30 
seconds defined as critical power.  
 
Midline Testing: 
 
Midline testing will occur over a period of 2 days. These sessions will be used as post 
testing session for the ending of the control period. This will be completed 3 weeks 
following Baseline sessions 1 and 2. These sessions will be completed on the same 
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days, times and consist of the same testing procedures as both baseline sessions. 
Protocols will not be changed from the baseline sessions.   
 
Training Intervention: 
 
Throughout the control period participants will be asked to perform no additional physical 
activity out with normal physical activity levels. Following Mid testing sessions 1 and 2 
participants will complete a HIT intervention for a period of 3 weeks. Exercise will occur 
3 times a week for the duration totalling 9 exercise sessions. Participants will be fitted 
with a face mask which will be connected to the cortex breath by breath analyser to 
determine oxygen consumption and carbon dioxide production. A 4 minute warm up will 
occur at a cadence of >60rpm against no applied resistance after which the training 
intervention will begin immediately. Training will consist of 8 x 10 second lower body 
sprints with a 30 second recovery using a Monark Ergomedic 894E peak bike, against a 
resistance of 8% bodyweight. This will be followed by a maximum 10 minute rest 
duration, although the full rest time is not required to be taken. Participants will be 
provided with a chair with which to sit and rest and an area to move around in should 
this be required. The rest duration will be timed and recorded. 8 x 10 second upper body 
sprints on a Monark Ergomedic 891E arm crank machine against a resistance on 4.5% 
bodyweight will be completed immediately following the rest period. Blood lactate 
measurements will be taken immediately before the lower body sprints, immediately 
following the lower body sprints, immediately prior to the upper body sprints, and 
immediately following the upper body sprints. Throughout each exercise session 
participants will be fitted with a heart rate monitor connected to a bio harness. 
Immediately following the upper body sprints the face mask will be removed for 
participant convenience.        
 
Post Testing: 
 
Post testing will occur over a period of 2 days. These sessions will be used as post 
testing session for the ending of the training intervention. This will be completed at least 
72 hours following the end of the training period to monitor for any changes that may 
occur. These sessions will be completed on the same days, times and consist of the 
same testing procedures as both baseline sessions. Protocols will not be changed from 
the baseline sessions.   
     

 
Appendices 
Please attach all other relevant documentation required for this study.  For example: 
participant information sheets, informed consent forms, questionnaires, interview 
schedules. 
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9.3.4 Participant Information Sheet 

 
Participant Information Sheet 

The Effect of Upper and Lower Body HIT on Recovery Duration 
 

1. Invitation 
You are being invited to participate in a Sports and Exercise Science postgraduate study. 
Participants are required to be physically active males, aged 18-35 years, and are free 
from injury and/or illness that may affect the level of performance within the study. 
Participants must be able to freely provide consent for participation. It is important for the 
participant to understand both the purpose and requirements of the research before 
participation occurs. Please ensure the following information sheet is read carefully and 
feel free to discuss it amongst others. If anything is unclear or further information is 
required please ask the researcher for further details. Please take time before making a 
decision on whether or not to participate.   
 
2. What is the purpose of the study? 
The aim of this study is to investigate the effect of upper and lower body high intensity 
training on recovery duration. If so, this may provide a time efficient method of reducing 
the recovery required following intense exercise through this method of training. 
 
3. Do I have to take part? 
It is up to the individual as to whether participation within this study occurs. If the 
individual wishes to participate then this information sheet may be kept and a signed 
consent form will be asked to be completed to ensure that the participant understands 
what is involved during participation in the study. The participant has the right to withdraw 
from the study at any point without question or reason.  
 
4.  What will happen to me if I take part? 
If participation occurs then the participant will be asked to complete and sign an informed 
consent form stating that the participant understands what will be done within the study 
and is consenting to participation. The participant will then be required to complete a 
physical activity readiness questionnaire to determine if the individual is physically safe 
to participate within the study. The participant will then be asked to come to the human 
investigation laboratory within Abertay University on two separate occasions separated 
by 24 hours within the same week at times that suit the participant, to determine baseline 
measurements of physical fitness. Participants will be asked not to eat or drink anything 
from up to four hours before the completion of the baseline tests. Training of the correct 
technique on how to perform all tests will be provided beforehand to allow familerisation 
to occur. After the baseline measurements have been completed the participants will 
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complete a 3 week control period with no extra physical activity should be completed out 
with normal levels. Following the 3 week control period midline measurements will be 
completed. This will occur on 2 separate occasions within the same week separated by 
24 hours. This will be completed on the same days and times as the baseline 
measurements. The participants will be asked to refrain from eating or consuming any 
fluids for up to four hours before the completion of the post tests. Each training session 
will last no longer than 30 minutes and will be completed at times that best suit the 
participant. Following the 3 week training intervention post testing measurements will be 
completed. This will occur on 2 separate occasions within the same week separated by 
24hours. This will be completed on the same days and times as the baseline and midline 
measurements, to determine any differences in physical fitness compared to the baseline 
and midline measurements. Again, the participants will be asked to refrain from eating 
or consuming any fluids for up to four hours before the completion of the post tests.    
 
Baseline Testing Session 1: Your height, weight, body composition, resting lactate 
levels and time to muscular exhaustion (TTE) will be measured. Your body composition 
will be measured through using a bioelectrical impedance analysis (BIA) scales. This 
will involve you standing on the BIA scales and having a small electrical current passed 
through the body. The scales are completely safe and cause no harm or discomfort 
when operating. Lactate levels will be gained through a small blood sample that will be 
gained from your finger. This will involve pricking the finger and sampling the blood for 
lactate levels. A small volume of discomfort may be gained through the pricking of the 
finger. Plasters will be provided and the researcher will be trained in gaining blood 
samples. The TTE test will involve you cycling at 60 revolutions per minute (rpm) with 
the intensity of the exercise increasing every minute. Prior to the start of the TTE the 
participant will be asked to put on a face mask to record oxygen uptake, carbon dioxide 
output and VO2peak. A heart rate monitor will be required to be worn throughout the TTE 
test which will be connected to a bio harness that will record your heart rate.  
   
Baseline Testing Session 2: Your critical power will be recorded through the use of a 
critical power test. This will involve you cycling at a maximum intensity for duration of 3 
minutes at a resistance of 4.5% bodyweight. Verbal encouragement will be provided 
throughout the test.   
 
Training Sessions: Following the midline measurements you will be asked to perform 
high intensity training three times a week for a period of 3 weeks. The training will consist 
of 8 x 10 second leg cycle sprints with a 30 second recovery and 8 x 10 second arm 
cycle sprints with a 30 second recovery. A maximum rest period of 10 minutes will occur 
between the lower and upper body sprints, although the full rest duration does not have 
to be taken. During the control period you have to perform no extra physical activity out 
with what is considered normal for yourself.  
 
5. What are other possible disadvantages and risks of taking part? 
The procedures within this study have been risk assessed to ensure that no risks to the 
participant occur that are outside that of the risks involved with high intensity exercise. 
However you may feel nauseas after the critical power and TTE tests. The data will be 
kept anonymous to ensure anonymity and will be kept secure at all times.   
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6. What happens when the research study stops? 
The progress and the results of the study will be made available to the participant if the 
individual wishes. Results may be presented or published in scientific journals. All data 
will maintain confidentiality so individuals will not be identified. 
 
7. What if there is a problem? 
If any areas of concern with the study arise then a researcher will always be available to 
answer questions to the best of the individual’s ability. 

 
8. What will happen if I don’t want to carry on with the study? 
Participants are free to leave the study at any point without question or reason. 
 
9. Will my part in this study be kept confidential? 
All of the information concerned with participants within this study will be kept completely 
confidential. The researchers will only have access to the participants name and contact 
details which will be kept on a security protected computer for a maximum of 5 years to 
comply with legislation. The information provided by the participant will be kept 
anonymous at all points. 
 
10. What will happen to the results of this study? 
After completion of the study the results will be made available. Results may be 
presented or published in scientific journals. The data will remain anonymous to ensure 
that no individuals may be identified in any publication or report. If the participant 
wishes to view the results then these will be made available by the researcher. 
 
11. Who is organising and funding this study? 
This study is led by Abertay University. 
 
12. Contact for further information 
Questions concerned with this study are encouraged throughout should any arise. If an 
individual has any queries or issues at any point please contact Andrew Hall 

 or Dr. John Babraj  
 
This project has been reviewed and approved by the Research Ethics Committee of 
the School of Social and Health Sciences 
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9.3.5 Informed Written Consent 

 

INFORMED CONSENT FORM 
 
The purpose and details of this study have been explained to me.  I understand 

that this study is designed to further scientific knowledge and that the Abertay 

University has approved all procedures. 

 

 I have read and understood all information provided and this consent form. 
 I have had an opportunity to ask questions about my participation. 
 I understand that I am under no obligation to take part in the study.  
 I understand that I have the right to withdraw from this study at any stage for 

any reason, and that I will not be required to explain my reasons for 
withdrawing. 

 I understand that all the information I provide will be treated in strict 
confidence. 

 I agree to participate in this study. 
 

 

Your name…………………………………….. 

 

 

Your signature…………………………………. 

 

 

Signature of investigator……………………….. 

 

 

Date…………………………………………….. 
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9.3.6 Participant Draft Email  

 

Dear Sir/Madam 

 

I am writing to invite members of your sports club to participate in a 

postgraduate study at Abertay University. This study is aimed at finding the 

effects of lower and upper body high intensity training (HIT) on recovery 

duration. HIT has been shown to be a time effective training method to improve 

cardiovascular and muscular endurance, in addition to muscular strength and 

power.  

 

The study criteria for participants is physically active males aged between 18 

and 35 years, with physically active defined as completing 3 or more hours of 

physical activity twice a week. This includes taking part in sport or other 

activities such as going to the gym. The study would involve participating in high 

intensity training three times a week for 3 weeks; following a control period of 

three weeks were no additional exercise out with what is considered normal for 

your members will be performed. In total this study will last for a period of 6 

weeks. When completing the study all personal data would be kept completely 

anonymous and your members, as the participants, can stop exercising and 

withdraw from the study at any point without question or reason. If this is 

something that may be of interest to your sports club, if you require more 

information or have any questions than it would be appreciated if you could 

reply by email to either Andrew Hall at  or Dr. John 

Babraj at . 

 

Kind Regards 

Andrew Hall        
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9.3.7 Competency Agreement Evidence  

 

I confirm that Andrew Hall (student name) has been trained and is competent in the 

following: 

Upper body HIT  

Lower body HIT  

VO2 max testing  

Blood analysis for lactate  

Critical power testing  

Body composition  

Cycle time trials  

Bio-harness heart rate  

 

The student agrees to follow the correct operating procedures and risk 

assessments for these techniques. 

 

Student Signature…Andrew Hall…………………………………… 

Staff Signature……… ……………………………… 

Staff Name……JOHN BABRAJ……………………………. 

Date………26/10/2015………………………………………. 
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9.3.8 Evidence of Ethical Approval 

 

  
  
ANDREW HALL 
Matriculation number:  
Programme: MSc/MBA/MTech/LLM By Research (SHS), year 11 
  
Project Title: The Effect of Upper and Lower Body High Intensity Training 
on Recovery Duration 
Project Reference Number: 
Supervisor: JB 
  
  
Dear Andrew 
  
You have been granted Full Ethical Approval for the above project. 
  
Standard Conditions: 
  
i         You must remain in regular contact with your project supervisor. 
  
ii         Your supervisor must see a copy of all materials and your procedure prior 

to commencing data collection. 
  

iii         If you make any substantive changes to your proposed project, you must 
submit a new ethical approval application to the Committee.  Application 
forms and the accompanying explanatory document are on the 
Intranet.  Completed forms should be resubmitted through the Research 
Ethics Blackboard course. 

  
iv         Any changes to the agreed procedures must be negotiated with your 

supervisor. 
  

  
Failure to comply with these conditions will result in your ethical approval being 
revoked by the Ethics Committee. 
  
Should you have any queries please contact your Supervisor. 
  
Yours sincerely 
  
  
Research Ethics Committee 
School of Social & Health Sciences 
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 Study 3 Ethical Information  

9.4.1 Application for Ethical Approval 

School of Social and Health Sciences 

Application for Ethical Approval 
Section 1: Checklist and Declaration 

 
Title of Project: The Effect of Upper and Lower Body High Intensity Training on Combat Sport 
Performance 
 
Project type: RESEARCH POSTGRADUATE  

 
Name of researcher(s): Andrew Hall 
 
Name of Supervisor (if appropriate): Dr John Babraj 

 YES NO 
Is your research based solely upon reviewing existing literature?   
 

 NO 

If YES, will you be accessing literature that could be sensitive or potentially 
damaging to the University’s reputation? 

  

If NO, would you like your ethical submission to be expedited? If so, there is no 
need to include additional paperwork other than signing this form. 

 NO 

 
If your research is not a literature review, or you are accessing potentially sensitive literature 
then you must make a full submission as normal. 

 YES NO N/A 
1 Will you describe the main experimental procedures to participants in 

advance, so that they are informed about what to expect? 
YES   

2. Will you tell participants that their participation is voluntary? 
 

YES   

3. Will you obtain written consent for participation? 
 

YES   

4. If the research is observational, will you ask participants for their consent 
to being observed? 

  N/A 

5. Will you tell participants that they may withdraw from the research at any 
time and for any reason? 

YES   

6. With questionnaires will you give participants the option of omitting 
questions they do not want to answer? 

  N/A 

7. Will you tell participants that their data will be treated with full 
confidentiality and that, if published, it will not be identifiable as theirs? 

YES   

8. Will you debrief participants at the end of their participation (i.e. give 
them a brief explanation of the study)? 

YES   

 
If you have ticked No to any of Q1-8, you must ensure that the reasons for this are made 
explicit in your project proposal.  
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  YES NO N/A 
9. Will your project involve deliberately misleading participants 

in any way? 
 

 NO  

10
. 

Is there any realistic risk of participants or researchers 
experiencing either physical or psychological distress or 
discomfort? If yes, give details on a separate sheet and state 
what you will tell them to do if they should experience any 
problems (e.g. who they can contact for help). 

YES   

 
If you have ticked Yes to Q9 or Q10 you must ensure that the reasons for this are made 
explicit in your project proposal.   

  YES NO N/A 
11
. 

Does your project involve work with animals? If yes, you 
should also investigate whether you require a home office 
licence? Provide the answer to this in your proposal 

 NO  

12
. 

Do participants fall into any 
of the following groups? If 
they do, refer to 
professional body guidelines 
and include some reference 
to these in your proposal. 

Children (under 16 years of 
age) 

 NO  

Schoolchildren of all ages  NO  
Any person who may have 
difficulty understanding 
information provided to them  

 NO  

Patients  NO  
People in Custody  NO  
People engaged in illegal 
activities (e.g. drug taking) 

 NO  

 
Declaration: 
 I am familiar with, and will follow, the University of Abertay’s Code of Good Practice in 

Research  
 I am familiar with, and will follow, the governing body of my field’s own ethical guidelines. 
 I will abide by the Declaration of Helsinki throughout the research process 
 I have considered all of the potential ethical implications of this study and I consent to it 

being brought before the School Research Ethics Committee. 
 
Print Name (Lead Researcher): Andrew Hall   Date: 21/10/16 
By printing your name and submitting this form you agree to the declaration above 
 

Signed (Supervisor if appropriate): ……… …………… Date: …21/10/16… 
By signing as supervisor you agree that the student will abide by the declaration above 
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9.4.2 General Risk Assessment 
School of Social and Health Sciences 

Application for Ethical Approval 
Section 2: Health and Safety 

 
 

MANAGEMENT OF HEALTH AND SAFETY AT WORK REGULATIONS 1999 
 

GENERAL RISK ASSESSMENT 
 
 

DEPARTMENT/SCHOOL/
UNIT 

Social and Health Sciences, 
Division of Sport and Exercise 
Science 

REF NO. N/A 

TASK/OPERATION 
BEING ASSESSED 

The Effect of Upper and Lower Body High Intensity 
Training on Combat Sport Performance 

 
PURPOSE/METHOD OF WORK 
 
This is a PhD study on the effects of upper and lower body high intensity training (HIT) on performance within 
combat sports. Within previous studies by the present author a combined upper and lower body HIT protocol has 
resulted in increased VO2peak, muscular time to exhaustion (TTE), muscular strength and lactate removal, all of 
which are beneficial within sporting activities. Due to combat sports such as kickboxing, Muay Thai and Mixed 
Martial Arts (MMA) consisting of periods of maximal exertion followed by periods of low intensity exercise, the 
intermittent nature of HIT incorporates a degree of specificity to physical training for these sports. It is known that 
HIT results in adaptations associated with traditional endurance training such as increased muscle oxidative 
capacity, increased capillerisation, increased time to exhaustion (TTE) and mitochdrial biogenesis despite a much 
lower training duration. Due to the complex nature of technique associated with combat such as MMA, which 
incorporates a variety of different striking and wrestling moves, a shorter training duration will allow for a 
subsequent increase in time available for participants to improve technique, thus improving performance. Further, 
few studies have investigated the effects of HIT on the biomechanical performance of striking technique. If HIT can 
improve performance within combat sports this would both add to the growing body of research that suggests HIT is 
beneficial for performance, and allow for HIT to be tailored towards training specifically for combat sports.  
 
The participants required for this study will be physically active males aged between 18-35 years who are training 
regularly within combat sports. Both physically active and training regularly will be classified as those completing 3 
hours or above of additional physical activity twice a week within combat sports. For the purpose of this study, 
combat sports will be limited to any sport that involves striking with the hand or leg such as kickboxing, MMA, 
karate, taekwondo, boxing and Mauy Thai. Combat sports that do not contain any form of striking with either the 
hand or leg will be omitted from the study such as judo, wrestling and jiu jitsu. All data will be gained within the 
Abertay University research laboratories. Performance measures will include height, weight, BMI, lactate levels, 
heart rate, VO2peak, critical power and time to muscular exhaustion. Biomechanical data on striking accuracy and 
force will also be gained for punches. These measures will be performed on three occasions with participants acting 
as their own controls.  
 
Session 1 will act as a baseline measurement. Session 2 will act as a post measurement for the control period. 
Session 3 will act as a post measurement following the training intervention. Participants will act as their own 
controls between Session 1 and Session 2. The training intervention will last duration of 3 weeks, with participants 
reporting to the laboratory on 3 occasions each week. The lower body HIT (8 x 10 second sprints against 8% 
bodyweight resistance) will be followed by a recovery period 1 minute. Following the recovery period the upper 
body HIT (8 x 10 second sprints against 4.5% bodyweight resistance) will occur. This simulates the recovery 
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allowed between bouts within the majority of combat sports. The rest duration required will be timed using a stop 
clock. 

 
SPECIFIC LEGISLATIVE REQUIREMENTS  LEVEL OF SKILL/TRAINING REQUIRED 
 
Participants will be provided with an explanation of the 
requirements of the study including testing and 
exercise procedures. Participants will be informed that 
the study is completely voluntary and that they 
withhold the right to withdraw from the study at any 
point without question or reason. Participants will be 
provided with an informed consent form, participant 
information sheet and PAR-Q form. This will ensure 
that the participant has no health risks and will not be 
harmed throughout the duration of the study. Before 
participation within the study can occur written 
consent must be provided. All participant data will 
remain completely anonymous and be kept on a 
secure file that requires a password to access. Any 
hard copies of information will be kept in a securely 
locked drawer. No participant data will be singled out 
with all data presented expressed as mean group 
values. Following the conclusion of the study 
participants will be allowed to view the results and will 
be provided with an explanation of the findings if this 
is required. 
 

  
Induction in the use of the Bio harness equipment. 
Previous training has been gained using other bio 
harness equipment but a refresher is required due 
to the new equipment within the laboratory, and 
previous reported issues with the Bio harness 
data.  

 

 
CHEMICALS/MATERIAL
S INVOLVED  

HSC NO. ASSESSME
NT DATE 

 SPECIFIC WORK EQUIPMENT PROVIDED 

 
 
N/A 
 
 

   The equipment required will be gained from the 
Abertay University research laboratories. 
Participant equipment only includes the use of 
appropriate dress for performing physical activity. 

 
 

MAIN HAZARDS IDENTIFIED WHO WILL BE AFFECTED CONTROL MEASURES TO 
REDUCE THE RISK 

Musculoskeletal injury 
 
 
 
 
 
 
 
Maximal intensity training carries the 
risk of over exertion when perform 
high intensity activity. This may 
include medical issues such as 
dizzieness, feeling light headed or a 
loss of balance. 
 
 
 

Participant 
 
 
 
 
 
Participant 
 
 
 
 
 
Participant 

Performing physical activity places 
extra demand on the musculoskeletal 
system. A PAR-Q form and written 
informed consent must be obtained 
before participation. A warm up 
before exercise and warm down post 
exercise will be completed. 
 
 
A first aid qualified instructor will 
monitor all training and risk 
assessments. Chairs and fresh water 
will be made available to all 
participants should this be required. 
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Time to exhaustion tests carry the 
risk of over exertion. This may 
include medical issues such as 
dizzieness, feeling light headed or a 
loss of balance.   
 
 
Gas masks contamination 
 
 
 
 
Blood Spillages 
 
 
 
 
 
 
 
 
 
 
Equipment 

 
 
 
 
Participant 
 
 
 
Participant/Researcher 
 
 
 
 
 
 
 
 
Participant/Researcher 
 

A first aid qualified instructor will 
monitor all training and risk 
assessments. Chairs and fresh water 
will be made available to all 
participants should this be required. 
 
 
All gas masks and harnesses will be 
washed and sterilised immediately 
after use. The same mask will not be 
worn by immediately following 
participants. 
 
Lactate measurements will be taken 
by a trained researcher. All needles 
and blood will be immediately 
disposed of within the correct 
contamination boxes within the 
laboratory. The researcher will be 
wearing gloves throughout each 
lactate measurement with a fresh pair 
applied for each measurement. The 
participant will be seated when lactate 
measurements are gained in case of 
faintness occurring and to avoid any 
possible contamination or spillages 
from occurring. 
 
Shoe laces and loose clothing must 
be secured. Long hair must be tied 
back. Any trip hazards such as loose 
wires must be appropriately secured 
or safely covered to prevent tripping. 
Any liquids on the floor will be 
cleaned away and dried before 
exercise occurs. All safety operation 
procedures will be pointed out. 
Familiarisation and training on how to 
use equipment will also occur in 
advance of exercise taking place. 

 
 

MANUAL HANDLING RISK  
 

PERSONAL PROTECTIVE EQUIPMENT 
REQUIRED  

 
Has a manual handling risk been identified?       Yes        
 
Is the risk considered to be                            Low 
 
Is a further detailed assessment required?       No             

 
 

 
Appropriate clothing for use in a physical activity 
setting. 
Rubber gloves will be worn when handling small 
blood samples.  

 
If the answer to the above question is YES a 
separate manual handling assessment will be 
required to fulfil the requirements of the Manual 
Handling Operations Regulations 1992. 

 
 

 
Is training and instruction required                 NO               
 
Is there need for special accommodation        NO                  
 
Is there need for test/examination                   NO                  
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Is all P. P. E. compatible                                 N/A                 
 

FREQUENCY OF MONITORING   
 

ASSESSMENT REVIEW PERIOD 

 
   N/A 

 
 3 
Months 

 
6 
Months 

 
 1 Year 

 
   > 1 
Year 

 
 

 
 < 1  

 
 2 
Years 

 
 3 
Years 

 
 4 
Years 

 
 > 4  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Print Name: JOHN BABRAJ  Post/Title: Lecturer 
 

Signed: ……… ………………………..  Date: ……21/10/16………… 
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9.4.3 Project Proposal 

School of Social and Health Sciences 

Application for Ethical Approval 
Section 3: Project Proposal 

 
Estimated Start and completion dates: 
 
1st January 2017 -  1st January 2018. 

 
Aims of study and Rationale (500 words maximum): 
Provide an overview of why the research is being suggested, what the researchers aim 
to achieve, and what impact this may have.  Researchers are encouraged to write this as a 
lay summary. 

The aim of the study is to determine the effects of High intensity training (HIT) on 
performance within combat sports. HIT has been shown to increase oxidative capacity, 
lactate removal, mitochondrial density and capillerisation (Gibala et al. 2006; Laursen 2010; 
Jakeman et al. 2012) resulting in performance benefits such as increased mean power 
output, VO2peak, muscular endurance and reduced recovery duration (Gibala and McGee 
2008; Gibala et al. 2012; Metcalfe et al. 2012) despite a substantially low training duration. 
These physiological components have been cited as important factors impacting 
performance within combat sports (Douriset al. 2004). Current HIT protocols consist of 
periods of maximal activity interspersed with periods of recovery. Similarly, combat sports 
consist of periods of maximal effort and pause (Del Vecchio et al. 2011). For example, 
taekwondo has a pause-effort ratio of between 1:3 and 1:4 with mixed martial arts presenting 
similar findings (Del Vecchio et al. 2011). As such, due to the benefits of HIT and similarity 
between training methods and performance within combat sports, the aim of this study is to 
determine the effects of both lower and upper body HIT on performance within combat 
sports. 

 
External Partners: 
List any organisations or partner groups to be involved in the proposed project. 
 
Abertay University 
Combat Sport Gyms/Clubs (TNT Dundee, Internal Warrior, Team Extreme, Shooters 
Dundee) 
 

 
Expertise: 
Where appropriate make a statement about the qualifications/expertise of the researcher.  
For example, if the researcher is providing counselling, using clinical psychometrics, taking 
blood etc. 
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The researcher has both used and completed high intensity training using the ergometres 
that will be implemented within the present study. With the exception of the force platforms 
all the equipment used within this study was implemented within similar studies completed by 
the researcher. All training necessary with regards to force platform use will be provided by 
the supervisor and laboratory technician prior to the collection of data. The supervisor and 
laboratory technician possess extensive knowledge and experience with the use of these 
procedures and equipment. 
 
Method: 
Participants 
State the maximum number of participants you will recruit.  Provide a description of the 
participants, including recruitment methods, age, exclusion/inclusion criteria, and any other 
relevant demographic information. 
 
The maximum number of participants used within this study will be 21. Participants will be 
physically active males aged between 18-35 years who are training regularly within combat 
sports. Both physically active and training regularly will be classified as those completing 3 
hours or above of additional physical activity twice a week within combat sports. For the 
purpose of this study, combat sports will be limited to any sport that involves striking with the 
hand or leg such as kickboxing, MMA, karate, taekwondo, boxing and Mauy Thai. Combat 
sports that do not contain any form of striking with either the hand or leg will be omitted from 
the study such as judo, wrestling and jiu jitsu. Participants will be excluded if this criterion is 
not met or if an injury and/or illness would prevent the participant from completing all of the 
training or tests involved within the study. The term illness will include any long term infections 
or long term unwell feelings. Short term illnesses such as colds, coughs or similar illnesses 
that will not prevent an individual from missing any tests or training sessions will not fall under 
this category. Participants will be gained through the use of email or through the use of verbal 
communication. The email will be sent to local combat sports clubs within Dundee and Angus 
in order to target the required population group. Coaches and trainers for combat sport clubs 
will be asked for permission to gain the opportunity to speak to participants within their 
classes/training sessions. The project brief will be explained to coaching/trainer staff prior to 
the discussion with participants to ensure a full understanding of the project is possessed by 
the staff prior to participant discussion. Participants will be informed of the project with the 
rights of the participant fully explained during this explanation. Contact information for both the 
researcher and supervisor will be presented for the participants to contact if interested in the 
project or if any more detail is required. Any questions on the topic will be answered in full 
detail to ensure a full participant understanding of the project occurs both following the 
explanation and at a later date if this is required. If more than 21 participants are interested in 
participating within the project then recruitment will occur on a first come first served basis. 
Participants that fall outwith this will be told that the project is currently fully booked although 
there will be other opportunities to take part within future studies. Participants in this position 
will be offered the opportunity to provide contact information that will be stored within a securely 
locked drawer in order for contact to be made with regards to future studies. 
 
Materials &/or apparatus 
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Describe the materials & apparatus that you need to conduct your study.  You should name 
any specific tests, questionnaires and software that you are using.  If conducting interviews 
either a list of questions or themes that will be discussed must be provided. 
 
Participant height will be gained using a Stadiometer Seca with weight being gained through 
the use of Seca Weigh Scales. BIA scales will be used to determine whole body composition. 
A Monark Ergomedic 894E peak bike will be used to complete a critical power test to 
determine work capacity, and a lower body time to exhaustion test (TTE) to aid in the 
determination of VO2peak. This bike will also be used to complete the lower body HIT 
sessions. VO2peak will be measured through breath by breath analysis during the TTE test. 
Upper body HIT will occur on a Monark Ergomedic 891E arm crank ergometer. Lactate levels 
will be measured using a lactate pro. Recovery time will be measured using a stop clock. A 
heart rate monitor will be used to measure participant heart rate. Punching force will be 
measured using a force platform attached to a vertical apparatus, covered with a body shield 
in line the methodology proposed by Loturco et al. (2015). Lower body power will be 
measured through a vertical jump test with the use of a force platform. A punch shield and 
MMA gloves will be used to complete 2 rounds of boxing, each round will last 2 minutes with 
a 1 minute break in between each round. 
Procedure 
Fully describe each stage of how your proposed study will be carried out. 
 
This study will occur over duration of 6 weeks. This will include a 3 week control period and a 
3 week intervention period. Participants will exercise 3 times a week during the intervention 
period. 
 
Baseline Testing: 
 
At baseline participants will report to the laboratory on 3 separate occasions for testing, each 
separated by at least 24hr. All participants will provide written consent for participation and 
complete a PAR-Q form to screen for health issues that might present a risk within the study. 
Participants will be made fully aware of the study procedures and withhold the right to 
withdraw from the experiment at any point without question or reason. Participants will be 
asked to fast for 4hr prior to attending the sessions and to void their bladder prior to any 
measurements.   
 
Baseline Session 1:  Participant height, weight, body composition, squat jumps, counter 
movement jumps, impact tests, boxing simulation, lactate and heart rate measures will be 
taken. Participant resting lactate level will be recorded using a lactate pro. Punching power 
will occur on a force platform. The force platform will be mounted on a vertical frame at a 1m 
height perpendicular to the floor. The platform will be covered by a body shield to prevent 
impact injuries to the participants. Participants will also wear MMA gloves to prevent injury. A 
specific warm up will be completed using sub-maximal jabs and crosses at an intensity of 
choice. 12 punches will be performed on the target (centre of the body shield) in the following 
order: 3 jabs from a standardised position, 3 crosses from a standardised position, 3 jabs 
from a self-determined position, and 3 crosses from a self-determined position. The 
standardised position will be determined based on an individual basis according to arm 
length by measuring the distance from the platform to the front foot which results in a full 
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extension of the dominant arm after throwing both the jab and the cross (Loturco et al. 2015). 
A 15-second and 1-minute rest interval will be allowed between attempts within each 
condition and between each condition. Strong verbal encouragement will be provided 
throughout the duration on the test. Maximal and average punch impact for each condition 
will be recorded.  
 
Vertical jump tests, squat jump and countermovement jump (CMJ) will then be completed on 
a force platform fixed to the floor. The hands of the participant on the hips will remain on the 
hips for both jumps. In the SJ a static position will be held with the knee flexion angle at 90º 
for 2-seconds before the jump attempt. In the CMJ participants will perform a downward 
movement followed by the complete extension of the lower limb joints. Each test will be 
performed 3 times with a 15-second interval between each jump with the average and peak 
jump height recoded. Vertical jump tests will be completed pre and post pad session.     
 
The pad session will simulate 2 rounds of boxing with each round lasting 2 minutes. A minute 
interval will be provided between rounds. The number and type of punches thrown will be 
recorded. All participants will be equipped with MMA open finger gloves in order for hand 
protection to be gained reducing the risk of injury and to allow easier access for blood lactate 
to be collected. The participant will be fitted with a HR monitor and a portable gas analyser 
prior to the pad session. The portable gas analyser will consist of participants wearing a face 
mask which will be connected to the cortex breath by breath analyser to determine oxygen 
consumption, carbon dioxide production and VO2peak. This will be equipped to the back of the 
participant in order to move while wearing the device. The heart rate monitor will be fitted 
across the chest of the participant and be connected to a watch that will collect the HR data. 
This will allow HR to be collected while the participant is moving. HR will be collected 
throughout the duration of both rounds and the rest periods. Lactate measurements will be 
gained at baseline (prior to the power tests), immediately following round 1, immediately prior 
to round 2, immediately following round 2 and 1 minute following round 2. Blood lactate will 
be gained through a small prick of the participant’s finger with all measurements being 
gained through a lactate pro with disposable lactate strips. All equipment involved in blood 
data collection such as lactate strips, blood wipes and needles will be appropriately disposed 
of into suitable hazardous waste containers. Immediately after pad session round 2 all HR 
and gas analysis equipment will be removed from the participant as soon as possible, prior to 
completing vertical jump and punching measures again. Immediately following this a chair 
and water will be provided for participant convenience.     
 
Baseline Session 2: Participant peak oxygen consumption (VO2peak) and lower body time to 
exhaustion (TTE) will be measured. TTE will be measured using a Monark Ergomedic 894E 
peak bike. A 4 minute warm up will be given with the participant asked to cycle at a speed of 
60 revolutions per minute (RPM) with no applied resistance. After which the test will begin 
immediately. The participants will maintain a target cadence of 60 revolutions per minute 
(RPM) with a resistance of 500 grams min-1 increment until the point of exhaustion. The point 
of exhaustion will be defined as the time at which the participant subject can no longer 
maintain 60 RPM or choose to stop.  Prior to the start of the test participants will put on a 
face mask which will be connected to the cortex breath by breath analyser to determine 
oxygen consumption, carbon dioxide production and VO2peak.     
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Baseline Session 3: Participants will complete a critical power test (3 minute maximum 
effort sprint against a 4.5% bodyweight resistance) on a Monark Ergomedic 894E peak bike. 
Participants will cycle at 60 rpm against 1 kg for 3 minutes to warm up. The test will begin 
when the participants reach 110 rpm following which the resistance will be automatically 
applied. Strong verbal encouragement will be provided throughout the duration on the test. 
No indication of time will be provided to avoid pacing tactics from occurring. Power output will 
be recorded with average power output over the final 30 seconds defined as critical power. 
      
  
Midline Testing: 
 
Midline testing will occur over a period of 3 days. These sessions will be used as post testing 
session for the ending of the control period. This will be completed 3 weeks following 
Baseline sessions. These sessions will be completed on the same days and times where 
possible, and consist of the same testing procedures as baseline sessions. Protocols will not 
be changed from the baseline sessions.   
 
Training Intervention: 
 
Throughout the control period participants will be asked to perform no additional physical 
activity out with normal physical activity levels. Following Midline testing sessions participants 
will complete a HIT intervention for a period of 3 weeks. Exercise will occur 3 times a week 
for the duration totalling 9 exercise sessions. A 4-minute warm up will occur at a cadence of 
choice against no applied resistance after which the training intervention will begin 
immediately. Training will consist of 8 x 10 second lower body sprints with a 30 second 
recovery using a Monark Ergomedic 894E peak bike, against a resistance of 8% bodyweight. 
This will be followed by a 1-minute rest duration. Participants will be provided with a chair 
with which to sit and rest and an area to move around in should this be required. 8 x 10 
second upper body sprints on a Monark Ergomedic 891E arm crank machine against a 
resistance on 4.5% bodyweight will be completed immediately following the rest period.  
 
Post Testing: 
 
Post testing will occur over a period of 3 days. These sessions will be used as post testing 
session for the ending of the training intervention. This will be completed at least 72 hours 
following the end of the training period to monitor for any changes that may occur. These 
sessions will be completed on the same days and times as the baseline and midline sessions 
where possible and consist of the same testing procedures. Protocols will not be changed 
from the previous testing sessions.  
     

 
Appendices 
Please attach all other relevant documentation required for this study.  For example: participant 
information sheets, informed consent forms, questionnaires, interview schedules. 
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9.4.4 Participant Information Sheet 

 
Participant Information Sheet 

The Effect of Upper and Lower Body HIT on Combat Sport 
Performance 

 
1. Invitation 
You are being invited to participate in a Sports and Exercise Science postgraduate study. 
Participants are required to be physically active males, aged 18-35 years, and are free 
from injury and/or illness that may affect the level of performance within the study. 
Participants must compete in combat sports that involve striking such as boxing, 
kickboxing or mixed martial arts a minimum of 3 hours, twice a week for participation in 
this study to occur. Participants must be able to freely provide consent for participation. 
It is important for the participant to understand both the purpose and requirements of the 
research before participation occurs. Please ensure the following information sheet is 
read carefully and feel free to discuss it amongst others. If anything is unclear or further 
information is required please ask the researcher for further details. Please take time 
before making a decision on whether or not to participate.   
 
2. What is the purpose of the study? 
The aim of this study is to investigate the effect of upper and lower body high intensity 
training combat sport performance. If so, this may provide a time efficient method of 
training for combat sports through this method of training. This will allow greater time to 
be spent on training technique, thus improving performance. 
 
3. Do I have to take part? 
It is up to the individual as to whether participation within this study occurs. If the 
individual wishes to participate then this information sheet may be kept and a signed 
consent form will be asked to be completed to ensure that the participant understands 
what is involved during participation in the study. The participant has the right to withdraw 
from the study at any point without question or reason.  
 
4.  What will happen to me if I take part? 
If participation occurs then the participant will be asked to complete and sign an informed 
consent form stating that the participant understands what will be done within the study 
and is consenting to participation. The participant will then be required to complete a 
physical activity readiness questionnaire to determine if the individual is physically safe 
to participate within the study. The participant will then be asked to come to the human 
investigation laboratory and biomechanics laboratory within Abertay University on three 
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separate occasions separated by 24hours within the same week at times that suit the 
participant, to determine baseline measurements of physical fitness. Participants will be 
asked not to eat or drink anything from up to four hours before the completion of the 
baseline tests. Training of the correct technique on how to perform all tests will be 
provided beforehand to allow familerisation to occur. After the baseline measurements 
have been completed the participants will complete a 3-week control period with no extra 
physical activity should be completed out with normal levels. Following the 3-week 
control period midline measurements will be completed. This will occur on 3 separate 
occasions within the same week separated by 24hours. This will be completed on the 
same days and times as the baseline measurements where possible. The participants 
will be asked to refrain from eating or consuming any fluids for up to four hours before 
the completion of the post tests. Each training session will last no longer than 30 minutes 
and will be completed at times that best suit the participant. Following the 3-week training 
intervention post testing measurements will be completed. This will occur on 3 separate 
occasions within the same week separated by 24hours. This will be completed on the 
same days and times as the baseline and midline measurements where possible, to 
determine any differences in physical fitness compared to the baseline and midline 
measurements. Again, the participants will be asked to refrain from eating or consuming 
any fluids for up to four hours before the completion of the post tests.    
 
Baseline Testing Session 1: Your height, weight, body composition, punching power, 
leg power and blood lactate levels will be measured. Your body composition will be 
measured through using a bioelectrical impedance analysis (BIA) scales. This will 
involve you standing on the BIA scales and having a small electrical current passed 
through the body. The scales are completely safe and cause no harm or discomfort 
when operating. Punching power will involve punch a pad that is attached to a force 
platform that will monitor impact forces. You will be provided with mixed martial art 
(MMA) gloves to reduce the risk of injury. Leg power will involve performing 3 squat 
jumps and 3 countermovement jumps on a force platform. Verbal encouragement will 
be provided throughout the tests. You will be asked to complete 2 rounds of a pad 
workout to simulate 2 rounds of boxing. Each round will last 2 minutes with a 1-minute 
interval occurring between each round. MMA open finger gloves will be worn to reduce 
the risk of injury. You will be fitted with a heart rate monitor to and portable gas mask to 
monitor heart rate, and oxygen uptake and carbon dioxide output respectively. Blood 
lactate measurements will be gained at rest, after the 1st round, immediately before the 
2nd round, immediately after the second round and 1 minute after the 2nd round. Lactate 
levels will be gained through a small blood sample that will be gained from your finger. 
This will involve pricking the finger and sampling the blood for lactate levels. A small 
volume of discomfort may be gained through the pricking of the finger. Plasters will be 
provided and the researcher will be trained in gaining blood samples. 
 
Baseline Testing Session 2: Your VO2peak and time to muscular exhaustion (TTE) will 
be measured. The TTE test will involve you cycling at 60 revolutions per minute (RPM) 
with the intensity of the exercise increasing every minute until the point that this 
cadence can no longer be maintained or until the participant chooses to stop. Prior to 
the start of the TTE you will be asked to put on a face mask to record oxygen uptake, 
carbon dioxide output and VO2peak. The face mask may cause some discomfort 
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however it is completely safe and will be removed as soon as possible following the 
completion of the test or at any point that the participant wishes.   
 
Baseline Testing Session 3: Your critical power will be recorded through the use of a 
critical power test. This will involve you cycling at a maximum intensity for duration of 3 
minutes at a resistance of 4.5% bodyweight. Verbal encouragement will be provided 
throughout the test. This test may result in some discomfort within the legs, dizziness 
and feelings of nausea. Water a chair, and a physio bed will be provided for the 
participant to use if required.    
 
Training Sessions: Following the midline measurements you will be asked to perform 
high intensity training 3 times a week for a period of 3 weeks. The training will consist of 
8 x 10 second leg cycle sprints with a 30 second recovery and 8 x 10 second arm cycle 
sprints with a 30 second recovery. A 1 minute rest period will occur between the lower 
and upper body sprints. During the control period you have to perform no extra physical 
activity out with what is considered normal for yourself.  
 
5. What are other possible disadvantages and risks of taking part? 
The procedures within this study have been risk assessed to ensure that no risks to the 
participant occur that are outside that of the risks involved with high intensity exercise. 
However, you may feel nauseas after the critical power and TTE tests. The data will be 
kept anonymous to ensure anonymity and will be kept secure at all times.   
 
6. What happens when the research study stops? 
The progress and the results of the study will be made available to the participant if the 
individual wishes. Results may be presented or published in scientific journals. All data 
will maintain confidentiality so individuals will not be identified. 
 
7. What if there is a problem? 
If any areas of concern with the study arise then a researcher will always be available to 
answer questions to the best of the individual’s ability. 

 
8. What will happen if I don’t want to carry on with the study? 
Participants are free to leave the study at any point without question or reason. 
 
9. Will my part in this study be kept confidential? 
All of the information concerned with participants within this study will be kept completely 
confidential. The researchers will only have access to the participant’s name and contact 
details which will be kept on a security protected computer for a maximum of 5 years to 
comply with legislation. The information provided by the participant will be kept 
anonymous at all points. 
 
10. What will happen to the results of this study? 
After completion of the study the results will be made available. Results may be 
presented or published in scientific journals. The data will remain anonymous to ensure 
that no individuals may be identified in any publication or report. If the participant 
wishes to view the results, then these will be made available by the researcher. 
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11. Who is organising and funding this study? 
This study is led by Abertay University. 
 
12. Contact for further information 
Questions concerned with this study are encouraged throughout should any arise. If an 
individual has any queries or issues at any point please contact Andrew Hall 
( ) or Dr. John Babraj ( ). 
 
This project has been reviewed and approved by the Research Ethics Committee of 
the School of Social and Health Sciences 
 

9.4.5 Informed Written Consent 

 

INFORMED CONSENT FORM 
 
The purpose and details of this study have been explained to me.  I understand 

that this study is designed to further scientific knowledge and that the Abertay 

University has approved all procedures. 

 

 I have read and understood all information provided and this consent form. 
 I have had an opportunity to ask questions about my participation. 
 I understand that I am under no obligation to take part in the study.  
 I understand that I have the right to withdraw from this study at any stage for 

any reason, and that I will not be required to explain my reasons for 
withdrawing. 

 I understand that all the information I provide will be treated in strict 
confidence. 

 I agree to participate in this study. 
 

 

Your name…………………………………….. 

 

Your signature…………………………………. 

 

Signature of investigator……………………….. 

 

Date…………………………………………….. 
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9.4.6 Participant Draft Email  

 

Dear Sir/Madam 

 

I am writing to invite members of your sports club to participate in a 

postgraduate study at Abertay University. This study is aimed at finding the 

effects of lower and upper body high intensity training (HIT) on combat sports. 

HIT has been shown to be a time effective training method to improve 

cardiovascular and muscular endurance, in addition to muscular strength and 

power.  

 

The study criteria for participants is physically active males aged between 18 

and 35 years, with physically active defined as completing 2 or more hours of 

physical activity twice a week. This must include taking part in combat sports 

that involve some degree of striking such as boxing, Muay Thai, kickboxing and 

mixed martial arts. The study would involve participating in HIT 3 times a week 

for 3 weeks; following a control period of 3 weeks where no additional exercise 

out with what is considered normal for your members will be performed. In total 

this study will last for a period of 6 weeks. When completing the study all 

personal data would be kept completely anonymous and your members, as the 

participants, can stop exercising and withdraw from the study at any point 

without question or reason. If this is something that may be of interest to your 

sports club, if you require more information or have any questions than it would 

be appreciated if you could reply by email to either Andrew Hall at 

 or Dr. John Babraj at . 

 

Kind Regards, 

Andrew Hall       
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9.4.7 Evidence of Ethical Approval 

  

  

Project Reference Number: SHS_T_2015-16_901 

Project Title: The Effect of Upper and Lower Body High Intensity Training on Combat 

Sport Performance 

Proposer: Andrew Hall 

Matriculation number:  

Programme: , Stage  

Supervisor: John Babraj 

  

The above Project has been granted Full ethical approval. 

  

Additional Conditions: 

 

NB: you are not required to resubmit your application if you have been given Additional 

Conditions. 

  
Standard Conditions: 

These apply to all Research Ethics applications 

 i               The Proposer must remain in regular contact with the project supervisor. 

 ii              The Supervisor must see a copy of all materials and procedures prior to 

commencing data collection. 

 iii             If any substantive changes to the proposed project are made, a new ethical 

approval application must be submitted to the Committee.  Completed forms should be 

resubmitted through the Research Ethics Blackboard course. 

 iv             Any changes to the agreed procedures must be negotiated with the project 

supervisor. 

   

Failure to comply with these conditions will result in ethical approval being revoked by 

the Ethics Committee. 

  

SHS Research Ethics Committee 

26.10.16  
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 Physical Activity Readiness Questionnaire Used Within all 
Studies 

 

Modified Physical Activity Readiness Questionnaire (PAR-Q) 

Name         Date 

DOB   Age  Contact Number 
 
Regular exercise is associated with many health benefits, yet any change of 

activity may increase the risk of injury. Completion of this questionnaire is a first 

step when planning to increase the amount of physical activity in your life. 

Please read each question carefully and answer every question honestly.   

Yes No Don’t know 1) Has a physician ever said you have a heart 

condition and you should only do physical activity 

recommended by a physician? 

Yes No Don’t know 2) When you do physical activity, do you feel pain 

in your chest? 

Yes No  Don’t know 3) In the past month have you had chest pain 

when you were not doing physical activity? 

Yes No Don’t know 4) Do you lose your balance because of dizziness 

or do you ever lose consciousness? 

Yes No Don’t know 5) Do you have a joint or bone problem that may 

be made worse by a change in physical activity? If 

yes please state further details. 

Yes No Don’t know 6) Do you currently have high blood pressure that 

is not controlled by medication? 

Yes No Don’t know 7) Are you pregnant? 

Yes No Don’t know 8) Do you know of any other reason you should 

not exercise or increase your physical activity? 
 

Participant Signature      Date 

Researcher Signature      Date  

 

If members answered yes to any of the above questions wait for clearance from 

a physician to begin exercise program. 
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 Examples of Raw Data 

9.6.1 Study 1  

9.6.1.1 Lower Extremity Training Data Output Example (Condensed) 

 

9.6.1.2 Lower Extremity Training Data Output Split Time Example 
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9.6.1.3 Lower Extremity WAnT Example 
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9.6.1.4 Lower Extremity V�O2peak Example (First Minute & Last Minute) 
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9.6.1.5 Upper Extremity V�O2peak Example (First Minute & Last Minute) 
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9.6.2 Study 2 

9.6.2.1 Lower Extremity Training Data Output Example (Condensed) 

 

9.6.2.2 Lower Extremity Training Data Output Split Time Example 
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9.6.2.3 Upper Extremity Training Data Output  

 
 
 

 

 

 

 

 

 

 

 

9.6.2.4 Lower Extremity V�O2peak Example (First Minute & Last Minute) 

 

Participant 2 02/12/2015 
   

Load 2.61kg 
    

 
Max Power 
(W) 

Ave Power (W) Fatigue Rate 
(%) 

Time to Max 
(s) 

1 514.5 155.6 111.8 3.00 
2 290.5 111.8 44 2.00 
3 250.7 102.9 88.6 0.00 
4 151.4 82.1 32.9 0.00 
5 136.9 34.6 39.1 4.00 
6 130.3 73.1 97.5 1.00 
7 170.3 44.8 46.1 5.00 
8 134.3 48.9 26.5 3.00 
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9.6.2.5 Critical Power (First Minute & Last Minute) 
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9.6.2.6 Figure of Critical Power Output Throughout Test Duration 
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9.6.2.7 O2 Utilisation During Recovery Between Extremities (First Minute 

& Last Minute) 
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9.6.2.8 Figure of O2 Utilisation Throughout Recovery Period 
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9.6.3 Study 3 

9.6.3.1 Lower Extremity Training Data Output Example (Condensed)

 
 
9.6.3.2 Lower Extremity Training Data Output Split Time Example 
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9.6.3.3 Lower Extremity V�O2peak Example (First Minute & Last Minute) 
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9.6.3.4 Critical Power (First Minute & Last Minute) 

 

 

 
 



 

267 

9.6.3.5 Figure of Critical Power Output Throughout Test Duration 

  
 

9.6.3.6 Striking Data Output Example – Pre Strike 

 
 

9.6.3.7 Striking Data Output Example – During/Post Strike 
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