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Abstract

Physical inactivity is a global issue; over a third of people don’t exercise regularly enough
to meet the recommended physical activity guidelines. This increases the risk of mortality
and developing numerous chronic diseases. Regular exercise improves VO2max, which is
the best predictor of overall health and disease risk. The reasons for low adherence to
regular physical activity are multifactorial, with lack of time among the most common
reasons reported. Exercise interventions, such as HIIT and SIT, have been well researched
as time-efficient alternatives to MICT. Research has demonstrated the effectiveness of
HIIT and SIT at improving VO2max. However, they are not without their limitations,
which cast doubt on their real-world relevance and whether they would improve regular
physical activity levels. REHIT has been shown to be a promising alternative, effective at
improving VO2max to levels similar to MICT, HIIT, and SIT, but with a substantial
reduction in total exercise volume. The minimal effective dose for improving VO2max
with REHIT remains to be determined, and modifications to key parameters remain
underexplored. Furthermore, the mechanisms underpinning the comparable VO>max
improvements observed with REHIT despite its substantially lower exercise volume

remain unclear.

Chapter 1 provides an overview of the literature surrounding the thesis topics. Chapter 2
meta-analyses the literature and combines with previous work on the topic to provide an
updated meta-analysis and systematic review of the effect of the number of sprint
repetitions in a SIT session on the changes in VO2max. Chapter 3 presents an
experimental trial investigating the effects of reducing the training frequency of a REHIT
exercise intervention on the changes in VO2max. Chapter 4 attempts to elucidate
mechanisms that affect variability in the response to exercise by examining whether there
are differences in the training-induced myokine response between high- and low-

responders to exercise.
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Chapter 1 — General Introduction
Physical Inactivity

Physical inactivity describes people who do not achieve enough physical activity (PA) to meet
current guidelines. These guidelines recommend 150-300 minutes of moderate-intensity aerobic
activity, or 75-150 minutes of vigorous-intensity activity, per week (World Health, 2020). In
addition, adults are advised to perform muscle-strengthening activities involving all major muscle
groups on at least 2 days per week at moderate intensity or above (World Health, 2020).

There is strong evidence that physical inactivity increases the risk of a wide range of adverse health
outcomes, including major non-communicable diseases such as type 2 diabetes and coronary heart
disease (Lee et al., 2012b). Conversely, regular PA can improve VO,max, which is associated with
substantial health benefits. For every 1-metabolic equivalent (MET) increase in aerobic capacity,
equivalent to ~3.5 mL-kg-min’!, the risk of mortality and cardiovascular disease (CVD) decreases

by approximately 10-25% in healthy men and women (Myers et al., 2015).

The protective effects of cardiorespiratory fitness (CRF) are evident even when other risk factors
are present. These include age (Lee et al., 2014, Lee et al., 2010), race (Kokkinos et al., 2008),
adiposity ((Barry et al., 2014, Lee et al., 2012a), BMI (Lee et al., 2011, Fogelholm, 2010) and co-
morbidities such as diabetes (Broekhuizen et al., 2011, Kokkinos et al., 2009, Church et al., 2004)
and hypertension (Kokkinos et al., 2014).

Despite this evidence, the burden of physical inactivity in the UK has worsened over the last half-
century. A recent report commissioned by Public Health England (gov.uk, 2022) states that the
population is now 20% less active than in the 1960s, with approximately 34% of men and 42% of
women failing to meet the current PA guidelines (World Health, 2020). The same report suggests
that physical inactivity in the UK is associated with one in six deaths and carries an estimated
annual cost of £7.4 billion.

According to Guthold et al. (2018), the prevalence of physical inactivity is particularly high and
continues to rise in high-income Western countries such as the United Kingdom. Globally, it is
estimated that one in four adults and three in four adolescents (11-17 years) do not meet current PA
guidelines (Amini et al., 2021). Katzmarzyk et al. (2022) further report that physical inactivity is
responsible for more than 7% of all-cause and CVD deaths and up to 8% of non-communicable
diseases.

Importantly, these figures are likely to underestimate the true scale of the problem. Individuals
often overestimate their PA levels in self-report questionnaires, as shown in several studies
(Hagstromer et al., 2010, Gauthier et al., 2009, Wanner et al., 2016). For example, Wanner et al.
(2016) found that total PA was self-reported as 4.2 times higher on the IPAQ than when measured

using accelerometer data.
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Self-report questionnaires have been, and remain, the main method of data collection for these
estimates. This is largely because they are time- and cost-efficient. However, their widespread use

may obscure the full scale and complexity of physical inactivity.

The most severe categorisation of physical inactivity is sedentary behaviour. This is defined as
waking behaviour with an energy expenditure <1.5 METs while sitting, reclining, or lying

(Tremblay et al., 2017).
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Factors influencing physical inactivity

A variety of factors influence an adult’s level of participation in PA. These include biological,
demographic, intrapersonal, sociocultural, socioeconomic, psychological, social, and
environmental factors (Allender et al., 2006).

Physical inactivity is not caused by a single factor. Rather, it arises from the complex interplay of
multiple factors. For example, physical inactivity in females is shaped by a variety of factors
mentioned above, with key barriers including chronic health conditions, caregiving responsibilities,
low self-confidence, and cost. Together, these factors intersect and contribute to the challenges
women face in engaging in PA (Ominyi et al., 2025).

Age is negatively associated with PA participation (Bauman et al., 2016, Aleksovska et al., 2019).
However, lower PA levels among older adults are influenced by a range of related determinants. A
large-scale review identified walkability of the environment, social support for PA, and loneliness
as significant factors associated with PA in this population (D'Amore et al., 2023).

One of the most frequently self-reported reasons for physical inactivity is a perceived lack of time
(Trost et al., 2002, Reichert et al., 2007, Bauman et al., 2012). This perception is partly attributable
to time spent at work and exacerbated by declining levels of physical activity during the modern
workday. Thivel et al. (2018) argue that the typical working day has evolved over time.
Workplaces have become increasingly sedentary, with many employees spending most of their
working hours seated at a desk. This is supported by data in from the United States, which suggests
that many occupations have shifted away from requiring moderate-intensity PA as a necessity to
complete the work required. Instead, they are now largely characterised by sitting and other
sedentary behaviour (Church et al., 2011). The authors estimated that occupational energy
expenditure has declined by more than 100 calories per day in both men and women.

Concerns about the reduced workplace activity are further compounded by UK transport data. The
most recent survey of work-related travel found that 68% of people always use a car to travel to
and from work (Transport, 2023). This is concerning because greater time spent using a car has
been associated with obesity (McCormack and Virk, 2014, Sugiyama et al., 2020), largely due to
the sedentary nature of car travel.

Furthermore, this issue appears to have been exacerbated by the recent pandemic. During this
period, working from home became the norm, and has been associated with higher levels of
sedentary time (Fukushima et al., 2021). For some individuals, this shift in the workplace
environment may also have removed routine opportunities for habitual daily PA, particularly
through active commuting (Petersen et al., 2021).

Taken together, this information highlights the need for a time-efficient exercise intervention. Such
an intervention may help address the perceived barrier of limited time and increase regular PA to

levels sufficient to meet current guidelines (World Health, 2020). This is important for reducing the
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physiological and economic burden of physical inactivity, which remains one of the leading risk

factors for non-communicable diseases and mortality (World Health, 2024).
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VO:max

VOzmax measurement

CREF reflects the integrated ability of the pulmonary, cardiovascular, and muscular systems to take
up, transport, and utilise oxygen in the mitochondria of working skeletal muscle to meet metabolic
demand (Poole and Jones, 2017). CRF is often expressed as maximal oxygen consumption
(VO.max) (Bishop et al., 2025). For the purposes of this thesis, CRF will hereafter be referred to as
VO,max.

The foundational premise of VO,max is that VO, eventually reaches a plateau or ceiling, such that
further increases in speed or workload no longer elicit further increases in VO». This concept was
first articulated by Hill and Lupton in 1923 (Hill and Lupton, 1923, Poole and Jones, 2017).
Methods for measuring VO,max has evolved considerably since these early investigations. Initial
protocols used discontinuous bouts at different constant power outputs (Hill and Lupton, 1923,
Chidnok et al., 2013). Whereas now, the contemporary gold standard for measuring VO,max is
typically a maximal incremental (Davis et al., 1982) or ramp test (Whipp et al., 1981) performed to
exhaustion. These tests are combined with breath-by-breath measures of ventilation and gas
exchange, while speed or work rate is progressively increased until exhaustion.

Despite its widespread acceptance as an important index of aerobic and functional capacity, the
conceptual and methodological basis of VO,max remains debated. In particular, discussion has
focused on its distinction from VO,peak and on the criteria used to confirm whether a ‘true’
maximal value has been attained (Chidnok et al., 2013). One common method used to verify
attainment of VO,max is the ‘verification phase’. In this approach, the participant cycles for as
long as possible at a power output higher than the peak power output (PPO) achieved during the
incremental test, following a 5—15-minute recovery period (Thoden et al., 1991, Rossiter et al.,
2006, Midgley et al., 2007). If the value obtained during the verification phase falls within the
tolerance of measurement error, ~2% (Midgley et al., 2006) of the maximal value recorded at the
end of the incremental phase, it is considered highly likely that a true VO,max has been achieved
(Midgley et al., 2007). Figure 1.1 illustrates this principle.

When a clear VO, plateau is not observed, secondary criteria are commonly used to support the
attainment of VO,max (Poole and Jones, 2017). The most frequently applied criteria include one or
more of the following: heart rate (HR) within 10 bpm or within 5% of the age-predicted maximum
(220-age); a blood lactate concentration of >8 mmol/L; or a respiratory exchange ratio (RER)
>1.15 (Poole and Jones, 2017).

However, reliance on these criteria has been criticised because maximal values for these variables
vary substantially across different populations. For example, HRmax derived from 220-age has a
standard error of estimate (SEE) of ~7 — 12 bpm (Robergs and Landwehr, 2002). Similarly,

maximal blood lactate concentration shows considerable inter-individual variation, as evidenced by



19

Peserico et al. (2018), who reported that only 45.5% of participants reached the threshold across
age groups ranging from <25 to >45 years.

This issue is even more evident in older adults. Edvardsen et al. (2014) found that the blood lactate
criterion excluded 63% of participants in a cohort of 400 individuals aged 50—85-year-old, within a
total sample of 861 individuals. By contrast, younger participants would likely satisfy this criterion
at submaximal intensities, suggesting that a blood lactate concentration >8 mmol/L is strongly age-
dependent (Edvardsen et al., 2014). The RER criterion is also problematic. RER responses can vary
substantially between individuals and are influenced by both exercise modality and training status
(Bentley and McNaughton, 2003, Pierce et al., 1999). This heterogeneity challenges the use of
fixed verification criteria when a VO, plateau is absent. Consequently, Midgley et al. (2007) argue
that a new set of standardised criteria for VO,max determination should be considered.

Reducing measurement noise is therefore important for strengthening research conclusions. This is
particularly relevant in studies examining the effects of exercise interventions on VO,max, where

even ‘true’ VO,max values may still be influenced by a range of methodological sources of

variability.
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Figure 1.1. - Validates that the ramp VO; was indeed VO:max as evidenced by the presence of the

plateau regardless of an increase in work rate (Poole and Jones, 2017).
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Moderators of VO:max — Biological

Given the importance of VO,max for disease prevention and overall health, it is essential to
understand the biological factors that underlie inter-individual variability in VO,max within the
general population (Zeiher et al., 2019). Early studies showed that a substantial proportion of
variation in both VO,max and its response to standardised aerobic exercise is genetically
determined (Klissouras et al., 1973, Lortie et al., 1984).

Further evidence was provided by the multi-centre ‘HERITAGE Family Study’ (Bouchard et al.,
1999). This study examined individual responses to 20 weeks of acrobic exercise, comprising 60
training sessions, in sedentary two-generation families. The change in VO;max ranged from 0 to
1000 mL O; across individuals. The authors estimated that genetic factors accounted for
approximately 47% of the heterogeneity in VO,max trainability. They also reported greater
between-family variation than within-family variation, further supporting a genetic contribution to
both baseline VO,max and VO,max trainability (Schutte et al., 2016). However, an important
limitation of this work was the absence of a control group (Williams et al., 2017).

Support for these early observations is provided by a meta-analysis conducted by Schutte et al.
(2016). This analysis combined data from the largest twin study on directly measured VO,max of
their own with seven additional twin studies of varying sample sizes, involving monozygotic and
dizygotic twins (Klissouras, 1971, Klissouras et al., 1973, Bouchard et al., 1986, Fagard et al.,
1991, Sundet et al., 1994, Maes et al., 1996, Mustelin et al., 2011). The authors estimated that
approximately 59% of the total variance in measured VO,max (mL-min') was attributable to
heritable factors.

However, the precise contribution of the two components of VO>max heritability remains unclear.
These components are the genetic determinants that influence baseline levels of VO,max and those
that influence VO,max trainability. This distinction could not be resolved in the meta-analysis by
Schutte et al. (2016), because the included studies involved both sedentary participants and
moderate-to-vigorous exercisers. The HERITAGE findings (Bouchard et al., 1999) are also broadly
consistent with a later meta-analysis, which reported heritability estimates of 44% to 68% for
endurance-related phenotypes (Miyamoto-Mikami et al., 2018). The wide range of estimates likely
reflects substantial heterogeneity across the included studies. This heterogeneity arose from
differences in study design, including the inclusion of both twin and family studies, the use of
different exercise modes such as cycling and running, variation in participant sex, and the use of
both direct maximal and indirect submaximal methods to assess VO,max.

Aerobic capacity is also well known to decline with age (Tanaka and Seals, 2008, Fleg et al., 2005,
Pimentel et al., 2003) (Figure 1.2). In healthy sedentary individuals, VO,max declines by
approximately 10% per decade of life after the age of 25-30 years (Burtscher et al., 2022) This
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decline accelerates to approximately 23% during the seventh decade of life and beyond (Fleg et al.,
2005).

Although endurance-trained individuals maintain a higher VO,max than sedentary individuals
across the lifespan, some studies suggest that habitual PA does not alter the rate of age-related
decline in VO,max (Wilson and Tanaka, 2000, Fitzgerald et al., 1997, Fleg et al., 2005). In contrast,
other

longitudinal studies have shown that continued exercise can attenuate reductions in VO,max
(Pollock et al., 1997, Katzel et al., 2001, Trappe et al., 1996). Importantly, the rate of age-related
decline in VO,max appears to depend on both total PA volume and exercise intensity (Burtscher et
al., 2022). In this context, VO,peak has been shown to correlate most strongly with time spent
performing high-intensity PA (Talbot et al., 2000).

The age-related decline in VO,max is thought to be driven primarily by reductions in maximal
cardiac output (Qmax). This appears to be largely mediated by reductions in maximal stroke
volume, which are linked to increased left ventricle stiffness (Zile et al., 2004), and by decreases in
maximal heart rate (HRmax) (Pandey et al., 2020). A reduction in peak exercise arteriovenous
oxygen difference (a-VO.diff) is also thought to contribute to the age-related decline in VO,max
(Kitzman et al., 1988, Carrick-Ranson et al., 2012, Fuller et al., 2021). This may reflect age-related
changes in skeletal muscle mass and quality, skeletal muscle blood flow, capillary density, and
mitochondrial function (Subramanian et al., 2025). However, skeletal muscle adaptations that
improve oxygen extraction may play a particularly important role in increasing VO,max in older
adults. For example, VO,peak increased by ~18% following three months of aerobic exercise in
older sedentary adults, despite no change in Qmax (Beere et al., 1999, Subramanian et al., 2025).
This suggests that peripheral adaptations may make a greater contribution to training-induced
improvements in VO.max in older populations.

There is also clear evidence of sex-related differences in VO,max. Women generally exhibit values
that are 20-30% lower than those of men (Hakola, 2015, Zeiher et al., 2019, Loe et al., 2013).
These differences are primarily attributed to lower Qmax and stroke volume in women (Ogawa et
al., 1992). In turn, these differences are generally explained by smaller average body and organ
size, as well as a higher proportion of body fat in women (Proctor and Joyner, 1997, Hakola, 2015).
Notably, the magnitude of the sex difference depends on how VO,max is expressed. Fleg et al.
(2005) showed that when VO,max is expressed relative to muscle mass (mL-kg muscle mass-min™)
rather than in absolute terms (mL-min™) or relative to body mass (ml-kg-min™), the difference

between men and women is often eliminated (Zeiher et al., 2019).
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90



23
Limiting factors of VO:max

It has long been recognised that the only established method for improving VO,max is regular
exercise. The specific physiological adaptations that occur depend on the type, intensity, and
duration of the prescribed training (Midgley et al., 2007). However, despite the substantial body of
research examining the effects of different exercise modalities on VO>max, the precise
physiological factors that limit VO,max, and their relative contributions to training-induced
improvements, remain debated.

The trainable determinants of VO,max can be divided into central and peripheral components.
Central components relate to the transport of oxygen to the working muscles, whereas peripheral
components relate to oxygen extraction and utilisation within the muscles themselves (Joyner and
Lundby, 2018). Central mechanisms include factors such as blood oxygen-carrying capacity,
pulmonary diffusing capacity, blood volume expansion, and stroke volume, all of which contribute
to a greater Qmax (Bassett and Howley, 2000, Lundby et al., 2017). In contrast, peripheral
mechanisms include factors such as capillary density and mitochondrial content, which influence
the muscle’s capacity to extract and utilise oxygen (Rosenblat et al., 2022).

Current evidence suggests that the primary limitation to VO,max lies in the cardiovascular
system’s capacity to deliver oxygen to the working muscles (Montero and Lundby, 2017).
Experimental evidence supports this central limitation theory. For example, unilateral leg studies
conducted under hyperoxic conditions have demonstrated higher leg VO,max values than under
normoxic conditions (Knight et al., 1993, Richardson et al., 1999). In these studies, VO,max
increased alongside enhanced O, delivery resulting from saturating the blood with higher oxygen
content. If O, extraction were the principal limiting factor, increasing arterial oxygen content
(Ca0;) would be expected to have little effect, as the rate of O, extraction during maximal exercise
would already be at its upper limit.

Training-induced improvements in VO,max are also widely considered to be driven primarily by
central adaptations. These include increases in blood volume, which contribute to a greater Qmax
(Krip et al., 1997, Sawka et al., 2000, Lundby et al., 2017). Support for this view comes from
Bonne et al. (2014), who showed that improvements in VO,max after 6 weeks of moderate-
intensity continuous training (MICT) returned to pre-training levels when the training-induced
expansion in blood volume was removed via phlebotomy. However, blood volume expansion is
unlikely to be the sole mechanism responsible for improved VO.max. Skattebo et al. (2020)
reported that training-induced improvements in VO,max were maintained even after the removal of
the expanded blood volume. This finding suggests that additional adaptation contributed to the
observed response.

The discrepancy between these findings may reflect differences in training protocol. In Skattebo et
al. (2020), participants completed a 10-week intervention consisting of one MICT session and two
high-intensity interval training (HIIT) sessions per week. In contrast, Bonne et al. (2014) used a 6-

week MICT-based intervention. The longer duration and higher intensity used by Skattebo et al.
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(2020) may have promoted further central adaptations. Indeed, that study reported an increase in
left ventricular mass, a change not observed by Bonne et al. (2014).

Such cardiac remodelling may have helped preserve improvements in VO,max through an elevated
stroke volume. Skattebo et al. (2020) suggested that this effect may have been mediated by
improved contractility, enhanced compliance, or faster ventricular relaxation. Importantly, the
authors concluded that central adaptations remained the predominant driver of improved VO,max
following endurance training, with increased Qmax accounting for approximately 70% of the
observed VO,max improvements (Skattebo et al., 2020). Nevertheless, they also reported an
increase in a-vOdiff of 5 + 12 ml/l, suggesting that peripheral adaptations contributed around 30%
of the increase in VO,max (Skattebo et al., 2020). Many studies also report increases in Qmax
following HIIT or sprint interval training (SIT). These changes are generally mediated by increases
in stroke volume (Warburton et al., 2004, Daussin et al., 2007, Trilk et al., 2011, Ben Abderrahman
et al., 2013, Matsuo et al., 2014, Mandic et al., 2022, Astorino et al., 2017) and are associated with
significant improvements in VO,max. However, not all studies show this pattern. Some have
reported significant improvements in VO,max despite no measurable change in Qmax, alongside
increases in a-vO-diff reported (Jacobs et al., 2013, Macpherson et al., 2011, Raleigh et al., 2018).
These findings have led some authors to propose that peripheral adaptations may play a greater role
during the early stages of HIIT or SIT interventions. Such adaptations may include enhanced
skeletal muscle mitochondrial function (Vincent et al., 2015), increased mitochondrial protein
content (Gibala et al., 2006, Ma et al., 2013, Granata et al., 2016), and increased capillary density
(Cocks et al., 2016, Scribbans et al., 2014). Variation in the adaptations reported across studies may
be explained by differences in training duration, intensity, modality and measurement techniques.
Overall, the balance of evidence indicates that central adaptations are the primary drivers of
improved VO,max following HIIT and SIT, although peripheral adaptations also make a
meaningful contribution. This interpretation is supported by Mandic et al. (2022) and by a recent
meta-analysis conducted by Astorino et al. (2022). The meta-analysis concluded that central
adaptations, particularly those affecting stroke volume and therefore Qmax, are the principal
contributors to improvements in VO,max following HIIT/SIT interventions, with a greater effect
size in unhealthy populations than in healthy individuals (Astorino et al., 2022).

Using data from 14 studies (n=199), Astorino et al. (2022) also noted that increases in a-vO,diff
contributed to the observed improvements in VO,max, indicating a role for peripheral adaptations.
However, the authors cautioned against using these data to quantify the relative contributions of
central and peripheral mechanisms too precisely. All included studies estimated a-vO-diff using the
Fick equation. This approach is associated with inherent error because it depends on estimates of
both VO, and CO, each of which contains measurement error, which in turn can amplify the
inaccuracy of the derived a-vO.diff value (Astorino et al., 2022, Mahutte and Jaffe, 1995). Astorino

et al. (2022) therefore recommend that future studies use direct measurements to clarify the relative
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contribution of peripheral adaptations. However, the invasive nature of such methods may limit

their practical application.
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Figure 1.3 - Central and peripheral adaptations to aerobic exercise training that support oxygen delivery and
utilisation. Central adaptations include increased stroke volume and blood volume, enhancing oxygen delivery
to working muscles. Peripheral adaptations include increased skeletal muscle capillarisation and mitochondrial
content, supporting oxygen extraction and aerobic ATP production. Physiological adaptations labelled above
occur through MICT, HIIT, SIT / REHIT and are not exclusive to one exercise mode. Adaptations contained in
the labels are taken from multiple studies listed in Table 1.2.

Note: For transparency, the image was created in PowerPoint using CoPilot and typing this
prompt “I want to create a figure of a human being, I need a thigh muscle to be present in one leg,
the heart, some blood inside the body that I'm going to annotate, then I need a zoomed in section of

the muscle to the left of the body which I'’ll label with capillaries and mitochondria”.
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Table 1.1 - Comparison of the typical characteristics of MICT, HIIT, SIT, and REHIT.

Characteristic MICT HIIT SIT REHIT
Typical intensity | 46-65% VO.max | 64-100% VO,max >91% VO,max | “All-out”/
64-76% HRmax 77-95% HR max >95% VO,max | Supramaximal
“All-out” /
Supramaximal
Typical session 30-60 min 20-40 min 20-30 min 10-20 min
duration
Typical Continuous 30-240 s 4-6x30s 2-3x20s
sprint/work
bouts
Recovery None 30-240 s 3-4 min 3-4 min
Weekly exercise | ~150 min ~90-120 min ~90 min ~30 min
time

Adapted from Coates et al. (2023), American College of Sports Medicine (2021), and Ito (2019).

Alternative exercise protocols

HIIT & SIT
Moderate-intensity continuous training (MICT) is typically defined as PA performed at <80% of

HRmax/ VO,max in a single continuous bout, usually lasting at least 30 minutes (Steele et al.,
2021). MICT has been shown to significantly improve VO,max (Milanovic et al., 2015, Su et al.,
2019, Lawler et al., 2011). However, many individuals report barriers to participation. These
include a perceived lack of time and the view that MICT is monotonous and therefore potentially
less enjoyable (Batrakoulis and Fatouros, 2022). This has highlighted the need for alternative
training modalities that may be more time-efficient and engaging.

HIIT encompasses a broad range of intermittent exercise protocols. Among the most widely studied
are the 4x4 min and 101 min protocols (Ito, 2019). Despite the large volume of research, there is
still no universally accepted definition of HIIT (Coates et al., 2023). Coates et al. (2023) describe
HIIT as intermittent bouts of exercise performed at or above moderate intensity for health-related
purposes, and at or above heavy intensity for performance-related purposes.

There is strong evidence indicating that HIIT is just as effective as MICT for improving VO,max..
This conclusion has been supported by meta-analyses across several populations, including healthy
adult populations (Milanovic et al., 2015, Wen et al., 2019), overweight/obese populations (Turk et
al., 2017, Su et al., 2019, van Baak et al., 2021), older adults (Poon et al., 2021) and clinical
populations (Weston et al., 2014). However, the mechanisms underlying the apparently greater

effect of HIIT on VO,max remain unclear (Ito, 2019). Some evidence suggests that HIIT may
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enhance pathways linked to peripheral adaptations, such as mitochondrial biogenesis (Maclnnis
and Gibala, 2017). Other studies have reported significantly greater increases in Qmax following
HIIT compared with MICT (Daussin et al., 2007). Differences between studies may partly reflect
variation in the intensity prescribed in the MICT protocols (Daussin et al., 2007).

Despite its physiological effectiveness, questions remain about the suitability of HIIT as a
population-level strategy to improve PA and improve long-term health in physically inactive or
sedentary individuals. Reljic et al. (2019) challenge the commonly cited claim that HIIT is highly
time efficient. They argue that, when warm-up, recovery intervals, and cool-down are totalled,
most HIIT protocols save little time compared with MICT. Weston et al. (2014), for example,
reported a median HIIT session duration of 38 minutes, equating to ~114 minutes per week. This is
only slightly lower than a typical MICT prescription (~135 minutes per week).

Another key limitation of HIIT concerns the affective responses often associated with high-
intensity exercise. Affective valence, defined as the experience of pleasure-displeasure during
exercise (Williams et al., 2008), is an important determinant of adherence (Haines et al., 2021).
Research has shown a negative relationship between exercise intensity and affective responses in
inactive and overweight adults (Jung et al., 2014). Frazao et al. (2016) found that, in physically
inactive individuals, affect became progressively more negative as the number of high-intensity
work bouts increased. Although affect remained positive during the first few work bouts, it
declined with each additional bout (Frazao et al., 2016). Reljic et al. (2019) also reported that
longer session duration, greater weekly time-effort, and higher overall time-effort per intervention
were associated with higher dropout rates, reinforcing the importance of both time-efficiency and
minimising time spent exercising at intensities perceived as unpleasant.

These issues raise doubts about the extent to which HIIT can influence public health at the
population level. As Foster et al. (2015) contend that even highly effective interventions are
unlikely to produce meaningful public health benefits if participants do not find them enjoyable.
SIT represents another form of HIIT and is characterised by repeated, brief, intermittent bursts of
‘all-out’ exercise, interspersed with periods of active or passive recovery (Hardcastle et al., 2014).
The “classic’ SIT protocol commonly used in the literature typically consists of 4-6 x 30-second
‘all-out’ sprints interspersed with 4-minute rest intervals, performed 3 times per week (Weston et
al., 2014). SIT has also been shown to be more effective than MICT for improving VO,max, with
no significant difference between SIT and HIIT (Poon et al., 2021). In addition, SIT has
demonstrated benefits for other important health markers, including blood pressure, blood lipids,
and insulin sensitivity (Song and Lan, 2024, Adamson et al., 2019, Richards et al., 2010). Table
1.2 summarises the training protocols and associated changes in VO,max and other physiological

outcomes reported in studies of MICT, HIIT, SIT and REHIT.
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Table 1.2 — Selected studies comparing the effects of MICT, HIIT, SIT and REHIT on aerobic fitness and other physiological outcomes. Study

populations, intervention characteristics and reported changes are summarised.

markers for skeletal

Reference Duration Population Protocol Outcome variables | Change in VO,max Other changes
MICT
(Dunston and 6 weeks, 3 Inactive, young Cycling, 40 min at )
VO,peak, PPO +9.7% VO,max +10.8% PPO
Taylor, 2023) sessions/week adults (n = 10) 40% PPO
_ ) Muscle capillary
Cycling, approx. VOomax; Qmax; . ]
Sedentary adults; (n density +40%; NSC in
(Daussin et al., 8 weeks, 3 61% Pmax; SV; muscle .
. = 11) crossover . o ) +9% VOomax Qmax, SV and
2008) sessions/week . duration 20-35 oxidative capacity; . .
design ) ) ) mitochondrial
mins capillary density o .
oxidative capacity
Cycling, 45 min
yeune @ VO,peak; insulin
70% HRmax; 50 Citrate synthase
(Gillen et al., 12 weeks, 3 Sedentary men; (n sensitivity; muscle
. min including ) ) +19% VOspeak activity +27%; insulin
2016) sessions/week =10) mitochondrial T
warm-up/cool- sensitivity index +34%
markers
down
_ ) VOspeak; insulin Insulin sensitivity
(Cocks et al., 6 weeks, 5 Sedentary men; (n | Cycling, 40-60 min
. sensitivity; +15% VOspeak index + 31%; capillary
2013) sessions/week =38) @ 65% VOazpeak ) ) )
capillary density density +32%
Inactive, otherwise VO,max, total body
(Trapp et al., 15 weeks, 3 Cycling, 40 min @ ) o
. healthy women (n = ) mass, fat mass, +19.4% VO,max -9% fasting insulin
2008) sessions/week 60% VOomax
8) insulin level
. ) VO,max; 7T in mitochondrial
(Burgomaster et 6 weeks, 5 Healthy young Cycling, 40-60 min ) ] )
_ . mitochondrial +9.8% VO, max markers for skeletal
al., 2008) sessions/week adults (n = 10) @ 65% VOomax

muscle and lipid
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muscle and lipid

oxidation; NSC in

design

followed by 1 min

capillary density

oxidation; body fat percentage body fat
VO,max;
Physically active, )
maximum
(Dunham and 4 weeks, 3 but untrained, Cycling, 45 min @ o ) 1 time trial
. ) inspiratory +5.5% VO,max
Harms, 2012) sessions/week healthy adults (n = 60-70% VO2max ) ) performance
7 pressure; time trial
performance
VO.max; fat-free
(Shepherd et al., 6 weeks, 5 Sedentary men (n = | Cycling, 40-60 min . ) 1 fat-free mass; NSC
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blood volume
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HIIT
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Taylor, 2023) adults (n = 10)
20% PPO
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Inactive, otherwise

Cycling, 60 reps of

VO,max; total

capillary density

(Trapp et al., 15 weeks, 3 . ) J total body mass, fat
_ healthy women (n=| 8 s sprints @ 95- body mass; fat +26.4% VO,max
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waist-to-hop ratio
REHIT / LOW-VOLUME SIT
Cycling, 3x20 s
VO,peak; insulin
all-out sprints, Citrate synthase
(Gillen et al., 12 weeks, 3 Sedentary men; (n ] sensitivity; muscle o S
. separated by 2 min ] ] +19% VOspeak activity +48%:; insulin
2016) sessions/week =9) ) mitochondrial T
cycling @ 50 W; sensitivity index +53%
markers




33
VO,max; FFI,;
Cycling, 2 x 20 s )
) o . waist
(Leahy et al., 8 weeks, 2-4 Physically inactive all-out sprints; 3 ) +13.3% FFI; NSC for
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volume; VT, first ventilatory threshold; n, sample size. Changes within a group do not necessarily indicate a significant difference between training groups.
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However, despite often being described as time-efficient, the classic SIT protocol is not especially
economical in practice. When warm-up and recovery intervals are included, the weekly time
commitment is approximately 90 minutes (Vollaard and Metcalfe, 2017). Since both time-
efficiency and exercise intensity influence affective responses and participation, this remains a
significant limitation. As Ekkekakis et al. (2011) note, an exercise prescription may be
physiologically effective, but its public health relevance is questionable if very few want to follow
it. Importantly, Vollaard and Metcalfe (2017) observed that none of the studies using the classic
SIT protocol provide a specific justification for their chosen exercise intervention parameters. This
suggests a need to investigate shorter and less demanding SIT protocols. Such work may be
achieved by modifying key variables, including sprint duration, intensity, number of sprint
repetitions, and training frequency. Collectively, these findings indicate that although HIIT and SIT
can produce meaningful physiological benefits, important questions remain regarding their
practicality, tolerability, and public health relevance, particularly in insufficiently active

populations.
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REHIT

HIIT and SIT have well-established health benefits. However, their use as exercise interventions for
physically inactive individuals outside laboratory setting has been met with scepticism. This concern
largely reflects the protocol-specific drawbacks discussed above (Metcalfe and Vollaard, 2024). In
response, researchers began to explore modified approaches that might retain efficacy while
improving feasibility. One such approach was introduced by Metcalfe et al. (2012), who reduced the
sprint volume of the ‘classic’ SIT protocol and developed the low-volume all-out sprint interval
protocol, Reduced Exertion High Intensity Interval Training (REHIT). Each session involved 10
minutes of unloaded cycling, interspersed with 2 x 20-sec all-out sprints against a resistance
equivalent to 7.5% of body weight. Despite the low exercise volume, the intervention increased
VO,max by 15% in men and 12% in women after six weeks (Metcalfe et al., 2012).

Since then, numerous studies have investigated the beneficial effects of REHIT on other health
parameters and found significant positive effects on blood pressure (Cuddy et al., 2019, Ruffino et
al., 2017, Bostad et al., 2023) and insulin sensitivity (Gillen et al., 2014, Gillen et al., 2016, Metcalfe
et al., 2012, Ruffino et al., 2017), although there is considerable variability in response (Metcalfe et
al., 2016). The most striking point here is that REHIT interventions elicit these reported health
benefits with around 80% less time commitment than MICT (Ruffino et al., 2017).

The mechanisms responsible for providing sufficient stimulus to mediate the training adaptations
that lead to increases in VO,max after only ~40 s of supramaximal sprint volume per session are still
relatively unknown. Training adaptations have been reported to result from disturbances in
physiological homeostasis (Egan and Zierath, 2013). Metcalfe and Vollaard (2024) describe multiple
ways in which supramaximal exercise induces rapid and pronounced metabolic, cardiovascular, and
respiratory disruption. For example, a single 30-second all-out sprint can reduce intramuscular ATP
by ~50%, with corresponding significant increases in intramuscular ADP, AMP, lactate, and
glycolytic intermediates (Esbjornsson-Liljedahl et al., 2002, Esbjérnsson-Liljedahl et al., 1999,
Gibala, 2009, Metcalfe et al., 2015, Parolin et al., 1999). The rapid utilisation of phosphocreatine and
glycogen during the initial seconds of supramaximal exercise creates a substantial oxygen deficit,
driving VO, towards maximal values during repeated sprint exercise and the subsequent recovery
periods, this results in a markedly greater excess post-exercise oxygen consumption than that
observed following 30 minutes of MICT (Metcalfe and Vollaard, 2024, Metcalfe et al., 2015).
Furthermore, blood flow to the active musculature can increase by up to ~100-fold (Hawley et al.,
2014). During supramaximal exercise, near-infrared spectroscopy studies demonstrate substantial
reductions in muscle oxygenation, reflecting a dynamic mismatch between oxygen delivery and
mitochondrial oxygen utilisation as metabolic demand rapidly increases (Bhambhani, 2004,
Bhambhani et al., 2001, Metcalfe and Vollaard, 2024). The accompanying rise in heart rate, cardiac
output, and peripheral hyperaemia elevates mean arterial pressure and endothelial stress (Hawley et
al., 2014). The recovery following a sprint is characterised by a pronounced reduction in plasma

volume, far greater than that observed after MICT, driven by osmotic fluid shifts into muscle
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following the accumulation of glycolytic intermediates (Esbjornsson et al., 2012, Mandi¢ et al., 2021,
Metcalfe et al., 2015, Metcalfe and Vollaard, 2021).

Collectively, the severity of these acute disturbances associated with SIT activates various signalling
kinases, which subsequently activate transcriptional co-activators, leading to increased gene
expression and protein synthesis (Egan and Sharples, 2023, Egan and Zierath, 2013, Metcalfe and
Vollaard, 2024, Perry et al., 2010). The repeated accumulation of these molecular responses is
thought to underpin mitochondrial, muscular, and cardiovascular adaptations driving improvements
in VO,max (Metcalfe and Vollaard, 2024). Although the exact mechanisms by which REHIT
improves VO,max are unknown, recent research has provided evidence that increased blood volume
plays a major role (Mandic et al., 2023, Mandic et al., 2022, Metcalfe and Vollaard, 2024). At the
same time, mitochondrial genesis may also contribute as a peripheral factor, since a 15-fold increase
in skeletal muscle PGC-1a gene expression has been observed following a single REHIT session
(Metcalfe et al., 2015), which is responsible for stimulating mitochondrial biogenesis (Burgomaster

et al., 2008, Koulmann and Bigard, 2006).

REHIT — Sprint Volume

Over the past decade, increased research has provided further support for shorter, simpler SIT
protocols through modifications of one or more key training parameters. Logically, the number of
sprint repetitions is the most important parameter, as it greatly influences session duration
(Metcalfe and Vollaard, 2024). For example, reducing the number of sprint repetitions directly
reduces the volume of supramaximal exercise performed and may also substantially shorten overall
session duration, depending on the recovery period prescribed between sprints (typically 4
minutes). Additionally, sprint repetitions have been shown to be a primary factor influencing
affective change during SIT, with affect decreasing proportionally with each additional sprint
(Metcalfe et al., 2022). Figure 4 shows that longer sprints cause a steeper decline in affective
valence with each extra sprint, whereas shorter sprints result in a more gradual decline, further
highlighting the interaction between sprint repetitions and duration.

Furthermore, Vollaard and Metcalfe (2017) note that none of the studies employing the traditional
SIT protocol explain why they use 4-6x30-s all-out sprints, which served as the basis for their
meta-analysis examining how the number of sprint repetitions influences changes in VO,max
(Vollaard et al., 2017). Their review, analysing 34 SIT studies (n=418), concluded that
improvements in VO,max are not diminished when training sessions involve fewer sprint
repetitions than those in the classic 4-6x30-s protocol, and there appears to be no dose-response
relationship with increasing sprint repetitions. However, relatively few studies used fewer than six
sprints per session; for example, only 2 used 2 sprints. Since then, the number of studies with fewer
sprints has increased significantly, with research reporting clinically meaningful improvements in
VO,max using 2x20-s all-out sprints (Cuddy et al., 2019, Haines et al., 2021, Leahy et al., 2022,
Metcalfe et al., 2020, Nalcakan et al., 2018, Thomas et al., 2020), 3x20-s all-out sprints (Bostad et
al., 2021, Bostad et al., 2023, Little et al., 2019, Opazo-Diaz et al., 2023), or 3x30-s all-out sprints
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(Bostad et al., 2023, Mandic et al., 2023, Mandic et al., 2022, O'Driscoll et al., 2018), which adds
further support for the use of fewer sprint repetitions in training interventions involving physically
inactive populations.

Sprint duration is another important parameter that has been reduced as part of the REHIT protocol
to address the hypothesised negative affective valence linked with SIT (Biddle and Batterham,
2015, Hardcastle et al., 2014). There are discrepancies about how much the volume can be reduced
while still maintaining sufficient work to trigger physiological adaptations that contribute to
clinically meaningful health improvements. For instance, some studies have demonstrated that
reducing sprint duration to 10 seconds is sufficient to elicit clinically meaningful improvements in
VO,max (+8.5-14.7%) (Allen et al., 2017, Camacho-Cardenosa et al., 2017, Hazell et al., 2010,
Olek et al., 2018). However, this finding has not been replicated consistently, with several studies
reporting little to no improvement (- 1.7% to +3.9%) following 10-second sprint SIT protocols
(Hellsten-Westing et al., 1993, Nalcakan et al., 2018, Skleryk et al., 2013).

The reasons for these discrepant findings remain uncertain. Skleryk et al. (2013) reported a 1.7%
decrease in VO,max using a similar protocol but with a greater number of sprint repetitions (8-12);
however, this study used a sprint resistance of 0.05 kg per kg of body mass, which is half of that
used by Hazell et al. (2010). The authors suggest that the lack of meaningful changes in key health
markers may be due to lower power output during each sprint, the brief sprint duration (10
seconds), and the short intervention period (2 weeks). Isolating the independent effect of any
specific parameter of interest on VO>max adaptations is challenging due to variations in other
aspects of the protocols -such as sprint duration, repetitions, intervention length, training frequency,
sprint resistance, and participant characteristics.

Nalcakan et al. (2018) exemplifies how slight differences in training volume can have a significant
influence on VO,max improvements. They demonstrated that 18 sessions over 6 weeks involving
2x20-second sprints improved VO,max by 9.7% in sedentary/recreationally active individuals,
consistent with similar REHIT research using the same format (Cuddy et al., 2019, Haines et al.,
2021, Metcalfe et al., 2012, Metcalfe et al., 2016, Thomas et al., 2020). Conversely, the further
reduced-volume condition involving 2x10-second sprints produced significantly attenuated
improvements of 3.5%. Collectively, these findings suggest that reducing sprint volume beyond a
certain threshold may compromise adaptation. This notion is further supported by two studies
(Songsorn et al., 2016, Songsorn et al., 2017) which found that a single 20-second sprint was
insufficient to meaningfully increase VO,max, suggesting that a threshold in sprint duration and/or
number is needed to achieve clinically relevant improvements. Although the reasons why certain
combinations (1x20 seconds vs. 2x10 seconds vs. 4-6x10-sec) have led to varying levels of
efficacy remain unclear (Nalcakan et al., 2018, Vollaard and Metcalfe, 2017). Overall, the available
evidence suggests that substantial reductions in sprint volume do not necessarily attenuate

improvements in VO,max. However, the minimum effective sprint volume remains uncertain, with
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evidence indicating that reducing the stimulus below a threshold (e.g., 1x20 s sprint or 2x10 s

sprints) may compromise adaptation.
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Figure 1.4 - Meta-analysis of the decrease in affective valence during SIT using different sprint
durations. The solid line represents the point estimate, whilst the shaded area represents the
Bonferroni-corrected 95% confidence limits. The purple line and shading are for 5—6 s sprints,
the red line and shading are for 15-20 s sprints, and the green line and shading are for 30 s
sprints (Metcalfe et al., 2022).

REHIT — Additional training parameters
While a substantial proportion of REHIT and broader SIT research has focused on modifying sprint

volume within a session, the influence of other training parameters, including recovery duration,
training frequency and intervention duration, has received comparatively little attention. Yet these
variables are likely to play a meaningful role in the magnitude of response and future adherence.
Research investigating how training frequency influences improvements in VO,max in response to
REHIT/SIT is limited (Dalleck et al., 2010, Lenk et al., 2025, Thomas et al., 2020). Typically, three
sessions per week is the training frequency most commonly selected in SIT/REHIT studies, despite
little justification for its use (Vollaard and Metcalfe, 2017). Thomas et al. (2020) noted the absence
of a rationale to support this frequency as the standard and therefore compared the effects of
performing 2, 3, or 4 REHIT sessions per week (2x20-s sprints) over six weeks. The finding that
two sessions per week elicited the largest improvement in VOmax (+10.2%) and that increasing
the weekly training frequency to three (+8.1%) or four sessions (+7.3%) did not provide additional
benefits was unexpected and has important implications for reducing the total weekly time
commitment from 30 minutes to just 20 minutes per week without sacrificing the health benefits.

Most studies examining reduced training frequency use a work-matched design (Manthou et al.,
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2015, Meyer et al., 2006, Tripp et al., 2025). In these designs, the low-frequency group completes

more work per session, so their total weekly volume matches that of the high-frequency group.
However, this approach does not address the question relevant to this thesis, for example, finding
the minimal training dose, highlighting an area for future research.

Another underexplored parameter is intervention duration. The studies that have implemented the
longest intervention duration (12 weeks) using low-volume SIT (3%20-s) have reported the greatest
mean increases in VO,max (Bostad et al., 2021, Bostad et al., 2023, Gillen et al., 2016). However,
some studies have reported clinically meaningful improvements in VO,max after just 2 weeks
(Aslankeser and Balci, 2017, de Sousa et al., 2018, Hazell et al., 2010). A possible explanation for
this is that the mechanisms governing inter-individual variability in responsiveness to training —
primarily genetics (Bouchard et al., 1999) — may require longer periods to manifest in some
individuals. Evidence from Bonafiglia et al. (2016) suggests that the physiological pathways that
drive differences between high- and low-responders remain unknown and may vary substantially
between individuals.

Recovery duration represents another potentially important training parameter that is independent
of sprint volume. The recovery interval between sprints may influence both the ability to reproduce
maximal power output and the relative contribution of aerobic and anaerobic metabolism during
subsequent sprints. For sprints lasting 20-30 s, recovery periods commonly range from
approximately 200-240 s, corresponding to work-to-recovery ratios of approximately 1:8 to 1:12.
Lloyd Jones et al. (2019) proposed that shorter recovery periods may impose greater stress on the
aerobic energy system and therefore potentially enhance VO,max adaptation. However, the
available evidence is inconsistent. In their study, participants performing 6x10 s sprints separated
by 2 min of recovery demonstrated a non-significant increase in VO,max (+3.8%), whereas groups
completing either 6 x 30 s sprints or 6x10 s sprints with 4 min recovery improved VO,max by
9.3% and 9.2%, respectively. The attenuated response with shorter recovery may reflect incomplete
ATP-PCr resynthesis, reducing the power that can be generated during subsequent sprints (Lloyd
Jones et al., 2019, Mendez-Villanueva et al., 2012). Consequently, the reduced work performed
during subsequent sprints may diminish the metabolic stress proposed to underpin peripheral
adaptations (Burgomaster et al., 2005). Conversely, A similar pattern was observed by Hazell et al.
(2010), who reported that reducing recovery from 4 to 2 min during repeated 10 s sprints attenuated
improvements in VO2max from 8.5% to 3.9%.

In contrast, Olek et al. (2018) reported a 14.7% increase in VO2max despite employing an even
shorter 60 s recovery interval within an otherwise similar 10 s sprint protocol. However, this
apparent discrepancy should be interpreted cautiously, as the studies differed in other important
training parameters. Participants in Olek et al. (2018) cycled against a resistance equivalent to 7.5%
of body mass, compared with 10% in Hazell et al. (2010), which may have enabled a higher
average power output to be maintained across repeated sprints. Furthermore, participants in Olek et

al. (2018) had a substantially lower baseline VO.max (36.4 + 1.4 vs. 47.0 = 6.7 mL-kg ' min™"),
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potentially providing greater scope for improvement. Collectively, these findings suggest that
recovery duration may influence training adaptation, but its independent effect remains difficult to
isolate because alterations in recovery are frequently accompanied by differences in participant

characteristics and other aspects of the training prescription.
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Interindividual Variability

Individual variability in responsiveness to exercise

Despite the well-established efficacy of exercise to improve VO,max at the group level,
considerable interindividual variability exists in the magnitude of adaptation following a
standardised training intervention. Rather than representing distinct groups of ‘responders’ and
‘non-responders’, current evidence suggests that individuals exhibit a continuum of responsiveness
to a given exercise stimulus, ranging from large improvements to little or no measurable change
(Metcalfe and Vollaard, 2021, Williams et al., 2019, Ross et al., 2019). This issue has attracted
research attention since early studies recognised high variability between individuals in response to
standardised aerobic exercise (Bouchard, 1983, Bouchard et al., 1999, Lortie et al., 1984).
Historically, individuals who failed to exceed a predefined threshold of improvement have
frequently been classified as “non-responders”. However, understanding the true incidence and
mechanisms underlying interindividual variability in responsiveness has been hindered by
inconsistencies in how studies define and classify individuals as “non-responders”. As Ross et al.
(2019) note, many different definitions are used to classify individuals as exhibiting little or no
measurable responsiveness in the literature, ranging from no absolute improvement ‘<0 L/min’
(Sisson et al., 2009), to relative change cut-offs ‘<5%A’ (Pandey et al., 2015), to statistical criteria
such as ‘<within-subject coefficient of variation (CV) <5.6%’ (Scharhag-Rosenberger et al., 2012),
‘<1 or <2 technical errors (TE)’ (Gurd et al., 2016, Ross et al., 2015), or changes failing to exceed a
minimal clinically significant difference ‘<minimal clinically important difference (3.5 mL/kg/min)
minus 1 x TE” (Williams et al., 2019).

The lack of a standardised definition makes cross-study comparisons difficult and increases the
likelihood that individuals with small but genuine physiological adaptations are misclassified as
“non-responders”. Importantly, classifying individuals as “non-responders” based on overly
conservative thresholds may be misleading, particularly given normal biological variability and
measurement error. Furthermore, such terminology may discourage future exercise participation,
despite evidence that modifying exercise dose, modality or intervention duration can often elicit
meaningful physiological adaptation (Ross et al., 2019, Metcalfe and Vollaard, 2021).

Advances in molecular technologies have started to uncover the basis for this variability. The first
genome-wide association study (Sarzynski et al., 2017) identified 21 single-nucleotide
polymorphisms (SNPs) that explained 49% of the variance in VO,max trainability. The authors
showed that individuals with more favourable alleles at each SNP experienced a greater increase in
O, uptake; for example, those with >19 favourable alleles gained an average of 383 mL O, min’!
more than those with <9 favourable alleles (Sarzynski et al., 2017).

However, exhibiting little or no measurable improvement following a specific MICT exercise
protocol, such as the one used in the HERITAGE project (30-50 min/day, 3 x weekly, 55-75%

HRmax, 20 weeks), does not necessarily indicate that an individual lacks the capacity to improve



42

VO,max in response to exercise. Rather, responsiveness may depend on the specific exercise
stimulus prescribed. Considering this, researchers have questioned whether individuals initially
classified as “non-responders” simply received an insufficient exercise stimulus rather than lacking
the capacity to adapt (Montero and Lundby, 2017). For example, in a study of 78 healthy adults,
Montero and Lundby (2017) demonstrated that progressively increasing weekly endurance-training
volume reduced the proportion of participants classified as “non-responders” (60 min, 81%; 120
min, 47%; 180 min, 50%; 240 min, 18%; 300 min, 0%), whereby those that failed to respond after
the first 6-week training period were ‘rescued’ following an extra 6 weeks of endurance training
with two additional sessions per week (Montero and Lundby, 2017). These findings are supported
by larger exercise intervention studies, including Ross et al. (2015) (n=121) and Sisson et al.
(2009) (n = 310), both of which reported fewer participants being classified as “non-responders”
with greater exercise volumes. Although these findings are broadly consistent, direct comparisons
remain difficult because studies differ substantially in exercise prescription and in the criteria used
to classify individuals as “non-responders” (Metcalfe and Vollaard, 2021).

Nevertheless, a particularly concerning statistic is that 40-50% of participants across the
aforementioned endurance-training studies (Montero and Lundby, 2017, Ross et al., 2015, Sisson et
al., 2009) were classified as non-responders despite completing 150-200 min of weekly MICT
which would suggest that current guidelines (World Health, 2020) may be insufficient for
providing meaningful VO,max improvements in a large proportion of the population.

Although HIIT and SIT exercise protocols have demonstrated greater overall improvements in
VO,max than MICT (Poon et al., 2021), it could be hypothesised that increasing exercise intensity
would eliminate the occurrence of individuals demonstrating little or no measurable improvement
in VO,max. Evidence does support a reduction in the proportion of individuals classified as “non-
responders” with increasing exercise intensity (Ross et al., 2015, Weatherwax et al., 2019),
including the largest pooled analysis to date by Williams et al. (2019) (HIT/SIT pooled n = 677).
However, there is also evidence, albeit from several smaller intervention studies, that demonstrate
considerable heterogeneity in responsiveness following exercise performed within the HIIT and
SIT intensity domains (Astorino et al., 2017, Astorino and Schubert, 2014, Bonafiglia et al., 2016,
Bonet et al., 2020, Gurd et al., 2016), and more recently in response to REHIT (Metcalfe and
Vollaard, 2021) indicating that increasing exercise intensity alone is insufficient to eliminate
interindividual variability in responsiveness.

Utilising the same <1.8 mLkg"'min™ threshold applied in the most extensive pooled HIIT/SIT
analysis (Williams et al., 2019), Metcalfe and Vollaard (2021) observed that the incidence of
participants classified as “non-responders” following REHIT (38%; n=117) was similar to that
reported for HIIT (35%; n=299) and lower than SIT (52%; n=116). However, it is essential to note
that none of the studies categorised as SIT in these analyses used true all-out, supramaximal sprint
intensities, meaning this SIT estimate may not accurately represent non-response in classical SIT

protocols discussed in this review of the literature.



43

Crucially, 76% (228/299) of participants in the HIIT category of the Williams et al. (2019) analysis
completed interventions lasting >12 weeks, with 77 individuals training for >1 year. In contrast, all
REHIT interventions included in Metcalfe and Vollaard (2021) analysis lasted only 6 weeks and
required just ~10 minutes per session. Despite requiring only ~10 minutes per session over six
weeks, REHIT resulted in a proportion of participants classified as “non-responders” comparable to
that observed following HIIT. This finding underscores the potential of REHIT as a highly time-
efficient alternative and suggests that low responsiveness cannot be explained solely by an
insufficient exercise dose.

Longer REHIT interventions appear capable of eliciting substantially larger improvements in
VO,max. The greatest mean increases reported using low-volume SIT protocol (3x20 s sprints)
have been observed in 12-week interventions, including +17.3% (Gillen et al., 2016) and +20.9%
(Bostad et al., 2021). By contrast, Little et al. (2019), reported a smaller improvement (6.2%) using
an otherwise comparable protocol over six weeks. These findings raise the possibility that the
mechanisms governing inter-individual variability in response to REHIT and, potentially, high-
intensity modalities require more prolonged stimulus exposure to be fully activated. However,
intervention duration alone cannot explain the variability in training response. Despite employing
identical exercise prescriptions (3x20-s ’all-out’ sprints; 7.5% of body weight; 2-min active
recovery at 50 W; 3 sessions/week; 12 weeks), Bostad et al. (2023) and Bostad et al. (2021)
reported markedly different improvements in VOmax (20.9% versus 10%). Furthermore, while
Bostad et al. (2021) observed significant increases in Qmax, the later study found no change
despite significant improvements in aerobic fitness. The authors therefore suggest that increased
skeletal muscle oxygen extraction and/or diffusing capacity are important contributors to SIT-
induced increases in VO,peak (Bostad et al., 2023). However, the reason for the discrepant results
between studies is unclear, as participant characteristics were also similar. Still, it may relate to
interindividual differences in training responsiveness that are not explicitly linked to biological sex,
as no significant sex-related differences were found (Bostad et al., 2023).

This aligns with the suggestion that variability in gene expression patterns within the signalling
pathways that drive central and peripheral adaptations may mediate responsiveness to specific
training stimuli (Timmons et al., 2010). Although associations between genetic markers and
training response have been reported (Bouchard et al., 2011, Timmons et al., 2010), their utility in
prescribing personalised exercise interventions remains unknown (Bonafiglia et al., 2016).
Consequently, longer-duration REHIT interventions may help determine whether individuals
demonstrating little or no measurable improvement following short interventions simply require a
greater training stimulus or longer exposure to express meaningful physiological adaptation.
Moreover, manipulating exercise dose within a given modality does not universally eliminate
interindividual variability in responsiveness. For example, as discussed earlier, Vollaard et al.
(2017) provided evidence showing that reducing the number of sprint repetitions in SIT does not

attenuate improvements in VO,max, and that performing additional sprints does not, on average,
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elicit additional gains. This supports the point that increasing the dose of exercise, through sprint
repetitions in this example, does not lead to an additional increase in VO,max response. The
persistence of substantial interindividual variability in responsiveness across modalities - MICT,
HIIT, SIT, and REHIT - and across varying exercise doses highlights the complexity of the
underlying biological mechanisms. Although it remains possible that genuine biological non-
responsiveness may exist in a small proportion of individuals, current evidence increasingly
supports the concept of a continuum of responsiveness rather than discrete responder and non-
responder phenotypes. This emphasises the need for a deeper mechanistic understanding of the
pathways that mediate exercise-induced adaptations and how different training stimuli interact with

these pathways (MacInnis and Gibala, 2017).



45

Myokine discovery & the ‘myokinome’

Researchers have spent decades elucidating the mechanisms by which the energy-demanding work
of skeletal muscle can affect the entire human body, leading to meaningful health benefits
(Hoffmann and Weigert, 2017). The earliest work to uncover the secretory function of skeletal
muscle was by Goldstein (1961), who suggested that exercise stimulates the production of humoral
substances capable of enhancing glucose utilisation in dogs at rest following electrically induced
muscle contractions. Later, researchers identified what was then known as a cytokine: interleukin-6
(IL-6), produced and released by contracting muscles, which appeared to have metabolic effects
(Ostrowski et al., 1998). This was considered a breakthrough, as it shed light on skeletal muscle
being a cytokine-producing organ in response to exercise (Pedersen, 2011). Steensberg et al. (2000)
then confirmed that skeletal muscle also acts as an endocrine organ, as they discovered that
circulating IL-6 was significantly increased during prolonged single-limb exercise, potentially
influencing metabolism in tissues and organs elsewhere (Pedersen, 2011).

However, the extent to which the endocrine actions of muscle-derived factors contribute to the
health benefits of exercise in humans remains unclear (Hoffmann and Weigert, 2017). In many
cases, it remains unclear whether increases in myokine mRNA and protein expression in skeletal
muscle translate into elevated circulating concentrations (Geiger et al., 2013).

Following their discovery, Pedersen and Febbraio (2008) suggested that, as the field advances,
cytokines and other peptides produced, expressed, and released by muscle fibres that exert
autocrine, paracrine, or endocrine effects should be classified and referred to as ‘myokines’
(Pedersen, 2011). So far, myokines have been shown to facilitate communication between muscles
and various organs, such as the brain (Hutton et al., 2015, Nakajima et al., 2010), adipose tissue
(Tanimura et al., 2022), bones (Shahabi et al., 2021), liver (Chan et al., 2024), heart (Ho et al.,
2018) and pancreas (Kostka et al., 2024, Pedersen and Hojman, 2012). Additionally, muscle-to-
muscle myokine ‘crosstalk’ was demonstrated by Catoire et al. (2012), who showed that one-
legged endurance exercise induced changes in gene expression not only in the active leg but also in
the inactive leg.

The discovery of endogenous factors released from skeletal muscle as hormone-like mediators of
the preventive and therapeutic effects of exercise has led to proteomic and transcriptomic profiling
approaches to characterise the skeletal muscle secretome and identify novel myokines (Hoffmann
and Weigert, 2017). Efforts have been made to identify all myokines that are secreted from skeletal
muscle, along with details of their specific functions (Catoire et al., 2014, Hartwig et al., 2014,
Norheim et al., 2011, Pourteymour et al., 2017, Raschke et al., 2013), giving the term
“myokinome”, which now contains information on over 650 myokines (Khan and Ghafoor, 2019,
Pang et al., 2021). However, much work remains to determine each myokine’s specific function(s),
as only parts have been well-characterised so far (Florin et al., 2020). The benefits of mapping and
understanding the myokinome in full may help reveal which myokines are dysregulated in disease

states, for example there are people with diabetes that are ‘exercise resistant’ referring to the fact
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that they don’t benefit from the metabolic improvements associated with aerobic exercise (Garneau
et al., 2024) which could then lead to targeted treatments (Di Raimondo et al., 2017, Stephens et
al., 2015) Moreover, it could uncover mechanisms relating to the response variability to exercise
and potentially lead to the development of tailored exercise interventions for the improvement of

VO>max in low- or non-responders to exercise and, therefore, improve overall health (Noone et al.,

2024).

Mpyokine response to exercise

Of the myokines that are better understood, many show consistent regulation at both transcriptional
and protein levels in response to acute and chronic exercise, and these changes have been
associated with improvements in skeletal muscle insulin sensitivity and mitochondrial function
(Garneau et al., 2024). For example, exercise-induced myokines such as IL-6, IL-10, IL-13, IL-15,
IL-18, brain-derived neurotrophic factor (BDNF), fibroblast growth factor-21 (FGF21), and
secreted protein acidic and rich in cysteine (SPARC) exert essential autocrine and paracrine actions
within skeletal muscle, where they are known to contribute to enhancing mitochondrial biogenesis,
glucose uptake, and insulin sensitivity, (Almendro et al., 2006, Busquets et al., 2006, Camporez et
al., 2013, Carey et al., 2006, Darkhal et al., 2015, Garneau et al., 2024, Jiang et al., 2013, Petersen
et al., 2005, Song et al., 2010, Yamanaka et al., 2007) and a large portion of these effects are
mediated through activation of the AMPK pathway, a central metabolic sensor upregulated by
muscle contraction (Mounier et al., 2015).

Plasma concentration of IL-6 has been shown to increase exponentially with the intensity and
duration of exercise (Ostrowski et al., 2001, Pedersen and Febbraio, 2008). However, there is
substantial heterogeneity in the responses of other myokines to exercise; research suggests they
don’t all exhibit a uniform dose-response pattern. For example, Little et al. (2018) state that
myokine release is highly dependent on exercise modality and intensity, based on their work in
rats, which shows a greater overlap in myokine profiles between a single bout of endurance
exercise and chronic wheel running than between an exhaustive sprint bout and either condition.
Furthermore, BDNF has been shown to be significantly elevated in blood plasma following high-
intensity exercise (Dinoff et al., 2017, Szuhany et al., 2015) but not after endurance exercise
(Catoire et al., 2014). Contrastingly, plasma SPARC concentration has been shown to be
significantly increased following acute endurance exercise (50-70% VO,max) (Bettariga et al.,
2024), but not after acute SIT exercise (Songsorn et al., 2017).

There is also evidence of variability in myokine response with intervention duration: Catoire et al.
(2014) found 86 myokines upregulated in skeletal muscle in response to acute endurance exercise
and 69 in response to chronic endurance exercise. Interestingly, only a very minor overlap was

observed in the secretome analyses of acute and exercise training (Catoire et al., 2014).
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Gaps in the literature

Chapter 1 has highlighted that REHIT is a genuinely time-efficient exercise protocol that has been
shown to elicit health benefits similar to those of MICT, HIIT, and the classic SIT protocol. Over
the last decade, researchers have sought to establish an optimal REHIT dose that maximises
efficiency without sacrificing the protocol's positive health benefits. For example, 2x20 s sprints
are effective at improving VO,max (Metcalfe et al., 2012), but 1 x 20 s sprint (Songsorn et al.,
2016, Songsorn et al., 2017) and 2x10 s have been shown to attenuate improvements in VO,max
(Nalcakan et al., 2018). Thomas et al. (2020) found no differences in VO,max improvements
between performing REHIT two, three, or four times per week (2x20 s all-out sprints), suggesting
that training frequency could potentially be reduced even further without diminishing positive
outcomes. However, no study has directly compared reducing REHIT training frequency to a single
weekly session, which forms the basis of Chapter 3 in the current thesis.

Similarly, Vollaard et al. (2017) highlighted that the number of sprint repetitions in SIT protocols
may not be warranted, as they may be higher than what is required to elicit meaningful health
improvements in physically inactive populations. Their meta-analysis suggests that reducing the
number of sprint repetitions does not attenuate the training-induced changes in VO,max, and that
performing more sprints does not provide additional benefits to these changes (Vollaard et al.,
2017). However, the authors noted limitations related to the small number of studies that used <4
sprints for analysis; for example, only two studies included two sprints. Furthermore, the use of
magnitude-based inference has been criticised by statisticians for a lack of sound mathematical
foundation, high type I error rates, and incorrect interpretation of frequentist statistics (Sainani et
al., 2019), which means the reported results may not truly reflect the effects. Since its publication,
research on low-volume SIT has increased substantially, thereby expanding the pool of studies
eligible for analysis and providing the rationale for Chapter 2 in the current thesis.

Despite extensive knowledge of the training adaptations that underpin improvements in VO,max
following standardised exercise interventions, the specific mechanisms that drive these adaptations
remain poorly understood. Emerging evidence suggests a potential role for myokines in mediating
changes in VO,max, as they are involved in ‘crosstalk’ between muscles and other organs
(Severinsen and Pedersen, 2020). Previous work on the topic found that 13 genes were expressed
significantly higher in the training-response transcriptome mapped by Keller et al. (2011) and that
these overlapped with 13 myokines that were highly regulated in a separate training group (Catoire
et al., 2014). It is plausible that the repeated release of exercise-induced myokines and their
downstream signalling cumulatively contribute to training adaptations (Leuchtmann et al., 2021).
Furthermore, baseline circulating levels of these specific myokines, which are thought to be linked
to VO,max-enhancing mechanisms, may differ between high- and low-responders to exercise,
potentially explaining some of the variability in training-induced improvements in VO,max. This
gap in the literature warrants further investigation and provides the rationale for Chapter 4 in the

current thesis.
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Aims and Objectives
The aims and objectives of the current thesis are to contribute to the evidence base for identifying
the minimal dose of exercise in the context of low-volume SIT targeting the physically inactive

population.
The present thesis aims to address the gaps in the literature by completing the following:

1. Update the existing evidence by meta-analysing studies published from May 2016 onward
and integrating these with the data of the previous meta-analysis, using a Bayesian
approach to reassess whether reducing sprint repetitions in a SIT session influences
changes in VO,max.

2. Investigate whether reducing the training frequency of REHIT sessions from two weekly
sessions to one weekly session attenuates the changes in VO,max.

3. Elucidate whether the changes in VO,max with training are mediated by the release of
specific myokines from exercising skeletal muscle.

4. Investigate differences in myokine responses between high- and low-responders to REHIT

and whether these differences determine differences in VO,max response.
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Chapter 2 - Updated systematic review and meta-
analysis of the effect of the number of sprint
repetitions in a SIT session on changes in VO;max
with training

INTRODUCTION

As outlined in Chapter 1, SIT is an effective strategy for improving VO,max and other important
cardiometabolic health outcomes such as blood pressure, blood lipids, and insulin sensitivity (Gist
et al., 2014, Krusnauskas et al., 2020, Mattioni Maturana et al., 2021, Milanovic et al., 2015, Sloth
etal., 2013, Weston et al., 2014) comparable to those achieved performing MICT. Despite this, the
“real-world” relevance of both HIIT and SIT has been widely disputed, with SIT being the most
heavily criticised (Biddle and Batterham, 2015, Hardcastle et al., 2014). Much of the scepticism
regarding the real-world value of SIT is based on the “classic” SIT protocol involving 4-6x30-s all-
out sprints (Burgomaster et al., 2005).

Recent evidence suggests that reducing the number and/or duration of sprints attenuates the
negative affective responses associated with SIT while preserving improvements in VO,max
(Metcalfe et al., 2022, Metcalfe and Vollaard, 2024). Moreover, there is some evidence that the
volume of supramaximal exercise during SIT sessions can be substantially reduced while retaining
the key health benefits (Metcalfe and Vollaard, 2024). For example, we and others have shown that
the REHIT protocols involving 2x20-s all-out sprints (Metcalfe et al., 2020, Metcalfe et al., 2012,
Metcalfe et al., 2016, Cuddy et al., 2019, Thomas et al., 2020, Nalcakan et al., 2018, Haines et al.,
2021, Leahy et al., 2022) or 3x20-s all-out sprints (Gillen et al., 2016, Gillen et al., 2014, Opazo-
Diaz et al., 2023, Bostad et al., 2021, Bostad et al., 2023, Little et al., 2019) within a 10-min low-
intensity cycling session are associated with clinically meaningful improvements in VO,max.

To date, no studies investigating the effects of the classic SIT protocol have provided a specific
justification for the use of 4-6x30-s all-out sprints. As time efficiency and affective responses appear
to be key determinants of exercise participation, we previously advocated a shift in focus towards
investigating shorter, more manageable, and tolerable SIT protocols (Vollaard and Metcalfe, 2017).
Concomitantly, we conducted a meta-analysis of 34 SIT studies involving 418 participants and
concluded that improvements in VO,max were not attenuated when training sessions involved fewer
sprint repetitions than those used in the classic protocol (Vollaard et al., 2017). This finding is
important because reducing the number of sprint repetitions significantly reduces total training time
commitment, making the exercise more time-efficient (Metcalfe and Vollaard, 2024). Reducing the
number of sprints also substantially attenuates the reduction in affective valence during exercise,

making the exercise less unpleasant and more acceptable (Metcalfe et al., 2022).

However, a limitation of the meta-analysis was the use of magnitude-based inference as the primary

statistical analysis approach. Magnitude-based inference has recently been criticised by statisticians,
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citing a lack of sound mathematical foundation, high Type I error rates, and incorrect interpretations
of frequentist statistics (Sainani et al., 2019). A further limitation was the relatively low number of
studies available that used fewer than six sprint repetitions per session; for example, only two studies
used two sprint repetitions as part of the SIT protocol. However, since the publication of the original
meta-analysis (Vollaard et al., 2017), research in this area has continued to grow, providing a marked
increase in the number of eligible studies for analysis. Therefore, the present updated meta-analysis
aimed to examine the modifying effect of the number of sprint repetitions in SIT exercise protocols
on the increase in VO,max in untrained individuals, using an appropriate statistical analysis

approach.

METHODS

Literature search and screening process

This study was registered on the PROSPERO database (registration number CRD42022349104) and
was conducted in accordance with the guidelines of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) (Page et al., 2021). Online databases Web of Science and
PubMed were searched for relevant journal articles published between 01/05/2016 and 01/09/2024.
Articles from before 01/05/2016 were taken from the previous meta-analysis (Vollaard et al., 2017).

LIS 9 ¢¢

The search strategy combined independent variable terms such as “Wingate”, “all-out”, “sprint” and
“interval training” with dependent variable terms including “fitness”, “aerobic capacity”, “aerobic
power”, “VO,max”, “VOspeak”, “oxygen uptake” and “oxygen consumption”. These were combined
using Boolean logic (“AND”, “OR”), giving a total of 28 possible combinations. The search strategy
aimed to identify studies that used an exercise intervention in which human participants performed
repeated all-out Wingate-type sprints, with a minimum intervention duration of 2 weeks, and in
which VO,max was measured pre- and post-training. Studies were excluded if: 1) exercise was not
all-out, sprints were <10 s, or intervention duration was <2 weeks, 2) participants involved clinical
populations or athletes, 3) mean participant age was <18 years or mean baseline VO,max was >55
mLkg'min”!, 4) the exercise intervention involved any exercise other than cycling or used SIT in

conjunction with another intervention, 5) publication type was a review, letter, or commentary, or 6)

the manuscript was not written in English.

After the removal of 6,599 duplicates, the titles and abstracts of 11,459 journal articles were
independently screened for eligibility using systematic review software Rayyan (Ouzzani et al.,
2016) by two authors (MH, NBJV) who were blinded during this part of the screening process. Full-
text versions of the 337 remaining potentially eligible articles were reviewed for inclusion into the
meta-analysis (Figure 2.1). The authors were then unblinded, and any discrepancies during the
screening process were resolved through discussion. If the dispute(s) could not be resolved, a third
reviewer (RM) was used to determine the final decision. The final data set of 44 studies selected for
inclusion from the literature search in this study was combined with the studies compiled from a

previous meta-analysis on the same topic (Vollaard et al., 2017). The previous meta-analysis
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contained 34 studies from all years up to May 1, 2016, using an identical search strategy. This

resulted in a combined data set of 78 studies for the updated systematic review and meta-analysis.

Previous studies Identification of new studies via databases and registers

§ Records identified from:
E Studies included in previous version of Databases (n = 2): - Records removed before screening:
E;E review (n = 34) PubMed (n=9123) Duplicate records (n = 6,599)
ﬁ Web of Science (n = 8,935)
4
Records screened . Records excluded
(n=11,459) (n=11,122)
4
Reports sought for retrieval Reports not retrieved
(n=337) (n=0)
Reports excluded:
= Net SIT (n=117)
= Mot all-out (n = 76)
g Mot a training study (n = 26)
(ﬂ VO2max not measured (n=14)
Morcyeling (n=13)
[ Athletes (n = 8)
Reports assessed for eligibility Patients (n=7)
(n=2337) =10 5 sprints (n=7)
Wrong study design (n = 6)
Duplicate VO2max values (n=5)
SIT + Intervention (n = 5)
Abstractanly (n=4)
VO2max =55mlkg/min (n = 2)
Duplicate (n = 2)
Spanish (n=1)
¥
New studies included in review
(n=44)
3
E
£
= Total studies included in review
(n=78)
Reports of total included studies
(n=0)

Figure 2.1 - PRISMA flow diagram of the study selection process.

Data Extraction
As the present study was an updated version of a previous meta-analysis on this topic (Vollaard et

al., 2017), the methods for data extraction were similar to compile data from both studies for reliable
analysis. All included articles were assessed for mean absolute pre- and post-training VO,max
(L-min™") as opposed to relative VO,max (mL-kg-min™). Absolute VO,max values provide an
estimate of the true change in the body’s ability to take up and utilise oxygen, regardless of any

accompanying fluctuations in body mass (Vollaard et al., 2017).
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As 24 of the 44 newly included studies were missing mean absolute VO,max data, the authors were
contacted to request this data. Nine of the 24 authors contacted were able to provide the requested
missing data (Allen et al., 2017, Colpitts et al., 2021, Cuddy et al., 2019, Little et al., 2019,
Muggeridge et al., 2017, Olek et al., 2018, Richardson et al., 2016, Thomas et al., 2020, Wyckelsma
etal., 2020). Relative VO,max was used for 13 studies where absolute VO,max could not be obtained
(Camacho-Cardenosa et al., 2017, De Smet et al., 2016, de Sousa et al., 2018, Digby et al., 2023,
Haines et al., 2021, Inglis et al., 2024, Jurimae et al., 2023, Juskeviciute et al., 2024, Kavaliauskas et
al., 2018, Kavaliauskas et al., 2017, Leahy et al., 2022, Naves et al., 2018, Oliveira et al., 2022). Plot
digitizer software (PlotDigitizer; Version 3.1.6) was used to obtain relative VO,max (Krusnauskas
et al., 2020) and absolute VO,max (Bostad et al., 2023) from the two remaining published journal

articles where the relevant values were not stated and could not be obtained.

Participant characteristics (sex, age, BMI, and baseline VO,max), exercise intervention variables
(minimum and maximum number of sprint repetitions per exercise session, sprint duration, sprint
resistance, sprint/recovery ratio, intervention duration, training frequency per week, and total number
of sessions), and study design (controlled, uncontrolled) were extracted from each study as potential
moderators. For effect size calculations, if the spread of the data was reported as the standard error
of the mean (SEM), it was converted to the standard deviation (SD) by multiplying the SEM by the
square root of the sample size (Higgins et al., 2024).

Statistical Analysis
Effect Size Calculation

Standardised mean differences were calculated to quantify effect size for each study, allowing
inclusion of studies reporting different units for the outcome measure VO,max (L-min™ vs.
mL-kg-min™). This was calculated by dividing the mean change in VO,max by the SDchange, which

was calculated using the formula below (Higgins et al., 2024).

SDChange == \/SDI%TG + SDZ%OSt - 2 X r X SDpre X SDpost

Most studies did not report either the SDchange or the pre- to post-intervention correlation
coefficients (r). Based on pre-post correlation scores we routinely see in our laboratory from similar
intervention studies, a correlation coefficient of r = 0.90 was imputed for the analysis. A sensitivity
analysis using alternative correlation coefficients (r = 0.85 and r = 0.95) was conducted to assess

whether the overall results were robust to the use of imputed correlation coefficients (Higgins et al.,
2024).

Bayesian Model

The Bayesian analysis reporting guidelines (Kruschke, 2021) were followed to provide transparency
and reproducibility of the steps carried out throughout the present study. The overall effect of sprint

interval training on changes in VO,max was assessed using a Bayesian hierarchical model, which
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was fit using the brms (v2.22.0) (Burkner, 2017) package within the statistical computing software
R (v.4.3.2) (R Core Team, 2023). Weakly informative priors were used as recommended by the
developers of the Stan probabilistic language, upon which brms is based (Stan Development Team,
2025), and model diagnostics confirmed appropriate convergence and fit. Full details of model
structure, model priors, and sensitivity analyses are reported in Supplementary File S1. All R scripts

and data required to reproduce the analysis are available at:
https://github.com/matthutch95/SIT _VO2max_Reproducibility.git

Study parameters and participant characteristics were added as moderators to the model to assess
their influence on the overall pooled effect size. The following moderators were included: number
of sprint repetitions, sprint duration (s), intervention duration (weeks), work:rest ratio, baseline
relative VO,max (mL-kg-min™), age (y), and BMI (kg-m™). Total weekly sprint time was calculated
as sprint repetitions X sprint duration x weekly session frequency, which was estimated in a separate
model to avoid issues with multicollinearity. All reported model estimates are posterior means
(Bayesian effect sizes) and 95% credible intervals (CIs) where the true effect is estimated to lie with
95% probability (Hespanhol et al., 2019). Bubble plots were used to visualise the relationships

between effect size and the moderators.

Risk of Bias

A funnel plot was created to assess the risk of publication bias visually. Egger’s test was conducted
to determine the asymmetry observed in the funnel plot. Within-study risk of bias was evaluated
using the Cochrane Risk of Bias V.2.0 tool (Sterne et al., 2019). To reduce subjective bias and
improve process accuracy, two reviewers (MH, NBJV) independently evaluated the studies, with
discrepancies discussed post-assessment. If the discrepancies could not be resolved through
discussion, a third reviewer (RM) provided a final judgment on the rating. Risk of Bias was evaluated
across five domains: the randomisation process, deviations from the intended interventions, missing
outcome data, measurement of the outcome, and selection of the reported result. The RoB V.2.0 for
crossover trials tool (Higgins et al., 2021) was used for any studies that implemented a crossover
study design. This tool contains one additional domain: risk of bias arising from period and carryover
effects. The Risk of Bias in Non-randomised studies of Interventions, Version 2 (ROBINS-I V2,
2024; 7 domains) (Sterne and Higgins, 2024) was used for studies in which participants were not

randomised to their intervention.

Sensitivity Analyses

A prior sensitivity analysis was performed to assess the robustness of the model’s results (Kallioinen
et al., 2023, van de Schoot et al., 2018) (Supplementary File S1). A sensitivity analysis was
conducted by removing 4 outlier datasets that contained >10 sprint repetitions, as all of these datasets

involved short (10-15 s) sprints.
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RESULTS

Data for the 78 included studies, with a total of 93 separate trials, are shown in Table 2.1. On average,
SIT had a strong positive effect on VO,max with a mean effect size for training-induced
improvements of 0.87 (95% Cls = -0.10 to 1.85; Figure 2.2). Visual inspection of the funnel plot
(Figure 2.3) suggests asymmetry, which may indicate publication bias, whereby smaller studies with
non-significant changes in VO,max may remain unpublished. The significant result from Egger’s test
supports the presence of funnel plot asymmetry (p=0.010). Table 2.2 displays the results of the
Bayesian model. Supplementary File S1 contains tables and figures from model diagnostic checks

and sensitivity analyses.

The risk of bias analysis indicated a moderate overall risk of bias. This result was largely determined
by “some concerns” in three of the seven domains (Selection of the reported result, Measurement of
the outcome, and Randomisation process; Supplementary File S1; Figures 4a - ¢) assessed across
the three risk-of-bias tools. The issues within the three domains were due to a lack of study
preregistration, non-blinding of the outcome assessors, and the absence of randomisation in some
studies. Individual study results from the three risk-of-bias analysis tools are shown in

Supplementary File S1, Figures 4d—e.
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Table 2.1 - Study training intervention protocol parameters, participant characteristics, and training effects.

Baseline . . . Change
Reference Study N VOmax Age BMI ::ar'a'l'l';i tr-:i)rt\?r: dfll:ant?:n ZZ::;Z::’ Resistance sprint sMr?:\(t in Effect
Design (% men) (mL-kgl-min- (yr) (kg.m?) . & (% of BM) P P VO;max Size
1 (wk) sessions (s) (s) reps reps o
) (%)
235+
Metcalfe et al. (2012) C 11(45%) 34.2+5.2 25.0+3.0 40 6 18 20 200 7.5 1 2 12.7 1.1
253+
Nalcakan et al. (2018) NC 18(80%) 34.0+£9.0 22.0+4.0 59 6 18 10 220 7.5 2 2 3.5 0.0
Aslankeser and Balci C 8(0%) 343+0.7 204:0.6 - 2 10 30 240 7.5 2 2 97 24
(2017)
243 +
Thomas et al. (2020) NC 14(57%) 35.7+4.8 26.0+5.0 42 6 18 20 280 7.5 2 2 7.9 0.7
269+
Thomas et al. (2020) NC 12(75%) 36.2+4.8 24.0+4.0 24 6 24 20 280 7.5 2 2 7.2 0.5
. 254 +
Haines et al. (2021) NC 12(100%) 44.7+6.8 21.4+2.4 17 5 15 20 200 7.5 1 2 9.0 1.2
238+
Nalcakan et al. (2018) NC 18(61%) 39.0+7.0 22.0+2.0 241 6 18 20 200 7.5 2 2 9.8 0.8
27.2
Metcalfe et al. (2020) C 13(46%) 28.0+x7.0 46.0+9.0 45 6 18 20 180 5.0 2 2 7.6 0.5
27.1%
Thomas et al. (2020) NC 16(75%) 34.4%6.1 26.0+6.0 46 6 12 20 280 7.5 2 2 10.1 0.8
Leahy et al. (2022) NC 12(42%) 25.3+2.9 40.8+10.8 - 8 26 20 180 CAROL 2 2 12.3 2.3
+
Metcalfe et al. (2016) NC 34(50%) 35.0+x7.4 34.1+9.2 2169 B 6 18 20 200 5 1 2 9.6 0.8
Cuddy et al. (2019) NC 12(-) 253+2.9 40.8+10.8 - 8 26 20 180 - 2 2 135 1.4
Mandic et al. (2023) NC 9(44%) 348+6.1 27.0+5.0 - 6 18 30 120 7.5 3 3 12.1 0.7
Opazo-Diaz et al. 23.0+
- + + -
(2023) NC 9(-) 33.7+5.8 21.1+1.7 15 4 12 20 120 3 3 9.5 0.7
Bostad et al. (2023) NC 10(0%) 33.2+7.2 21.0+4.0 - 12 36 20 120 CAROL 3 3 9.1 0.8
Bostad et al. (2021) NC 15(40%) 37.1+6.9 21.0+2.0 - 12 36 20 120 7.5 3 3 20.9 1.1
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Little et al. (2019)
Gillen et al. (2016)
Mandic et al. (2022)
ljichi et al. (2015)
O'Driscoll et al. (2018)
Gillen et al. (2014)

Allemeier et al. (1994)

Bostad et al. (2023)

Tan et al. (2021)

de Sousa et al. (2018)
de Sousa et al. (2018)
Oliveira et al. (2022)
Colpitts et al. (2021)

Colpitts et al. (2021)

Kavaliauskas et al.
(2018)

Naves et al. (2018)

Kavaliauskas et al.
(2017)

Harris et al. (2014)
Bayati et al. (2011)

Schubert et al. (2017)

NC

NC

CcC

NC

NC

NC

NC

NC

NC

NC

cC

16(56%)
9(100%)
29(55%)
10(100%)
40(100%)
14(50%)
11(100%)
10(100%)
15(40%)
26(46%)
46(54%)
21(0%)
18(50%)
16(38%)
6 (100%)
24(0%)
8(0%)
6(0%)
8(100%)

12(42%)

343+7.6

32.0%x7.0

41.0+7.8

47.7+4.8

42.5+5.2

29.5+4.0

48.7+6.7

41.1+7.3

38.0+9.3

42.9+8.6

43.4+9.1

32077

36.4+8.6

258+5.4

41.5+7.0

32.0+7.2

31.7+3.0

35.0+3.0

446+4.3

323+7.1

21.0+4.0

27.0+8.0

27.0+5.0

20.4+0.8

21.0+1.7

30.0+9.0

22.7+5.0

21.0+3.0

39.0+£13.0

23.5+5.1

23.5+5.1

28.8+6.0

41.7+13.3

39.3+11.8

32.0+7.0

29.8+6.4

21.0+1.0

22.0+2.0

25.0+0.8

28.8+7.6

241+
4.9
27.0%
5.0
235+
2.5
210+
2.9

233+
3.8
245+
34
250+
4.4
250+
3.2
229+
1.6
341+
3.8
230+
2.0
25.2+
3.2
230+
4.5
236+
1.8

284 +
4.7

12

18

36

18

20

18

15

36

18

24

12

12

24

12

12

12

20

20

30

30

30

20

30

20

30

30

30

30

30

30

30

30

30

30

30

20

180

120

120

600

120

120

1200

120

120

180

180

240

240

240

240

240

240

270

240

120

7.5

7.5

7.5

CAROL

7.5

7.5

7.5

7.5

7.5

7.0

7.5

7.5

5.0

6.6

17.3

10.0

13.9

5.7

11.6

13.5

8.3

4.5

12.5

12.4

14.1

7.4

2.2

0.0

141

9.0

9.6

10.9

0.4

13

0.8

1.8

0.8

1.0

2.2

0.8

0.3

1.2

11

13

0.5

0.2

0.0

14

13

2.3

11
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Thompson et al. (2018)
Kiviniemi et al. (2015)
Hazell et al. (2010)
ljichi et al. (2015)

Larsen et al. (2013)

Yamagishi and Babraj
(2019)
Yamagishi and Babraj
(2019)

Shepherd et al. (2013)
Olek et al. (2018)
Olek et al. (2018)
Denham et al. (2020)

Broatch et al. (2017)
McGarr et al. (2014)
Jurimae et al. (2023)

De Smet et al. (2016)

Astorino et al. (2011)

Muggeridge et al.
(2017)
Wyckelsma et al.
(2020)

Whyte et al. (2010)

Hazell et al. (2010)

NC

NC

NC

NC

NC

NC

NC

NC

NC

NC

NC

NC

c

10(60%)
13(100%)
13(81%)
10(100%)
8(100%)
7(57%)
7(71%)
8(100%)
7(100%)
7(100%)
11(100%)
8(100%)
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Table 2.2 - Bayesian model estimates for the effects of participant characteristic and exercise

protocol variable predictors on changes in VOimax.

Est
Parameter Estimate 1-95% CI u-95% CI Rhat  Bulk ESS Tail ESS
Error

Intercept 0.866 0.500 -0.087 1.852 1.0003 20,133 14,284
Sprint Repetitions 0.024 0.017 -0.010 0.058 1.0001 19,746 14,178
Work:rest Ratio 0.011 0.674 -1.327 1.324 1.0003 28,315 14,354
Age (y) -0.017 0.007 -0.030 -0.003 1.0001 20,320 14,678
Intervention

. 0.052 0.021 0.010 0.094 1.0001 23,206 14,199
Duration (wks)
Baseline VO>max

-0.007 0.010 -0.026 0.012 0.9999 18,431 14,791

(mL-kg!-min™)
Sprint Duration (s) 0.015 0.009 -0.002 0.032 1.0000 23,633 14,719

1-95% Cl: lower-95% credible interval, u-95%: upper-95% credible interval, work:rest ratio: sprint

duration (s) divided by recovery duration (s). Estimates are displayed as posterior standardised effect

sizes.
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the estimated pooled effect size, and the dashed black lines represent 95% credible intervals.
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Figure 2.4A illustrates the non-significant effect of increasing the number of sprint repetitions on
the magnitude of the change in VO2max, with a numerical increase in effect size of 0.02 for each
additional sprint, i.e., an increase of 4 sprints would equate to an increase in effect size of 0.08, and
this would be considered trivial. Figure 2.4B displays the results of a sensitivity analysis in which
atypical SIT protocols incorporating >10 sprints per session were excluded (n=4). Removing the
studies increased the pooled effect from 0.87, (95% CI =-0.09 to 1.85) to 1.17, (95% CI=0.18 to
2.17; Supplementary Table 2) and strengthened the association between sprint repetitions and
VO2max improvements from ES = 0.02, 95% CI = -0.01 to 0.06 (Table 2.2), to ES = 0.03, 95%
ClIs =-0.02 to 0.09 (Supplementary Table 2). However, the relationship remained non-significant,

and the overall interpretation did not change.
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Figure 2.5 - Modifying effects of intervention duration (4), age (B), sprint duration (C), BMI (D),
work:rest ratio (E), and total weekly sprint time (F) on the effect of SIT on VO2max. BMI data are

n=73 trials due to missing data. Each additional week of SIT (Figure 2.54) was associated with a
small, positive effect on the change in VO>max following SIT (ES = 0.05, 95% CI = 0.01 to 0.09).

Conversely, each additional year of age (Figure 2.5B) was associated with a small, negative effect
on the change in VO.max (ES = -0.02, 95% CI = -0.03 to -0.003). There was no effect of sprint
duration (ES = 0.02; 95% CI = -0.002 to 0.03; Figure 2.5C), BMI (ES = 0.03; 95% CI = -0.03 to
0.08; Figure 2.5D), work:rest ratio (ES = 0.01; 95% CI = -1.33 to 1.32; Figure 2.5E), or total
weekly sprint time on the change in VO-max (ES = 0.0005; 95% CI = -0.0001 to 0.0010; Figure

2.5F).
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DISCUSSION

The main aim of the present study was to provide a robust estimate for the modifying effect of the
number of sprint repetitions per training session in SIT protocols on the training-induced increase in
VO,max in untrained individuals. We addressed two key limitations of a previous meta-analysis
(Vollaard et al., 2017) by 1): employing a Bayesian statistical approach rather than relying on the
criticised statistical method of Magnitude-Based Inference (Lohse et al., 2020, Sainani, 2018, Sainani
etal., 2019), and 2): improving statistical power by more than doubling the number of trials included.
Using data from 78 studies with 93 trials, involving a total of n=1188 participants, we confirm the
previous finding (Vollaard et al., 2017) that increasing the number of sprint repetitions in a SIT

protocol does not meaningfully augment improvements in VO,max.

This finding is clinically important, given the overwhelming evidence that VO,max is among the
most powerful independent predictors of all-cause and cardiovascular mortality (Ross and Myers,
2023). Ross et al. (2016) emphasise that the greatest health benefits occur at the low end of the
cardiorespiratory fitness continuum — the population of focus in the current study — where relatively
modest improvements in VO;max can lead to substantial reductions in mortality risk. The results
show that these VO,max improvements are not attenuated when the number of sprints in a SIT

session is reduced.

The practical implication of our finding is that reducing the number of sprint repetitions while
maintaining worthwhile improvements in VO,max helps address the two common concerns that SIT
is not as time efficient as proposed and that it will be experienced as unpleasant and unenjoyable
(Ekkekakis et al., 2004, Ekkekakis et al., 2011, Hardcastle et al., 2014, Lind et al., 2005). For
example, whereas the classic SIT protocol involving 4-6x30-s sprints take ~30 min to complete
(Burgomaster et al., 2006, Burgomaster et al., 2008, Burgomaster et al., 2005, Gibala et al., 2006), a
REHIT session involving 2x20-s sprint repetitions takes just 10 min (Metcalfe et al., 2012, Metcalfe
et al., 2016). Additionally, performing fewer sprint repetitions diminishes the drop in affective
valence during exercise (Metcalfe et al., 2022). It has also been demonstrated that exercise enjoyment
and the drop in affective valence with REHIT are not significantly different from MICT (Songsorn
et al., 2019). Since VO,max can only be improved through regular exercise, developing alternative
interventions that promote greater adoption of regular exercise is an important public health
objective. The present findings support the use of SIT protocols with a reduced number of sprint

repetitions as a viable strategy for improving VO,max in untrained individuals.

The mechanisms that mediate the training adaptations that occur following SIT are not fully
understood. The evidence from the current study suggests that there may be a hypothetical threshold
that is sufficiently triggered by two sprints and is not further stimulated by completing additional
sprint repetitions. Vollaard and Metcalfe (2017) have suggested that rapid glycogen depletion during
supramaximal sprints results in a severe disturbance of circulatory homeostasis, which may provide

the stimulus for the body to increase blood volume, a central adaptation to exercise proposed to be a
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primary driver for improvements in VO,max following SIT (Mandic et al., 2022). It was also
suggested that release and activation of glycogen-bound 5’-AMPK associated with glycogenolysis
could trigger signalling pathways leading to aerobic adaptations (Vollaard and Metcalfe, 2017). The
rationale for the idea that two sprints satisfy the hypothetical threshold for training adaptations stems
from research showing that glycogenolysis is almost completely attenuated after two supramaximal
sprints, with glycogenolytic rates depressed throughout the entirety of a third sprint (Parolin et al.,
1999). Thus, performing more than two sprint repetitions may not further activate key signalling
processes required for training adaptations, but will make the training session longer, more tiring,

and more unpleasant.

The results of our analysis suggest that to increase the magnitude of improvements in VO,max
following SIT, the most influential exercise protocol parameter is intervention duration. For example,
the results show that each 1-week increase in intervention duration is positively associated with
VO;max (ES = 0.052). Therefore, increasing the intervention duration from 2 to 12 weeks would

have a moderate effect (ES = 0.52) on the change in VOmax.

However, it should be noted that this model assumes a linear relationship, whereas a plateau in
adaptation is likely to occur. Although most studies measure VO,max pre- and post-intervention,
several studies have assessed the time course of changes in VO,max. Some of these have observed
progressive increases in VO,max over time (Bostad et al., 2021, Gillen et al., 2016, Nalcakan, 2014),
but others (Burgomaster et al., 2008, Lloria-Varella et al., 2024, Yamagishi and Babraj, 2017)
support comments by Sloth et al. (2013) in their previous meta-analysis, that some of the adaptations

to SIT occur in the early stages of training and that the magnitude of improvements tapers off.

The reasons for the contrasting results are unclear. Conceptually, over short training periods, there
must be an effect of intervention duration while VO,max improves from baseline. However, over
time, the rate of improvement will slow, and a ‘plateau’ may be reached, with no further increases in
VO,max (Bassett and Howley, 2000), thus eliminating the ongoing positive effect of intervention
duration. To date, it is unknown if and when such a plateau will occur with different SIT protocols.
As the longest intervention duration we identified in the current study is 12 weeks (Bostad et al.,
2021, Bostad et al., 2023, Gillen et al., 2016), further research exploring longer duration SIT
interventions may help to determine the, presumably curvilinear, association between intervention

duration and the magnitude of VO,max response.

Another finding from the current study is that a higher mean age is associated with reduced
improvements in VO,max following SIT. This is interesting because studies comparing the effects
of different endurance exercise training protocols (Makrides et al., 1990, Murias et al., 2010) and
HIIT protocols (Storen et al., 2017) on young and older healthy adults (>60 yr) have found that older
participants tend to experience VO,max improvements either similar to or greater than younger
adults. To our knowledge, no studies have compared the effects of supramaximal SIT between young

and older populations matched for baseline VO,max. The data in our meta-analysis suggest that 40-
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50-year-olds can expect moderate to large effect sizes for improvements in VO,max with an average
SIT protocol (4-6x30-s all-out sprints, three sessions/week). Although lower than that achieved by
younger adults, the reductions in all-cause mortality and cardiovascular disease risk in this population
are still clinically meaningful. There appears to be insufficient data on populations older than 50,

which needs to be addressed in future studies.

One limitation of the present study's findings is the risk of publication bias. While a visual inspection
of the funnel plot and the results of the Egger’s test suggest a potential risk of publication bias,
specifically an underrepresentation of studies with non-significant results, these do not necessarily
confirm the presence of publication bias. Sterne et al. (2000) suggest the use of the term “small-study
effects” as an alternative way of describing the observed trend, as there are a range of influences that
may contribute to these small-study effects, such as outcome reporting bias, heterogeneity between

studies, or other sources beyond publication bias alone (Schwarzer et al., 2015).

Additionally, the inclusion of non-controlled studies may have contributed to greater heterogeneity
and potentially produced wider posterior distributions than a meta-analysis limited to randomised-
controlled trials, thus increasing the uncertainty of the model's effect estimates. Furthermore, the
present study focused solely on VO,max as an outcome measure. Therefore, the finding that
increasing sprint repetitions does not significantly influence improvements in VO,max cannot be
generalised to other important health markers, such as blood pressure, body composition, blood lipid

profiles, or insulin sensitivity.

There is a need for studies involving larger sample sizes; still, we restate our previous
recommendation (Vollaard and Metcalfe, 2017) to focus on SIT protocols involving fewer / shorter
sprints in these studies. Even if publication bias / small-study effects may have masked a small but
significant positive effect of the number of sprint repetitions on improvements on VO,max, the
combination of effectiveness at improving key health markers (Cuddy et al., 2019, Gillen et al., 2016,
Gillen et al., 2014, Metcalfe et al., 2012, Ruffino et al., 2017) and measures of acceptability (Metcalfe
et al., 2020, Metcalfe et al., 2022, Songsorn et al., 2019) makes low-volume SIT protocols like

REHIT better candidates for real-world implementation compared to classic SIT protocols.

In conclusion, using a more robust statistical approach and a larger dataset, we confirm previous
findings that the number of sprint repetitions in a SIT session does not impact improvements in
VO,max with training. Considering the overarching aim of SIT protocols to offer a time-efficient
method to improve key health markers, and the increasingly negative affective responses associated
with SIT protocols involving more sprint repetitions, the implication of this finding is that low-
volume SIT protocols should be the focus of research examining real-world implementation as

interventions for improving general health in sedentary populations.
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SUPPLEMENTARY DATA

Bayesian Model Specifications

Harrer et al. (2021) describe the model's assumptions. Weakly informative priors were used, as
recommended by the developers of the Stan probabilistic language, on which brms is based (Stan
Development Team, 2025). A normally distributed prior (0,1) was used for the overall pooled effect
size, with the expectation that the true pooled effect size lies within +2 SDs with 95% probability. A
normal prior (0,1) was also applied for the moderators in the model. For the between-study
heterogeneity (t), a half-normal prior (0,1) was used, assuming heterogeneity is likely small to
moderate but allowing for larger values. Hamiltonian Markov Chain Monte Carlo (MCMC) methods
(Carpenter et al., 2017) within the statistical package brms (Burkner, 2017) were used to estimate the
posterior distribution of the overall effect and for each parameter. Four chains, each with 5,000
iterations, were run for the sampling; 500 iterations were designated as warm-up iterations, allowing
the chains to stabilise before sampling (Rindskopf, 2020), resulting in a total of 18,000 posterior

samples across all chains.

Study parameters and participant characteristics were added as moderators to the model to assess
their influence on the overall pooled effect size. The following moderators were included: number
of sprint repetitions, sprint duration (s), intervention duration (weeks), work:rest ratio, baseline
relative VOymax (mL-kg'-min™), age (y), and BMI (kg-m?). All reported model estimates are
posterior means (Bayesian effect sizes) and 95% credible intervals (Cls) where the true effect is
estimated to lie with 95% probability (Hespanhol et al., 2019). Bubble plots were used to visualise

the relationships between effect size and the moderators.

Model Checks
A posterior predictive check (PPC) was conducted to assess the fit of the model; a PPC plot was

created to visualise whether the simulated data run by the model closely resembles the observed data
(Gabry etal., 2019, Kruschke, 2013). Between-study heterogeneity (t) was assessed within the model
and summarised using a posterior density plot with 95% Cls. Convergence was assessed by visually
assessing trace plots (Supplementary Figure 1) and confirming that ‘rhat’ (Gelman and Rubin,

1992) values were all close to 1 (Vehtari et al., 2019).

Sensitivity Analyses

A prior sensitivity analysis was performed to assess the robustness of the model’s results (Kallioinen
etal., 2023, van de Schoot et al., 2018). A more diffuse prior was chosen (normal (0,5); normal (0,3);
Cauchy (0,2)) based on general guidelines provided that suggest if diffuse priors were used in the
original analysis, then different forms of diffuse priors would be recommended for the sensitivity
analysis (Depaoli et al., 2020). A sensitivity analysis was conducted by removing four outlier datasets

that contained >10 sprint repetitions, since all of these datasets involved short (10-15 s) sprints.
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Supplementary Results

Supplementary Figure 2a illustrates the posterior probability distribution of the pooled effect size.
There was a moderate amount of heterogeneity between studies (tbetween = 0.24; 95% CI = 0.04 -
0.41; Supplementary Figure 2b). Supplementary Figure 2¢ demonstrates that the model is a good
fit for the given data, as there is good alignment between observed and simulated data. The results
of the prior sensitivity analysis model were similar to those of the original model; they are displayed
in Supplementary Table 1. Supplementary Figure 3 illustrates the similarities between the original
model and the prior sensitivity analysis model for both the posterior distribution of pooled effect size
(Supplementary Figure 3a) and between-study heterogeneity (Supplementary Figure 3b),
implying that the posterior estimate is robust to different prior distributions and is being driven by
the data rather than the choice of prior (Depaoli et al., 2020). This is expected when a large number
of studies are included (Lambert et al., 2005). The moderator effect estimates (Supplementary
Table 1) show negligible changes, further demonstrating the robustness of the original model’s

results.
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Supplementary Figure 1 - Trace plots for the original model assessing the convergence of the model.

Each panel represents a different regression coefficient sampled in the model.
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Supplementary Figure 2 - (4) Posterior distribution of the pooled effect size. The black circle
indicates the posterior mean, while the black solid lines represent the 95% Cls. (B) Posterior
distribution of between-study heterogeneity. The black circle indicates the posterior mean, while

the solid black lines represent the 95% Cls. (C) Posterior Predictive Check plot.
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Supplementary Table 1 — Prior sensitivity analysis model results.

Prior Sensitivity Analysis Results

(No smooth terms)

[-95%  u-95%

Param Estimate Est.Error Cl Cl Rhat Bulk_ESS Tail_ESS
Intercept 0.8845 0.4991 -0.0953 1.8740 1.0002 18,5675.0950 14,352.6212
Sprint Repetitions 0.0235 0.0173 -0.0102 0.0578 1.0002 16,841.6352 13,593.8021
Work:rest ratio 0.0182 0.8712 -1.7048 1.7294 1.0004 17,863.9135 13,706.0848
Age (y) -0.0166 0.0068 -0.0300 -0.0031 1.0000 17,346.1557 15,057.6537

'(’xz‘;‘;(‘Z';t‘°"D”'a“°” 0.0520 0.0211 0.0105 0.0929 1.0001 20,044.5571 13,891.5519
Baseline VO2max

. -0.0067 0.0096 -0.0255 0.0125 1.0000 16,802.7164 14,559.9802
(mL/kg/min)

Sprint Duration 0.0152 0.0085 -0.0018 0.0319 1.0001 17,871.4999 14,208.8210
A B
08
4 Model
[ original Model

|| Prior Sensitivity Analysis

06

Density

0.2

0.0

- 0 1 2 3 0.0 02 04 06
Posterior Estimate Between-Study Heterogeneity

suppiemeniary rigure > - (A) r-oslerior density plot Jor original ana dierndatiive prior modaets. (b)

Posterior distribution of between-study heterogeneity for original and alternative prior models.
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Supplementary Table 2 — Sensitivity analysis model results excluding four outlier SIT studies.

Param

Intercept

Sprint Repetitions
Work:rest ratio
Age (y)

Intervention Duration
(weeks)

Baseline VO2Zmax
(mL/kg/min)

Sprint Duration

Estimate

1.1701
0.0343
0.0466

-0.1476

-0.0172

-0.0138

0.0154

<10 sprints sensitivity analysis

Est.Error

0.5019
0.0289
0.0216

0.6734

0.0068

0.0098

0.0095

1-95%
Cl

u-95%

Cl Rhat

0.1816 2.1731 1.0001

-0.0224 0.0926 1.0001

0.0045 0.0889 1.0000

-1.4716 1.1685 1.0001

-0.0304 -0.0041 1.0002

-0.0331 0.0055 1.0001

-0.0032 0.0338 1.0000

Bulk_ESS
19,140.3640

15,727.1787
18,953.7941

22,832.2302

18,971.2687

17,914.8503

21,927.4406

Supplementary Table 3 — Bayesian model results with total weekly sprint time.

Param

Intercept

Total weekly sprint time

Work-rest ratio
Age (yr)
Duration

Baseline VO2

Estimate

1.1585

0.0005

0.1523

-0.0155

0.0487

-0.0066

Total Weekly Sprint Time

Est.Error
0.4791
0.0003
0.6638
0.0066
0.0210

0.0097

1-95% CI u-95% CI Rhat
0.2263  2.1131 1.0007
-0.00017  0.0010 1.0000
-1.1613  1.4500 1.0000
-0.0286 -0.0025 1.0004
0.0076  0.0899 1.0001
-0.0257 0.0125 1.0005

Bulk_ESS
18,670.0527

18,657.4337
23,375.9143
20,275.4224
20,379.1630

19,684.7270

Tail_ESS
14,993.5119
13,727.2170
14,066.5494

14,146.6321

14,855.6803

13,805.0776

14,435.1768

Tail_ESS
14,611.2917
14,617.6132
13,177.0820
15,245.7925
14,317.3501

15,104.6339
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Supplementary Figure 4a - Risk of Bias assessment summary. RoB2.0 tool for randomised trials

(v22.8.2019).
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Supplementary Figure 4b - — Risk of Bias assessment summary. ROBINS-I tool for non-randomised
trials (ROBINS-1V2, 2024).
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Supplementary Figure 4c - Risk of Bias assessment summary. RoB 2 tool for crossover trials (RoB
2,v18.3.2021).
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Study 1D L Lor Qutcome Weight D1 Dz D3 D4 DS Overall
Allemeler 1994 Intervention Control VO2max 1 ' + + ' 1 @ + Low risk
Metcalfe 2012 Intervention Control VO2max 1 + + + 1 1 (D) ! Some concerns
ljichi 2015 Intervention Exercise Control VvOzZmax 1 + + + ' ' @ @ Hinris
Gillen 2016 Intervention Control VO2max 1 + + + ' 1 @
Harris 2014 Intervention Exercise Control VO2max 1 + + + 1 1 @ D1 Randomisation process
Bayati 2011 Intervention Control VO2Zmax 1 + + + ! 1 @ D2 Deviations from the intended interventions
Barnett 2014 Intervention Control vozmax 1 D @ - 1 NO) D3 Missing outcome data
Burgomaster 2008 Intervention Exercise Control VO2max 1 + + + 1 1 @ Da Measurement of the outcome
Hazell 2010 Intervention Control vO2Zmax 1 + + - ' 1 @ DS Selection of the reported result
Hazell 2010 Intervention control VOzmax 1 - -+ - ' 1 (O]
Hazell 2010 Intervention Control VO2Zmax 1 + +* + I 1 @
Astorino 2011 Intervention Control vO2max 1 + + - + 1 @
Shepherd 2013 Intervention Exercise vozmax 1 + + - ' 1 @
ljichi 2015, Intervention Exerdise VO2max 1 + + + ' 1 @
Kiviniemi 2015 Intervention Exercise VO2max 1 ' + - ' 1 @
MeGarr 2014 Intervention Exercise VO2Zmax 1 ' + * ! ' @
Nacalkan 2014 Intervention Exerdise VO2max 1 + + + ! 1 @
Zelt 2014 Intervention Exercise VO2max 1 ' + + ' 1 @
Zelt 2014 Intervention Exercise vO2max 1 ' + + ' 1 @
Burgomaster 2005 Intervention Control VO2max 1 [l + + 1 1 [©)
Burgomaster 2006 Intervention Control VO2max 1 1 + + ' 1 [©)
Bailey 2009 Intervention Control vO2max 1 ' - - ' 1 @
Trilk 2011 Intervention Control VO2max 1 1 + - 1 1 @
Richardson 2014 Intervention Control VO2max 1 + + + 1 1 @
Harmer 2006 Intervention Clinical Exercise vO2max 1 + - - ' 1 @
skleryk 2013 Intervention Control VO2Zmax 1 ' + + ' 1 @
Hellsten-Westing 18 Intervention Control VO2max 1 1 + + 1 1 @
Schubert 2017 Intervention Control vO2Zmax 1 ' + + ! 1 @
Naves 2018 Intervention Exercise VO2max 1 ' + + + ' (D)
Haines 2020 Intervention Exerdise vO2max 1 1 + + 1 1 (D)
Higgins 2016 Intervention Exercise vO2max 1 ' + + ! 1 @
Yamagishi 2017 Intervention control vo2max 1 . - - 1 1 ©)
Yamagishi 2017 Intervention Control VO2max 1 + + + 1 [ @
Cuddy 2019 Intervention Exercise vo2max 1 + + + ! ! @
Metealfe 2020 Intervention Control VO2max 1 + * + 1 + @
Thomas 2020 Intervention Exercise VO2Zmax 1 1 + + ! 1 @
Thomas 2020 Intervention Exercise vo2max 1 ! + + ! ! @
Thomas 2020 Intervention Exercise VOzmax 1 ' & + ! ' @
Nalcakan 2018 Intervention Exercise VO2max 1 + + + 1 [ @
Nalcakan 2018 Intervention Exercise VO2max 1 + + + ! ! @
Aslankeser 2017 Intervention Control VO2zmax 1 ! & + ! ' @
Allen 2017 Intervention Control VO2max 1 + + + 1 1 @
Allen 2017 Intervention Control vo2max 1 + + + ! ! @
Kavaliauskas 2018  Intervention Control VOzmax 1 ' & + ! ' @
Richardson 2016 Intervention Control vO2max 1 1 + + 1 1 @
De Sousa 2018 Intervention Control vo2max 1 1 + o + ! .
De Sousa 2018 Intervention Control VOzmax 1 ' * . + ' .
Tan 2021 Intervention Nutritional VO2max 1 + + + 1 1 @
Olek 2018 Intervention Exercise vO2max 1 + + + ! [ @
Olek 2018 Intervention Exercise VOzmax 1 + * + L L @
Camache-Cardenosa Intervention Control vO2max 1 & & B 1 1 (©)
Broatch 2017 Intervention Ergogenic Aid + Interventic VO2max 1 ' + + 1 [ O]
Thompson 2018 Intervention Ergogenic Aid + Interventic VO2max 1 * * + L ' @
De Smet 2016 Intervention Ergogenic Aid + Interventic VOZmax 1 + + + ' [ @
Little 2019 Intervention Exercise vO2max 1 + + - 1 + @
Muggeridge 2017  Intervention Control VO2max 1 + + + ! ! O]
Wyckelsma 2020 Intervention Ergogenic Ald + Interventic VOZmax 1 1 + + ! [ @
Intervention Exercise VO2max 1 + + + ! 1 ©)
Yamagishi 2019 Intervention Exercise VO2max 1 + + + ! ' @
Oliveira 2022 Intervention Exercise VO2max 1 + * * L 1 @
Digby 2020 Intervention Exercise VO2max 1 + + + ! 1 @
Bostad 2023 Intervention Exercise vo2max 1 ! + + ! + @
Bostad 2023 Intervention Exercise vozmax 1 ' + . 1 RN O]
Opazo-Diaz 2023 Intervention Exercise VO2max 1 + + + ! 1 @
inglis 2024 Intervention Control VO2max 1 + - o 1 1 )
De Poli 2024 Intervention Control VO2max 1 + + . 1 ] @
Colpitts 2021 Intervention Exercise VO2max 1 ' + + ! + @
Colpitts 2021 Intervention Exercise vO2max 1 ' + - 1 + m
Leahy 2022 Intervention Exercise VO2max 1 * + + 1 1 @
Juskeviciute 2024 Intervention Exercise vO2max 1 ' + - ! 1 @
Hebisz 2024 Intervention Control VO2Zmax 1 + + + L] 1 @

Supplementary Figure 4d - Risk of Bias domain-level risk assessment summary (RoB2.0v22.8.2019).
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Supplementary Figure 4e - Domain-level risk of bias assessment. ROBINS-I for non-randomised
studies (ROBINS-1 V2, 2024).
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Chapter 3 - The effect of training frequency on
changes in aerobic power following reduced-
exertion high-intensity interval training (REHIT)

INTRODUCTION

SIT is characterised by repeated, brief, intermittent bursts of ‘all-out’ exercise, interspersed with
periods of active or passive recovery (Hardcastle et al., 2014). As outlined in Chapters 1 and 2,
reductions in sprint duration and sprint repetitions can substantially reduce the volume of SIT
without necessarily attenuating improvements in VO,max. REHIT represents one of the lowest-
volume variants of SIT, typically involving 2x20 s all-out sprints within a 10-min cycling session
(Metcalfe et al., 2012). However, while considerable attention has been given to reducing sprint
volume within individual sessions, comparatively little research has examined whether the weekly
frequency of REHIT sessions can also be reduced without compromising adaptation.

There is a lack of studies investigating the impact of weekly training frequency on the changes in
VOmax in comparison to the influence of intensity (Tripp et al., 2025), especially studies
incorporating SIT (Thomas et al., 2020), where a training frequency of 3 sessions/week is the most
commonly studied SIT protocol in the literature (Vollaard et al., 2017). Thomas et al. (2020) state
that no papers have justified why three sessions per week should be used as the ‘optimal’ training
frequency; Thomas et al. (2020) therefore compared 2, 3 and 4 REHIT sessions (2x20-sec sprints)
per week for 6 weeks. Interestingly, their research demonstrated that performing two sessions of
REHIT induced significant improvements in VO,max (+10.2%), whereas performing 3 (+8.1%) or
4 (+7.3%) sessions did not confer additional benefit. Other SIT studies (Adamson et al., 2019,
Camacho-Cardenosa et al., 2017, Yamagishi and Babraj, 2017) have also reported improvements in
VO>max using a training frequency of two sessions per week. However, the independent effect of
training frequency is difficult to isolate because these studies differ in sprint duration, sprint
repetitions, intervention length and participant characteristics.

Evidence regarding once-weekly training is limited and inconsistent. For example, Chin et al.
(2020) reported significant improvements in VO,max after 8 weeks of once-weekly HIIT (12x1
min intervals at 90% HRR with 1-min active recovery at 70% HRR). Conversely, Lenk et al.
(2025) observed no significant changes following 6 weeks of a once-weekly 4x4-min HIIT
protocol at 90-95% HRmax. However, this group had a relatively high baseline VO,max (53 + 7
mL-kg'-min"), which may have limited the potential for adaptation with such a low stimulus. The
authors reported significant improvements in VO,max in the two- and three-session-per-week
groups (Lenk et al., 2025). Additional evidence suggests that low-frequency training (<2 sessions
per week) can maintain clinically meaningful improvements in VO,max. For example, Nakahara et
al. (2015) demonstrated that a severe-intensity protocol (80% Wmax to volitional fatigue)

performed once per week for 3 months was sufficient to improve VO,max significantly. However,
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given that such protocols are neither time-efficient nor easily tolerated, it is unlikely to be

practically relevant or scalable beyond a lab-based study.

Currently, establishing the most effective and/or easiest exercise interventions to improve
cardiorespiratory fitness is a matter of trial and error (Nalcakan et al., 2018). Therefore, it remains
to be seen whether a training frequency as low as one session/week, combined with the low
exercise volume of REHIT (2x20 s “all-out’ sprints; 3 min active recovery), will elicit similar
health improvements. Thomas et al. (2020) provides the rationale for the present study as they
demonstrated the efficacy of REHIT to improve VO,max after just two sessions/week, this findings
is significant in context to combatting the well documented ‘lack of time’ barrier to exercise
participation (Trost et al., 2002) as reducing the number of training sessions per week from 3, to 2,
substantially reduces the weekly time commitment to exercise, while maintaining clinically
meaningful improvements in VO,max. They also concluded that future research should investigate
whether an even lower training frequency (1 session/week) would be sufficient to elicit similar
improvements in VO,max.

This research would be of significance as reducing the training frequency would have a large effect
on the weekly time commitment to exercise (10 min/week) and since a perceived ‘lack of time’ is a
major barrier to exercise participation, it is possible that lowering the training frequency would
increase the uptake and subsequent adherence to exercise (Thomas et al., 2020). Thus, the present
study aims to determine the effect of training frequency (1 vs. 2 sessions/week) on changes in

VO,max in response to 6 weeks of REHIT in physically inactive individuals.

METHODS

Participants

Apparently healthy, inactive participants were recruited from the University of Stirling and
randomised into one of three groups: either performing the REHIT protocol (Metcalfe et al., 2012)
once per week (REHIT1), twice per week (REHIT2), or a non-exercise control group. Participants
were randomised using the sealed envelope method. Exclusion criteria were age <18 or >40 years
of age, classified as highly physically active according to the International Physical Activity
Questionnaire (IPAQ), answering “yes” to one or more questions on the standard Physical Activity
Readiness Questionnaire (PAR-Q), clinically significant hypertension (>140/>90 mmHg), resting
heart rate of >100 bpm, BMI >35 kg/m?, individuals reporting a positive test for COVID-19, or
pregnancy. Nineteen participants volunteered to take part, but 2 participants withdrew from the
study (Control: n=2) after completing their first incremental cycling test to exhaustion. Participant
characteristics are shown in Table 3.1. All participants voluntarily agreed to participate in the study
after reading the Participant Information Sheet and signing a consent form. Ethical approval was
granted (NICR - 2022 4056 5055) from the University of Stirling Ethics Committee for Research

Involving Human Participants in accordance with the Code of Ethics.
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Experimental Procedure

Participants completed an incremental cycling test to exhaustion on an electronically braked cycle
ergometer (Lode, Excalibur Sport) to determine baseline VO,max one week before commencing
the exercise intervention. Oxygen uptake was measured breath-by-breath using an online gas
analyser (Cosmed, Quark CPET). The test started at an intensity of 50 W. Intensity was increased
by 1 W every 3 seconds until volitional exhaustion was reached. VO,max was determined using a
15-breath rolling average and accepted if >2 of the following criteria were met: a respiratory
exchange ratio >1.15, volitional exhaustion, a plateau in oxygen uptake despite increased intensity,
and/or a heart rate within 10 beats of the age-predicted maximum (220-age). Participants were
asked to refrain from strenuous exercise and/or consuming caffeine or alcohol within 24 hours
before testing. Due to issues encountered with the online gas analyser where it systematically
under-estimated VO,max values. After testing repeatedly at different submaximal values, the online
gas analyser was sent to Italy for repair. Since the direct measurement of VO,max was affected,
maximal aerobic power (Wmax) attained during the incremental cycling test to exhaustion was
used as the outcome measure to determine changes in maximal aerobic power. Wmax was defined
as the highest work rate achieved during the incremental ramp test. Wmax was recorded directly
from the electronically braked ergometer as the highest work rate attained before participants were

unable to maintain the minimum required cadence of 60 rpm despite verbal encouragement.

Participants completed a 6-week exercise intervention of the REHIT exercise protocol. Participants
were randomly allocated to one of three groups (Control, REHIT1, REHIT2) using the sealed
envelope method. Although the current study began with a control group, recruitment had to be
adjusted to the randomisation strategy in response to poor volunteer numbers. To maintain
sufficient numbers for meaningful comparisons between the REHIT intervention groups, allocation
to the control group was discontinued, and participants were then randomised between REHIT 1
and REHIT?2. Participants either performed 1 (REHIT1) or 2 (REHIT2) REHIT sessions per week,
while participants in the Control group were asked to maintain their regular lifestyle for 6 weeks.
The REHIT exercise protocol involved 10 min of unloaded cycling on a mechanically braked cycle
ergometer (Monark, Ergomedic 894e), interspersed with 2x20 s “all-out’ sprints against a resistance
of 7.5% of participants’ body mass. The first sprint began at 1 minute 40 seconds and finished at 2
minutes, and the second sprint began at 5 minutes 40 seconds and finished at 6 minutes.
Participants were asked to cycle as fast as they could in the immediate lead-up (2-3 s) to each
sprint. ‘All-out’ sprint durations started at 10 s in week 1, increased to 15 s in week 2, and further
increased to 20 s for weeks 3-6. Participants in REHIT?2 had at least 1 day of recovery in between

the two weekly sessions. Verbal encouragement was given during each sprint.
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A post-intervention VO,max incremental cycling test was performed 3-5 days after the final
exercise session (REHIT1; 3 = 1 days, REHIT2; 4 + 2 days). RPE (15-point Borg scale) (Borg,
1982), affect (11-point feeling scale (Hardy and Rejeski, 1989)) and felt arousal (Svebak and
Murgatroyd, 1985) were recorded every minute during each exercise session to monitor the
relevant psychological changes of the participants in response to REHIT. All psychological

questionnaire data were collected for analysis as part of a separate PhD project.

Statistical Analysis

Results are expressed as mean values + SD. Statistical analysis was performed using R, and tables
and figures were created in R. A two-way mixed model ANOVA group (REHIT1/REHIT2) x time
(pre-/post-intervention) was used to determine differences between the groups for AWmax.
Significance was accepted at p < 0.05.

A sensitivity power analysis was performed using G*Power 3.1 (Faul et al., 2007) for a repeated-
measures, within-between interaction. Based on the final sample of 14 participants, two groups,
two time points, o = 0.05, 80% power, a pre-post correlation of r = .964, and a nonsphericity
correction of € = 1, the minimum detectable interaction effect was Cohen’s f=0.109 (A = 9.32).
The practical relevance of the changes in Wmax was assessed using the smallest worthwhile
change (SWC). In accordance with Marocolo et al. (2019), the SWC was calculated as 0.6 x
between-participant Wmax SDuascline because the participants had a low fitness level. The baseline

SD across the REHIT1 and REHIT2 groups was 45.2 W, producing an SWC of 27.1 W.

RESULTS

No significant differences were observed between groups at baseline for body mass, BMI, or Pre
Wmax (Table 3.1). Overall mean adherence was not significantly different between the two groups
(98% for REHIT1, 93% for REHIT2). 1 participant missed 1 session from REHIT1 (47/48 sessions
completed), 3 participants missed 1 session, and 1 participant missed 2 sessions from REHIT2
(67/72 sessions completed). There was a significant main effect of time for Wmax, F(1,12) =
12.38, p = 0.004, np* =.508, indicating that Wmax increased from pre- to post-intervention when
both REHIT groups were considered together. However, there was no significant group x time
interaction, F(1, 12) = 0.32, p = 0.580, np* = .026, indicating no clear evidence that the change in
Wmax differed between REHIT1 and REHIT2. Figure 3.1 shows the changes in Wmax from pre-
to post-intervention, which were 9.6 +£ 14.6 W (5.8 £ 8.5%) in REHIT1 and 13.3+7.3 W (7.5 £
4.9%) in REHIT2. The difference between the mean changes in REHIT2 and REHIT1 was 3.7 W
(95% CI: -10.5 to 17.9 W). The mean increases in Wmax in REHIT1 and REHIT?2 did not exceed
the smallest worthwhile change of 27.1 W.
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Table 3.1 — Participant characteristics

REHIT1 REHIT2 Control
N=8 N=6 N=3
Age (y) 23+4 234 20 + 1
Height (m) 1.69 +0.10 1.72+0.15 1.78 £0.15
Body Mass (kg) 67.4+9.1 75.4 +27.9 79.7+6.7
BMI (kg-m™) 236+2.9 24.8 +6.1 254 +42
Wmax (W) 167 + 27 197 + 61 204 + 43

Values shown are mean + SD.
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Figure 3.1 - Group mean and individual data with directional changes in Wmax in

response to 6 weeks of REHIT performed at a training frequency of either once-

(REHITI) or twice (REHIT2) weekly. * p < 0.01 for the main effect of time.
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DISCUSSION

The present study aimed to compare changes in Wmax following six weeks of once- and twice-
weekly REHIT sessions in physically inactive individuals. Wmax was used as the primary outcome
as unforeseen issues with the online gas analyser prevented the reliable direct measurement of
VO,max. Wmax represents the highest external workload that can be sustained during an
incremental exercise test (Kuipers et al., 1987) and is strongly associated with VO,max (Storer et
al., 1990). Nevertheless, it should be interpreted as a measure of maximal aerobic performance
rather a direct measurement of cardiorespiratory fitness.

Wmax increased from pre- to post-intervention when the two REHIT groups were considered
together, as indicated by the significant main effect of time. The mean changes were 9.6 + 14.6 W
in REHIT1 and 13.3 + 7.3 W in REHIT2. However, there was no significant group x time
interaction, and the interaction effect was small (np? = .026). Therefore, there was no clear
evidence that the change in Wmax differed between participants completing REHIT once or twice
per week. The non-significant group x time interaction does not demonstrate equivalence between
the two training frequencies, as a non-significant conventional interaction test cannot provide
evidence that an interaction is absent or negligible (Jabbari and Cribbie, 2022, Altman and Bland,
1995).

The practical importance of the changes was also assessed using the SWC. Following the approach
recommended by Marocolo et al. (2019) for participants with a low fitness level, the SWC was
calculated to be at a threshold of 27.1 W. The mean increases in REHIT1 and REHIT2 groups did
not exceed this threshold. Therefore, although Wmax increased significantly over time, the
magnitude of the mean change within either group did not reach the threshold for what would be
considered a worthwhile improvement.

The finding of no significant group x time interaction in the present study is in contrast to work by
Dalleck et al. (2010), which showed a significant interaction between the frequency of sessions and
peak workload values following 6 weeks of interval training (6-8%30 s sprints at ~110-120% of
peak workload). They showed that the magnitude of Wmax improvements was significantly greater
in the group training twice per week (14.4 £ 8.8 W) compared to once (9.5 = 14.7 W) per week.
The present study demonstrated comparable improvements in Wmax to those reported by Dalleck
et al. (2010), although no significant difference was observed between groups in the current study.
The mean changes in Wmax were numerically similar to those reported by Dalleck et al. (2010),
although the present study did not identify a significant group-by-time interaction. The smaller
sample in the present study (REHIT1, n=8; REHIT2, n=6), compared with Dalleck et al. (2010)
(once-weekly, n = 11; twice-weekly, n = 9), may have contributed to uncertainty in the estimated
between-group difference. However, the differing statistical significance of the findings cannot be
attributed to sample size alone. The sensitivity analysis and confidence interval reported below

provide further context for interpreting this uncertainty.
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Numerically similar mean increases in Wmax were observed following the REHIT intervention
despite a lower weekly exercise time commitment than in Dalleck et al. (2010) (10 and 20
min/week vs. ~30 and ~60 min/week, respectively). However, this descriptive comparison does not
establish equivalent effects between protocols. Furthermore, without an adequately sized non-
exercise control group, the increases observed in the present study cannot be attributed
conclusively to REHIT.

Additionally, differences in baseline Wmax between the two studies complicate comparisons
further, for example, in the present study, the sample population were physically inactive with
substantially lower baseline Wmax values across both groups (167 +£27 W; REHIT1, 197 = 61 W;
REHIT2) compared to the active cohort (279 + 65 W; 1 day/wk, 276 + 42 W; 2 days/wk) studied
by Dalleck et al. (2010). Therefore, the similar improvements observed following a lower total
weekly commitment to exercise in the current study may partly be explained by the fact that
individuals with lower baseline fitness levels typically demonstrate larger proportional gains
following training (Milanovic et al., 2015).

It is well established that exercise intensity strongly influences the increase in VO»max induced by
exercise (MacInnis and Gibala, 2017). The REHIT exercise protocol used in the present study
involved sprints at an ‘all-out’ intensity, which equates to approximately 350% of VO,max (Ito,
2019). In contrast, Dalleck et al. (2010) implemented intervals at ~110-120% of peak workload.
This difference in exercise intensity may partly explain why the current cohort demonstrated
similar improvements in Wmax despite a substantially lower total training volume.

Although a significant improvement in Wmax was observed in the current study across both
groups, this does not always translate into meaningful VO,max gains as evidenced in other SIT
studies (Burgomaster et al., 2005, Dalleck et al., 2010, Kavaliauskas et al., 2017, MacDougall et
al., 1998). This may be due to SIT improving endurance performance, potentially through
peripheral muscular mechanisms such as enhanced metabolic efficiency (Burgomaster et al., 2006)
or increased glycolytic flux (MacDougall et al., 1998), rather than central cardiovascular
mechanisms, which would lead to an improved VO,max.

A sensitivity power analysis provided further context for the non-significant interaction. Based on
the final sample of 14 participants and the observed pre-post correlation, the study had 80% power
at a = .05 to detect a group x time interaction of Cohen’s f = 0.109 or greater. Effects below this
sensitivity threshold may not have been detected. The estimated difference in mean Wmax change
between REHIT2 and REHIT1 was 3.7 W (95% CI: -10.5 to 17.9 W). As the confidence interval
included zero and values favouring either training frequency, there is considerable uncertainty
around the true between-group difference. Therefore, the absence of a significant interaction should
be interpreted as an absence of clear evidence of a difference between the training frequencies,
rather than evidence that once- and twice-weekly REHIT produce equivalent outcomes.

A central limitation was the absence of an adequately sized non-exercise control group. Although a

control condition was included initially, recruitment difficulties meant that randomisation to the
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control group was halted at n=3, and any new volunteers were randomised to either REHIT1 or
REHIT?2 to ensure there were enough participants in the intervention groups for analysis. This
meant the data was insufficient for a reliable inferential comparison. It is therefore impossible to
determine how much of the observed pre to post increase in Wmax was attributable to REHIT.
Alternative explanations include normal day-to-day variations between tests, familiarisation with
the testing protocol, and changes in participant effort or motivation. Therefore, the findings should
be interpreted only as a comparison of the Wmax changes observed following once- and twice-
weekly REHIT, rather than evidence that either frequency was effective relative to no exercise.
There are several other limitations to the present study. Firstly, Wmax was used as the primary
outcome measure, serving as an indirect indicator of maximal aerobic capacity, rather than directly
measured VO,max using an online gas analyser. Although Wmax is highly correlated with
VO,max, particularly during cycle ergometry (Storer et al., 1990), and has been reported to have
acceptable test-retest reliability at the group level (Sorensen et al., 2007), it does not fully capture
all the determinants of aerobic fitness measured directly. Secondly, assessors were non-blinded
during testing, which may have introduced unconscious bias during assessments. For example,
assessors may have been less motivating or unintentionally influenced participants’ efforts during
testing. Given that motivation is a key factor influencing performance during maximal aerobic
capacity testing (Midgley et al., 2018), this could have affected the reliability of Wmax values
achieved during testing. Third, a potential learning effect can’t be ruled out, as none of the
participants had previously experienced a maximal incremental cycling test to exhaustion, which
may have contributed to improved performance during the post-intervention test, independent of
physiological adaptations. There is evidence for such practice effects between the first two
maximal incremental tests (Hopkins et al., 2001), in which non-athletes are less reliable than
athletes. However, others have found no learning effects in healthy, recreationally active adults
(Dideriksen and Mikkelsen, 2017). Without an adequately sized control group or repeated baseline
measurements, the extent to which familiarisation contributed to the observed changes cannot be

established.

The findings of the current study contribute to the body of research aimed at identifying the
minimal amount of exercise required to elicit meaningful health improvements in the ever-growing
physically inactive population. Establishing the lowest dose of exercise that provides sufficient
stimulus for such improvements has important real-world implications for promoting physical
activity in the general population, particularly for those who perceive a lack of time as a major
barrier to regular exercise participation. Demonstrating that performing a single 10-minute REHIT
session per week can significantly improve maximal aerobic capacity — the best predictor of overall
health and disease risk — would provide further support for the recommendation of very low-
volume, time-efficient exercise in public health and real-world interventions aimed at improving

health and long-term adherence to exercise.



Matthew Hutchinson: PhD Thesis

Future research should address the methodological limitations encountered in the present study.
First, the required sample size should be determined prospectively, with an additional allowance
for dropouts. Participants should be allocated using a prespecified stratified randomisation
procedure to improve balance in important baseline characteristics across REHIT1, REHIT2 and
control. Baseline VO,max should be used as the stratification variable. The allocation procedure
and planned response to recruitment difficulties should be specified before recruitment and should
not be altered in response to emerging group sizes.

If recruitment of an adequately sized control group is not feasible, future research should consider
incorporating a no-exercise control period before the intervention so that each participant can act as
their own control. Participants could complete a familiarisation test followed by two baseline
assessments separated by a period in which they maintain their usual lifestyle. They could then be
stratified according to baseline VO,max and randomised to REHIT1 or REHIT2. Comparing each
participant’s change during the control period with their change during the intervention would help
distinguish changes related to the intervention from test-retest variability and familiarisation.
Furthermore, direct measurement of VO,max should be used to assess changes in cardiorespiratory
fitness reliably with contingency arrangements in place before data collection commences in case
of equipment failure. Additionally, future research should incorporate assessor-blinding during
testing procedures to minimise potential bias and include familiarisation sessions prior to baseline
testing to potentially reduce any learning effect of the maximal incremental tests, which may be
more important for physically inactive cohorts with no previous experience of maximal testing.

In conclusion, Wmax increased over time in participants allocated to once- and twice-weekly
REHIT, but there was no clear evidence that the magnitude of change differed between the training
frequencies. The mean change in neither group exceeded the SWC calculated as 27.1 W.
Furthermore, because an adequately sized control group was not available, the observed changes
cannot be attributed conclusively to REHIT. These findings should therefore be regarded as
preliminary and do not provide sufficient evidence to recommend once-weekly REHIT as

equivalent or superior to twice-weekly REHIT sessions.
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Chapter 4 - Improvements in aerobic fitness with
exercise training: the role of myokines

INTRODUCTION

Considerable interindividual variability exists in the magnitude of improvement in VO,max
following a standardised exercise intervention, as discussed in Chapter 1. Although genetic factors
contribute substantially to this variability, the molecular mechanisms through which these
differences translate into physiological adaptations remain poorly understood (Bouchard et al.,
1999, Keller et al., 2011). Improvements in VO,max are considered to be primarily limited by
central adaptations that increase oxygen delivery, including increases in blood volume and
maximal cardiac output (Lundby et al., 2017). However, peripheral adaptations that improve the
extraction and utilisation of oxygen within skeletal muscle also contribute substantially to the
improvement in VO,max following training (Joyner and Lundby, 2018, Skattebo et al., 2020).
Despite extensive knowledge of the training adaptations that underpin improvements in VO,max
following standardised exercise interventions, there remains a lack of understanding of the
mechanisms/pathways that mediate the VO,max-enhancing adaptations, whether central or
peripheral. Differences in molecular signalling within skeletal muscle may contribute to the
regulation of both central and peripheral adaptations and identifying signals that differ according to
the degree of VO,max responsiveness may provide insight into why some individuals demonstrate
substantially greater improvements following the same training stimulus.

One potential mechanism linking skeletal muscle activity with exercise-induced adaptations is the
production and release of myokines. Steensberg et al. (2000) were the first to demonstrate that
skeletal muscle is a secretory organ with endocrine functions, building on this work, they later
defined any such protein that is released from the skeletal muscle and exerts either endocrine,
paracrine, or autocrine effects, as a “myokine” (Pedersen et al., 2003, Severinsen and Pedersen,
2020). Myokines have also been shown to mediate crosstalk between active and inactive muscle, as
Catoire et al. (2012) reported changes in gene expression in the exercising and non-exercising legs
following one-legged endurance exercise. This supports the idea that myokines may modulate
VO,max. Efforts have been made to identify all myokines that are secreted from skeletal muscle,
along with details of their specific functions (Catoire et al., 2014, Hartwig et al., 2014, Norheim et
al., 2011, Pourteymour et al., 2017, Raschke et al., 2013), giving the term “myokinome”, which
now contains information on over 650 myokines (Khan and Ghafoor, 2019). However, there is still
work to be done in determining each myokine’s specific function(s).

The rationale for the selection of the candidate myokines in the current study was derived primarily
from the findings of Keller et al. (2011) and Catoire et al. (2014). Keller et al. (2011) used gene
ontology analysis to identify a training response transcriptome associated with the magnitude of
improvement in VO,max following endurance training. A total of 86 genes were regulated

differently between individuals demonstrating smaller and larger improvements in VO,max, with
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the genes more strongly regulated in the high-response group being associated with cardiovascular
and tissue development. Catoire et al. (2014) used secretome analysis to identify approximately 70
putative myokines that were regulated in skeletal muscle following 12 weeks of combined
endurance and resistance training. When the findings of the two studies were compared, 13 genes
that differed according to the magnitude of VO,max improvement also encoded putative myokines
that were responsive to exercise training. This overlap was greater than expected by chance and
provided the primary rationale that the regulation and release of specific myokines may contribute
to differences in VO,max adaptation.

Several of the candidate myokines selected for investigation have known or proposed functions
associated with the extracellular matrix and vascular remodelling. COL4A1, COL4A2 and
COLIVa represent components of extracellular matrix, while LAMA4 encoded laminin-o4, which
is involved in micro vessel maturation (Catoire et al., 2014, Thyboll et al., 2002). CTHRCI has
been implicated in vascular remodelling (Wang et al., 2023), while SPARC is an extracellular
matrix associated protein which has also been implicated in the development of erythroid
progenitor cells (Luo et al., 2012, Hartwig et al., 2014). Furthermore, KDR encodes VEGFR2, a
major receptor involved in VEGF signalling and therefore provides a potential link with exercise-
induced angiogenesis (Holmes et al., 2007). These processes are relevant to VO,max because
capillarisation and vascular remodelling may improve oxygen delivery and utilisation within
skeletal muscle, although the direct involvement of these myokines in determining VO,max
adaptation has not been established. Keller et al. (2011) identified MHCC to provide a possible
connection with the wider training-response network as it has been proposed to modify insulin and
IGF2 receptor activity (Naranda et al., 1997). Whereby IGF2 has been shown to be a key regulator
of human satellite cell proliferation, differentiation, and mitochondrial bioenergetics (Voshtani et
al., 2025). BDNF is a recognised exercise associated protein and appears to play a role in the
activation of AMPK and increased fat oxidation (Matthews et al., 2009), along with mitochondrial
biogenesis (Wood et al., 2018).

Three additional exercise-responsive proteins, CCL21, VEGF-C and THBS4, were included as
comparator myokines. These proteins have previously been identified as being regulated by
skeletal muscle contraction and/or exercise training, but were not among the 13 myokines
identified from the overlap between the VO,max response transcriptome and exercise-responsive
secretome described above (Catoire et al., 2014). Their inclusion therefore allowed the current
study to investigate whether any associations with the magnitude of VO,max adaptation were
specific to the candidate myokines, rather than reflecting a general response among exercise-
regulated proteins.

Taken together, these findings provide a plausible basis for myokines contributing to
interindividual variability in VO,max adaptation. Individuals demonstrating greater improvements
in VO,max may exhibit greater regulation and/or release of specific exercise-responsive myokines,

which could provide a stronger stimulus for vascular, metabolic or structural adaptation. Therefore,
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the present study aimed to investigate whether training-induced changes in the plasma
concentrations of selected myokines were associated with differences in the magnitude of
improvement in VO,max following exercise training. Identifying the factors that determine
heterogeneity in response to training is important for overall public health and further establishing
the not-yet-fully-understood molecular links between exercise and disease prevention via improved
VO,max can only strengthen the public health message that exercise is medicine (Whitham and

Febbraio, 2016).

METHODS

Participants

Apparently healthy, untrained male participants were recruited from the University of Stirling
(n=22). Two participants withdrew from the study due to illness, leaving 20 participants in the final
sample. Exclusion criteria were <18 or >40 years of age, classification as highly physically active
on the International Physical Activity Questionnaire (IPAQ), answering “yes” to one or more
questions on the standard Physical Activity Readiness Questionnaire (PAR-Q), resting blood
pressure >140/>90 mmHg, resting heart rate of >100 bpm, BMI >35 kg/m?, a personal history of
metabolic or cardiovascular disease, or female participants due to the unknown effects of the
menstrual cycle on the levels of measured myokines. Participant characteristics are shown in Table
4.1. All participants voluntarily agreed to participate in the study after reading the Participant
Information Sheet and signing an informed consent form. Ethical approval was granted

(NICR - 2023 14437 11229) from the University of Stirling Ethics Committee for Research

Involving Human Participants in accordance with the Code of Ethics.

Experimental Procedure

VO:max assessment

All participants completed an incremental cycling test to exhaustion on an electronically braked
cycle ergometer (Lode, Excalibur Sport) to determine baseline VO,max. Oxygen uptake was
measured breath-by-breath using an online gas analyser (K5, Cosmed, Banbury, UK). The test
started at an intensity of 50 W; intensity was increased by 1 W every 3 seconds until either
volitional exhaustion or inability to maintain a pedalling frequency of >60 rpm was reached.
VO,max was determined using a 15-breath rolling average and accepted if >2 of the following
criteria were met: a respiratory exchange ratio>1.15, volitional exhaustion, a plateau in oxygen
uptake despite increasing intensity, and/or a heart rate within 10 beats of the age-predicted
maximum (220-age). Participants were asked to refrain from strenuous exercise and from
consuming caffeine or alcohol within 24 hours of testing. Verbal encouragement was given

throughout.
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Blood samples were collected twenty-four hours after the pre- and post-intervention VO,max tests,
following an overnight fast, during which only water was permitted. The post-intervention VO,max
test was completed, where possible, 3 days after the final REHIT session, meaning that the post-
intervention blood sample was collected ~4 days after the final training session. The blood
sampling timeline was chosen to determine whether the REHIT intervention resulted in sustained
changes in circulating myokine concentrations, rather than measuring the transient response to an
individual training session. A 10 mL venous blood sample was collected from an antecubital vein
into a 10 mL lavender Vacutainer tube (Becton Dickinson, BD, UK) containing K2EDTA
anticoagulant. Blood samples were immediately placed into ice and taken to the lab for analysis.
Haemoglobin concentration was measured by depositing 10 pL of venous blood into a
microcuvette which was then placed into a portable analyser (HemoCue Hb 201+, HemoCue Ltd,
Angelholm, Sweden). Haematocrit was determined in triplicate using the microhematocrit packed
cell volume method. EDTA-anticoagulated whole blood was drawn into three microhematocrit
capillary tubes, which were sealed at one end and centrifuged at 12,000 g for 5 minutes. The
packed cell volume was measured using a microhematocrit reader (Hawksley & Sons Ltd, Sussex,
UK), and the modal value was used in the subsequent analysis. The remaining blood was
centrifuged at 1500 g for 10 min at 4°C. Samples were stored at -80°C until all participants had
completed the study.

The percentage change in plasma volume between the pre-and post-training samples was estimated

from haemoglobin and haematocrit values using the equation of Dill and Costill (1974).

APV (%) = 100 X [(Hbye/Hbyog) X (100 — Hetyog) /(100 — Hetye) — 1]

Where Hb represents haemoglobin concentration and Het represents haematocrit.

Post-intervention myokine concentrations were corrected for changes in plasma volume using the

calculated percentage change in plasma volume.

Mpyokine selection

The candidate myokines were selected based primarily on the findings of Keller et al. (2011) and
Catoire et al. (2014). Keller et al. (2011) identified a training-responsive skeletal muscle
transcriptome associated with improvements in aerobic capacity. These data were compared with
exercise-regulated putative skeletal muscle secretome reported by Catoire et al. (2014), resulting in
13 overlapping candidate genes. The myokines selected for analysis were COL4A1, COL4A2,
COLIVa, CTHRCI1, LAMA4, MHCC, SPARCL1, VEGFR2, and BDNF. Three additional
exercise-responsive myokines, CCL21, VEGF-C and THBS4, were included as comparator
controls. CCL21 has previously been identified as a contraction regulated protein released by
cultured human skeletal muscle cells, while THBS4 and VEGF-C have been identified as exercise-

regulated candidate secretory proteins (Raschke et al., 2013, Catoire et al., 2014, Pourteymour et
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al., 2017). Unlike the primary candidate myokines, these three proteins were not identified from the
VO,max-response transcriptome and the exercise-training secretome. They were therefore included
to determine whether associations with VO,max responsiveness were specific to the selected
candidate myokines.

Myokine analysis

Plasma concentrations of the selected myokines were quantified using two magnetic bead-based
multiplex immunoassays on a Luminex platform running xPONENT software (version 4.2.1509.0).
BDNF, CCL21, COLIVa, VEGF-C and VEGFR2 were analysed using a customised five-analyte
Human Luminex Discovery Assay (LXSAHM-05; lot L152628; R&D Systems, Minneapolis,
USA). A sample volume of 70 uL was used and concentrations were expressed in pg/mL.
COL4A1, COL4A2, CTHRC1, LAMA4, MHCC, SPARCL1 and THBS4 were analysed using a
Cloud-Clone magnetic bead-based multiplex assay (IS135; lot L2; Cloud-Clone Corp., Wuhan,
China). A sample volume of 70 puL. was used and concentrations were expressed in ng/mL. Both
assays were carried out in 96-well plates according to the manufacturers’ instructions. Before
analysis, the plasma samples were thawed at room temperature and mixed gently by inversion.
Each plasma sample was prepared and analysed in duplicate, the average value being used for each
participant, with a minimum count of 50 beads per analyte. NID was also selected for analysis but

had to be excluded due to a technical error.
REHIT intervention

Participants completed 6 weeks of reduced-exertion high-intensity interval training (REHIT),
performing three sessions per week. The exercise sessions involved 10 minutes of unloaded cycling
interspersed with 2 'all-out' sprints. During week 1, the sprint duration was 10 seconds, increasing
to 15 seconds in week 2 and to 20 seconds in weeks 3-6. The all-out sprints were performed against
a resistance of 7.5% of the participant's body mass. Sprints finished at 2 minutes and 6 minutes into
the 10-minute session. Participants who missed more than three training sessions were excluded
from the data analyses. After the 6 weeks, participants were asked to perform a second VO,max
test 2-5 days after the last REHIT session (2.9 £+ 0.4 days) to determine the effect of training under
the same conditions as the baseline VO,max test. Twenty-four hours after the VO,max test and
following an overnight fast, a post-training venous blood sample was taken and analysed as
described above. Participants were ranked from low to high based on their improvement in
VO,max and designated to either the high, medium, or low responder group.

Power output and cadence were recorded during each REHIT session. Peak power relative to body
mass (Wkg') and maximum cadence (rpm) were obtained for each of the two sprints. For the
comparison between the first and final training sessions, the values from the two sprints were
averaged to provide one value per participant for each session. Peak power relative to body mass
was selected as the primary power measure to account for differences in body mass between

participants, while maximum cadence was examined to determine whether participants were able to
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generate a sufficient sprint effort. Cadence was examined as a secondary measure of sprint
performance. Missing power or cadence values were not imputed. Training heart rate data were
unavailable and therefore could not be included in the analysis.

To provide a measure of the training stimulus achieved across the intervention, mean training peak
power relative to body mass was calculated for each participant. Peak power values from the
available sprints were initially averaged within each training session, after which the session values
were averaged across the intervention to provide one mean training peak power value per

participant.

Statistical Analysis

Results are expressed as mean values + SD. Statistical analyses were performed using R and
Jamovi, while tables and figures were created in R. Differences between pre- and post-training
VO,max and Wmax were initially examined using paired sample t-tests. Participants were divided
into three groups based on individual VO,max response to training (low/medium/high responders).
A two-way mixed model ANOVA with group (High/Medium/Low) % time (pre-/post-intervention)
was used to determine differences between groups in changes in each myokine. To determine
whether any differences in the myokine response were influenced by the training stimulus achieved
during the intervention, the analysis was repeated as a two-way mixed ANCOVA with mean
training peak power relative to body mass included as a covariate.

Changes in peak power relative to body mass and maximum cadence were examined using separate
two-way mixed ANOVAs, with session as the within-participant factor and responder group as the
between-participant factor. The session-by-responder-group interaction was used to determine
whether changes in training performance differed between the low, medium and high responders.
Pearson’s correlation coefficient was used to assess bivariate correlations between AVO;max and
myokine responses. Significance was accepted at p<0.05.

An a priori power calculation was performed for the planned comparison between the low- and
high-responder tertiles. In the absence of directly comparable estimates for changes in circulating
concentrations of the selected myokines, the calculation assumed a large standardised mean
difference of 1.5 pooled within-tertile SDs between the low- and high-responder groups. This
assumption was informed by the substantial differences in training-responsive skeletal muscle gene
expression previously reported between extreme VO,max response groups (Keller et al., 2011),
rather than by established estimates of circulating myokine responses. Using a two-sided
significance level of o = 0.05, eight participants in each extreme tertile (low vs high responder
groups) provided 80% power to detect an effect of this magnitude. Equal allocation across the low-,
medium- and high-responder tertiles therefore produced a planned total sample size of 24

participants.
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RESULTS

Overall mean adherence for the REHIT sessions was 97% (348/360 sessions completed). Across
the full sample, VO,max increased significantly by 6.6 = 9.3% (p = 0.007; Table 4.2). Wmax
increased from 245.8 £ 64.6 W before training to 268.1 + 61.6 W, representing a mean increase of
22.3+16.8 W (10.3 £9.4%; p<0.001). No significant overall changes were observed for any of the
myokines (Table 4.2). After designation to a group based on A%VO,max response, the mean

A%V Os,max for each group was as follows: high responder group 14.6 £ 5.7%; medium responder
group 5.8 = 2.0%; low responder group -3.2 £ 4.5%. The mean Wmax changes according to
VO,max response groups were as follows: high responder group 28.6 + 17.6 W; medium responder
group 19.0 £ 8.8 W; low responder group 16.1 + 18.1 W. There was no significant difference in
Wmax change between the responder groups. A significant group-by-time interaction effect was
observed for LAMA4 (p = 0.029); however, post hoc comparisons did not reveal any significant
pairwise differences between groups. After mean training peak power relative to body mass was
included as a covariate, the time-by-responder-group interaction for LAMA4 remained significant
(p=.041). There was no significant time-by-mean-training-peak-power interaction for LAMA4
(p=2902), indicating that the change in LAMA4 was not associated with the power produced during
training.

No significant interactions were found for any other myokine (Figure 4.1). Supplementary Table
1 shows the relationships between changes in VO,max and each myokine; none were statistically
significant.

Complete peak power and cadence data from the first and final training sessions were available for
18 participants (low responders, n=6; medium responders, n=3; high responders, n=9). Peak power
relative to body mass was 9.47 + 1.13 W-kg™! during the first session and 9.55 + 1.04 W-kg™
during the final session. There was no significant effect of session (F(1,15)=0.33, p=.571),
responder group (F(2,15)=0.02, p=.982), or session-by-responder-group interaction (F(2,15)=0.19,
p=-826). The change in peak power was —0.03 + 0.41 W-kg™! in the low responders, 0.31 £+ 0.69
W-kg™! in the medium responders and 0.07 + 0.95 W-kg™' in the high responders.

Maximum cadence increased from 157.8 + 17.1 rpm during the first session to 166.3 + 13.3 rpm
during the final session, with a significant main effect of session (F(1,15)=4.97, p=.041). There was
no significant main effect of responder group (F(2,15)=1.25, p=.316) or session-by-responder-
group interaction (F(2,15)=0.04, p=.958). The increase in maximum cadence was 8.7 = 15.9 rpm in
the low responders, 6.4 + 5.6 rpm in the medium responders and 9.0 + 13.9 rpm in the high
responders. These findings provide no evidence that the low responders produced a lower relative
peak power or were unable to generate a sufficient sprint cadence. However, this analysis was
limited by the absence of final-session data for two participants (low responder n=1, medium

responder n=1).
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Table 4.1 - Participant Characteristics (n=20)

Age (y) 25+5
Height (m) 1.76 £ 0.07
Body Mass (kg) 771 +£12.6
BMI (kg-m?) 247 +34
VO,max (L-min) 3.10+0.80
VO,max (mL-kg'-min) 403 +7.1

Wmax (W) 246 + 65

Values shown are Mean + SD

Table 4.2 - pre-to post-intervention changes in VO.max and plasma myokine concentrations.

. Pre
Variable P value
Post
Pre VO,max (L-min) 3.10 £ 0.80 i
Post VO,max (L-min") 3.28+0.73 '
Pre VO,max (mL-kg™*-min) 40.3+7.1 0.001%
Post VO,max (mL-kg'-min") 426 +6.9 '
Pre COL4a1 (ng/mL) 7.60 £+ 8.57 0,328
Post COL4a1 (ng/mL) 8.57 +2.82 '
Pre COL4a2 (ng/mL) 13.64 + 14.98 0255
Post COL4a2 (ng/mL) 9.86 +4.83 '
Pre CTHRC1 (ng/mL) 1.26 £2.17 0.303
Post CTHRC1 (ng/mL) 0.77 + 0.41 '
Pre LAMa4 (ng/mL) 6.05 + 2.57 0.624
Post LAMa4 (ng/mL) 6.35 + 1.67 '
Pre MHCC (ng/mL) 0.12+£0.21
Post MHCC (ng/mL) 0.08 + 0.06 Eadla
Pre SPARCL1 (ng/mL) 1.30+2.65 0.269
Post SPARCL1 (ng/mL) 0.64 + 0.44 '
Pre THBS4 (ng/mL) 0.18 £ 0.30 0318
Post THBS4 (ng/mL) 0.11+0.06 '
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Pre BDNF (pg/mL) 496.9 + 697.2 0.495
Post BDNF (pg/mL) 657.4 £ 873.8 '
Pre CCL21 (pg/mL) 353.4 £ 106.6 0.147
Post CCL21 (pg/mL) 340.3 £102.7 '
Pre COLIVa (pg/mL) 557.8 +294.3 0.989
Post COLIVa (pg/mL) 557.6 + 267.7 '
Pre VEGF-C (pg/mL) 193.5 + 165.6 5295
Post VEGF-C (pg/mL) 230.8 £ 193.5 '
Pre VEGFR2 (pg/mL) 8958.8 £ 2974.5 0.129
Post VEGFR2 (pg/mL) 8625.9 + 2989.2 '

Values shown are Mean + SD. *Denotes significance.

Table 4.3 - Peak power relative to body mass and maximum cadence during the first and final

REHIT sessions.

Measure Group n 1% Session Final Session Change

Peak power (W-kg™) Overall 18 9.47+1.13
Low 6 9.46+1.23
Medium 3 9.34+0.97

High 9 9.52+1.24

9.55+1.04 0.08+0.74
9.43+1.32 —0.03+0.41
9.65+0.27 031£0.69

9.59+1.07 0.07+0.95

Maximum cadence (rpm) Overall 18 157.8 +17.1
Low 6 164.8+23.1
Medium 3 1544 +16.1

High 9 154.2+13.0

166.3+13.3 85+13.0
173.5+183 8.7+159
160.8+13.6 6.4+5.6

163.2+75 9.0+13.9

Values shown are mean + SD.



Matthew Hutchinson: PhD Thesis

Percentage Change (%)

BDNF ccL21 COL4A1 COL4A2
3004
4000 4
204
2004 200
2000 1
04 1004
/\
0+ 04
01— -204
-1004 \/
-2000- 40 200
COLIVa CTHRC1 LAMA4 MHCC
80
1000 4
404 100 4
5004
5004
0- A
0 -
04 04
-40 4
SPARCL1 THBS4 VEGFC
7504 254
| 3000 4
5004 6 50071
2000 04
4 2504
250 A J\
1000 4
04 04 -251
04 ‘ &
-250 4 -250 4 -1000 4
T T T T T T T T T -50 T T T
NS ‘wc\o‘“ et N \x\e&o“‘ st N “\ed‘“«\ et N “\e‘\‘“‘“ at

Responder Group

Figure 4.1 - Percentage change in blood myokines across high, medium and low VO2max responder
groups. Each shape represents the group distribution, and each box displays the median and
interquartile range. LAMA4 High: n=8;, LAMA4 Medium: n=3. THBS4 High: n=8. CCL21 High:
n=8. COLIVa High: n=38.
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DISCUSSION

The present study aimed to determine whether there were differences in the responses of specific
exercise-induced myokines between low- and high-VO,max responders. The main finding of this
study is that there is no effect on the association between the magnitude of the response for
VO,max and changes in any of the exercise-induced myokines. The lack of a significant finding in
the current study may be due to several factors. First, the myokines selected for investigation in the
current study may not play a role in changes in VO,max with SIT. Second, the myokines chosen
for analysis were selected because their encoding genes are differentially regulated between high-
and low-responders to exercise (Catoire et al., 2014, Keller et al., 2011). However, it has been
shown that an increase in mRNA expression does not always correspond with a concomitant rise in
plasma myokine levels (Geiger et al., 2013). This discordance may exist because many myokines
have been noted to exert autocrine or paracrine effects within the muscle environment, whereby the
muscle cells uptake the myokines rather than being released in sufficient amounts to influence
circulatory plasma levels (Garneau et al., 2024, Matthews et al., 2009, Pedersen and Febbraio,
2012, Safdar et al., 2016).

Furthermore, the pattern of myokine release is highly dependent on exercise modality and intensity,
as evidenced by Little et al. (2018), who showed greater overlap in myokine profiles between a
single bout of endurance exercise and chronic wheel running than between an exhaustive sprint and
either condition in rats. As the myokines examined in the current study were selected based on
findings from endurance exercise protocols (Catoire et al., 2014, Keller et al., 2011), while the
current study implemented an ‘all-out’ sprint interval training protocol, differences in exercise
mode may have contributed to the absence of significant changes in plasma myokine
concentrations. Further evidence to support this point comes from research that has shown BDNF
to be significantly elevated following higher intensity exercise (Dinoff et al., 2017, Szuhany et al.,
2015), highlighting a positive correlation between exercise intensity and the magnitude of
increases, which is in contrast to research implementing endurance exercise (Catoire et al., 2014),
where no significant changes were found. Similarly, no significant change in serum SPARC was
detected following acute supramaximal exercise (Songsorn et al., 2017). However, a meta-analysis
(Bettariga et al., 2024) reported increased SPARC plasma concentrations following acute
endurance exercise (50-70% VO,max). Future studies should examine the association between
changes in VO,max and changes in myokine levels in response to endurance training, as this was
the exercise modality in the original studies (Catoire et al., 2014, Keller et al., 2011) that identified
the myokines to be explored in the current study.

The absence of change in any of the myokines in the current study may be explained by the timing
of blood sample collection. Given that many myokines exhibit transient increases in circulating
plasma during / immediately after exercise, they typically return to baseline levels between 180
min and 24 h post-exercise (Bettariga et al., 2024, Garneau et al., 2020, Szuhany et al., 2015).

Since the current study collected blood samples 24 hours after an incremental test to exhaustion but
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~4 days after their final SIT bout, any significant changes that may have existed may have
remained undetected. It is important to note that the detectability of these responses depends on the
specific half-life of each myokine and on how long their mRNA expression remains elevated post-
exercise, both of which can vary considerably between myokines (Garneau et al., 2020, Kuang et
al., 2022).

Nevertheless, this does not mean the selected myokines played no role in mediating adaptations
that may have led to improvements in VO,max. It may be that SIT does not result in chronic
adaptations that alter the resting levels of plasma myokines but instead increases the magnitude of
each myokine's responsiveness. For example, in a meta-analysis investigating the effects of
exercise on BDNF (Szuhany et al., 2015), the authors found that each episode of exercise results in
a ‘dose’ of BDNF activity, with the magnitude of this ‘dose’ enhanced by regular exercise but not
maintained at a chronically elevated level. As the magnitude of exercise-induced myokine release
is stated to be highly variable between individuals (Bettariga et al., 2024), it is plausible that high
responders for VO,max release larger amounts of specific myokines — potentially those measured
in the current study - as part of an adaptive response to training, compared with low responders.
For example, if high responders exhibit a greater post-exercise increase in LAMAA4, a protein
thought to play a role in vascular and basement-membrane remodelling (Knoll et al., 2007, Stenzel
etal.,, 2011, Thyboll et al., 2002), a higher uptake of this protein within the muscles could increase
the stimulation of the mechanisms responsible for adaptations such as angiogenesis (Thyboll et al.,
2002), which may then lead to greater improvements in VO,max compared to low responders.
Taken together, the proposed mechanisms by which the selected myokines might contribute to
training adaptations remain speculative, given that no significant between-group differences were
observed for any of the myokines.

Several methodological considerations may have influenced the results of this study. First, the
selection of myokines was based on transcriptomic differences observed in endurance exercise
protocols (Catoire et al., 2014, Keller et al., 2011), whereas the present study intervention used an
‘all-out” REHIT intervention. Since myokine release varies across exercise modalities and
intensities (Little et al., 2018), the chosen panel may not have captured the most responsive
proteins for this type of training.

Second, the timing of blood sampling was selected to investigate whether REHIT resulted in a
sustained elevation in circulating myokine concentrations, rather than the short-lived response to an
individual exercise session. A strength of this approach was that the post-intervention samples were
collected ~4 days after the final REHIT session, which reduced the likelihood that the results were
determined by the immediate response to the final training bout. Collecting both samples 24 hours
after the same VO,max test and following an overnight fast also provided some standardisation
between the pre- and post-intervention measurements. However, many myokines reported in the
literature exhibit rapid elevations immediately after exercise, returning to baseline within hours

(Bettariga et al., 2024, Garneau et al., 2020, Szuhany et al., 2015). Therefore, any transient
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differences in circulating concentrations may have been missed. The use of a single sampling
timepoint also means that the absence of significant changes does not rule out a role for the
selected myokines in training adaptation, it only indicates that sustained differences were not
detected at the selected sampling time.

Third, the use of resting plasma concentrations may not adequately reflect the physiological
processes by which the selected myokines underpin training adaptations. Several myokines exert
autocrine or paracrine effects locally within the muscle environment (Pedersen and Febbraio, 2012,
Safdar et al., 2016), meaning that measuring systemic levels may not accurately reflect their
influence on adaptation. This limitation is compounded by the fact that, to our knowledge, the
circulatory responses of several of the selected myokines to SIT have not yet been investigated,
making it unclear whether they are released in sufficient quantities to be detected in plasma.
Finally, inter-individual variability in both myokine responsiveness (Bettariga et al., 2024,
Whitham and Febbraio, 2016) and VO,max adaptations may require larger sample sizes to detect
differences and reveal associations between the two.

Although the current study indicates that a 6-week SIT intervention does not lead to chronic
changes in resting circulatory levels of the selected myokines, even in high responders to exercise,
this does not rule out their role in driving adaptations that mediate improvements in VO,max. Since
maximal exercise capacity is the most powerful predictor of mortality (Imboden et al., 2019), and
the role of these myokines in response to exercise remains poorly understood, further investigation
is warranted. Improving our understanding of their role in adaptations to VO,max with exercise
may enable improved personalised lifestyle advice and the development of novel drug targets.
Therefore, future studies should use a repeated acute-exercise sampling design to distinguish
chronic changes in the acute myokine response to exercise. Before the intervention, a resting blood
sample should be collected immediately before the baseline VO,max test, followed by samples
immediately after the test and during recovery, for example at 1, 3 and 24 hours. The same
sampling schedule should then be repeated around the post-intervention VO,max test, using the
same time of day and fasting conditions. The post-intervention test should also remain separated
from the final training session to prevent the acute response to the final REHIT session influencing
the resting measurement. This design would allow resting concentrations to be compared before
and after training, while also determining whether training altered the magnitude or time course of
the acute myokine response. It would therefore be possible to examine whether high VO,max
responders exhibit a greater exercise-induced release of specific myokines than low responders,
even if their resting concentrations remain unchanged. Additionally, where feasible, muscle
biopsies collected alongside selected blood samples would also help determine whether changes in
circulating concentrations reflect altered expression or uptake in skeletal muscle.

Female participants should also be included in future research rather than being excluded because
of uncertainty surrounding the effects of the menstrual cycle. A direct extension of the present

study could initially recruit naturally menstruating women, where cycles could be tracked for at
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least two months before testing to assist with scheduling, the cycle phase should also be confirmed
retrospectively using circulating oestradiol and progesterone (Janse De Jonge et al., 2019). The pre-
and post-intervention VO,max tests and blood sampling should be completed during the same
menstrual-cycle phase where possible (Elliott-Sale et al., 2021). For example, participants could
complete baseline VO,max testing and blood sampling during the early follicular phase of one
cycle. The start of the intervention would then be individually scheduled so that the participant
completed 18 sessions over six weeks, with the final session occurring 2-5 days before the
equivalent phase two cycles later. For participants using hormonal contraception, the type and
formulation should be recorded, and testing should occur during the same active or inactive phase
of contraceptive use at baseline and follow-up (Elliott-Sale et al., 2021). If matching menstrual or
contraceptive phase is not possible, hormone concentrations could be measured and included in the
statistical analysis. The sample size should be sufficient to examine whether sex or ovarian
hormone status modifies the myokine response to exercise.

In conclusion, the present study found no evidence that differences in VO,max responsiveness are
associated with changes in select resting plasma myokine concentrations following 6 weeks of
REHIT. This finding may reflect the choice of specific myokines analysed, the exercise modality
used, and limitations related to the timing of blood sampling and the assay's sensitivity in detecting
changes. The study highlights the complexity of attributing molecular signalling pathways to
tangible aerobic adaptations. Importantly, the results reinforce the need for future research to
classify modality-specific myokines further, establish the nature of the function of exercise-induced
myokines, i.e., autocrine, paracrine, or endocrine, and combine plasma and muscle assessments to
examine whether the magnitude of acute myokine response contributes to inter-individual variation
in training-induced improvements in VO,max. Understanding these relationships will be essential
for advancing personalised exercise prescription and identifying potential molecular targets that

underpin aerobic fitness adaptations.
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SUPPLEMENTARY DATA

Supplementary Table 1 — Relationship between exercise-induced changes in individual

myokines and changes in VO,max

Myokine r p value
COLIVa 0.44 0.062
COL4A1 0.40 0.084
LAMA4 0.38 0.120
COL4A2 0.38 0.096
THBS4 0.25 0.310
SPARCL1 0.23 0.340
CTHRC1 0.19 0.430
MHCC 0.14 0.560
VEGFR2 0.12 0.620
BDNF 0.05 0.820
VEGF.C -0.04 0.870

CCL21 -0.13 0.590
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Chapter 5 — General Discussion

Physical inactivity remains a major global health concern, with recent estimates indicating that
nearly one-third of adults (31.3%; 1.8 billion) fail to achieve recommended PA levels (Strain et al.,
2024). Low cardiorespiratory fitness is also associated with an increased risk of all-cause mortality
and several chronic conditions, including heart failure, stroke, hypertension, dementia, and
depression (Lang et al., 2024). Given this, the development of time-efficient exercise interventions
that improve VO,max may be valuable for individuals who perceive a lack of time as a barrier to
regular exercise. However, reducing the time required to complete an exercise session does not, by
itself, establish whether individuals will take up and maintain that exercise long-term.

REHIT has emerged as a promising approach, with protocols incorporating two brief all-out
cycling sprints shown to improve VO,max following six weeks of training (Metcalfe et al., 2012,
Thomas et al., 2020). These findings raise questions around how much exercise is required to
produce an effective training stimulus, how frequently that stimulus needs to be repeated, and
which physiological processes contribute to the resulting adaptations. Establishing the minimum
effective dose therefore requires consideration of sprint repetitions, weekly training frequency and
intervention duration, alongside the outcome being measured. It also requires an understanding of
whether reducing the exercise dose affects the magnitude and consistency of adaptation.

The three studies presented in this thesis addressed different aspects of these questions. Chapter 2
used an updated meta-analysis and a Bayesian approach to examine the relationship between sprint
repetitions and changes in VO,max. Chapter 3 investigated the effects of reducing REHIT training
frequency, using changes in Wmax to assess maximal cycling performance. Chapter 4 examined
whether changes in the plasma concentrations of selected candidate myokines differed between
groups with different magnitudes of VO,max improvement. This general discussion brings these
findings together to consider how they advance the understanding of REHIT in inactive
populations. Particular attention is given to what can be concluded about the minimum effective
dose, the limitations of the evidence concerning mechanisms and individual responses, and the

further research needed to inform practical exercise prescription.

Time-efficient exercise and the “minimal dose”
Using data from 78 studies with 93 trials (n=1188), Chapter 2 found that increasing the number of

sprint repetitions within a SIT session was not associated with meaningfully greater improvements
in VO2max. This supports the use of protocols involving as few as two sprints but does not
necessarily mean that sprint volume can be reduced further without affecting the response to
training. An important distinction is therefore whether additional sprints provide further benefit
once a sufficient training stimulus has been achieved, or whether reducing the number of sprints

below this level attenuates adaptation. Chapter 2 mainly addresses the former question.
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Studies investigating single-sprint training provide some insight into the latter. Songsorn et al.
(2016) found no significant improvement in VO2max relative to a control group following four
weeks of a single 20 s sprint performed three times per week. A subsequent study also found no
significant change following a similar intervention (Songsorn et al., 2017). Wong et al. (2024)
found no significant improvement in aerobic fitness following single 30 s sprints performed five
times per week for six weeks, although participants were physically active. More recently,
Chatlaong et al. (2026) reported no improvement in VO2max relative to a control group following
four weeks of single 20 s sprints in sedentary adults. Together, these findings suggest that regularly
performing a standalone all-out effort does not guarantee an improvement in VO.max.

However, sprint number cannot be considered independently of the duration and distribution of the
efforts. Nalcakan et al. (2018) observed greater improvements in VO.max with two 20 s sprints
than with two 10 s sprints, indicating that retaining two repetitions does not necessarily preserve
the training response when their duration is reduced. Improvements in VO:max have also been
reported with three individual sprints distributed across the day, a protocol termed “sprint exercise
snacks” (Little et al., 2019, Wun et al., 2020). These protocols should not be interpreted as
evidence that one sprint per training day is sufficient, because participants completed several daily
sprints. Nevertheless, they suggest that the efforts do not always need to be completed within the
same short exercise session.

When considered alongside the findings of Chapter 2, this evidence is consistent with a possible
threshold-based stimulus, whereby a small number of sufficiently demanding sprints provides a
stimulus for improving VO.max, with additional repetitions providing limited further benefit. This
contrasts with the expectation that increasing training volume produces progressively greater
adaptations, informed by evidence from endurance and resistance training. For example, greater
volumes of aerobic exercise have produced graded improvements in cardiorespiratory fitness, while
higher weekly resistance-training volumes have been associated with greater strength gains
(Church et al., 2007, Ralston et al., 2017). However, these relationships depend on the outcome and
exercise dose being examined and should not automatically be applied to the number of sprint
repetitions within a SIT session. These findings do not establish two sprints as a universal
threshold, particularly because the single-sprint studies mentioned did not directly compare one and
two sprints under otherwise matched conditions.

Beyond the characteristics of individual exercise sessions, the duration of the training intervention
may also influence the response. Chapter 2 identified a positive association between intervention
duration and improvements in VO2max. Although this between-study association does not establish
causality, it suggests that extending the training period may offer greater scope for further
improvement than adding repetitions to individual sessions. A longer-term controlled study would
help investigate this relationship by maintaining a consistent REHIT prescription and assessing
VO:max at several time points, for example, at baseline and after 6, 12 and 24 weeks. This would

help determine whether improvements continue to accumulate or eventually plateau, rather than
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assuming that the association observed in Chapter 2 continues indefinitely. Recording training
attendance and completed exercise would also help distinguish the influence of intervention
duration from changes in adherence over time.

Chapter 3 addressed another component of the exercise dose by reducing weekly training
frequency. The improvement in Wmax following once-weekly REHIT provides evidence of
improved maximal cycling performance, but cannot confirm a corresponding improvement in
VO:max. This distinction is illustrated by Songsorn et al. (2016), who observed an improvement in
Wmax without a significant VO:max training effect. Therefore, the absence of a significant
difference between the once- and twice-weekly groups in Chapter 3 does not establish equivalent
improvements in Wmax and cannot demonstrate equivalent aerobic adaptations. These findings
support further investigation of once-weekly REHIT but directly measured VO:max is needed to
determine whether reducing training frequency preserves the benefit to cardiorespiratory fitness.
For physically inactive adults, the practical aim should therefore be to minimise the demands of
training while retaining a worthwhile benefit, rather than simply prescribing the smallest possible

amount of exercise.

Mechanistic considerations and inter-individual variability

The findings of Chapter 2 raise questions about why a small number of sprints can provide an
effective training stimulus, while additional repetitions appear to offer little further benefit for
VO,max. One possible explanation is that the responses contributing to adaptation are sufficiently
stimulated by a small number of sprints, rather than increasing proportionally with each additional
repetition. However, this should not be interpreted as meaning that a single sprint fails to activate
exercise-responsive signalling. Chen et al. (2000) demonstrated increased AMPK activity
following a single 30 s sprint, while Metcalfe et al. (2015) observed increased ACC
phosphorylation and PGC-1a gene expression following REHIT involving two 20 s sprints. These
studies show that signalling occurs following both single- and repeated-sprint exercise, but do not
establish whether adding a second sprint produces a disproportionately greater response. Acute
signalling pathway activation therefore cannot, on its own, explain the apparent difference in
training adaptations between these protocols.

Any proposed signalling mechanism must also be linked to the physiological adaptations
responsible for increasing whole-body oxygen uptake. Mandic et al. (2022) reported increases in
blood volume, haemoglobin mass and maximal cardiac output alongside improved VO2max, while
Bostad et al. (2021) observed increased peak cardiac output following low-volume SIT. Stronger
evidence for a contribution from blood-volume expansion was provided by Mandic et al. (2023),
who found that removing the training-induced expansion through phlebotomy reduced maximal
cardiac output and VO2.max. In contrast, Bostad et al. (2023) reported improved VO:peak without a
significant change in peak cardiac output. These contrasting findings leave uncertainty about the

relative contributions of central and peripheral adaptations, particularly given the acknowledged
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limitations of non-invasive cardiac output measurement. Importantly, these studies used three
sprints per session and cannot establish whether two sprints stimulate the same adaptations.

This distinction between the stimulus within a session and its repetition across the training period is
also relevant to Chapter 3. Reducing training frequency retained the two-sprint structure of each
session but reduced how often participants were exposed to it. Even if two sprints provide a
sufficient acute stimulus, this does not establish how frequently that stimulus must be repeated to
improve VO.max.

Myokines provide one possible link between the response of exercising muscle and adaptations
occurring locally or in other tissues. Recent work by Olsen et al. (2026) identified exercise-
intensity dependent changes in circulating proteins and metabolites, alongside evidence of altered
secretory responses in muscle cells. This supports investigating muscle-to-organ communication
following sprint exercise, although it does not establish that particular myokines cause
cardiovascular adaptation or explain a sprint number threshold. Chapter 4 addresses a related
question by examining whether changes in the circulating concentrations of selected candidate
myokines differed between participants with different magnitudes of VO.max improvement.

The magnitude of VO,max improvement varied between participants in Chapter 4. Chapter 4
built on previous evidence (Keller et al., 2011), in which 86 genes were identified as being
differentially regulated between low- and high-responders to exercise. 13 of these genes encoded
myokines previously shown to be responsive to exercise training (Catoire et al., 2014). This
observed overlap between the two studies provided the reason for selecting the myokines targeted
in this chapter.

Although a significant group-by-time interaction was observed for LAMA4, which remained
significant after adjustment for training peak power, post-hoc comparisons did not identify
significant differences between specific responder groups. No significant interactions were detected
for the other myokines. These findings therefore provide limited evidence that changes in the
selected circulating myokines differ according to the magnitude of VO,max improvement, and do
not establish a role for these proteins in mediating training adaptation. This could be because the
selected myokines are not key contributors to the mechanism by which VO,max is modulated.
Alternatively, several methodological and physiological considerations may explain these findings.
The small responder groups limit the conclusions that can be drawn. The original sample-size
calculation was based on detecting a very large difference of 1.5 SD between the lowest and
highest responder groups, with 24 participants planned compared with 20 completing the
intervention. The study therefore had limited ability to detect smaller between-group differences.
Although the findings did not clearly identify changes in these circulating measurements as an
explanation for the observed differences in VO2max improvement, they do not exclude smaller
associations or establish that the selected myokines have no role in adaptation.

The timing of blood sampling provides a further consideration. The intention was to investigate

persistent changes in circulating concentrations following the intervention, rather than the
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immediate response to the final training session. However, blood samples were collected after the
VO:max tests, meaning that residual responses to these tests could not be excluded. Exercise-
related myokine responses vary over time, making the interval between exercise and sampling
important when interpreting circulating measurements (Bettariga et al., 2024). Consequently, these
samples should not automatically be considered measurements of resting concentrations unaffected
by recent exercise.

Furthermore, a single sampling point before and after the intervention cannot characterise transient
myokine responses during exercise and recovery. Myokines may also exert local autocrine or
paracrine actions within skeletal muscle, which circulating measurements may not adequately
reflect (Pedersen and Febbraio, 2012). Chapter 4 demonstrated a mean increase in VO:max of
14.6 £+ 5.7% in the high responder group compared to -3.2 + 4.5% in the low responder group but
the selected plasma measurements and sampling strategy did not provide a clear explanation for the
differences in improvement between responder groups. The findings leave open the possibility that
acute responses or local muscle actions are more informative than changes measured at these

particular sampling points.

Implications for public health and exercise prescription

The findings of this thesis suggest that some aspects of the exercise dose could be reduced while
retaining improvements in cardiorespiratory fitness or maximal cycling performance. However, the
practical value of these findings depends on whether inactive adults choose to undertake REHIT
and continue training outside a research setting.

Participation depends on more than the duration of the exercise session. Although reducing sprint
repetitions may limit the decline in affect during sprint exercise (Metcalfe et al., 2022), this does
not mean that all-out exercise will be acceptable to everyone. Familiarisation, appropriate initial
support and a clear explanation of what the sprints involve may be important for adults unfamiliar
with such vigorous exercise. Access to a suitable cycle ergometer, its cost, location, and the time
required for travel also need consideration. Taken together, a 10-minute cycling session does not
necessarily represent a 10-minute time commitment.

The workplace study by Metcalfe et al. (2020) provides an example of how some delivery barriers
might be addressed. Computer-guided REHIT delivered in the workplace improved VO;max over
six weeks, and participants generally considered the programme acceptable. However, interviews
also identified difficulties when sprint duration increased to 20 s, demonstrating that participants
could view the programme positively while still finding the sprints uncomfortable. Its short
duration cannot establish whether attendance would continue over several months or whether
fitness improvements would be maintained. It also remains important to determine whether REHIT
adds to participants’ habitual activity or replaces other exercise. Maintaining a short exercise
programme would have different implications if it encouraged additional activity than if

participants used it to justify reducing other movement.
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REHIT may therefore expand the exercise options available to some inactive adults, particularly
where lack of time is an important barrier. However, this thesis does not establish that it increases
habitual PA, replaces the wider benefits of recommended aerobic and muscle-strengthening activity
(World Health, 2020), or produces a particular reduction in mortality. Its public health value will
depend on whether achievable improvements in fitness can be combined with accessible delivery

and sustained participation.

Future directions

The priority following Chapter 2 is to establish whether reducing the number of sprint repetitions
from two to one attenuates improvements in VO.max. A randomised controlled study in physically
inactive adults could compare one versus two 20 s all-out sprints, performed three times per week
for six weeks, alongside a non-training control group. The study should be designed to detect a
prespecified worthwhile difference between the training groups, rather than interpreting a
significant improvement in one group and a nonsignificant improvement in the other as evidence
that their responses differ. This would help establish the minimum effective number of sprints
within that particular prescription, rather than a universal minimum dose applicable to all SIT
protocols.

If two sprints produced a greater improvement than one, this finding, considered alongside the
limited additional benefit associated with further repetitions in Chapter 2, would strengthen the
case for a threshold-like training response. Subsequent research should then investigate which
physiological or molecular responses might account for this pattern. An acute crossover study
comparing one, two and three sprints could examine whether adding a second sprint changes the
magnitude, timing or nature of the response, and whether a third sprint provides a further stimulus.
Muscle sampling and repeated blood sampling could investigate intracellular signalling and
candidate myokine responses, alongside measurements of the metabolic disturbance and
mechanical work performed.

However, identifying a different acute response would not establish that it mediates the
improvement in VO:max. These responses would also need to be related to subsequent training-
induced changes in oxygen delivery and utilisation, with further direct experimental tests required
to establish causality. This would move the research beyond identifying a minimal effective dose
and towards explaining why particular combinations of sprint number and duration are effective.
A further priority following the work of Chapter 3 is to determine whether once-weekly REHIT
improves directly measured VO,max, and whether its effects depend on the number of sessions
completed or the period over which they are distributed. A randomised study could compare once-
weekly training for twelve weeks with twice-weekly training for six weeks, alongside a non-
exercise control group maintaining its usual activity/lifestyle. Both training groups would complete
12 prescribed sessions, with assessments taken at baseline, week six and week twelve. However,
the equal-session comparison would still involve different intervention durations and would not

completely isolate training frequency from time spent training. Key protocol parameters should be
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comparable, with sprint duration progressed by session number rather than calendar week.
Attendance, sprint power and total mechanical work should be recorded because equal numbers of
prescribed sessions do not guarantee equal training loads. VO,max should be measured directly
alongside Wmax, with a standardised familiarisation session for the REHIT training intervention
and a test-retest protocol for the baseline VO,max assessment. The addition of a verification bout
directly after the completion of the VO,max assessments may also help to establish a true VO,max.
Alongside the training comparison, physiological measurements could investigate whether
improvements in VO,max arise predominantly through increased oxygen delivery, increased tissue
oxygen extraction, or contributions from both. Mandic et al. (2022) reported increases in cardiac
output, blood volume and haemoglobin mass following training involving three 30 s sprints. These
findings provide a rationale for examining central adaptation during lower-volume REHIT, rather
than demonstrating that the same changes occur with two sprints or once-weekly training.
Measuring oxygen uptake alongside PhysioFlow-derived estimates of cardiac output and stroke
volume before and after training would help address this question. Responses should be compared
at matched absolute workloads as well as maximal exercise, because post-training maximal tests
may involve higher workloads. Combining measured oxygen uptake with estimated cardiac output
would permit an indirect estimate of the systemic a-vO,diff, rather than a direct measurement of
oxygen extraction.

Near-infrared spectroscopy (NIRS) could complement these measurements by assessing
oxygenation in the working muscles during cycling. However, this signal reflects the local balance
between oxygen delivery and utilisation and does not directly isolate muscle oxygen consumption.
Additionally, the reliability of these measurements also need consideration. For example, Schoch et
al. (2025) identified substantial individual measurement variability in PhysioFlow estimates despite
favourable group-level reliability in trained adults. Implementing repeat assessments and signal-
quality checks would therefore be important before interpreting individual changes as evidence of
predominantly central or peripheral adaptation. These combined measurements could help
distinguish likely contributions and would provide useful input into the physiological mechanisms
contributing to VO,max improvements following lower-volume SIT (< 3 sprints) but measurement
error would still limit the interpretation of these changes.

Some of these questions are already being addressed in the developing REHIT literature. Astorino
et al. (2026) have recently published a protocol for a trial involving 120 inactive adults, addressing
the small sample size issues. The protocol will compare twice-weekly REHIT over 12 weeks with a
non-exercise control while incorporating cardiac-output via PhysioFlow which provides further
suggestions for the recommendations made above. However, this design does not include a once-
weekly group, leaving the proposed comparison of training schedules described above as a clear
next step in the developing REHIT literature, as long as the major limitations discussed in the

current thesis are addressed.
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Longer-term studies are also needed to determine whether improvements in fitness are maintained
and whether participants continue REHIT beyond a short intervention. Workplace or community
settings would allow recruitment, attendance, retention and participants’ experiences to be assessed
alongside changes in VO.max. Measuring PA outside of the intervention as a follow-up would help
determine whether REHIT adds to participants’ usual activity or replaces other exercise.

Following Chapter 4, future studies should distinguish changes in resting myokine concentrations
from changes in the acute response to exercise. A resting sample should be collected before the
VO:max test following a standardised period without exercise, with additional samples collected
during recovery. Repeating this procedure before and after training would allow changes in resting
concentrations and the size and time course of the acute response to be examined separately.
Muscle biopsies could also investigate local changes that may not be reflected in plasma. Larger
samples would allow these relationships to be examined more precisely, using continuous changes

in VO2max rather than relying solely on responder groups.

Overall conclusions

This thesis advances understanding of low-volume SIT and REHIT by examining which aspects of
the exercise dose can be reduced and what remains uncertain about the resulting adaptations.
Chapter 2 found limited additional VO.max benefit from increasing sprint repetitions within the
protocols studied, supporting low-volume approaches without establishing a universal minimum
dose. Chapter 3 provided preliminary evidence of improved maximal cycling performance
following once-weekly REHIT, while leaving its effect on VO.max unresolved. Chapter 4 did not
identify clear differences between responder groups in changes in the selected circulating
myokines, but its sample size and sampling strategy limit conclusions about their involvement in
adaptation.

For inactive adults, these findings support the development of time-efficient exercise options rather
than a single optimal prescription. The next steps are to establish the aerobic effects of reduced
training frequency, investigate the physiological processes contributing to adaptation, and
determine whether accessible delivery produces sustained participation. REHIT may offer a useful
option for some adults, but its wider public health contribution depends on evidence extending

beyond short-term laboratory improvements.
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