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Abstract

Rationale: The development of strength and conditioning abilities is integral to both health 

and athletic performance. Combined training has been increasingly utilised to provide a 

concurrent stimulus with lower time-demands and other unique purported advantages 

compared to traditional training. However, limited data exists on the training response to 

different load intensities, hindering the ability to modulate and apply a combined stimulus. 

Therefore, the current study aimed to compare metrics of internal and external load 

utilising a Moderate (55% 1RM) versus High intensity (75% 1RM) resistance circuit 

session. Methods: Healthy resistance-trained males (n=10) performed both circuits in a 

randomised cross-over fashion. Pre and post-exercise, assessments of capillary blood 

lactate, maximum voluntary contraction, broad and countermovement jumps were 

undertaken. Furthermore, during exercise: heart rate, muscle activation, differentiated RPE 

and repetitions completed were recorded. 6 participants also completed measures of 

recovery at 24/48/72 h post-circuits. Results: The Moderate intensity session provided a 

significantly greater number of repetitions per set (all p = <0.0001), total volume load 

(14682 ± 3404 kg vs 13370 ± 3140 kg, p = 0.0023) and increase in blood lactate (14.24 ± 

4.84 mmol/L vs 10.39 ± 2.12 mmol/L, p = 0.0156), whilst the High session resulted in 

greater mean muscle activity (71 ± 8% vs 45 ± 3%, p = 0.0065) plus a lower post-exercise 

mean countermovement jump height (31 ± 6.2 cm vs 32.7 ± 6.6 cm, p = 0.0452). No 

decrement in recovery measures was found after either circuit. Conclusion: This data 

suggests that moderate intensity RCT provides a greater anaerobic load, but with larger 

indicated neuromuscular loading in the High session. Also, an equally large cardiovascular 

load and low recovery burden was identified between the circuits. These findings therefore 

help inform the application of a combined stimulus. 
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Definitions

Endurance training the targeted development of aerobic fitness

Conditioning training the targeted development of function across the specific energy 
pathways (anaerobic alactate/anaerobic glycolytic/aerobic) required for a sport or activity 

Traditional strength/resistance training low frequency muscular contractions against 
external resistance, in a non-circuit format 

Resistance circuit training the performance of rounds involving single sets of alternating 
traditional resistance exercises in quick succession

Concurrent training the concomitant development of both strength and conditioning 
qualities within a training programme 

Combined training the utilisation of multi-joint movements in a high-density matter, with 
the goal of providing both strength and conditioning loading within the same session

External load the physical work demands of an exercise session, relating to both the 
intensity (e.g., speed, power output, load) and volume (e.g., exercise duration, repetitions 
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heart rate, perceived exertion)
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1. Introduction

1.1 Overview 

Concurrent training is defined as the concomitant development of both strength and 

conditioning qualities within a training programme (Coffey and Hawley, 2017). Divergent 

adaptations are often experienced in response to the completion of endurance versus 

resistance training, justifying the inclusion of both modalities for various populations 

(Garcia-Hermoso et al., 2018; Wood et al., 2001). On one hand, resistance exercise 

enables adaptations such as hypertrophy of both type I and type II muscle fibres (Kosek et 

al., 2006), as well as neural adaptations including increased motor unit activation and firing 

rates (Sale 1988). On the other hand, endurance exercise stimulates both central 

adaptations such as cardiac hypertrophy (Child et al., 1984) and peripheral adaptations, 

including increased skeletal muscle capillary density (Coyle et al., 1988) and mitochondrial 

content (Holloszy, 1967). Together, concurrent training has the potential to enable 

increased strength, power and aerobic performance, increasing overall functional capacity 

(Wood et al., 2001). Furthermore, a meta-analysis by Garcia-Hermoso et al (2018)., 

illustrated the potential for greater improvements in key indices of health from concurrent 

training compared to isolated aerobic exercise. This was demonstrated via greater 

increases in lean mass, reductions in adiposity and improvements in metabolic and 

cardiac health profiles, in the concurrent training group. This combination of strength and 

conditioning abilities is particularly advantageous to team sport athletes, with strong 

positive correlations found between both maximal aerobic capacity and strength with team 

sport performance (Gabbett and Seibold, 2013; Wisloff et al., 1998). Thus, targeted 

enhancement of multiple physical attributes via concurrent training appears important for 

the optimisation of both health and athletic performance.

However, since Dr Robert Hickson’s original observation of a decrease in their strength 

performance upon the addition of endurance work into his training, and the replication of 

this effect in his subsequent research (Hickson, 1980), questions have arisen surrounding 

the efficacy of concurrent training due to the potential interference between resistance and 

endurance modalities. Albeit, even with further evidence implicating an inhibition of lower 

body strength and hypertrophy in response to concurrent training versus isolated 
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resistance training (Wilson et al., 2012), overall, the performance of both resistance and 

conditioning training appears efficacious and is widely undertaken by both elite and 

(Garcia-Pinillos et al., 2020; Seipp et al., 2022) recreational athletes (Garcia-Pinillos et al., 

2020). However, achieving an optimal resistance and conditioning training frequency 

utilising this approach does require a high weekly session frequency. This demand 

appears potentially problematic when considering the intensive competitive schedules of 

many athletes, for example, players in the top tiers of European football only possess an 

average of 4 days of rest between matches (Fifpro, 2021). Therefore, there is limited time 

availability for resistance and conditioning prescription and coaches may not always 

prioritise this. Furthermore, in the general population only 42% of females and 34% of 

males are meeting physical activity recommendations (Office for Health Improvement and 

Disparities, 2022), with previous research identifying lack of time as a primary barrier to 

exercise (Silliman et al., 2004; Stutts, 2002). As a consequence, in place of separate 

resistance and conditioning sessions, the concept of a single session that is effective in 

instead simultaneously providing strength and endurance loading could have significant 

applications for both the recreational exerciser and the athlete. 

Along this vein, many intra-session concurrent training solutions have indeed been 

developed. Here, we employ the umbrella term ‘Combined Training’ to encompass any 

training protocol that emphasises multi-joint movements in a high-density matter, with the 

goal of providing both strength and conditioning loading within the same session. Notable 

examples of combined training include high intensity functional training (HIFT), also 

commonly referred to as CrossFit, resistance circuit training (RCT) and high intensity 

power training (HIPT). Although combined training is not a novel concept, with the initial 

popularisation of resistance circuit training dating back to the 1970s (Gotshalk et al., 

2004), the increasing popularity of CrossFit (Rally Fitness, 2017; Henderson, 2018) 

demonstrates that there is a continued and seemingly growing public interest in combined 

training methodologies, alongside common utilisation within elite sport (Crowley et al., 

2018). 

Contemporary strength and conditioning coaches within elite sport report the inclusion of 

RCT in their athletic programmes for aims ranging from the “development of metabolic 

systems” to the targeting of “strength and muscular endurance” (Crowley et al., 2018). 

Additionally, the CrossFit training system was developed by Greg Glassman in 1996, with 
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the broad objective of “preparing trainees for any physical contingency”, thus seeking to 

produce athletes that exhibited a balance between strength, power, balance, agility, 

flexibility and endurance (CrossFit, 2020). Therefore, these combined modalities share a 

common concurrent training goal, however, clear diversity exists in the exact methods 

employed to achieve this. For example, the fundamental design of an RCT session 

consists of rounds of single sets of differing traditional resistance exercises completed in 

succession, with minimal rest between exercises. RCT is somewhat flexible in that sets 

can involve both the utilisation of low intensities (40-60% of one-repetition maximum 

(1RM)) with high repetitions (12-15), or higher intensities (>60% 1RM) with lower 

repetitions (<12) (Munoz-Martinez et al., 2017). CrossFit training also involves a circuit 

design; however, it employs three distinct modalities: gymnastics, metabolic conditioning 

and weightlifting, with the session design either comprising of: a) the completion of as 

many repetitions as possible completed within a time limit, or b) the completion of a 

designated work volume as quickly as possible (CrossFit, 2020). To summarise, a range of 

unique combined protocols have been established, with a high uptake of these seen in 

both athletic and non-athletic populations, and with the common goal of developing 

multiple physical capacities concurrently. 

Promisingly, there is positive acute (Alcaraz et al., 2008; Marin-Pagan et al., 2020) and 

chronic data (Martinez et al., 2017; Ramos-Campo et al., 2021) regarding the efficacy of 

combined training to elicit concurrent adaptation, however, the available literature on this 

area is limited compared with more traditional forms of concurrent training (Feito et al., 

2019). Importantly, the effectiveness of combined training will be directly influenced by the 

prescription of training variables (i.e., intensity and volume) (American College of Sports 

Medicine, 2009; Laursen et al., 2010). However, there is a scarcity of available data on the 

relationship between these training variables and the resultant exercise stimulus. This 

research appears especially crucial for combined training, considering the potentially 

dynamic and interlinked relationship between strength and conditioning variables within 

sessions. For example, a change in load intensity will likely influence factors including 

movement speed, work volume, and muscle recruitment, not only affecting the resistance 

stimulus but potentially also the nature of the conditioning loading. As such, a lack of 

clarity here limits the ability of trainees to make educated decisions on combined training 

design dependent on the session goal(s). 
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Therefore, the present study intended to inform the application of a combined stimulus. 

RCT was designated as the combined training modality of choice due to the lower 

technical demands and more defined session structure compared to other combined 

modalities, thus enabling a more isolated analysis of the role of intensity.

1.2 Aims

Specifically, our primary aim was to compare the acute internal and external load demands 

of a moderate versus high intensity resistance circuit session. A secondary aim was the 

provision of supplementary data on the potential efficacy of a combined stimulus for 

trained individuals. 
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2. Literature review

2.1 Overview 

Before the research question could be investigated, certain fundamental assumptions 

needed to be determined. First and foremost, the identification of possible unique 

applications for combined training is necessary in order to justify its potential 

implementation over more researched and traditional concurrent methodologies. Crucially, 

as a concurrent training methodology, it is then important to establish the actual efficacy of 

combined training for mediating concurrent adaptation before any further investigation into 

methods of application of the modality is warranted. Once this is established, a complete 

probe of the existing literature on the relationship between load intensity and subsequent 

responses to combined training is similarly important to understand the novelty, and 

therefore, potential application of any eventual data. 

With these aims: a) potential benefits to the utilisation of combined training versus 

traditional concurrent models are explored b) then, fundamental principles of effective 

athletic training are outlined, with an exploration of how combined training may align with 

these c) next, the real-world effect of combined training is investigated, involving an 

examination of the literature to determine the magnitude and array of any resultant 

concurrent adaptation d) finally, characterisation of the existing evidence-base on the 

influence of intensity on responses to combined training is undertaken. 

2.2 The Potential Utility of Combined Training Methodologies 

Assuming the purported potential of combined training to significantly enhance both 

strength and conditioning performance is valid, multiple distinct benefits appear possible 

from the adoption of such a methodology. Firstly, before any physiological benefits are 

considered, an exercise programme is only as effective as how willing a subject is to 

engage with it, and the rapid decrements in physical performance experienced in response 

to the cessation of training (Mujika and Padilla, 2000) reinforce how vital the appeal and 

sustainability of an exercise programme is. As referenced prior, the time-demand of 

training can be significantly restrictive for both athletic and non-athletic populations 

(Duehring and Ebben, 2010; Silliman et al., 2004). Promisingly, RCT research 

demonstrates the capacity to complete the same intensities and volumes of exercise as 
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with traditional resistance training (RT), but often with less than 50% of the time-

requirement (Alcaraz et al., 2008; Marin-Pagan et al., 2020). On top of this, research 

suggests a meaningful conditioning load can be derived from combined training, with work-

matched resistance training in a circuit versus non-circuit fashion producing higher VO2 

(+75%) and heart rate (+39%) responses (Marin-Pagan et al., 2020). Therefore, this could 

reduce the time needed for the completion of additional conditioning training sessions, 

representing a significant overall reduction in training time. 

Although the high ratings of exertion that have been recorded with combined protocols 

could be an area of concern (Butcher et al., 2015; Marquez et al., 2017), these exertions 

appear to be accompanied by a range of positive psychological responses. Surveys of 

CrossFit participants demonstrate a greater motivation to exercise for feelings of affiliation, 

enjoyment and challenge in comparison to both individual and group-based resistance 

trainees (Fisher et al., 2017). Furthermore, within military populations, HIFT elicits both 

greater enjoyment and intentions to continue exercise than traditional Army Physical 

Training (Heinrich et al., 2012). Finally, many combined protocols also utilise interval 

designs, with interval training constituting one of the top 10 worldwide fitness trends in 

2022 (Thompson, 2022) and having been reported to produce at least equal, and often 

higher, exercise enjoyment ratings than steady state exercise in recreationally active 

individuals (Stork et al., 2017). This demonstrates the array of attractors and facilitators to 

exercise that are satisfied with combined training, suggesting that this methodology should 

appeal to a wide population, whilst enabling a high subsequent exercise adherence. 

Alongside these positive psychological responses, there is also potential for some key 

physiological advantages to the performance of combined training over more traditional 

exercise modalities. Considering elevated adiposity increases the risk of cardiovascular 

disease, diabetes, cancers and all-cause mortality (Centers for Disease Control and 

Prevention, 2022), with 2/3 of UK adults being overweight or obese (NHS Digital, 2022), 

the development of effective interventions is crucial. Excess body fat is also an issue for 

the athlete, with this essentially representing non-functional mass and therefore resulting 

in decrements to exercise economy, with additional consequences for thermoregulation, 

summating to a significant detriment to performance (O’Connor et al., 2007). Exercise is a 

common intervention for the reduction of body fat, as such, exercise modalities that are 

particularly effective in this aim are greatly attractive (Skov-Ettrup et al., 2014). Notably, a 
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66% greater energy expenditure has been observed in response to an RCT session 

versus volume-matched resistance training in a non-circuit fashion (Marin-Pagan et al., 

2020). Plus, further and perhaps even more significant benefits are seen post-exercise 

with a 23% elevation in resting energy expenditure in the 22 hours after a resistance circuit 

(equalling 452 Kcals), as opposed to a mere 5% elevation with traditional RT (98 Kcals) 

(Paoli et al., 2012). This promising acute data appears to translate to meaningful long-term 

phenotypic effects, with meta-analytical data demonstrating a mean 4.3% decrease in fat 

mass from RCT (Ramos-Campo et al., 2021), as well reductions of ~8% experienced with 

HIFT (Feito et al., 2018; Heinrick et al., 2015), consolidating the validity of utilising 

combined training for this goal.  

Further physiological benefits may also be achievable. In response to an exercise stress, 

there is an initial decrement in performance as fatigue is experienced. If adequate 

recovery is provided, a super-compensation effect can occur as both fatigue is ameliorated 

and the physiological capacity is not only restored, but actually elevated above that of 

baseline to prepare for future demands, enabling an increase in performance (Bompa, 

1983). However, if adequate recovery is not achieved on a consistent basis then fatigue 

will be unable to dissipate, leading to a state of non-functional overreaching (NFOR). This 

involves a plateau in performance alongside symptoms of chronic fatigue, with the 

potential to persist for anywhere from 2 weeks to several months (Meeusen et al., 2013). 

Not only could this impact training quality and competitive performance, but perhaps even 

more concerningly, significant increases in the incidence of injury and illness are observed 

during periods of overreaching (Dupont et al., 2010; Gleeson et al., 2012). The presence 

of NFOR in elite sport is a concern with ~30% of elite Swiss athletes suggested to have 

experienced the condition within their career, and a prevalence of 10-15% per season 

observed in elite academy footballers (Matos et al., 2011; Schmikli et al., 2011). 

Interestingly, combined training may have a potential use in alleviating fatigue 

accumulation (Haddock et al., 2016). Using resistance circuit training as an example, this 

design enables the provision of both strength and conditioning loading in a single session, 

but importantly in contrast to mixed modality sessions which achieve this via the 

alternation of strength and conditioning exercises, here the conditioning loading is instead 

achieved solely via the specific implementation of the resistance exercise. Therefore, RCT 

potentially targets multiple adaptations with a single workload (see Figure 1), perhaps 
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allowing a reduced total training load and lower associated fatigue compared to performing 

resistance and conditioning training separately (Hulin et al., 2014; Meeusen et al., 2013; 

Putlur et al., 2004; Rowell et al., 2018). However, it is important to note that at present 

there is not sufficient physiological evidence to confirm this hypothesis. 

To summarise, the application of combined training could have multiple significant benefits 

for athletic populations as well as the recreational exerciser, therefore, several potential 

key uses for combined training exist, justifying investigation into its implementation. 

Figure 1. A diagram of the training load (utilising the session RPE method (Foster, 1998)) 
from comparative resistance circuit (RCT), traditional resistance (RT), and multi-modal 
(MM) training sessions. *Figures calculated assuming that each set has an RPE of 8 and a 
duration of 30 s. 

Key: Resistance exercise A.         Resistance exercise B.        Resistance exercise C.             
Cardiovascular exercise            

2.3 Efficacy of Combined Training 

2.3.1 Principles of training

Whether interested in the development of health or skill-related components of fitness 

(Jarani et al., 2015), there are certain integral training principles which any deviance from 

may result in a significant detriment to adaptation (Gelman et al., 2022; Morrissey et al., 

1995). As a less established training modality, it is first important to ensure that combined 

training can be aligned with these principles in order to validate its potential use for both 

general and athletic populations. These core principles include: 1) the principle of overload 

2) the principle of progression 3) the principle of specificity (Winters-Stone et al., 2013). 

Firstly, the principle of overload dictates that for phenotypic adaptation to occur, a training 

stimulus greater than that the individual is habitually accustomed to is required, therefore 

mediating a meaningful perturbance to homeostatic functioning (Rhea and Alderman, 
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2004). The magnitude of this stress is integral to the adaptation process, as if great 

enough, the system will be stimulated to develop to best meet the demands of the stressor 

(Selye, 1976). It is therefore important to confirm that combined training sessions can 

provide significant loading to a range of physiological systems. Significantly, this threshold 

for overload is raised in trained individuals (Ahtiainen et al., 2003; Coffey et al.,2006; 

Gelman et al., 2022) as they are accustomed to greater training stress. Thus, in order to 

reliably evaluate the magnitude of the concurrent stimulus provided by combined training, 

data on both the acute session load and the chronic training effect is required across a 

range of ability levels. Promisingly, initial data appears to support the capacity for 

combined training to provide a significant strength and conditioning load (Alcaraz et al., 

2008; Marin-Pagan et al., 2020; Ramos-Campo et al., 2021). For example, RCT has been 

found to enable the completion of a uniform resistance volume to traditional RT, but with a 

significantly greater accompanying cardiorespiratory response, in well-trained football 

players (Marin-Pagan et al., 2020). 

Interrelatedly, continual and systematic application of training stress above habitual levels 

is necessary to ensure sustained progression over a long-term period (American College 

of Sports Medicine, 2009; McNicol et al., 2009). This principle of progression can be 

applied via multiple mechanisms, including via increases in the frequency or volume of 

training, in the intensity of training, or alternatively by variations in the specific exercises 

performed. There would appear to be no clear reason as to why this principle could not be 

applied with combined training; an extra weekly session could easily be implemented 

(frequency), an increased set duration and/or number could be utilised (volume), changes 

in load and/or speed of movement have the potential to influence intensity, and different 

exercises could be included to alter the focus of a training session (type). However, 

difficulty could arise from the interrelated nature of the strength and conditioning stimulus 

provided with combined training, as it is unclear whether any adjustments in load intensity 

or session volume could have disparate impacts on the resistance-specific versus the 

conditioning-specific load. 

Finally, adaptation to exercise training is specific to the particular system stressed and the 

resultant signalling response (Egan and Zierath, 2013). Therefore, the principle of 

specificity would imply that in order to maximise the adaptive potential, training should be 

as specific as possible to the target response (Atherton et al., 2005; Hickson, 1980). 
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However, the very nature of combined training requisites for a lack in specificity, in that the 

overarching objective is the concomitant development of multiple physical capacities. 

Therefore, some potential limitations are raised. Firstly, whilst traditional concurrent 

training includes separate resistance and conditioning sessions within a training cycle, 

confirmation is needed that a single session combined stimulus could indeed provide the 

same range and magnitude of strength and conditioning loading. Furthermore, as is the 

case with traditional concurrent training programmes, combined training is subject to the 

aforementioned ‘interference effect’ (pg. 2), wherein the performance of endurance training 

in a mesocycle can compromise the strength training response (Hickson, 1980; Wilson et 

al., 2012). On one hand, acute interference (Fyfe et al., 2014), involving an impaired 

resistance training performance due to residual fatigue and detractions in energy 

availability induced by endurance exercise, appears unlikely to have a significant effect on 

combined training considering that both the resistance and endurance workloads are 

completed simultaneously. On the other hand, chronic interference due to the antagonistic 

nature of resistance versus endurance-specific signalling and structural responses (Fyfe et 

al., 2014) may likely influence adaptation. 

The adaptive response is also highly specific to the intensity and volume of exercise 

performed. Lower intensity resistance training enables an increased bar velocity, 

facilitating subsequent adaptations in the maximal rate of force development (American 

College of Sports Medicine, 2009), as well as allowing the completion of a greater volume 

load (Buitrago et al., 2012). Conversely, higher intensities enable greater muscle activation 

and neural adaptation (Morton et al., 2019), generally resulting in superior strength 

development (Schoenfeld et al., 2017). This disparity in terms of the nature of adaptation 

with differing training intensities and volumes is also seen with conditioning exercise. High 

volume, lower-intensity training appears to stimulate the calcium-calmodulin kinase 

signalling pathway, resulting in the activation of PGC1a (Laursen, 2010), with its 

performance linked to central adaptations such as increases in cardiac output and 

haemoglobin mass (Montero et al., 2015). Contrastingly, high-intensity conditioning 

training appears to activate PGC1a via the AMPK pathway (Laursen, 2010), with its use 

resulting in peripheral adaptations such as increases in mitochondrial volume and enzyme 

activity (MacDougall et al., 1998). Therefore, understanding how to modulate both 
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resistance and conditioning intensity, and therein volume, is integral to the application of 

combined training. 

To conclude, the combined training methodology appears mostly applicable to the 

fundamental principles of effective training programming. Albeit some theoretical 

limitations exist. The potential for interference between strength and conditioning 

responses is present, as well as the possibility of the complexity of the combined stimulus 

providing difficulty with the application of the modality. In order to identify how these 

potential effectors or detractors translate into a real-world adaptive effect, as well as to 

clarify the current understanding of how to modulate the loading of a training session, an 

examination of the existing literature on combined training will be undertaken. 

2.3.2 The adaptive potential of Combined Training  

Considering the lack of reviews of the combined training literature at present, a thorough 

examination of the current literature on the efficacy of combined training to elicit concurrent 

adaptation has been performed. 

The acute stress of a training session can be quantified in two ways: a) the internal load b) 

the external load (Halson, 2014). External load relates to the physical work demands of an 

exercise session, relating to both the intensity (e.g., speed, power output, load) and 

volume (e.g., exercise duration, repetitions completed) of the bout. Usefully, external load 

benchmarks can be identified from existing data, enabling an estimation of the specific 

session demands necessary to mediate particular adaptations. Furthermore, the 

monitoring of internal loads i.e., the physiological stress caused by an exercise bout (e.g., 

blood lactate, heart rate, perceived exertion), can aid the assessment of session efficacy 

considering that great inter-individual variation has been found in the internal response to 

a consistent external stimulus (Bagger et al., 2003). Internal measures enable 

quantification of the transient homeostatic perturbations in response to combined 

sessions, which if found to be significant, should result in a measurable phenotypic 

response when systematically repeated over time (Selye, 1976). Although, acute data can 

give a prediction of the chronic response, longitudinal data is also required to demonstrate 

an adaptive effect. This chronic data being especially important considering the potentially 

confounding influence of the interference effect when investigating concurrent training 

protocols (Fyfe et al., 2014; Hickson, 1980).
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For both resistance and conditioning-specific responses, data on both the acute training 

load and the resultant chronic adaptation to combined bouts is presented. We have: a) 

firstly, identified key physiological outcomes relating to strength and conditioning 

performance b) then, internal and external training load markers for their development 

have been extrapolated from the wider literature c) acute evidence is presented to 

evaluate the extent to which combined training sessions can align with these training load 

markers d) finally, the adaptive evidence on the efficacy of combined training to develop 

these key physiological outcomes is discussed. 

2.3.3 Neuromuscular adaptations to Combined Training 

Training for an enhanced resistance-trained phenotype

Resistance training is characterised by high load, low frequency muscular contractions. 

When implemented chronically and systematically, this enables skeletal muscle 

hypertrophy and enhanced maximal muscular tension, culminating in a greater capacity for 

force production (Aagaard et al., 2001). Alongside the benefits to force-production, RT 

provides significant reductions in the prevalence of both acute (relative risk = 0.62) and 

chronic injuries (relative risk = 0.52) (Laursen et al., 2014), as well as increases in running 

economy (Barnes and Kilding, 2015), therefore yielding direct benefits for endurance 

performance (Yamamoto et al., 2008). Although the development of strength and muscle 

mass with resistance training is often closely associated, the strength of this relationship 

can vary (Reggiani and Schiaffino, 2020). Considering each of these adaptations has 

significant individual benefits for both health and performance, these constitute appropriate 

resistance training outcomes of focus to assess the neuromuscular stimulus of combined 

training. 

Strength refers to the ability to exert force on an external object (Kulig et al., 1984). The 

importance of such is demonstrated via its positive association with various measures of 

health, including functional capacity (Kjolhede et al., 2015), cardiometabolic risk factors 

(Jurca et al., 2005), and all-cause mortality (Gale et al., 2007; Newman et al., 2006). 

Furthermore, maximal strength is positively correlated with performance characteristics 

such as rate of force development (Thomas et al., 2015), sprint performance (Seitz et al., 

2014), exercise economy (Sunde et al., 2010), as well as overall power and endurance-

based performance (Suchomel et al., 2016). Generally, the physiological adaptations 
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responsible for the increases in strength found with the performance of RT can be 

assigned to a) neural adaptations: including increased muscle activation (Akima et al., 

1999; Balshaw et al., 2018), decreased antagonist co-activation (Balshaw et al., 2018; 

Folland and Williams, 2007) and an increase in motor unit firing rate (Sale, 1988) b) 

morphological adaptations: primarily detailing increases in muscle size, but additional 

responses such as alterations in the angle of pennation also likely contribute (Folland and 

Williams, 2007). 

Skeletal muscle hypertrophy relates to an increase in muscle volume. Importantly, 

hypertrophy has a potentially preventative effect on obesity due to the highly metabolically 

active nature of muscle tissue (Wolfe, 2006), whilst also being inversely associated with 

insulin resistance, prediabetes (Srikanthan and Karlamangla, 2011), and mortality risk 

(Abramowitz et al., 2018). Due to the relationship between muscle mass and maximal 

strength (Lamb, 1984), hypertrophy is likely to also benefit athletic performance via the 

same mechanisms as mentioned prior for strength. The magnitude of hypertrophy is 

dictated via a dynamic balance between muscle protein synthesis (MPS) and muscle 

protein breakdown (MPB), with a positive net muscle protein synthesis required over time 

in order to experience increases in lean mass (Burd et al., 2009). Evidence suggests that 

the mammalian target of rapamycin (mTORC) complexes are integral to these structural 

responses (Bodine, 2006). mTORC1 specifically, appears to be the primary mediator of 

the early RT-mediated MPS response (Drummond et al., 2004; Goodman et al., 2019), 

with its direct phosphorylation of p70S6K and 4EBP, both proteins with key roles in 

instigating protein translation and resultant protein synthesis. Whereas mTORC2 looks to 

have a separate role through its regulation of Akt signalling (Ogasawara et al., 2016; 

Ogasawara et al., 2019), an integral mediator of muscle hypertrophy (Yoon, 2017). 

When training for maximal strength, adaptations appear to be somewhat specific to the 

repetition range employed in training (Campos et al., 2002). A meta-analysis of 21 RT 

studies by Schoenfeld et al., (2017) demonstrated a significantly greater increase in 1RM 

when training with high versus low loads (35% vs 28%, p = 0.003), with the magnitude of 

this effect being even greater in trained individuals. Neural adaptations appear to primarily 

account for this, with a 6-week resistance training programme at 85% versus 35% 1RM 

resulting in greater gains in maximal strength (28% vs 13%) and greater voluntary 

activation, without any differences in hypertrophy (Jenkins et al., 2017). The Henneman 
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size principle (Henneman et al., 1965), characterising how the recruitment of skeletal 

muscle begins with the smallest muscle fibres and progresses to larger fibres as force 

requirements increase, is likely responsible in part for this finding. This dictates that higher 

intensity training will be more facilitative for activating the larger, higher force type II 

muscle fibres (Scott et al., 2001), and consequently likely more efficacious at eliciting 

adaptations in these, therefore enabling an increased force production (Mitchell et al., 

2012; Ogasawara et al., 2013). However, it appears there is potential interindividual 

variation in the optimal loading for enhancing maximal strength. A meta-analysis from 

Rhea et al., (2003) identified 80% 1RM as optimal for trained individuals, whilst Peterson 

et al., (2004) found 85% 1RM to be most effective for athletic populations, with evidence 

also suggesting the superiority of slightly lower intensities (~60% 1RM) for lesser trained 

individuals (Peterson et al., 2004; Rhea et al., 2003). Additionally, increases in firing rate 

have been repeatedly seen with ballistic protocols utilising intensities between 30-40% 

1RM in order to facilitate high movement velocity (Del Vecchio et al., 2019; Van Cutsem et 

al., 1998). Consequently, resistance training modalities that accommodate the 

implementation of a range of intensities appear optimal for enabling the greatest strength 

response within a range of populations. 

There is a wide breadth of data regarding the influence of external training variables on the 

nature of hypertrophy. Firstly, greater axons are found in the larger motor units belonging 

to type II muscle fibres and therefore in order to maximally recruit these, intensities ≥ 80% 

1RM appear ideal (Duchateau et al., 2006). However, alternatively utilising lower loads for 

higher repetitions will stimulate fatigue and subsequently enable activation of these high 

threshold fibres as additional contractile units are required to maintain force output (Morton 

et al., 2019). Therefore, if intensity of effort is adequate, significant hypertrophy can be 

attained at a range of intensities (Schoenfeld et al., 2017). 

On the other hand, there is less clarity in the nature of the relationship between training 

volume and maximal strength. Firstly, multiple independent trials (Mattocks et al., 2017; 

Ostrowki et al., 1997; Schoenfeld et al., 2019) have identified a lack of significant 

differences between low and high-volume protocols on strength outcomes. However, it is 

worth noting that Mattocks et al., on one hand utilised untrained participants who therefore 

may have had a lower sensitivity to volume (Kraemer et al., 2002), whilst the latter two 

studies did involve trained participants but with sample sizes of just 11 and 12 subjects per 
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condition respectively. Whereas, meta-analyses of 140 studies from Rhea et al., (2003) 

and 14 studies from Krieger et al., (2009) found a greater effect when performing multiple 

versus single sets in trained and untrained individuals, with a magnitude of +46% and a 

peak effect size found at 3-4 sets/exercise per session (Krieger et al., 2009). Further 

supporting this, evidence shows a greater potency for moderate (≥ 6 sets) compared to 

low weekly set volumes (< 6 sets) (Marshall et al., 2011; Ralston et al., 2017), with these 

moderate volumes also being similarly effective to protocols utilising higher weekly sets 

according to meta-analytic data (Ralston et al., 2017). Therefore, although significant 

strength gains can be elicited with minimal training volumes (Mattocks et al., 2017), the 

collective weight of evidence suggests utilising a moderate volume may allow maximal 

strength adaptations to be yielded (Krieger et al., 2009; Marshall et al., 2011; Ralston et 

al., 2017; Rhea et al., 2002). 

This positive effect of training volume on strength enhancement may be partially driven by 

the strong dose-response relationship demonstrated between volume load and 

hypertrophy (Krieger, 2009; Schoenfeld et al., 2017; Terzis et al., 2010). This relationship 

is further evidenced as reductions in inter-set rest periods, and the reduced resultant 

accumulative volume load performed, have been found to be detractive for muscle 

hypertrophy (Longo et al., 2022; Schoenfeld et al., 2016b). A meta-analysis from Krieger 

(2010) found performing 2-3 sets versus single sets resulted in significantly greater 

hypertrophy (effect size = 0.34 vs 0.24), with ≥ 10 sets/muscle group/week appearing 

optimal (Schoenfeld et al., 2017). Therefore, to achieve gains in muscle size it is important 

to implement training methodologies that enable the completion of a significant RT volume 

at either a high load intensity or a high intensity of effort. 

Evidence concerning the efficacy of Combined Training to elicit a resistance-trained 

phenotype

Starting with intensity characteristics, combined training has been regularly implemented 

at loads ranging from 40% 1RM (Gettman et al., 1982; Harber et al., 2004) up to high load 

intensities of ~85% 1RM (Marin-Pagan et al., 2020; Martinez-Guardado et al., 2018). 

Therefore, combined training enables a flexibility in training intensity that appears optimal 

for strength outcomes. Considering the positive relationship between hypertrophy and 

strength (Reggiani and Schiaffino, 2020), it is also important to ensure that combined 
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training can be performed to a high intensity of effort. Indeed, many long-term protocols 

have prescribed participants to work until volitional fatigue (Alcaraz et al., 2008; Hurley et 

al., 1984), therefore providing the potential for significant stimulation of hypertrophic 

responses at a variety of intensities (Schoenfeld et al., 2017). 

Although there appears a lesser importance of training volume for strength performance 

(Mattocks et al., 2017; Schoenfeld et al., 2019), for athletes or general exercisers aiming to 

maximise hypertrophy, high training volumes must be supported (Schoenfeld et al., 2019). 

Firstly, there is an array of data supporting the tolerance of both untrained (Camargo et al., 

2008; Gettman et al., 1982; Piras et al., 2015) and trained participants (Alcaraz et al., 

2011; Romero-Arenas et al., 2018) to combined training frequencies of 3 sessions/week 

for prolonged periods, plus volumes of ≥ 3 sets/muscle group/session have been 

repeatedly performed (Alcaraz et al., 2008; Paoli et al., 2010; Roberson et al., 2017). In 

addition, when resistance training has been performed in a RCT format compared to a 

traditional RT design, no differences have been demonstrated in the volume load 

completed (Alcaraz et al., 2008). Therefore, key benchmarks relating to training intensity 

and volume are capacitated via combined training to a similar extent as with RT, indicating 

a strong potential for improvements in strength and hypertrophy with combined training. 

Although the potential of combined training to elicit significant gains in muscle mass and 

strength appears promising, adaptive data is required to validate this. Firstly, an 8-week 

training study from Alcaraz et al., (2011) involved two groups of resistance trained males 

performing both volume and intensity-matched training programmes either in a RCT or 

traditional RT format. These researchers identified no significant difference in the 

magnitude of gains in lean mass (RT: + 1.2 kg / RCT: + 1.5 kg) or squat strength (RT: + 

45kg / RCT: + 44.2 kg) between the two modalities (Alcaraz et al., 2011). A meta-analysis 

of 111 resistance training studies identified an average gain of 1.5 kg in muscle mass from 

chronic RT interventions (Benito et al., 2020), with several combined training protocols 

eliciting hypertrophy at and above this range in both untrained (Gettman et al., 1982; 

Harber et al., 2004) and trained individuals (Alcaraz et al., 2011; Murawska-Cialowicz et 

al., 2015). Furthermore, strength increases of ~40%  and ~16% in untrained and trained 

individuals can be expected in response to resistance programmes lasting from 4 weeks to 

2 years (Kraemer and Ratamess, 2004), with enhancements at and above these values 

found for both untrained (Buckley et al., 2015; Harber et al., 2004; Hermassi et al., 2019; 
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Hurley et al., 1984) and trained individuals (Alcaraz et al., 2011; Martinez-Guardado et al., 

2019) utilising combined programmes. Therefore, there is significant data to support 

combined training as a similarly potent stimulator of strength and muscle mass to 

traditional resistance training programmes. 

However, it is not enough to solely consolidate the potential of combined training to 

produce a resistance-trained phenotype. Unless the capacity of the modality to also 

mediate meaningful conditioning-specific adaptation is proven, it cannot be recommended 

as a concurrent training methodology. 

2.3.4 Conditioning-specific adaptations to Combined Training

Training for enhanced conditioning

Conditioning training is generally characterised by low-load, high frequency muscular 

contractions, with metabolic conditioning pertaining to the targeted development of the 

specific energy pathways required for a sport or activity. Adenosine triphosphate (ATP) is 

the primary energy substrate used to fuel physical work, with the synthesis of this 

facilitated via both aerobic and anaerobic systems (Gastin, 2001). Enhancing performance 

across these energy pathways is of great importance for athletes as well as the wider 

population, therefore, confirming the potential for combined training to facilitate these 

improvements is integral to its implementation. 

Aerobic respiration is the primary energy source for maximal activities greater than ~75 s 

(Gastin, 2001), including steady-state endurance activity (Gastin, 2001). However, 

significant aerobic contribution has been found to the performance of repeated sprint 

activities (Glaister, 2005), and even isolated sprints of 30 s in duration (Medbo and Tabata, 

1989; Medbo and Tabata, 1993), consolidating the importance of including aerobic training 

for a range of athletes. Furthermore, key health benefits are mediated by the performance 

of aerobic exercise such as delays in all-cause mortality and maintenance of cognitive 

function (Kramer and Colcombe, 2018). 

The most established parameter of aerobic fitness is VO2max, this representing the highest 

rate at which oxygen can be utilised by the body, and therefore comprising a strong 

predictor of endurance performance (Costill et al., 1973; Mclaughlin et al., 2010). An 

individuals’ VO2max is dictated by both central and peripheral mechanisms. The central 
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response refers to the ability of the cardiopulmonary system to deliver oxygen to the 

skeletal muscles during exercise and is a dictated by the capacity of an individual’s cardiac 

output, pulmonary system, and blood oxygen carrying potential (Bassett and Howley, 

2000). Conversely, the peripheral response constitutes the ability of the skeletal muscle to 

extract and utilise oxygen from the circulation, this dependent on capillary and 

mitochondrial density, as well as the concentration of oxidative enzymes and the muscle 

fibre-type composition (Hawley, 2002).

When focusing on enhancing VO2max, it seems necessary to train at least twice per week 

(Gettman et al., 1976; Wenger et al., 1986), with the ACSM recommending a frequency of 

3-5 days/week at or above an intensity of 40-50% VO2max (Garber et al., 2011). It appears 

that targeting enhancements in maximal cardiac output will enable the most significant 

improvement in VO2max (Bassett and Howley, 2000). Although cardiac output is a product 

of heart rate x stroke volume, maximal heart rate does not increase as a product of training 

(Londeree and Moeschberger, 1982), this therefore isolating stroke volume as the 

physiological target of choice. Research suggests that stroke volume is primarily 

determined by cardiac size and in particular the left ventricular mass (La Gerche et al., 

2012) and to achieve improvements in this, training needs to target a high and sustained 

cardiac output (Cooper, 1997). Stroke volume appears to plateau at ~40-75% of VO2max for 

non-athletic individuals and therefore undertaking exercise at this intensity would be 

recommended for adaptation (Higginbotham et al., 1986; Rowland, 2005). However, in 

athletes, stroke volume has been found to increase all the way up to VO2max (Rowland, 

2009) and therefore accumulating volumes of training at or near to VO2max may be optimal 

for this population (Swain, 2005). 

When focusing on peripheral adaptations, there is significant crossover within the 

adaptations mediated via high intensity/low volume training compared to low intensity/high 

volume training (Burgomaster et al., 2008). This finding is unsurprising considering that 

even though intense training biases the AMPK pathway (Gibala et al., 2009), and high 

volume training the calcium-calmodulin pathway instead (Rose et al., 2007), the same 

end-result of PGC1a activation is achieved (Laursen, 2010). PGC1a activation has been 

found to induce mitochondrial biogenesis (Adhihetty et al., 2003), fibre-type conversion 

(Lin et al., 2002), increased fatty acid utilisation (Calvo et al., 2008) and angiogenesis 

(Arany et al., 2008; Chinsomboon et al., 2009), therefore enabling significant benefits from 
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the performance of either intensity. Albeit, utilising a blended approach appears optimal for 

endurance performance (Fiskerstrand and Seiler, 2004; Laursen et al., 2002), supporting 

the implementation of workloads at both ends of the intensity spectrum. 

On the other hand, anaerobic respiration is the primary energy source for maximal 

activities lasting up to ~2 minutes (Gastin, 2001), anaerobic function therefore being 

crucial to success in short-to-middle distance activities (Brandon, 1995). Additionally, 

team-sports involve a high frequency of intense activities such as high-speed running, 

accelerations and jumps (Bloomfield et al., 2007; Gabbett et al., 2014), resulting in a large 

accumulation of blood lactate (Coutts et al., 2003; Krustrup et al., 2006). Even long-

duration endurance athletes may benefit from high anaerobic fitness for actions such as 

sprint finishes and overtakes. Finally, its utility for non-athletic populations is also 

significant, with anaerobic exercise performance providing potential improvements in 

multiple indices of cardiovascular (Salvadori et al., 2014, Temur et al., 2014) and mental 

health (Mason and Asmundson, 2018; Taylor et al., 2019).  

ATP provision during maximal activities < 15 s in duration is predominantly undertaken by 

the hydrolysis of phosphocreatine, via the anaerobic alactic system (Gastin, 2001). Whilst 

more sustained intense activity up to ~45-60 s is primarily fuelled by the anaerobic 

lactic/glycolytic system, wherein glucose undergoes glycolysis in the absence of oxygen 

(Gastin, 2001). Improvements in anaerobic performance can be facilitated via 

enhancements in buffering capacity and lactate clearance, as well as increases in the 

concentration of energy substrates and glycolytic enzymes (Bishop et al., 2011; Hawley, 

2002; MacDougall et al., 1998). The rate of lactate clearance from active muscle cells is 

dependent on the degree of capillarisation and density of lactate proteins (Billat et al., 

2003; Thomas et al., 2004), whilst an improved buffering capacity helps alleviate the 

impact of H+ accumulation, with each mechanism displaying individual associations with 

anaerobic performance (Bishop et al., 2004; Da Silva et al., 2010; Nevill et al., 1989). 

Accumulating training volumes at or above the lactate threshold appears optimal for 

mediating increases in intramuscular lactate transporters (MCT1 and MCT4) and the 

associated improvements in lactate clearance (Evertsen et al., 2001; Pilegaard et al., 

1993; Pilegaard et al., 1999), with these high training intensities also required for 

improvements in buffering capacity (Edge et al., 2006; Weston et al., 1996). Furthermore, 
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both short and long duration training intervals have been found to increase the activity of 

the glycolytic enzymes lactate dehydrogenase, phosphofructokinase, and glycogen 

phosphorylase (MacDougall et al., 1998; Rodas et al., 2000). Whilst RT with brief rest 

periods has the potential to enhance resting creatine phosphate and ATP concentrations 

(MacDougall et al., 1977). Therefore, highly metabolically demanding activity that involves 

significant recruitment of type II fibres is effective in eliciting adaptation that is 

advantageous to both anaerobic power and capacity. 

Evidence concerning the efficacy of Combined Training to enhance metabolic conditioning 

When examining the compatibility of combined training with existing conditioning training 

benchmarks, firstly, consistent implementation of various combined training protocols at 

frequencies of 3-5 times/week has been observed (Cosgrove et al., 2019; Petersen et al., 

1988; Romero-Arenas et al., 2018), aligning with the ACSM frequency guidelines for the 

improvement of VO2max (Garber et al., 2011). Furthermore, a 75% greater VO2 response 

has been found from RCT versus work-matched traditional RT (Marin-Pagan et al., 2020), 

with values of ~65% VO2max provided by both RCT and HIFT protocols (Fernandez-

Fernandez et al., 2015; Gotshalk et al., 2004; Petersen et al., 1988). This meets the 

required threshold intensity (≥ 45% VO2max) for adaptations in oxygen uptake in 

participants with VO2max values between 40-51 mL·kg−1·min (Garber et al., 2011), and is 

close to the intensity recommended for significant improvements in moderately trained 

athletes (~70-80% VO2max) (Midgley et al., 2006). Promisingly, this figure is also within the 

purported optimal range for stroke volume enhancement in non-athletic populations 

(Rowland, 2005). Although this intensity may not be optimal for improving stroke volume in 

highly trained individuals (Rowland, 2009), moderate intensity training does enable the 

performance of high training volumes and consequent calcium-mediated PGC1a activation 

(Hood et al., 2000), with 65% VO2max also representing the predominant training intensity 

of multiple high-level endurance cohorts (Föhrenbach et al., 1987; Seiler and Kjerland, 

2006), therefore implicating its utility for athletes. 

Interestingly, combined training protocols can also provide a very high metabolic stimulus. 

Blood lactate levels experienced during combined training sessions (Harber et al., 2004; 

Marquez et al., 2017; Perciavalle et al., 2016) are often equal to those found after the 

completion of Wingate tests (Fernandez-del-Olmo et al., 2013; Weinstein et al., 1998), as 
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well as repeated sprint activities (Pearcey et al., 2015b), demonstrating the significant 

contribution of anaerobic glycolysis. Furthermore, due to the use of resistance in combined 

sessions, more type II fibre recruitment should be expected than during traditional 

conditioning training modalities (Henneman et al., 1965), further supporting the provision 

of a high anaerobic load. Overall, a significant stimulus for adaptation in aerobic and 

anaerobic function appears possible with combined training, however, chronic data is 

required to identify the nature of any adaptive effect. 

Notably, meta-analytic data from Martinez et al., (2017) (n = 118) found that RCT had a 

significant effect on VO2max in healthy adults (+ 9.7%). This finding has been corroborated 

by a recent meta-analysis by Ramos-Campo et al., (2021) (n = 897) within which 

significant enhancements in VO2max (+ 6.3%) as well as aerobic performance were 

similarly found in untrained but also trained participants in this case. Promisingly, studies 

generally appear to have identified equal improvements in endurance metrics when 

comparing the implementation of combined training versus traditional conditioning training 

(Camargo et al., 2008; Carnes and Mahoney, 2018; Menz et al., 2018), with meta-

analyses supporting this conclusion (Sharp et al., 2022). Some research has to the 

contrary identified an inferior effect of combined training (Piras et al., 2015), albeit 

participants were untrained and exercise intensity was only monitored for the HIIT 

condition and not for the combined, therefore, it is possible that the inferior improvement in 

VO2max could have been influenced by participants utilising a suboptimal exercise intensity.  

Additionally, even in this case a significant enhancement of +8% in VO2max was still elicited 

via the combined training. 

Although, the mechanism for these improvements in aerobic function is unclear, significant 

increases in stroke volume have been identified in untrained (Haennel et al., 1989), as well 

as active individuals (Petersen et al., 1989). The peripheral response to combined training 

has not been studied, however, the potential for adaptation has been suggested (Ramos-

Campo et al., 2021) and could logically contribute. A caveat exists in the lack of data 

conducted in athletic populations; however, the available data does indicate a positive 

effect of combined training in this group (Carnes and Mahoney, 2018; Hermassi et al., 

2020; La Torre et al., 2009). 
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Furthermore, high intensity power training (Romero-Arenas et al., 2018), HIFT (Buckley et 

al., 2015; Crawford et al., 2018; Murawska-Ciałowicz et al., 2015) and RCT (Myers et al., 

2015) have been demonstrated to improve Wingate capacity and power, arguably the 

most established measure of anaerobic performance (Beneke et al., 2002; Smith and Hill, 

1991). Interestingly, these improvements are also at a level similar to that seen from 

traditional power training (Romero-Arenas et al., 2018) and HIIT (Buckley et al., 2015). 

This identified enhancement in anaerobic performance is likely as a result of peripheral 

adaptations, indicated by the associated increase in lactate clearance found (Harber et al., 

2004; Petersen et al., 1989), however, the increases in muscular power (Romero-Arenas 

et al., 2018) and strength (Ramos-Campo et al., 2021) mediated by combined training may 

also play a role. 

2.3.5 Overview of the efficacy of Combined Training for concurrent adaptation

Therefore, it is clear that combined training can elicit concurrent adaptation, with 

improvements in strength, muscle mass, aerobic and anaerobic performance elicited from 

a variety of combined protocols in a range of populations. Consequently, research into the 

application of this modality was justified. However, before any research could be 

conducted, an examination of the existing literature on the influence of exercise 

prescription variables on the physiological loading of a combined session was needed to 

inform the nature of an investigation. 

2.4The influence of load intensity on responses to Combined Training 

The volume and intensity of an exercise stimulus directly influences the resultant 

adaptation; however, it is unclear how adjustments in these variables would affect both the 

strength and conditioning loading from a combined session. As there is a direct inverse 

relationship between exercise intensity and volume (Kraemer al., 2004), comparing 

differing intensities of an exercise modality allows an examination of the role of both 

variables. Recently, a form of RCT utilising higher intensities (typically 85% 1RM), known 

as high-intensity resistance circuit training (HRCT), has become increasingly employed in 

the aim of achieving similar endurance adaptation to traditional RCT (40-60% 1RM), but 

with a supposedly greater neuromuscular loading (Alcaraz et al., 2011). However, this 

hypothesis has not yet been validated. Interestingly, a meta-analysis from Martinez et al., 

(2017) actually identified greater improvements in VO2max with higher intensities, but 
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surprisingly inferior effects on maximal strength compared to lower intensity RCT. Albeit, 

only a small number of high intensity studies were included, and the latter result may in 

part be explained by the lower fitness of individuals in the lower intensity studies. A more 

recent meta-analysis of 45 studies found no significant effect of RCT intensity on either 

VO2max or strength adaptations (Ramos-Campo et al., 2021). Ultimately, due to the 

heterogeneity of both the protocols and the participants included in the meta-analyses, the 

overall conclusion is unclear. 

However, there are a few existing studies that have directly compared responses to high 

and lower intensity combined protocols. Firstly, Paoli et al. (2010) compared the effects of 

12 weeks of either a) a lower intensity circuit: involving 3 rounds of 8 minutes of treadmill 

exercise followed by working at 4 resistance machines at 15 RM, versus b) a higher 

intensity condition: performing the same circuit, however, with a greater intensity of 

treadmill exercise and instead performing sets of 6 RM at the 4 resistance stations with a 

rest pause technique. It was found that this higher intensity protocol provided superior 

improvements in fat mass and blood lactate clearance, with equal increases in strength to 

the lower intensity. Although, it is possible that the higher intensity of treadmill exercise 

may have been responsible for these results instead of the circuit load intensity and the 

rest pause method could have contributed to the greater neuromuscular adaptation seen. 

Also, the participants were overweight, untrained adults and therefore it is unclear whether 

these effects would be replicated with more active individuals. A separate investigation 

involved active participants performing 12 weeks of either a moderate (70% 1RM) or low 

intensity (30% 1RM) free weight circuit protocol (Kapsis et al., 2022). The circuit consisted 

of 4 rounds of 5 resistance exercises, each exercise performed for maximum repetitions 

within 30 s work periods (1:1 work:rest), with the only differentiator between the two 

sessions being the load utilised. Interestingly, both sessions resulted in equal increases in 

lean mass and strength, however, participants were excluded if they had undertaken 

resistance training in the 6 months prior and this may have contributed to the 

neuromuscular adaptation experienced even with the use of a supposedly suboptimal 

intensity (30% 1RM) (American College of Sports Medicine, 2009). 

Regarding the available data on the acute response to different combined training 

intensities, Freitas et al. (2016) prescribed 9 semi-professional basketball players to 

perform a free-weight circuit involving 2 rounds of 6 exercises, either with a heavy (6 RM) 
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or moderate (45% 1RM) load. The heavy session resulted in greater reductions in 

repeated sprint performance and post-session countermovement jump (CMJ) height, 

suggesting a greater neuromuscular load. Albeit, as the same number of repetitions per 

set were prescribed in both conditions, the total volume load completed would have 

artificially been much greater in the heavy session, impacting the ability to determine the 

exact influence of the intensity utilised. Finally, Roberson et al., (2017) had recreationally 

active subjects perform circuits involving 3 rounds of 7 pneumatic resistance exercises 

with short inter-set rest periods. These were performed in either a moderate intensity 

explosive (50% 1RM with maximum velocity concentric + 2 s eccentric), a heavy explosive 

(80% 1RM with maximum velocity concentric + 2 s eccentric phases), or a heavy 

controlled (80% 1RM with 2 second eccentric + concentric phases) fashion. Moderate 

intensities resulted in the highest lactate response in females (no between-group 

differences for males) and the highest power output for upper body exercise. Whilst the 

heavy explosive condition resulted in the greatest power output in lower body exercise. 

Therefore, this paper does demonstrate differences in external and internal load as a 

result of variations in RCT intensity, however, there are an overall lack of measures thus 

preventing a comprehensive assessment of the strength and conditioning loading. 

2.5 Rationale

To conclude, much of the available research comparing responses to different intensities 

of combined training is conflicted, with a high proportion of the studies only having a few 

measures, involving key differences in the circuit design between the conditions, and/or 

utilising untrained participants. Considering that understanding the physiological effect of 

adjusting load intensity is crucial to any application of combined training towards specific 

goals, additional research into this area was justified.
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3 Methods

3.1 Ethical approval

Ethical approval was issued by the Science, Technology, Engineering and Mathematics 

Ethical Review Committee at the University of Birmingham, code: ERN_21-1840. 

3.2 Participants 

10 physically active males from the University of Birmingham participated in the study. 

Criteria for inclusion mandated that all participants: were healthy males, aged from 18-40 

years old, free from neuromuscular injury, with a minimum engagement in resistance 

training of ≥ 2 times/week for a period of ≥ 12 months. 

Participants were recruited via emails sent to students within the College of Life Sciences 

at the university, with recruitment posters circulated around buildings on the main campus. 

In order to ensure that participants were healthy, physically active and met the study 

inclusion criteria, all participants were required to complete an activity questionnaire as 

well as a general health questionnaire (General Health and Lifestyle Screening 

Questionnaire, School of Sport, Exercise and Rehabilitation Sciences, University of 

Birmingham). Upon completion of these, participants were provided the study information 

sheet and informed of the participation process. All participants gave written informed 

consent. 

Participants were asked to avoid strenuous exercise for 48 h prior to experimental 

sessions to minimise residual fatigue. Furthermore, the requirement to arrive in an 

overnight-fasted state (last meal at 10pm the previous night) limited any unwanted impact 

of dietary intake on performance. Each participant’s initial session start time was noted 

and all following sessions commenced within ± 2 hours of this to alleviate any circadian 

effect (Wolff and Esser, 2019).
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The focus on resistance-trained participants was driven by a) the scarcity of available data 

on combined training outcomes in trained populations b) the reduced possibility of the 

cloaking of any potential differences in the physiological response between the circuits, 

due to the lower threshold for exercise stress in novel exercisers (MacAuley, 2012, pg. 

124-127), and c) the increased likelihood of physical tolerance of the circuits. The inclusion 

requirement for participants to have completed RT ≥ 2 times/week for a period of ≥ 12 

months aligns with other resistance-trained benchmarks in the literature (Androulakis-

Korakakis et al., 2020; Grgic and Mikulic, 2017), with the resultant frequency of 4 ± 1 days 

and experience of 33 ± 17 months significantly greater than this (Table 1.). Furthermore, 

the mean maximal deadlift strength of 146 ± 33 kg is equal to or above figures identified in 

similar resistance-trained cohorts (Banaszek et al., 2019; De Witt et al., 2018; Vigil et al., 

2018), whilst at a body composition (13.79 ± 8.24%) mirroring that of young male athletes 

(Ferri-Morales et al., 2018). 

Vigorous intensity conditioning activity was defined as ‘exercise at an intensity that you 

would not be able to say more than a few words before having to pause to breathe’, with 

example activities of team sports, circuit/interval training and fast running/cycling. The 

participants’ experience with this activity was collected to quantify their prior exposure to a 

Table 1. 
Participant characteristics 

Variable Mean ± SD
Age (years) 23 ± 3
Body Fat (%) 13.79 ± 8.24
RT experience (months) 33 ± 17 
RT frequency (days/week) 4 ± 1
Vigorous activity experience 
(months)

17 ± 20

Vigorous activity volume 
(mins/week)

70 ± 63

Deadlift 1RM (kg) 146 ± 33
Note. RT/Vigorous activity experience: duration of unbroken 
participation (<2 weeks absence), Vigorous activity exercise: exercise at 
the intensity of running, team sports or HIIT (exc. resistance training), 
RT: resistance training, 1RM: one repetition maximum 
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metabolically challenging, intense conditioning stimulus, supporting an increased 

understanding of the ability to translate any study findings to active populations.  

3.3 Study design

Participants were required to complete at least 3 visits to the School of Sport, Exercise and 

Rehabilitation Sciences, undertaking an initial screening and testing session followed by 

either the moderate or high intensity RCT circuit in a randomised cross-over fashion. 11 

participants completed this, with 6 of these participants also attending follow-up sessions 

24, 48 and 72 h post-exercise enabling a comparison of the recovery response to each 

bout and providing an estimation of the neuromuscular stimulus.

Session 1 – Screening and Maximal Strength Testing

At least 48 h prior to the first circuit session, participants visited the laboratory to complete 

measurements of body composition and maximal strength, as well as familiarisation with 

the study protocol. 

Firstly, body composition was identified via bioelectrical impedance analysis as a 

supplementary quantification of the fitness status of each participant. Next, a general 

warm-up was completed prior to jump familiarisation. This involved 5 minutes of light 

exercise on a cycle ergometer, followed by a series of active mobility exercises involving 

all major muscle groups. For both jump types, sets of 5 repetitions were completed with 1 

minute rest between sets. The familiarisation process was completed either when a 

standardised consistency of jump height/distance was achieved in a set, or if this was not 

achieved, when the maximum of 4 sets were completed. Familiarisation was included to 

aid jump consistency and limit the impact of a learning effect on session outcomes. 

Maximal strength testing was preceded by a specific warm-up involving a gradual 

progression in load of each exercise included in the maximal test, providing both practice 

with the exercise technique and ensuring physical readiness. One-repetition maximum 

(1RM) testing followed the NSCA protocol (Baechle and Earle, 2008) and was performed 

on a series of traditional resistance exercises: the landmine press, conventional deadlift, 

latissimus pulldown, chest press and 45° incline leg press. As the circuit sessions involved 

the same exercise series, the maximum values achieved here were subsequently used to 

assign the individual session loads for each participant. Furthermore, muscle activation 
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was recorded during the leg press 1RM as a reference figure for the lower limb muscle 

activation later recorded during the circuit.

Session 2 – Resistance Circuit Training Bout

Participants came into the laboratory to complete either the High or Moderate protocol first 

in a randomised fashion. Measures of external and internal load were completed before, 

during and immediately post-exercise. 

Firstly, a Hooper questionnaire was administered to the participant resulting in the 

provision of an overall wellness score. Upon completion, the general warm-up completed 

in Session 1 was replicated prior to the commencement of neuromuscular testing. 

Maximum voluntary isometric knee extension contractions (MVC) were then performed, 

with this repeated post-exercise as a relevant measure of fatigue due to the significant 

involvement of the quadriceps in the leg press (Alkner et al., 2000) exercise. Additionally, 

the countermovement jump and the standing broad jump were performed pre and post-

exercise providing measures of lower limb muscle function in the vertical and horizontal 

dimensions respectively. Next, a specific warm-up was undertaken. This involved a set of 

8-10 repetitions for the High circuit or 10-12 repetitions for the Moderate circuit at each 

individual station, using 75/85% of the actual session load for lower/upper body exercises 

respectively. A finger prick blood sample was then taken, with this repeated post-exercise 

as a measure of the anaerobic load of the bout. Also, a polar heart rate chest strap and 

watch was fitted to the participant to identify cardiovascular load. 

Both the High and Moderate circuits involved a rotation of the same 5 compound 

exercises, each involving a fundamental movement pattern: the landmine press (vertical 

press), deadlift (hip dominant), latissimus pulldown (vertical pull), chest press (horizontal 

press) and 45° leg press (knee dominant). This series enabled the loading of all the major 

muscle groups in a single session. Evidence supports the efficacy of compound lifts in 

mediating concurrent adaptations, with greater improvements achieved in maximal 

strength and VO2max versus performing volume matched single-joint exercise (Paoli et al., 

2017). Work periods lasted 35 s followed by a 35 s rest period (1:1 exercise:rest ratio), 

after which the next exercise in the circuit was performed. Within each set as many 

repetitions as possible were performed. Each eccentric (down) phase duration was 1 s 



29

whilst the concentric (up) phase was executed at a maximal velocity, with verbal direction 

provided if participants strayed from this tempo. 

The structure of the circuit ensured at least 3 min of localised rest between exercises 

recruiting the same muscle groups. This was informed by a review from de Salles et al., 

(2009) that found when utilising loads between 50-90% 1RM, 3 min of rest between sets 

allowed maintenance of repetitions as well as greater increases in strength compared to 

shorter rest periods. At the end of each round there was also a 3 min general rest period 

before the next round, with 3 rounds performed in total, resulting in a whole session 

duration of 22 min. A total session volume of 18 sets was achieved, this demonstrated as 

an effective volume for improving maximal strength, body composition and shuttle-run 

performance in prior RCT programmes (Alcaraz et al., 2011). The session design therefore 

aligns with evidence-based benchmarks, the importance of which being that this 

investigation therefore provides data on RCT modalities with potential real-world utility. 

The only separating factor between the two protocols is the weight utilised in the session, 

the Moderate session utilising loads of 55% 1RM versus the 75% 1RM employed in the 

high session, this therefore allowing an isolated investigation into the effect of load 

intensity.

During the circuit, heart rate, repetitions completed and 

working muscle activation was recorded. Immediately post-

exercise, capillary blood lactate was collected, MVC, broad 

jumps and CMJ were performed and differential RPE were 

provided.

Figure 2. A diagram of the session design for both circuits. 

Circuits comprised of 3 rounds of the same 5 exercise 

stations. 35 s work periods and 35 s inter-set rest periods 

were utilised, with as many repetitions as possible performed 

within sets. Also, 180 s inter-round rest periods were 

implemented. The only difference between the High and 

Moderate intensity sessions were the loads utilised (75% maximum versus 55% maximum 

respectively).

Sessions 3-5 – Assessment of fatigue status
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Participants returned to the strength lab at 24, 48 and 72 h post-exercise to monitor the 

fatigue response to each protocol. A standardised warm-up was performed prior to testing 

of MVC, broad jump and countermovement jump. Furthermore, their wellness state was 

assessed via the Hooper Index. 

This same experimental process was repeated (excluding Visit 1) for the randomised 

second resistance circuit training protocol.

Figure 3. A diagram of the complete measurement protocol. n = 10 refers to the number of 
participants that completed the circuit sessions only / n = 6 refers to the number of 
participants who completed both the circuit and recovery sessions. 

3.4 Measurements

Body composition

Body fat percentage was identified via bioelectrical impedance analysis (BIA), as 

participants in a fasted state stood on a Seca mBCA 525 Body Composition Analyzer 

(Hamburg, Germany). BIA consists of the transmission of a low amplitude current through 

electrodes in contact with the skin. Since different biological tissues provide differing 

electrical resistance, this enables the calculation of fat mass and lean body mass. n = 10, 

equating to a measurement rate of 100%. 
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Perceived wellness

The Hooper Index (Hooper and Mackinnon, 1995) was administered to the participant, 

involving the self-rating of fatigue, sleep quality, mental state and muscle soreness on a 

scale from 1-7. This resulted in the calculation of an overall wellness score (a lower score 

equating to greater wellness). n = 6, equating to a measurement rate of 100%.

Anaerobic load

A lancet was used to prick the participants’ finger and draw a small amount of capillary 

blood into a 20 µl capillary tube. This capillary tube was placed into a safe-lock cup filled 

with a haemolysis solution (EKF Diagnostics, Magdeburg, Germany). After insertion of this 

cup into a Biosen Glucose and Lactate Analyser (EKF Diagnostics, Magdeburg, 

Germany), a precise reading of the capillary blood lactate was identified (Nowotny et al., 

2011). n = 8, equating to a measurement rate of 80%. Blood lactate was unable to be 

identified in two participants due to the failure to collect a sufficient quantity of blood. 

Isolated knee extensor performance

Maximum voluntary contraction (MVC) was measured via a Biodex System 3 isokinetic 

dynamometer (Biodex Medical Systems, Shirley, NY, USA), with participants performing 

an isometric knee extension effort against a padded lever arm. The lever was fixed in 

place ensuring a knee angle of 80˚ flexion, as well as a 90˚ thigh-trunk angle. Using their 

dominant limb, participants completed a 3 s maximal contraction x 3 times, with 60 s rest 

between each effort. Verbal cues to ‘kick against the pad as forcefully as possible’ were 

given, with the lead investigator providing standardised encouragement during each 

contraction. A peak torque value (N) was identified from each set of 3 attempts. n = 8/n=6, 

equating to a measurement rate of 80/100% for the circuit/recovery data respectively. 

MVC was unable to be collected for two participants due to issues with equipment 

availability. 

Vertical jump performance

Vertical countermovement jumps (CMJs) were performed on a dual force plate platform 

(Hawkin Dynamics, Maine, Portland, USA). Participants began standing in an upright 

position with their feet placed hip-width apart. They were then instructed to drop to a self-

selected depth and jump upwards as high and quick as possible, whilst keeping their 
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hands on their hips throughout the movement. 3 jumps were performed, enabling the 

collection of peak and mean values for jump height. A rest of 45 s separated each jump 

attempt. n = 10/n = 9 for the peak and average session data respectively, equating to a 

100/90% measurement rate. Due to a measurement error, insufficient data was collected 

to calculate an average session value in one participant. n = 6 for the recovery data, 

equating to a measurement rate of 100%.  

Horizontal jump performance

Participants stood upright with their toes behind a start line and proceeded to flex their 

knees and hips, swing their arms, and immediately jump as far forward as possible, aiming 

for triple extension of the hip, knee and ankle joints before landing with both feet. Distance 

(in) from the start line to the closest heel of the participant on landing was measured using 

tape. Three broad jumps were performed, with a 45 s rest period between each, allowing 

identification of both peak and mean broad jump distances. n = 9/n = 6 amounting to a 

measurement rate of 90/100% for the circuit data/recovery data respectively. Data was 

unable to be collected for one participant in the circuit dataset due to joint discomfort. 

Session volume

During each working set of the circuits, the lead investigator recorded the number of 

repetitions completed by the participant using a tally counter. Then, the number of 

repetitions performed for all sets within a round were added together to identify a mean 

repetition count for every round of the High and Moderate circuits. The landmine press 

was excluded from this count as this was the sole unilateral exercise. 

Furthermore, the repetition number completed within each set was multiplied by the load 

utilised for the exercise, enabling the identification of session volume load (kg). n = 9 for 

both measures, equating to a measurement rate of 90%. Data was unable to be collected 

in one participant due to human error. 

Neuromuscular response

Specialised shorts (Myontec Ltd., Kuopio, Finland) with embedded conductive electrodes 

were worn by participants during the circuits, enabling the individual monitoring of the 

electrical activity of the hamstring, quadricep and gluteal muscles. This data therefore 

allowing an estimation of muscle activation. Data was collected at 1000 Hz and 
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consequently stored and processed using the associated software (Muscle Monitor, 

Myontec Ltd., Kuopio, Finland) installed onto a laptop.  Measurement occurred during 

each set of the leg press exercise, with the metric of choice being the total muscle load 

(the combination of each individual muscle signal) peak amplitude (mA) of the hamstring, 

quadricep and gluteal muscles for each repetition. For each circuit session, the mean 

repetition total muscle load (for all repetitions over the 3 sets) was calculated and 

consequently converted relative to the maximal muscle load achieved during the 1RM leg 

press test. This resulted in the the provision of a mean activation value for each circuit in 

the form of ‘x% 1RM’. 

n = 4 participants, equating to a measurement rate of 44%. Measurements were unable to 

be collected due to excessive signal noise (n = 3) and an incompatible short size (n = 2).

Cardiovascular response

Participants wore a Polar T31 chest-strap heart rate monitor (Polar Electro Oy, Kempele, 

Finland) during the circuits. The chest-strap monitors the electrical activity of the cardiac 

muscle and is connected to a Polar watch enabling the display and storage of heart rate 

data, therefore, providing mean heart rate (bpm) for each circuit. n = 9 participants, 

equating to a measurement rate of 90%. Heart rate was unable to be measured in one 

participant due to the limited range of strap lengths available. Working heart rate, involving 

the monitoring of heart rates for each round individually, and excluding the 3 minute inter-

round rest periods, was measured only in 3 persons.

Perceived exertion

10 minutes post-exercise, participants were asked to provide an Overall (RPE-O), Chest 

(RPE-C) and Muscular (RPE-M) RPE value using the 15-category Borg Perceived 

Exertion Scale (Pandolf, 1982). This is a scale that ranges from 6-20 (6 indicating no strain 

and 20 indicating maximal strain) and aims to determine perception of the exercise 

intensity. Overall RPE provides an estimation of the overall system exertion, with RPE C 

(effort of the heart + lungs) and RPE M (active muscles) providing individual effort inputs 

for the central and peripheral systems respectively (Ribeiro et al., 2013). n = 10, equating 

to a measurement rate of 100%. 
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3.5 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 software (v 9.4.1, Dotmatics, 

Boston, USA). Tests were run to identify differences between the means of specific 

dependent variables (DVs) within the same group of participants when undertaking both 

the High and Moderate intensity sessions. Normally distributed data was analysed using a 

paired-samples T-test. When assumptions of normality were not met, a Wilcoxon matched-

pairs test was run. 

Additionally, two-way repeated measure ANOVAs were performed to assess both 

between-condition and within-condition differences for particular DVs. When statistical 

significance was achieved, Šidák-corrected post-hoc comparisons were utilised to 

determine main and interaction effects. Greenhouse-Geisser corrections were undertaken 

for any data found to violate sphericity. Statistical significance was set at P<0.05 for all 

tests. Data is expressed as mean ± standard deviation (SD).
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4 Results

4.1 Session external load

Figure 4. Graphical representation of external load in the High and Moderate circuits

Table 2. 
Comparison of external load between High and Moderate intensity sessions. 

Session intensity
Variable High Moderate

Load intensity (% 1RM) 75 55
Repetitions: set 1 10 ± 1*#2,3 15 ± 2*#3

Repetitions: set 2 9 ± 1*#1,3 14 ± 2*#3

Repetitions: set 3 8 ± 1*#1,2 13 ± 2*#1,2

Session volume load (kg) 13370 ± 3140* 14682 ± 3404*
Note. *denotes between group significance #denotes within group significance, 1 for 
example specifies the within-condition difference is with set 1. Data presented as mean ± 
standard deviation

Both total session volume load and repetition number per set were collected, enabling an 

understanding of whether the prescribed difference in load intensity resulted in dissimilar 

exercise performance. Furthermore, comparing repetitions performed across sets provides 

an indicator of the neuromuscular load of a session.
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Session volume load

Total session volume load (kg) is displayed in Figure 4(B) (n = 9). A paired sample T-test 

revealed that the Moderate intensity session resulted in a significantly greater volume load 

than the High intensity session, t (8) = 4.393, p = 0.0023. 

Repetitions performed

Average repetitions completed per set are displayed in Figure 4(A) (n = 9). A 2 condition x 

3 set repeated measures ANOVA demonstrated a significant main effect of the set number 

on the number of repetitions performed F (2, 14) = 22.66, p<0.0001. Post-hoc analysis of 

the High session revealed a significant decrease in repetitions from the first set to both set 

2 (p = 0.0142) and 3 (p <0.0001), as well as an additional significant decrease from set 2 

to set 3 (p = 0.0018). Contrastingly, there was no significant decrease in repetitions from 

the first set of the Moderate session to the second (p = 0.6685), however, there was a 

significant reduction in repetitions from both set 1 (p = 0.0008) and set 2 (p = 0.0059) 

compared to set 3. There was no significant set number x session type interaction effect F 

(2, 14) = 2.351, p = 0.1318. Therefore, the identified significant decrease in repetitions 

performed between the first and last sets of both circuits indicates a similar presence of 

neuromuscular fatigue. 

Furthermore, a significant main effect of the session type on the number of repetitions 

performed was found F (1, 7) = 211.1, P<0.0001. Post-hoc analysis revealed that when 

comparing set 1, set 2, and set 3 between the circuits, the Moderate session had a 

significantly higher number of repetitions performed for each respective set (all p = 

<0.0001). 
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4.2 Session internal load

Figure 5. Graphical representation of internal load in the High and Moderate circuits
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4.2.1 Anaerobic load

Table 3. 
Comparison of the anaerobic load between the High and Moderate intensity 
sessions. 

Session intensity
Variable High Moderate

Blood lactate pre 
(mmol/L)

3.78 ± 1.77 3.77 ± 1.51

Blood lactate post 
(mmol/L)

14.17 ± 1.76 18.01 ± 4.93

Note. Data presented as mean ± standard deviation

Capillary blood lactate

The change in capillary blood lactate (post-session mmol/L – pre-session mmol/L) for each 

circuit is displayed in Figure 5(A) (n = 8), this measure comprising an indicator of the 

anaerobic pathway utilisation during an exercise bout. As this data was not found to be 

normally distributed, a Wilcoxon matched-pairs test was employed here as opposed to the 

paired-samples T-test utilised for other measures. The Wilcoxon test identified a 

significantly greater increase in blood lactate for the Moderate intensity circuit (14.24 ± 

4.84 mmol/L) compared to that seen in the High intensity session (10.39 ± 2.12 mmol/L) (p 

= 0.0156). The median change in blood lactate for the High session was 10.93 mmol/L 

compared to 12.93 mmol/L for the Moderate session. Therefore, this data suggests that 

the Moderate session produced a higher anaerobic load.

4.2.2 Cardiovascular response

Table 4. 
Comparison of the cardiovascular response between the High and Moderate 
intensity sessions. 

Session intensity
Variable High Moderate

Overall heart rate (bpm)
Heart rate round 1
Heart rate round 2
Heart rate round 3

144 ± 16
146 ± 22
161 ± 15
164 ± 16

142 ± 16
150 ± 27
159 ± 15 
165 ± 7

Note. Data presented as mean ± standard deviation
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Heart rate

Mean heart rate (bpm) is displayed in Figure 5(C) (n = 9), providing an estimation of the 

cardiovascular load of the session. A paired-samples T-test found no significant difference 

between mean heart rate during the High and Moderate intensity sessions, t (8) = 0.6532, 

p = 0.5319. Therefore, suggesting the intensity did not have a significant impact on the 

cardiovascular load.

4.2.3 Neuromuscular response

Table 5. 
Comparison of the neuromuscular response between the High and Moderate 
intensity sessions. 

Session intensity
Variable High Moderate

Activation (% 1RM) 71 ± 8* 45 ± 3*
Note. *denotes between group significance denotes between group significance #denotes 
within group significance. Data presented as mean ± standard deviation

Lower limb muscle activation

Average repetition muscle activation (% Max) for both circuits is displayed in Figure 5(B) (n 

= 4), this an indicator of the neuromuscular stimulus of the bouts. A paired-samples T-test 

demonstrated that the High intensity session resulted in a significantly higher average 

muscle activation compared to the Moderate intensity session, t (3) = 6.797, p = 0.0065. 

4.2.4 Perceived exertion

Table 6. 
Comparison of perceived exertion between the High and Moderate intensity 
sessions. 

Session intensity
Variable High Moderate

RPE muscular (6-20) 16 ± 2 15 ± 3
RPE chest (6-20) 16 ± 2 16 ± 2
RPE overall (6-20) 16 ± 2 16 ± 2
Note. Data presented as mean ± standard deviation

Differential ratings of perceived exertion

Ratings of perceived exertion (RPE) for the working muscles, the chest and the overall 

body are displayed in Figure 5(E) (n = 10), providing a subjective indicator of training load. 

A 2 condition x 3 category repeated measures ANOVA demonstrated there was no 



40

significant effect of RPE type on RPE score F (2, 18) = 0.8228, p = 0.4551. Also, no 

significant effect of session type on RPE score was revealed. F (1, 9) = 0.7101, p = 

0.4212. Furthermore, no significant RPE type x session type interaction was found F (2, 

18) = 0.7959, p = 0.4664. In summary, the data suggests an even distribution of subjective 

load across the physiological systems in both circuits, as well as no significant impact of 

load intensity on perceived exertion. 
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4.3 Session fatigue response

Figure 6. Graphical representation of physical performance metrics before and after the 
High and Moderate circuits 
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The collection of multiple subjective and objective measurements enabled an estimation of 

the fatigue response to the circuit bouts. Physical performance measurements between 

pre-to-post exercise (Figure 6) provide an indication of the magnitude of the performance 

decrement. Whilst the physical recovery data provided up to 72 hours also allows the 

determination of the fatigue duration, plus the potential identification of any neuromuscular 

supercompensation, together providing an indication of the neuromuscular stimulus.
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4.3.1 Horizontal jump performance

Note. Percentage change figures refer to the difference between the mean value at each 
respective timepoint and the mean pre-exercise value. 

Broad jump distance

The broad jump is a measure of lower limb muscle function in the horizontal dimension, 

therefore, providing an indicator of neuromuscular fatigue biased towards the hip 

extensors (Fukashiro et al., 2005). 

Pre-to-post exercise performance

Peak broad jump distance (in) measured between pre-to-post exercise is reported in 

Figure 6(C) (n = 9). A 2 condition x 2 time repeated measures ANOVA demonstrated a 

significant effect of time on peak broad jump distance F (1, 8) = 29.75, p = 0.0006. Post-

hoc analyses showed that peak broad jump distance decreased significantly from pre- to 

post-exercise in both the High (82 ± 10 in vs 76 ± 11 in) (p = 0.0003) and Moderate 

intensity conditions (79 ± 12 in vs 75 ± 13 in) (p = 0.016). However, no significant effect of 

session type was identified F (1, 8) = 2.673, p = 0.1407. Furthermore, no significant time x 

session type interaction was found F (1, 8) = 2.332, p = 0.1652. 

Average broad jump distance (in) measured between pre-to-post exercise is reported in 

Figure 6(D) (n = 9). A 2 condition x 2 time repeated measures ANOVA identified a 

significant effect of time on average broad jump distance F (1, 8) = 31.42, p = 0.0005. 

Post-hoc analyses revealed that average broad jump distance decreased significantly from 

pre- to post-exercise in both the High (78 ± 11 in vs 74 ± 12 in) (p = 0.0016) and Moderate 

intensity conditions (79 ± 11 in vs 74 ± 11 in) (p = 0.0025). No significant effect of session 

Table 7. 
Quantification of horizontal jump performance in response to the High and Moderate 
intensity circuits 

Session intensity
High Moderate

Measure Pre 24 48 72 Pre 24 48 72
Peak 
broad 
jump (in)

76.3 -2.9% -3.5% -2% 76.7 -1.4% -1.4% -2%

Mean 
broad 
Jump (in)

73.9 -2.8% -2.3% -2.7% 75.8 -3.1% -3.1% -3.3%
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type was revealed F (1, 8) = 0.01488, p = 0.9059. Additionally, there was no significant 

time x session type interaction. In summary, both peak and average broad jump distance 

significantly decreased after both the High and Moderate intensity circuits, with no 

difference found between the circuits, indicating a notable neuromuscular stimulus from 

both sessions, 

Recovery response

Peak (n = 6) and average (n=6) broad jump values (m) were identified pre-exercise, and 

24/48/72 hours post-exercise for both circuits (Table 7).

A 2 condition x 4 time repeated measures ANOVA found no significant effect of time F 

(1.864, 9.318) = 1.108, p = 0.3654 or session type on peak broad jump distance F (1, 5) = 

0.2293, p = 0.6522. Furthermore, no significant time x session type interaction was found 

F (1, 8) = 2.332, p = 0.1652. 

Also, no significant effect of time F (1.540, 7.698) = 2.523, p = 0.1484, or session type F 

(1, 5) = 1.505, p = 0.2746 on average broad jump distance was identified. Additionally, no 

significant time x session type interaction was found F (2.078, 10.39) = 0.1250, p = 0.8905. 

Therefore, there were no significant differences in peak or average broad jump between 

timepoints or between circuits, suggesting the absence of both sustained fatigue and 

supercompensation regardless of the intensity. 

4.3.2 Vertical jump performance

Table 8. 
Quantification of vertical jump performance in response to the High and Moderate 
intensity circuits 

Session intensity
High Moderate

Measure Pre 24 48 72 Pre 24 48 72
Peak CMJ 
(cm)

31.2 +1.4% +4.6% +5.9% 32.5 -0.3% +0.9% +5.8%
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Note. Percentage change figures refer to the difference between the mean value at each 
respective timepoint and the mean pre-exercise value. 

Countermovement jump height (CMJ)

The CMJ is a measure of lower limb muscle function in the horizontal dimension, 

therefore, providing an indicator of neuromuscular fatigue biased towards the knee 

extensors (Fukashiro et al., 2005). 

Pre-to-post exercise performance

Peak countermovement jump height (cm) measured between pre-to-post exercise is 

displayed in Figure 6(A) (n = 10). A 2 condition x 2 time repeated measures ANOVA 

identified a significant effect of time on peak CMJ height F (1, 9) = 9.898, p = 0.0118. 

However, post-hoc analyses revealed a non-significant decrease from pre-to-post exercise 

in both the High (33.9 ± 6.1 cm vs 32.5 ± 6.2 cm) (p = 0.1074) and Moderate (35 ± 6.6 cm 

vs 34.1 ± 6.5 cm) (p = 0.3832) conditions. No significant effect of session type was found F 

(1, 9) = 4.098, p = 0.0736. Additionally, no significant time x session type interaction was 

seen F (1, 9) = 0.2113, p = 0.6567. 

Average countermovement jump height (cm) measured between pre-to-post exercise is 

displayed in Figure 6(B) (n = 9). A 2 condition x 2 time repeated measures ANOVA 

identified a significant effect of time on average CMJ height F (1, 8) = 9.408, p = 0.0154. 

However, when examining the post-hoc, a non-significant decrease from pre-to-post 

exercise was identified in both the High (32.4 ± 6.1 cm vs 31 ± 6.2 cm) (p = 0.0688) and 

Moderate (33.1 ± 6.9 cm vs 32.7 ± 6.6 cm) (p = 0.2890) conditions. No significant effect of 

session type was found F (1, 8) = 3.844, p = 0.0856. However, post-hoc analyses 

identified a significantly higher post-exercise value in the Moderate session, p = 0.0452. 

Furthermore, no significant time x session type interaction was seen F (1, 8) = 2.044, p = 

0.1907. Therefore, there were no differences in average or peak CMJ jump performance 

from pre-to-post exercise in the circuits, but the lower post-exercise CMJ height in the High 

session suggests a greater neuromuscular load.

Recovery response

Mean CMJ 
(cm)

30.1 +1.4% +1.2% +3.1% 31 -0.9% -0.4% +2.9%
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Peak (n = 6) and average (n=6) countermovement jump values (m) were identified pre-

exercise, and 24/48/72 hours post-exercise for both circuits (Table 8). 

A two-way repeated measures ANOVA identified no significant effect of time F (3, 15) = 

1.765, p = 0.1968, or session type F (1, 5) = 1.639, p = 0.2566, on peak CMJ height. 

Additionally, no significant time x session type interaction was found F (3, 15) = 0.5138, p 

= 0.6789. 

A two-way repeated measures ANOVA found no significant effect of time F (3, 15) = 

1.205, p = 0.3418, or session type F (1, 5) = 1.281, p = 0.3091, on average CMJ height. 

Furthermore, no significant time x session type interaction was found F (3, 15) = 0.2585, p 

= 0.8541. Therefore, there were no significant differences in peak or average CMJ 

between timepoints or between circuits, suggesting the absence of sustained fatigue and 

supercompensation regardless of intensity.

4.3.3 Isolated knee extensor capacity  

Table 9. 
Quantification of knee extensor performance in response to the High and Moderate 
intensity circuits 

Session intensity
High Moderate

Measure Pre 24 48 72 Pre 24 48 72
Peak MVC 
(N)

256.9 +1.4% +2% +1.2% 267.7 +0.5% +1.7% +3%

Note. Percentage change figures refer to the difference between the mean value at each 
respective timepoint and the mean pre-exercise value. 

Maximum voluntary contraction force (MVC)

Maximum voluntary isometric knee extensions provide an isolated measurement of knee 

extensor function. 

Pre-to-post exercise performance

Peak maximum voluntary contraction force (N) measured between pre-to-post exercise is 

displayed in Figure 6(E) (n = 8). A 2 condition x 2 time repeated measures ANOVA 

revealed no significant effect of time on peak MVC for the High (265 ± 49.2 N vs 257.3 ± 

70 N) or Moderate (267.8 ± 51 N vs 250.1 ± 51.1 N) circuits, F (1, 7) = 1.733, p = 0.2295. 

Also, no significant effect of session type was found F (1, 7) = 0.05587, p = 0.8199. 
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Furthermore, there was no significant time x session type interaction F (1, 7) = 0.7517, p = 

0.4147. In summary, there was no significant difference in MVC from pre-to-post exercise 

or between the High and Moderate intensity circuits, suggesting a lack of neuromuscular 

fatigue regardless of the intensity.

Recovery response

Peak MVC values (N) were identified pre-exercise, and 24/48/72 hours post-exercise for 

both circuits (Table 9) (n = 6).

A two-way repeated measures ANOVA identified no significant effect of time F (3, 15) = 

0.1917, p = 0.9004, or session type F (1, 5) = 0.5553, p = 0.4897, on peak maximum 

voluntary contraction force. Additionally, no significant time x session type interaction was 

found F (3, 15) = 0.08292, p = 0.9683. Therefore, there were no differences in MVC 

between timepoints or between circuits, suggesting the absence of sustained fatigue and 

supercompensation regardless of session intensity.

4.4.4 Perceived wellness

Table 10. 
Quantification of subjective wellness in response to the High and Moderate intensity 
circuits 

Session intensity
High Moderate

Measure Pre 24 48 72 Pre 24 48 72
Hooper 
Index (a.u)

12 ± 5 12 ± 5 12 ± 4 11 ± 4 11 ± 4 12 ± 5 11 ± 4 12 ± 3

Note. Hooper Index is a multifactorial measure of subjective wellness, a lower score equating to 
greater wellness. Data presented as mean ± standard deviation

Hooper index

The Hooper Index is a multifactorial measure of subjective wellness. Hooper index values 

(Table 10) were identified pre-exercise, and 24/48/72 hours post-exercise for both circuits 

(n=6).
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A two-way repeated measures ANOVA identified no significant effect of time F (3, 15) = 

0.06545, p = 0.9774, or session type F (1, 5) = 0.1807, p = 0.6884, on Hooper index score. 

Additionally, no significant time x session type interaction was found F (3, 15) = 0.2658, p 

= 0.8490. Therefore, there were no differences in Hooper index between timepoints or 

between circuits, indicating a lack of impact of RCT on subjective wellness regardless of 

the load intensity utilised.

5 Discussion

The present study aimed to compare the internal and external load demands to a 

moderate versus high intensity resistance circuit session, ultimately seeking to inform the 
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application of a combined stimulus. The main study findings were: a) the Moderate 

intensity session resulted in a significantly greater number of repetitions per set, total 

volume load and increase in blood lactate b) the High session resulted in greater mean 

muscle activity, plus a more diminished post-exercise countermovement jump height c) 

finally, heart rate and RPE-chest were equally high between the sessions, and there was a 

similar lack of impairment for horizontal and vertical jump performance, knee extensor 

force and subjective wellness for each intensity throughout the recovery period. This data 

therefore suggests that in trained individuals, both Moderate and High intensity RCT 

sessions provide a similar cardiovascular and recovery load, with a greater work volume 

and anaerobic load from the Moderate session, but with a lesser accompanied 

neuromuscular load compared to the higher intensity. Furthermore, the generally high 

magnitude of acute loading found in both sessions supports the efficacy of utilising 

combined training at a range of intensities in trained populations. 

5.1 External load 

Both volume load (repetitions x load) and the number of repetitions performed for each 

round of the circuit, were significantly higher in the Moderate versus the High session. This 

finding is in line with previous studies that have demonstrated a significant inverse 

relationship between load and volume in traditional RT sessions (Schoenfeld et al., 

2016a). However, we could find no previous data on the relationship between load 

intensity and volume during either RCT or combined sessions, therefore, it is interesting 

that differences were seen even with the inclusion of timed work periods. Notably, this 

greater work is likely to result in a higher energy expenditure (Kang et al., 2005), plus a 

relationship between volume and hypertrophy has been consistently found (Krieger, 2009; 

Schoenfeld et al., 2017; Terzis et al., 2010). This data demonstrates that the discrepancy 

in load intensity did result in clear differences in the performance of both circuits, which 

would indicate that accompanying differences in the internal load are also likely to be 

seen. 

5.2 Conditioning-specific load
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However, the cardiovascular response between the two sessions was very similar 

irrespective of the differences in external load. Not only was no significant difference in 

mean heart rate identified, but this was corroborated by the equal RPE chest score 

(exertion of heart and lungs) for both circuits (RPE 16). There appeared to be no previous 

data on the acute cardiovascular response to differing combined training intensities, 

although, this finding does align with a meta-analysis from Ramos-Campo et al (2021)., 

that found no effect of RCT intensity on the VO2max response. Therefore, this suggests that 

a similar cardiovascular load can be provided by different load intensities of combined 

training, providing that equal intensities of effort are given, and equivalent work and rest 

periods are utilised. The High and Moderate sessions achieved mean heart rates at 75% 

and 74% of the participant’s age-predicted maximum (Tanaka et al., 2001), comfortably 

within the ACSM recommended intensity range (65-90% max) for the enhancement of 

cardiorespiratory fitness, whilst also at an exercise volume (22 minutes) above the 

minimum suggested (20 minutes) (Pollock et al., 1998). Furthermore, although working 

heart rate was only collected in 3 individuals, mean heart rates of > 85% were identified for 

rounds of both circuits, demonstrating the intensity of the exercise stimulus. This mean 

heart rate of ~75% max is also consistent with that found from other RCT protocols in the 

literature (Alcaraz et al., 2008; Marin-Pagan et al., 2020). Overall, it appears that load 

intensity has little effect on the cardiovascular response to RCT, with both circuits 

providing a potentially efficacious stimulus for trained individuals. 

A significantly greater anaerobic load was experienced from the Moderate versus the High 

circuit, albeit a sizeable lactate response was still derived from the High session. This 

influence of intensity is likely driven primarily by the greater number and shorter duration of 

repetitions in the Moderate session, these factors seen to facilitate greater lactate 

accumulation in traditional resistance training (Lacerda et al., 2016; Vargas-Molina et al., 

2020). To note, even though prescribed repetition velocities were not different between the 

circuits, participants were instructed to perform maximal speed concentric contractions, 

with lower loads being more facilitative of greater bar velocities (Loturco et al., 2016). A 

similar outcome was reported by Roberson et al., (2017) who identified slightly greater 

lactate from moderate versus high intensity RCT in females, however in contrast to our 

investigation, no effect of load intensity in the male participants. The contrast between 

these datasets may be explained by the use of pneumatic resistance by Roberson et al., 
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as the specific equipment utilised provides a lack of eccentric force (Willoughby, 2004) 

which could therefore reduce total workload and increase skeletal blood flow, 

consequently alleviating lactate accumulation compared to the free weights and machines 

used in the current study. 

Although, the highly anaerobic nature of RCT is well-supported in the literature, 

interestingly the lactate values we identified are significantly higher than those in other 

studies utilising similar intensities. Lactate concentrations between 9-11 mmol/L have been 

found in protocols with males utilising 70-85% 1RM (Marin-Pagan et al., 2020; Paoli et al., 

2012; Roberson et al., 2017), and between 9.5-14 mmol/L in sessions using 40-60% 1RM 

(Burleson et al., 1998; Harber et al., 2004; Roberson et al., 2017), compared to the 14 and 

18 mmol/L from our High and Moderate circuits. An explanation for this could lie in the 

greater inter-set rest periods provided in certain studies (Burleson et al., 1998; Marin-

Pagan et al., 2020; Roberson et al., 2017), and/or the lower volume of work (Paoli et al., 

2012), and/or the lesser muscle mass involved in the exercises (Harber et al., 2004; Marin-

Pagan et al., 2020). The magnitude of blood lactate accumulation found in the current 

investigation demonstrates the potentially significant contribution of anaerobic glycolysis to 

energy provision in trained persons during RCT, further supporting the existing literature 

evidencing the potential of combined training to aid anaerobic performance (Crawford et 

al., 2018; Myers et al., 2015).  

5.3 Neuromuscular load

As mentioned prior, a significantly greater volume load was performed in the Moderate 

circuit, however, this was accompanied by a ~25% lower mean repetition EMG amplitude 

than in the High circuit. Therefore, the volume of work completed by the difficult-to-

stimulate, type II muscle fibres may actually have been greater in the High session. The 

recruitment of these is especially important as these fibres have the greatest capacity to 

both produce force and to hypertrophy (Scott et al., 2001). This appears to be the first 

EMG data collected on combined training protocols, but many resistance training studies 

have similarly demonstrated a greater EMG amplitude from high versus low intensity 

training (Vigotsky et al., 2016). Although, an equal potential for hypertrophy has been 

proven with both high and low intensity resistance training protocols (Schoenfeld et al., 

2017), therefore EMG data is not a definitive predictor of muscle growth (Vigotsky et al., 
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2016). It is important to note however that this equivalent hypertrophic response is only 

experienced when training is taken to failure (Holm et al., 2008; Schoenfeld et al., 2017), 

as high-repetition, lower-load sets will accumulate fatigue and fast-twitch muscle fibres are 

then recruited to maintain force output (Morton et al., 2019). 

Furthermore, some data has indicated a generally superior effect of training to failure on 

hypertrophy in trained individuals (Grgic et al., 2022), reinforcing the importance of 

ensuring that differing RCT intensities can facilitate high intensities of effort. Considering 

on average only ~9 consecutive reps can be performed at loads of 75% 1RM, compared to 

~16 at 55% 1RM (Jovanovic, 2014), it was unclear as to whether the 35 s working sets 

utilised in our study would enable participants to take sets to failure. However, a muscular 

RPE equating to ‘hard’ was found in both the High (RPE 16) and Moderate (RPE 15) 

sessions, representing a high intensity of effort. This together with the decrease in 

repetitions performed from set 1 to set 3 in both sessions, and the significant decrement in 

broad jump performance post-exercise, evidences a degree of muscular fatigue that could 

be facilitative of hypertrophy even with the Moderate session. Albeit, repetitions decreased 

to a relatively greater degree in the High (-20%) versus Moderate session (-13%) from set 

1 to set 3, and post-exercise peak CMJ height was significantly lower in the High session, 

potentially indicating a greater neuromuscular stimulus from the High load. Interestingly, 

one study that compared hypertrophic responses between high (70% 1RM) and low load 

(30% 1RM) resistance circuit training similarly used timed work sets (30 s) and identified 

equal adaptation between intensities (Kapsis et al., 2022). However, participants were 

excluded if they had performed RT in the 6 months preceding the study and therefore the 

stimulus for adaptation would likely have been reduced. 

In addition, greater increases in maximal strength have been consistently demonstrated 

with higher load intensities of traditional resistance training (Schoenfeld et al., 2017) and 

this effect would likely transfer to combined training. Intriguingly, this has been supported 

in some studies (Paoli et al., 2010), but not in others (Kapsis et al., 2022; Paoli et al., 

2010; Ramos-Campo et al., 2021). Although, there is no clear reason as to why this effect 

would not translate to combined training, and the aforementioned data may again be 

influenced by the limited training experience of the participants and the relatively short 

duration of the training programmes. To summarise, although both circuit sessions seem 
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conducive to hypertrophy in trained individuals, it appears that the High session provided 

an overall greater neuromuscular load.    

5.4 Recovery data

Interestingly, no significant fluctuation was observed in any of the objective and subjective 

measures of recovery in the present study. The fatigue response can provide an indication 

of the neuromuscular stimulus of a bout; however, fatigue is not always necessary for 

adaptation (Folland et al., 2002). Examining the data, the only metric that was 

downregulated through to 72 hours post-exercise in both sessions, although non-

significantly, was broad jump distance, as a -2% decrement in peak broad jump 

performance was found after both circuits. Here, it is possible that our limited sample size 

in the study may have produced a type II error preventing statistical significance. The 

identified decrease in this measure, as opposed to the CMJ for example, may be due to 

the predominant recruitment of the hip extensors during the horizontal jump pattern 

(Fukashiro et al., 2005). The hip extensors would have been significantly loaded during 

both the deadlift and 45° incline leg press exercises in the circuits (Da Silva et al., 2008; 

Ebben et al., 2009) (6 sets), in contrast to the quadriceps, which are more dominant in the 

vertical jump pattern of the CMJ (Fukashiro et al., 2005), and would have only significantly 

contributed during the leg press exercise (Da Silva et al., 2008; Ebben et al., 2009) (3 

sets). Therefore, if wanting to limit neuromuscular fatigue from RCT then it appears 

important to modulate the number of working sets per muscle group. Interestingly, both 

CMJ and MVC performance were non-significantly greater at 72 hours compared to pre-

exercise for both circuits, potentially indicating a neuromuscular supercompensation effect 

from the bouts. However, it is also possible that a learning effect could have contributed to 

this improvement, furthermore, the measurements may have been too acute to identify 

actual supercompensation in a trained cohort therefore further research here is needed.

Furthermore, there were no significant differences between the recovery responses of the 

two conditions. This is in contrast to previous data demonstrating a greater and more 

prolonged impairment of recovery from low load versus high load RT to failure (Farrow et 

al., 2020; Haun et al., 2017). However, in both these studies the low load sets involved 

much greater time-under load, which would likely also result in greater metabolite 

accumulation and associated low-frequency fatigue (Ratkevicius et al., 1998), whilst in the 
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present study, sets were restricted to 35 s which would have limited temporal variation 

between intensities. Additionally, as discussed, it is possible that our use of time limited 

sets may have prevented subjects reaching failure in the lower load session and therefore 

inhibiting fatigue. It seems likely that if combined training sets are performed until failure, 

instead of a set time duration, that lower RCT intensities would result in a greater recovery 

burden.

Research comparing the magnitude of fatigue from combined training versus traditional 

concurrent training is scarce. An investigation from Marquez et al., (2017) identified a 

decrease in knee extensor MVC 10 minutes post RCT, but no decrease after volume-

matched traditional resistance training. This contrast is likely due to the greater peripheral 

fatigue post RCT, as indicated by the decreased resting twitch amplitude, this effect 

potentially mediated by the accompanied significantly greater elevation in blood lactate 

and its documented detriment on force production per muscle cross-bridge (Fitts, 2008). 

Although no decrement in MVC was identified post-exercise in the present study, a non-

significant decline was again observed, with our smaller sample size potentially producing 

a type II error. However, Marquez et al., (2017) only measured fatigue up to 10 mins post-

exercise, and there was no conditioning exercise load in the traditional RT condition. 

Therefore, it is unclear how the extended recovery burden from combined training would 

compare to traditional concurrent training, although this data suggests that the duration of 

fatigue after RCT is minimal. This is an important observation for both recreational 

exercisers and athletes, considering the effect of residual fatigue on exercise performance 

and injury risk (Dupont et al., 2010; Russell et al., 2015).  

5.5 Limitations

5.5.1 Evaluation of measurement reliability

Although steps were taken to consolidate the reliability and applicability of the research, 

there are still limitations that should be acknowledged. Firstly, an impetus was placed on 

utilising well researched measures of training load, with efforts made to enforce the 

reliability of these, however the potential for error is still present. 

Measurement standards for our chosen method of bioelectric impedance analysis have 

been validated against gold-standard techniques such as dual-energy X-ray 
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absorptiometry (Bosy-Westphal et al., 2013). One potential hinderance to measurement 

reliability derives from variation in acute dietary intake, albeit this was controlled by 

requesting participants to come to the laboratory in the fasted state (Androutsos et al., 

2015). 

Next, RPE appears to provide an accurate estimation of internal load in both strength 

(Lagally et al., 2002), as well as more conditioning focused activities (Impellizzeri et al., 

2004), validating the use of differential RPE for combined training (Tibana et al., 2018). 

Also, the Hooper Index has been validated in its ability to characterise fatigue and appears 

sensitive to fluctuations in training load (Rabbani et al., 2019). However, even with both 

presenting strong correlations to objective measures of training load, perceived measures 

are influenced by personal characteristics such as mood, introversion/extroversion, anxiety 

and depression (Morgan, 1994). This demonstrates the importance of including objective 

measures of both strength and conditioning-specific load. 

The Polar T31 chest-strap monitor (Polar Electro Oy, Kempele, Finland) utilised in the 

investigation has been evidenced to provide reliable HR values (Montes and Navalta, 

2019), with high agreement to gold-standard methods (Radespiel-Troger et al., 2003). 

Albeit heart rate is not the most valid assessment of aerobic load during resistance 

modalities. During RT, skeletal muscle contractions result in vasoconstriction that limits 

blood flow into and out of the muscle, directly reducing venous return, and requiring an 

increase in heart rate to maintain cardiac output (Williams et al., 2007). It is difficult 

however to directly measure oxygen uptake during dynamic exercise, leading to many 

combined training researchers similarly using heart rate monitoring instead (Alcaraz et al., 

2008; Skidmore et al., 2012; Tibana et al., 2018). Promisingly, the inclusion of RPE does 

help corroborate the findings, as the extremely close identified mean HR values between 

the circuits are reinforced by the matching RPE-Chest figures. 

When rates of anaerobic glycolysis exceed that of aerobic lactate utilisation, there is net 

lactate accumulation; as such, capillary blood lactate concentration is sensitive to changes 

in exercise intensity (Beneke et al., 2011). The specific lactate analyser used presently 

(EKF Diagnostics, Magdeburg, Germany) has been validated in its reliability and accuracy, 

with evidence of greater accuracy than other comparative analysers at high lactate 

concentrations (Biosen studies and evaluations, EKF Diagnostics).
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Examining the measurement of neuromuscular load, the MBody shorts (Myontec Ltd., 

Kuopio, Finland) have been evidenced to provide comparable electromyographic values, 

and measurement reproducibility, to traditional surface EMG (Colyer and McGuigan, 

2018). Surface EMG is capable of reflecting muscle excitation; however, signal variation 

can occur through differences in electrode configuration, subcutaneous thickness, muscle 

lengths and contraction modes (Vigotsky et al., 2022). Although in this case, the shorts 

provided controlled electrode positioning between bouts, subcutaneous thickness and 

muscle lengths will have been consistent due to the cross-over design, and the same 

exact exercises were compared for the circuits as well as the normalisation bout, 

therefore, enhancing reliability. As RT stimulates muscle protein synthesis and 

hypertrophy compared to rest, a case could be made for higher excitation predicting 

greater adaptation, however, at present the muscle state-hypertrophy dose-response is 

unclear (Vigotsky et al., 2021). 

Additionally, performance of MVCs, broad jumps and CMJs were utilised to provide 

indications of neuromuscular load and recovery from the circuit sessions. CMJ and broad 

jumps are sensitive to changes in training load and recovery status (Hiscock et al., 2018; 

Pearcey et al., 2015a), with the former being a measure of power in the vertical dimension 

and the latter representing horizontal power. Both jumps do have significant skill 

components and therefore differences in technique between bouts could have an 

influence. However, this was counteracted by the utilisation of familiarisation jumps before 

the experimental sessions. MVC on the other hand has a low technical demand and is 

highly reliable (Alvares et al., 2015) and therefore it is possible to assume that any 

variation in scores is directly as a result of the level of neuromuscular fatigue. 

5.5.2 Evaluation of study design 

Firstly, this is not a training study and thus there is a limited ability to predict the specific 

adaptive effects of either protocol solely from these acute responses. However, each of 

the included measures of external and internal load has evidence supporting its 

association with specific physiological adaptations. The collection of multiple individual 

internal and external measures for both strength and conditioning-specific load therefore 

provides a collective weight of evidence regarding the efficacy of either protocol for 

mediating adaptation (Selye, 1976).
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Furthermore, the study sampling may have ramifications for the actual findings, as well as 

the transferability of these. The sample size (n = 10) is actually similar to that of other 

investigations in the combined training literature (Alcaraz et al., 2008; Marin-Pagan et al., 

2020; Paoli et al., 2010; Romeno-Arenas et al., 2018). However, only 6 participants 

completed the recovery measures, and various difficulties led to a reduction in the sample 

for many of the exercise session measures. Although it is normal to experience difficulties 

in data collection when working with live participants (Benson et al., 2021), lower sample 

sizes do lead to an increased risk of type II statistical errors, this potentially concealing 

differences in the response between the two sessions. Also, all participants were healthy, 

trained individuals, therefore hindering the ability to generalise results to untrained or 

clinical populations. The utilisation of a counter-balanced cross-over design does however 

aid reliability. The cross-over component prevents an influence of genetic variation on the 

identified responses to each session. Furthermore, the counterbalanced session order 

helps diminish any potential learning effect on results. 

Although, participants attended sessions in the fasted state, their peri-exercise nutrition 

was unmonitored. Therefore, we are not able to rule out an influence of dietary intake on 

the performance of the circuit and/or recovery sessions. It should be noted however that 

participants were instructed to maintain their normal diet throughout the study duration, 

and circuit sessions were performed a maximum of 3 weeks apart, this potentially helping 

to limit differences in peri-workout nutrition between the two sessions. 

Finally, the Moderate (55% 1RM/16 RM) and High (75% 1RM/9 RM) sessions were 

predicted to be disparate enough to identify any potential influence of intensity on 

responses to combined training, with this validated by the identified significant differences 

in external load. However, including a greater range of loads could provide a clearer 

picture of the influence of intensity.

5.6 Perspectives

As discussed earlier, there are significant gaps in the combined training literature. The 

present study goes some of the way to addressing these issues, therefore presenting 

potential applications. The finding that differing intensities of combined training can offer 

comparative cardiovascular loading, with greater anaerobic loading from moderate 

intensities, and more significant neuromuscular loading from higher intensities, is novel. 
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This suggests that combined training can be utilised to provide a greater cardiovascular 

stimulus than traditional resistance training, with the ability to then tailor the stimulus 

towards adaptations of interest dependent on the intensity employed. The Moderate 

intensity and its associated higher lactate response could be utilised if seeking to improve 

peripheral adaptations and anaerobic performance. This may be advantageous for short-

to-middle distance athletes (Brandon, 1995) and for team-sport performance (Gabbett et 

al., 2014; Krustrup et al., 2006), whilst also possessing as a wider utility due to the positive 

influence of anaerobic exercise on markers of health (Salvadori et al., 2014; Taylor et al., 

2019). It is important to note however that although to a lower degree, significant lactate 

accumulation was still identified with the High session, suggesting its potential efficacy for 

anaerobic adaptation. 

Conversely, the higher intensity circuit and its seemingly greater neuromuscular stimulus 

could be preferential for improvements in strength and muscular hypertrophy. This is of 

significance considering the importance of these capacities on power and endurance-

based performance (Suchomel et al., 2016), risk of injury (Lauersen et al., 2014), and 

overall functional capacity (Kjolhede et al., 2015). However, as discussed, the Moderate 

intensity is facilitative of a greater volume of work and would likely result in comparative 

hypertrophy if sets are performed to failure. Overall, this research enhances the ability to 

tailor a combined stimulus, dependent on the stage of the training cycle, the capabilities of 

the individual, and the resultant physiological goal(s).

Furthermore, much of the combined training literature has involved untrained participants. 

Considering, the higher threshold for adaptation in trained individuals (Ahtiainen et al., 

2003; Coffey et al., 2006; Gelman et al., 2022), it is important to ensure that combined 

training offers a significant concurrent stimulus in higher-ability populations. Promisingly, 

the circuits enabled a volume of 3-6 sets/muscle group, therefore appearing compatible 

with the indicated benchmark of ≥ 6 sets/week (Ralston et al., 2017; Schoenfeld et al., 

2019) and ≥ 10 sets/week (Schoenfeld et al., 2017) for optimal adaptations in strength and 

hypertrophy respectively. Furthermore, RPE-muscular scores equated to the ‘high’ level, 

indicating the intensity of both sessions. ‘High’ RPE-chest scores were also reported, and 

the mean heart rate (75% max) for the 22 min duration of both circuits aligns with both 

intensity and volume recommendations for improving cardiorespiratory fitness (Pollock et 

al., 1998). Finally, capillary blood lactate levels were at or above that previously identified 
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from Wingate tests (Fernandez-del-Olmo et al., 2013; Weinstein et al., 1998), 

demonstrating the magnitude of the anaerobic stimulus. On top of this, no significant 

recovery burden was identified from 24 h post-exercise onwards, suggesting that 

combined training can be performed without significantly compromising performance in the 

immediate days following, this characteristic being of particular utility for athletic 

populations. Therefore, our data supports the use of combined training as a concurrent 

training methodology for athletic/trained individuals, whilst offering significantly lower time-

demands to traditional concurrent methodologies, along with other aforementioned 

potential benefits (pg. 5-6) such as an increased energy expenditure and positive 

psychological responses. 

However, as discussed, there are limitations to our research and as such, further 

investigation is warranted in order to fully elucidate the application of combined training. 

Consequent research that demonstrates actual adaptive effects to the utilisation of a range 

of combined intensities, within a range of populations, and potentially utilising more than 

one combined modality, would be greatly advantageous.
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6  Conclusion

In conclusion, when comparing the internal and external load demands of Moderate versus 

High intensity RCT sessions in trained individuals we identified high markers of both 

strength and conditioning-specific load regardless of intensity, suggesting their mutual 

efficacy. However, our data suggests that moderate intensities of RCT provide a greater 

work volume and anaerobic load, whilst a greater neuromuscular load is offered from 

higher intensity RCT, with both sessions providing a comparative cardiovascular stimulus 

and recovery burden. These findings should help provide trained individuals with a clearer 

idea of how to modulate a combined training session dependent on the session goal. 

However, further research is needed to confirm whether this relationship between intensity 

and acute load is consistent when performing other modalities of combined training, within 

other populations, and whether these differences in the acute response would amount to a 

variance in adaptation.  
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