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ABSTRACT
Mbay, T. 2020. Impact of The Fitness Competition Preparation on Stress Biomarkers and Sleep.
Faculty of Sport and Health Sciences, University of Jyväskylä. Master’s thesis in Exercise
Physiology. 74 pp. 4 appendices.
The lack of adequate energy may act as a threat to homeostasis and thus result in the activation of
the neuroendocrine system. There is evidence that dietary restraint is physiologically stressful,
however, the data on fitness competition preparation is more mixed. Thus, the aim of this thesis was
to investigate the impact of fitness competition preparation on serum cortisol and heart rate
variability as stress biomarkers as well as the effects on sleep quality. The study used a longitudinal
design. The participants were eight male fitness athletes (31 ± 5 years old) with 11 ± 8 years of
resistance training experience. Emfit QS was used to record nocturnal heart rate variability (HRV)
and heart rate (HR) as well as bed and sleep times every night over the study period. Data from
before (PRE), at the start (START), at mid-point (MID) and at the end of the competition
preparation (END) were analysed. On average, START, MID and END correspond to 19 ± 4, 10 ±
2 and 2 ± 2 weeks before the competition, respectively. Total body mass, fat mass and lean mass
(Dual-energy X-ray absorptiometry) and basal serum cortisol concentrations were assessed at PRE
and END and basal serum cortisol concentrations were assessed at PRE and END. Energy
availability decreased (38 ± 3 vs. 18 ± 4 kcal/kg/FFM) while energy expenditure increased (24 ± 4
vs. 44 ± 15, met/h/week from PRE to END. Body mass (from 89.4 ± 12.8 kg to 77.9 ± 6.0 kg) and
fat mass (14.9 ± 6.5 kg vs 4.7 ±1.7 kg) decreased from PRE to END. Nocturnal HRV increased
from PRE (60 ± 14 ms) to END (69 ± 19 ms) and was strongly associated with the change in fat
mass (r= 0.90, p<0.01). There was a nonsignificant increase in serum cortisol from PRE to END
(357 ± 102 nmol/l vs 402 + 76 nmol/l). Nocturnal HR decreased from PRE to END (57 ± 2 bpm vs.
50 ± 4 bpm) and was associated with overall energy intake (r= 0.68). Sleep disturbances were not
observed during the study period, in fact, sleep time increased by 36 ± 19 min from START to end
(7h 36 ± 34 min vs 8h 12 ± 41 min). The main finding of the study was that HRV increases in
response to prolonged energy restriction and weight loss among normal-weight individuals. These
findings are in accordance with the concept of adaptive thermogenesis. The increase in serum
cortisol, although non-significant, highlights the physiological stress of energy restriction. Finally,
sleep quantity appears to be maintained during prolonged energy restriction, however, possible
changes in sleep architecture require more investigation.
Key words: fitness athletes, competition preparation, energy restriction, autonomic nervous system,
heart rate variability, hypothalamic–pituitary–adrenal axis, stress response, sleep
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1 INTRODUCTION

The motives for exercise participation in various populations have been investigated.
Regardless of gender, aspects related to physical appearance are consistently reported among
the main motivators (Diehl et al. 2018; Hoare et al. 2017; Rios et al. 2013; Segar et al. 2006).
The vast interest in physical appearance over the years has led to the popularisation of fitness
sports – an umbrella term used to describe the various sub-categories derived from
bodybuilding.
Fitness sports differ uniquely from other mainstream sports in that it lacks a performance
aspect and focuses solely on physical appearance. More specifically, the basis for fitness
sports is to represent aesthetic, muscular, and well-defined physiques. In preparation for
competition, fitness athletes undergo a multiple-month competition diet, during which the aim
is to reduce fat mass and improve muscle definition (Hackett et al. 2013). In the pursuit of
increased muscle definition, fitness athletes adopt inadequate energy intakes to attain body fat
percentages that are considered sub-healthy (Pardue et al. 2017; Petrizzo et al. 2017 Halliday
et al. 2016; Rossow et al. 2013). The participation in fitness sports is constantly increasing,
however, only a few studies have examined the physiological consequences of the
competition preparation. Furthermore, these studies have primarily focused on outcomes
related to hormonal function, body composition and metabolic rate.
The lack of adequate energy may act as a threat to homeostasis (Pijl 2012), and thus result in
the activation of the neuroendocrine system. While there is some evidence that dietary
restraint is physiologically stressful (Tomiyama et al. 2010), the data on competition
preparation is more mixed. Indeed, while some studies on fitness athletes have observed
increased markers of physiological stress (Mitchell et al. 2018; Pardue et al. 2017; Trexler et
al. 2017; Rossow et al. 2013), others have not (Hulmi et al. 2017; Rohrig et al. 2017; Kistler
et al. 2014). Furthermore, only one study (Kistler et al. 2014) has assessed changes in
autonomic nervous system (ANS) function during competition preparation, whereas others
have focused on plasma cortisol. This is particularly important since the ANS might react
more sensitively to stress than the HPA axis, which does not necessarily become activated in
response to all stressors (Porges 2001). In the occurrence of hypoglycaemia, for instance,
ANS acts as the first line of defence and contributions from the HPA-axis are seen only with
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further reductions in plasma glucose (Kim and Park 2017). Finally, despite frequent anecdotal
reports of sleep disturbances during competition preparation, only a single case study has
assessed sleep (Pardue et al. 2017).

2 FITNESS SPORTS

Traditionally, bodybuilding has been associated with the use of prohibited substances and
methods, however anti-doping controlled sub-categories, i.e. fitness sports have rapidly
emerged. For men, these include men’s physique, classic bodybuilding and classic physique
and for women; body fitness, bikini fitness, women’s physique, fitness and wellness fitness.
Although the basis for all fitness sports is to represent aesthetic, muscular, and well-defined
physiques, there are some distinct differences in the judging criteria. While stage performance
and overall athletic appearance is judged in each category, the degree of muscle mass and
leanness is category specific. For example, men’s physique athletes are not required to display
similar levels of muscle mass or leanness than in bodybuilding divisions. Similarly,
competitors in bikini fitness are required to be less muscular and lean than in body fitness
(Isola 2017).
The training of a fitness athlete generally consists of two distinct phases; an off-season and a
competition season (Mitchell et al. 2018; Hackett et al. 2013). The off-season typically ranges
from several months to years in duration, during which the main emphasis is on the
development of musculature in a manner of fulfilling the category-specific standards. The
competition season or (competition preparation) is typically 12-26 weeks in duration, during
which the emphasis shifts from accretion to maintenance of muscle mass, while
simultaneously reducing body fat. Though it should be noted that the immediate period after a
competition season is sometimes referred to as a recovery period, which precedes the
commencement of a new off-season. The main objective of the recovery period is to recover
from the physiological consequences of the competition preparation and prepare for the
athlete for the subsequent off-season (Isola 2017).
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2.1
2.1.1

Training practices
Resistance training

Off-season primarily consists of hypertrophic resistance training. Split routines, in which 1-3
muscle groups are trained in a single session – as opposed to full-body training – are typically
favoured among fitness athletes and bodybuilders. In this manner, muscle groups are trained
1-3 per week with a total of 4-6 weekly resistance training sessions (Gentil et al. 2017; Hulmi
et al. 2017; Halliday et al. 2016; Hackett et al. 2013; Rossow et al. 2013). Although lacking,
some observational data on bodybuilders suggest that majority of the training is performed in
the 4-12 repetition range with 4-7 exercises per muscle group and 3-6 sets per exercise, while
the rest intervals between sets are 1-3 min (Hackett et al. 2013).
In general, no major changes occur in terms of resistance training during competition season
(Mitchell et al. 2018; Hulmi et al. 2017; Halliday et al. 2016; Rossow et al. 2013; Mäestu et
al. 2010), though there appears to be some inclination towards shorter rest periods (<60 s) and
higher (10-15) repetitions (Hackett et al. 2013). Bodybuilders have traditionally utilised
higher repetitions during competition season to achieve greater muscle definition (Gentil et al.
2017). However, despite the widespread use, this notion lacks scientific basic. As muscle
definition is simply a function of reduced fat tissue, and one cannot oxidise fat selectively
from the exercising muscles (Ramirez-Campillo et al. 2013; Vispute et al. 2011), it stands to
reason that it is an outcome solely mediated by the extent of energy expenditure. Furthermore,
since energy expenditure is determined by the total work performed (Tiggemann et al. 2017),
there is no inherent mechanistic advantage in utilising higher repetitions with lower loads.
Short rest intervals are utilised to achieve higher energy expenditure and thus muscle
definition (Hackett et al. 2013). This approach may increase the perceived intensity of a
training session by creating greater oxygen debt due to the partial inter-set recovery, and
thereby increase energy expenditure (Tiggemann et al. 2017). While short rest-intervals can
indeed increase excess post-exercise oxygen consumption (EPOC) (Murphy and Schwarzkopf
1992), commencing a set in sub-recovered state will likely necessitate a reduction in the load
and/or repetitions performed (Medeiros et al. 2013). Thus, even from a metabolic standpoint,
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the greater EPOC attained with shorter rest is compensated by having reduced intra-session
energy expenditure (Haltom et al. 1999).

2.1.2 Aerobic training
While others report no engagement in aerobic exercise during off-season (Rohrig et al. 2017;
Pardue et al. 2017; Robinson et al. 2015); one-to-three weekly aerobic exercise sessions
among fitness athletes have also been observed (Hulmi et al. 2017; Halliday et al. 2016
Hackett et al. 2013). In general, the aerobic training consists of either low-to-moderate
intensity-, high-intensity interval training or a mixture of both; with a total duration of 30-90
minutes per week.
In contrast to off-season, aerobic training is almost unambiguously performed during the
competition season. During this period, fitness athletes report participating in aerobic exercise
2-5 times per week for a total weekly volume of 45-220 min (Mitchell et al. 2018; Hulmi et
al. 2017; Rohrig et al. 2017; Pardue et al. 2017; Petrizzo et al. 2017; Robinson et al. 2015;
Rossow et al. 2013; Hackett et al. 2013; Mäestu et al. 2010). In most cases, the volume of
aerobic training was incrementally increased throughout the competition season with highest
volumes observed in the proximity of the competition. The aerobic training typically
consisted of a mixture of high-intensity interval training as well as low-, and moderateintensity steady state training.
The simultaneous integration of resistance- and aerobic training is contemporarily known as
‘concurrent training’. Despite the clear advantages from an energy expenditure standpoint, the
addition of aerobic training might be harmful to resistance training adaptations. Since it was
first documented by Hickson (1980), a large body of evidence has demonstrated that
concurrent training, in comparison to resistance training alone produces compromised results
in terms of strength and hypertrophy (Häkkinen et al. 2003; McCarthy et al. 2002; Bell et al.
2000; Dolezal and Potteiger 1998; Kraemer et al. 1995). These deleterious outcomes have
been attributed to a phenomenon known as the ‘interference effect’. Although not completely
elucidated, various signalling pathways activated by endurance exercise (e.g. AMPK) appear
to inhibit the mammalian target of rapamycin complex 1 (mTORC1), a key mediator of
protein synthesis (Atherton et al. 2005; Bolster et al. 2002). In addition to impeding muscle
protein synthesis, AMPK activation has also shown to promote muscle protein breakdown
4

(Sanchez et al. 2012), which may further exacerbate the deleterious effects. While this
hypothesis is plausible, the evidence in human trials is inconclusive (Vissing et al. 2013).
Furthermore, concurrent training could conceivably negate hypertrophic adaptations in
numerous ways; factors such as residual fatigue and substrate depletion from aerobic training
might impair the quality of resistance training and thereby result in lesser adaptations (Fyfe et
al. 2014). Alternatively, the combined stress from simultaneously participating in both
exercise modalities might be excessive, and thus – similar to overtraining – lead to
maladaptation (Kreher and Schwartz 2012).
In addition to the described resistance and aerobic training sessions, fitness athletes typically
perform posing practices 1-4 times per week during the competition season. In general, posing
consists of several 30-60 s isometric contractions in sport-specific postures (Rossow et al.
2013).

2.2

Dietary practises

2.2.1 Energy balance

Off-season is predominantly, but not always (Robinson et al. 2015), accompanied by a
positive energy balance, which is reflected by constant increases in body weight (Rossow et
al. 2013). Irrespective of sex, daily consumption of ~37-45 kcal/kg is typically observed
during this period (Lenzi et al. 2019; Mitchell et al. 2018; Hulmi et al. 2017; Rohrig et al.
2017; Pardue et al. 2017; Halliday et al. 2016).
Consuming calories in the excess of energy expenditure is probably beneficial as it provides
favourable conditions for the energetically demanding process of muscle hypertrophy
(Churcward-Venne et al. 2013; McIver et al. 2012). Importantly however, the relationship
between energy intake and hypertrophy is not linear indefinitely. In fact, excessive surpluses
(≥500 kcal) might be counterproductive by promoting fat mass accumulation with no apparent
hypertrophic benefits (Garthe et al. 2013). Furthermore, nutrient intakes beyond the
maintenance of homeostasis and cellular processes (e.g. muscle hypertrophy) have the
potential to impair insulin signalling and thereby promote catabolism (McIver et al. 2012).
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When transitioning to competition season, the emphasis shifts from increasing muscle size to
obtaining significant reductions in body fat. Accordingly, fitness athletes undergo caloric
restriction to achieve weight loss; and subsequently report lower calorie intakes of 23-35
kcal/kg (Lenzi et al. 2019; Chappell et al. 2018; Mitchell et al. 2018; Pardue et al. 2017;
Hulmi et al. 2017; Trexler et al. 2017; Petrizzo et al. 2017; Rohrig et al. 2017; Halliday et al.
2016; Robinson et al. 2015; Rossow et al. 2013). Energy intake is typically reduced gradually
throughout the preparation (Chappell et al. 2018), although no significant reductions have
been observed in some cases (Rossow et al. 2013).
Energy availability. The concept of energy balance (energy intake – energy expenditure)
provides useful construct for the exploration of the regulation of body mass, however, its’
application is somewhat limited. The model assumes that physiological functions are
operating at an optimal level, which might not necessarily be the case. Indeed, it has been
observed that in a state of negative energy balance, an organism may suppress non-vital
physiological functions in order to reduce basal metabolism in an attempt to re-establish
energy balance (Muller et al. 2018). Therefore, energy balance does not necessarily represent
a state of sufficient energy intake. Due to these limitations, the measurement of energy
availability (EA) has become more prominent in exercise science (Loucks et al. 2011). EA is
defined as the amount of ingested energy remaining for healthy physiological functioning of
the body (e.g. immune function and thermoregulation) after the energy expended in
exercise/training has been subtracted (Logue et al. 2018). Thus, EA = EI – EEE, normalised
for fat free mass (FFM). Low EA has been recognised as the cornerstone of various health
problems affecting athletes of both sexes; syndrome known as relative energy deficiency in
sport (RED-s; Mountjoy et al. 2018). A threshold of 30 kcal/kg/FFM has been proposed as the
cut-off point for low EA, however, it should be noted that symptoms of low EA have been
observed at intakes well above 30 kcal /kg LBM while others have been asymptomatic with
an EA below 30 kcal/kg/FFM (Lieberman et al. 2018; Williams et al. 2015).

2.2.2 Protein
The net balance between muscle protein synthesis (MPS) and muscle protein breakdown
(MPB) determine whether muscle mass is increased, decreased, or maintained (Rennie et al.
6

2004). Therefore, the role of dietary protein in the pursuit of muscular development is
unambiguous (Phillips 2017). Daily protein intakes of ~2.2-3.2 g/kg (23-34% of total energy
intake) have been reported among fitness athletes during off-season (Mitchell et al. 2018;
Hulmi et al. 2017; Pardue et al. 2017; Trexler et al. 2017; Rohrig et al. 2017; Halliday et al.
2016; Robinson et al. 2015; Rossow et al. 2013), while intakes of 1.8 g/kg (Mäestu et al.
2010; and >4 g/kg (Lenzi et al. 2019) have also been observed.
High protein intakes have raised some concerns, namely on bone-, kidney, and liver function
(Kamper and Strandgaard et al. 2017; Delimaris 2013); however, longitudinal data on high
protein diets (~2.5-3.3 g/kg/d) demonstrate no adverse effects on these organs nor on blood
lipid profile (Antonio et al. 2016). Although some have recommended protein intakes up to
3.4 g/kg for body-composition benefits (Leaf and Antonio 2017), intakes of 1.2-2.2 g/kg are
generally considered to be adequate for athletes during eucaloric and hypercaloric diets
(Thomas et al. 2016; Helms et al. 2014). In support, a recent meta-analysis observed no
inherent hypertrophic benefit in consuming protein in the excess of ~1.6g/kg (Morton et al.
2018). Despite having no evident advantage, higher protein intakes may offer some indirect
benefits such as increased feelings of satiety (Westerterp-Plantenga et al. 2012); which can be
advantageous in terms of adherence. Nonetheless, increasing protein intake indefinitely
subsequently limits the intake of other macronutrients (given that the energy intake is
constant) and should be considered carefully. Overall, fitness athletes report having protein
intakes of 2-3.6g/kg (36-55% of total energy intake) during competition season (Lenzi et al.
2019; Chappell et al. 2018; Mitchell et al. 2018; Pardue et al. 2017; Hulmi et al. 2017; Trexler
et al. 2017; Petrizzo et al. 2017; Rohrig et al. 2017; Robinson et al. 2015; Halliday et al. 2016;
Rossow et al. 2013).
By increasing the protein intake during competition preparation, fitness athletes aim to
minimise the losses in LBM. Indeed, even a mild ER (20%) have shown to decrease the rates
of MPS despite a “sufficient” protein intake of 1.5g/kg, shifting the balance towards MPB
(Pasiakos et al. 2010). In addition to reduced rates of MPS, ER have shown to result in
increased level of cortisol which is known to promote MPB (Abedelmalek et al. 2015; Gore et
al. 1993). Thus, if the unfavourable effects of ER on protein balance are not countered by
increasing protein intake, losses in LBM are likely to occur. Indeed, in one study, male
subjects running 8-16 kilometres per day during a slight caloric deficit were in a negative
protein balance despite having a relatively high protein intake of >2g/kg (Butterfield 1987). In
agreement, studies comparing relatively low intakes (0.8-1g/kg) to higher intakes of protein
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(1.6-2.3g/kg) during ER, consistently report lower losses in lean body mass with greater
intakes (Mettler et al. 2010; Walberg et al. 1988). In support, only insignificant losses of lean
body mass were observed among bodybuilders undergoing a competition preparation with a
protein intake of 2.5g/kg (Mäestu et al. 2010). Therefore, athletes undergoing periods of ER
are recommended to consume protein intakes of 2.3-3.1g/kg (Helms et al. 2014).

2.2.3 Carbohydrates

In addition to phosphocreatine, glycogen (stored carbohydrates in the muscle) is utilised as
the primary fuel to meet the energetic demands of resistance training (MacDougall et al.
1999). Accordingly, repetitive strength exercise has shown to be significantly impaired
following carbohydrate restriction (Leveritt and Abernethy 1999). However, due to the
considerably lower energy expenditure when compared to endurance sports, the extent of
muscle glycogen depletion following a resistance training session has shown to only be ~2440% (Koopman et al. 2006; MacDougall et al. 1999; Pascoe et al. 1993). Although it should
be mentioned that the intra-session volumes in these studies hardly mimic that of fitness
athletes (Hackett et al. 2013). Since the degree of glycogen depletion primarily depends on
the total work performed during a session, it is reasonable to assume that the depletion is
more profound among fitness athletes. Nonetheless, bodybuilders have been recommended to
consume 4-7g/kg of carbohydrates to maintain optimal levels of muscle glycogen (Slater and
Phillips 2011; Lambert et al. 2004). In accordance, fitness athletes have reported carbohydrate
intakes of ~3-6 g/kg during off-season, accounting for ~30-47% of total daily energy intake
(Lenzi et al. 2019; Mitchell et al. 2018; Hulmi et al. 2017; Pardue et al. 2017; Trexler et al.
2017; Rohrig et al. 2017; Halliday et al. 2016; Rossow et al. 2013; Mäestu et al. 2010).
The performance and health outcomes of “insufficient” carbohydrate intakes are not as
detrimental when compared to fat and protein intakes (Cook and Haub 2007). Therefore,
during competition season the intake of carbohydrate is usually decreased in order to achieve
the necessary caloric deficit, while maintaining adequate protein and fat intakes. Thus, during
competition preparation the carbohydrate intake is typically 1.1-4.1g/kg, accounting for 1950% of TEI.
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2.2.4 Dietary fat

While dietary fats are typically not emphasised in terms of acute performance outcomes, the
implications on health and hormonal function should be taken into account. Indeed, reducing
fat intake from ~40% to ~20% of TEI have shown to result in ~15% reductions in testosterone
concentrations (Dorgan et al. 1996; Hämäläinen et al. 1984). In agreement, Wang et al. (2005)
demonstrated that a reduction of dietary fat from 38% to 14% of TEI reduced total
testosterone by 12% among middle-aged men. Considering the anabolic qualities of
testosterone (West and Phillips 2010), reduced levels might prove sub-optimal for
hypertrophy. Therefore, similar to other athletes (Kreider et al. 2010), a moderate fat intake of
20-30% of total energy intake is advised for strength athletes (Bird 2010); although lower
intakes of 15-20% have also been proposed (Lambert et al. 2004). In accordance, the reported
fat intakes of fitness athletes account for ~21-35% (0.9-1.3 g/kg) and 15-37% (0.4-1.1g/kg of
TEI during off-season, and competition season respectively. (Lenzi et al. 2019; Chappell et al.
2018; Mitchell et al. 2018; Hulmi et al. 2017; Trexler et al. 2017; Pardue et al. 2017; Petrizzo
et al. 2017; Rohrig et al. 2017; Halliday et al. 2016; Robinson et al. 2015 Rossow et al. 2013;
Mäestu et al. 2010).
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THE AUTONOMIC NERVOUS SYSTEM & HEART RATE
VARIABILITY

As a result of evolution, all physiological systems have been programmed to maintain a
predefined (relatively) constant state, which is necessary for life and well-being; a state
known as homeostasis (Tsigos 2016). The primary systems responsible for the maintenance of
homeostasis are the autonomic nervous system (ANS) and the hypothalamic-pituitary-adrenal
(HPA) -axis.
The ANS mediates nearly every visceral function of the body, including blood kinematics,
body temperature, digestion, immune system and inflammatory processes. The main
responsibility of ANS is to respond appropriately to external and internal perturbations in
order to maintain the physiological integrity of cells, tissues, and organs throughout the entire
body (Wehrwein et al. 2016). The ANS is primarily activated via the centres located in the

9

spinal cord, brain stem and hypothalamus, as well as visceral sensors that cause reflexes (i.e.
baroreflex) in the respective organs. The ANS consists of two anatomically and functionally
distinct branches; sympathetic- and parasympathetic nervous systems. Both of these pathways
include pre- and post- ganglionic neurons, which secrete norepinephrine (NE) and
acetylcholine (ACh). The fibres that secrete NE and ACh are known as adrenergic and
cholinergic, respectively. All preganglionic fibres and most of the parasympathetic
postganglionic fibres are cholinergic, whereas postganglionic fibres of the sympathetic system
are adrenergic. Therefore, NE is generally considered as a sympathetic neurotransmitter,
while ACh represents a parasympathetic neurotransmitter. Although most organs are under
both sympathetic and parasympathetic control, some only have sympathetic (e.g. blood
vessels) or parasympathetic (e.g. the ciliary muscle) connections. In general, stimulation of
the systems has opposing effects; sympathetic activity accelerates while the parasympathetic
activity decelerates the activity of a stimulated organ. Accordingly, the components are
commonly referred to as fight-or-flight, and rest-and-digest systems, respectively. Despite the
contradicting effects, the sympathetic and parasympathetic systems are concurrently active,
and the basal rates of activity are described as sympathetic and parasympathetic tone.
Therefore, stimulation of either system can either increase or decrease a given function.
Furthermore, the ability to adjust the tone of the nervous systems enables the control of an
organ with only parasympathetic or sympathetic connections (Gordan et al. 2015). The basic
functions of the ANS are presented in figure 1.
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FIGURE 1.

Basic functions of the autonomic nervous system (Ulrich-Lai and Herman

2009)

Heart rate variability. A healthy heart does not act like a metronome, rather, constant
variation in heart rate (Figure 2) occur as a reflection of the dynamic nature of the
cardiovascular system (Shaffer and Ginsberg et al. 2017). The regulation of HR is achieved
through the sinoatrial node (SA node), which is under tight autonomic control.
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FIGURE 2. Schematic illustration of variation in beat-to-beat intervals.

The parasympathetic influence on HR is mediated via ACh released from the vagus nerve,
which binds to the muscarinic acetylcholine receptors decreasing cell excitability and
conduction velocity; and thereby lowering HR. In contrast, sympathetic activity causes a
release of norepinephrine which binds to the β-adrenergic receptors of the SA node,
increasing HR due to increased cell excitability and conduction velocity (Gordan et al. 2015).
The stimulation of vagal afferents leads to reflex excitation of vagal efferent activity to the SA
node, and the opposite occurs with the stimulation of sympathetic afferents (Task force 1996).
The level of afferent activity, and thereby the autonomic traffic to the SA node is constantly
changing, causing modest variation in HR; i.e. heart rate variability (HRV). Since cardiac
function is sensitive to the autonomic influence, HRV can be used to index the activity of
ANS (Rissanen et al. 2001).
The primary source of HRV is the one occurring in concert with respiration; a phenomenon
known as the respiratory sinus arrythmia (RSA). This phenomenon describes the cardioacceleration during inspiration followed by cardio-deceleration during expiration. The
inspiratory increase in HR originates from a momentary withdrawal of the parasympathetic
activity to SA node, which is then restored with expiration, resulting in an increase and a
decrease in HR, respectively (Shaffer and Ginsberg 2017). RSA is used as a measure of
parasympathetic activity; i.e. larger the variation, stronger the vagal cardiac control (Thomas
et al. 2019). In this sense, RSA can be used as an indirect measure of parasymsupathetic
activity (Thomas et al. 2019; Shaffer and Ginsberg 2017). HRV is also caused by the
autonomic regulation of blood pressure via the baroreflex, as well as less well knownmechanisms related to the renin-angiotensin system, metabolism and thermoregulation
(Shaffer and Ginsberg 2017). Therefore, a plethora of methods to analyse HRV exist, which
can be used to identify the specific origin of a given HRV (Task force of the European society
of cardiology and the North American society of pacing and electrophysiology 1996). Briefly,
these methods are divided into frequency- and time- domain analyses. Frequency-domain
analyses provide information about the frequency and amplitude of specific rhythms that
compose HRV. Power spectral density analysis is used to separate the total variation (power)
into three main components; high, low, and very-low variations.
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High-frequency (HF) band encompasses the oscillations between 0.15-0.4 Hz and represents
the variations associated with RSA. Thus, it is widely accepted that HF reflects
parasympathetic activity (Shaffer and Ginsberg 2017; Goldstein et al. 2011; Rahman et al.
2011). Low-frequency (LF) band oscillations are measured at a frequency of 0.04-0.15 Hz,
and primarily reflect the function of baroreflex. The delay within the feedback loop of the
baroreflex is approximately 10s and therefore, the resultant variation in HR occurs with a
frequency of 0.1 hz (Vaschillo et al. 2011). The physiological origin of very-low frequency
(0.0033- 0.04 Hz) oscillations is not clear, but they are thought to be related to
thermoregulation and renin-angiotensin system (Shaffer and Ginsberg 2017).
In terms of time-domain analyses, SDNN, which calculates the standard deviation of all NN
intervals over the recording period, is the most commonly used. This metric provides
information of the variation as a whole but is unable to identify source of the variation. On the
other hand, RMSSD calculates the root mean square of successive differences between
heartbeats, and therefore specifically indexes the beat-to-beat variance. RMSSD has a strong
correlation with the HF power and is similarly used to estimate parasympathetic activity
(Thomas et al. 2019; Shaffer et al. 2014; Kleiger et al. 2005).
Conditions associated with increased stress have shown to consistently reduce HRV,
especially that of parasympathetic origin. For instance, individuals with greater perceived
work-related (Clays et al. 2011) or emotional (Michels et al. 2012) stress display reduced
indices of HRV. Similarly, tasks that induce acute psychological (Hjorstkov et al. 2004;
Delaney and Brodey 2000) or physical stress (Taelman et al. 2011) have shown to rapidly
reduce HRV. In accordance, periods of intensified training have shown to progressively
reduce HRV (RMSSD) which has then returned back to baseline after sufficient recovery
(Baumert et al. 2006; Pichot et al. 2000). Importantly, similar pattern has been observed
during work and rest weeks among individuals with physical occupation (Pichot et al. 2002).
Moreover, some, but not all (Hedelin et al. 2000), studies report significantly reduced HRV
among overtrained athletes (Uusitalo 2000).

4

FUNCTION OF THE HYPOTHALAMIC-PITUITARY-ADRENAL
AXIS

13

HPA -axis consists of three different structures (figure 2); the paraventricular nucleus (PVN)
of the hypothalamus, the anterior pituitary gland, and the cortex of the adrenal gland (Smith et
al. 2006). The role of this system is the endogenous production of glucocorticoids;
corticosterone (in rodents) or cortisol (in humans). First, neurons connected to the
para-ventricular nucleus (PVN) of the hypothalamus are activated, leading to the synthesis
and secretion of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP).
These releasing hormones act on the anterior pituitary gland to promote the secretion of
adrenocorticotropic hormone (ACTH). The primary target of ACTH is the adrenal cortex,
where it stimulates the synthesis and secretion of glucocorticoids (i.e. cortisol in humans)
from cholesterol (Burford et al. 2017). Cortisol secretion follows a distinctive circadian
pattern where it peaks approximately 30 minutes from waking and steadily declines to a nadir
during sleep (Rotenberg and McGrath 2016).

FIGURE 3. Schematic illustration of the HPA axis (University of New South Wales 2012).
Cortisol. Most commonly measured via saliva, plasma concentrations, hair or urine, cortisol
has been established as the most prominent biomarker of stress (Lee et al. 2015). Various
types of stressors have shown to increase cortisol secretion, including acute physical and
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physiological stress (Obasi et al. 2017; McAllister et al. 2016), as well as environmental stress
such as exposure to cold and high-altitude environments (Richalet et al. 2010; Leppäluoto et
al. 2008). In accordance, periods of intense training have shown to progressively increase
cortisol levels (Tiernan et al. 2019). Similarly, individuals in high-stress occupations display
heightened levels of cortisol (van der Meij et al. 2018; Walvekar et al. 2015).
The primary role of cortisol is to increase fuel availability during times of necessity, which it
accomplishes by affecting several tissues in the body. In the liver, cortisol increases
gluconeogenesis and decreases glycogen synthesis, while in the muscle cells, cortisol reduces
glucose uptake and promotes protein degradation to provide glucogenic amino acids for
gluconeogenesis. In adipose tissue, cortisol induces lipolysis, providing fatty acids for beta
oxidation as well as for gluconeogenesis. Finally, cortisol acts on the pancreas by inhibiting
insulin secretion while promoting the secretion of glucagon, leading to increased liver
glycogenolysis and gluconeogenesis and reduced cellular uptake of glucose (Thau and
Sharma 2019).
While cortisol provides a physiological milieu that is optimal for survival in an acute sense
(via fuel availability) it can have deleterious effects with excessive exposure. Indeed, cortisol
decreases the rates of muscle protein synthesis while increasing muscle protein breakdown,
thereby promoting tissue degradation (Peeters et al. 2008). Cortisol also suppresses the
activity of various hormones, such as growth hormone and testosterone (Nicolaides et al.
2015) and is associated with slower wound healing (Ebrecht et al. 2004). In normal
conditions, the levels of glucocorticoids are maintained at an appropriate level by negative
feedback mechanisms, where circulating glucocorticoids signal to inhibit further secretion of
CRH and ACTH; thereby preventing the synthesis of glucocorticoids (Smith et al. 2006).
However, when exposed to excessive, continuous or repetitive stress, cortisol concentrations
remain chronically elevated. This can cause damage to the neuronal pathways responsible for
the negative feedback mechanism and as a result, lead to elevated levels of cortisol even in the
absence of a stressor (Lee et al. 2015).
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5

AN OVERVIEW OF THE STRESS RESPONSE

Any threat to homeostasis, real or perceived, is defined as stress. Homeostasis is required for
optimal health and therefore, when exposed to a stressor, various physiological processes are
activated in order to maintain or re-establish homeostasis – phenomenon known as the stress
response (Russell and Lightman 2019).
While the stress response provides an animal with a physiological state that is optimal for
survival, it necessitates the suppression of other energy consuming functions such as
digestion, reproduction, tissue synthesis and immunity (Tsigos 2016). Indeed, homeostasis is
associated with the regulation of internal viscera, as well as growth and restoration, whereas
the stress response prioritizes external stimuli over internal needs (Kim et al. 2018). Thus,
when exposed to excessive, continuous or repetitive stress, it may lead to the deterioration of
body function (i.e. chronic stress). The stress response is generally associated with the
presence of a physical threat; however, situations where psychological well-being is
threatened, for instance when an individual may be negatively judged by others (i.e. socialevaluative threats) induce a similar response (Godoy et al. 2018; Hermann et al. 2018).
Furthermore, the anticipation of a stressful event is also a potent stimulator of the stress
systems (Levine 2000).
The ANS is responsible for the most immediate response to a stressor; the fight or flight
response. Stress activates the sympathetic neurons connected to the adrenal medulla,
promoting the secretion of epinephrine. Simultaneously, activation of sympathetic neurons
results in secretion of norepinephrine from the sympathetic nerves. This catecholamine
response occurs together with the activation of preganglionic neurons connected to end organs
leading to increased heart rate, force of contraction and peripheral vasoconstriction (UlrichLai and Herman 2009). The PNS promotes the sympathetic response to stress by withdrawing
the inhibitory effect. These physiological changes act to improve fuel utilisation by increasing
the availability (via gluconeogenesis and epinephrine-induced lipolysis) and delivery of
nutrients (Hoffman 2007). Finally, increased levels of norepinephrine induce behavioural
alterations such as increased alertness and vigilance (Berridge 2007).
The HPA axis contributes a more delayed response to stressors. In the occurrence of stress,
ACTH is generally released within minutes from stimulation reaching its peak after
approximately 15 minutes after stressor onset. However, due to the time required for ACTH
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to reach adrenal cortex, as well as the necessity for de novo glucocorticoid production, there is
a 30-60-minute delay between time-to-peak for glucocorticoids relative to ACTH. Therefore,
the HPA -axis mediated response to stress is slower, but also has a more sustained response
when compared to ANS (Tank and Wong 2015). Cortisol further promotes the mobilisation of
energy stores (via gluconeogenesis and glycogenolysis) as well as amplifies various
sympathetic effects, such as vasoconstriction (Ulrich-Lai and Herman 2009). Similarly,
increased levels of ACTH further promote the aforementioned behaviour alterations
associated with the stress response (Tsigos 2016).
Although the stress systems are commonly presented separately, it is important to note that
the systems are in fact highly interconnected and work in a reciprocal fashion. Indeed,
neuronal afferents from PVN project to the locus coeruleus (main site of norepinephrine
production) and noradrenergic neurons from the locus coeruleus project to PVN resulting in
reciprocal innervation. Furthermore, CRH stimulates the secretion of norepinephrine by
increasing the firing rate of locus coeruleus neurons, while norepinephrine promotes CRH
secretion in PVN (Rotenberg and McGrath 2016).

6

ENERGY RESTRICTION AND STRESS

An organism requires essential nutrients as well as adequate energy for proper biological
function and the maintenance of homeostasis. Therefore, nutrient pools such as blood glucose
are under a tight regulatory control, and the lack of a dietary component that causes a
deviation from a desired range presents a threat to homeostasis (Pijl 2012). In response to
hypoglycaemia, for instance, there is an activation of the neuroendocrine system resulting in
increased levels of circulating catecholamines and cortisol, respectively (Tesfaye and Seaquist
2010). This hormonal milieu promotes lipolysis, gluconeogenesis as well as glycogenolysis in
an attempt to re-establish blood glucose homeostasis (Kim and Park 2017; Hoffman 2007).
In accordance, it has been well documented that total calorie deprivation (i.e. fasting) for
multiple days, activates the neuroendocrine system; as evidenced by significant elevations of
cortisol (Bergendahl et al. 1996). Similarly, women with anorexia nervosa display greater
baseline levels of cortisol when compared to age-matched controls (Boyar et al. 1977).
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However, whether energy restriction (ER) results in similar responses is less clear. In obese
and overweight subjects, severe ER (300-800 kcal/d) for 2-30 days has shown to result in
unaltered or decreased cortisol levels (Tomlinson et al. 2008; Hainer et al. 2001; Vila et al.
2001; Hainer et al. 1992). Similar findings have been reported with moderate ER (20-30%)
for 3-24 months (Tam et al. 2014; Ho et al. 2007; van Rossum et al. 2000). In one instance,
three months severe ER (800 kcal) resulted in reduced cortisol levels (Yanovski et al. 1997).
In a similar manner, after >6-month ER and 10% weight loss, overweight subjects exhibit
increased parasympathetic and reduced sympathetic activity (Arone et al. 1995; Rissanen et
al. 2001). On the other hand, when normal-weight subjects were exposed to two days of
severe ER (300 kcal/d), a 30% increase in cortisol levels was observed (Pasiakos et al. 2011).
Similarly, after 3 and 12 weeks of a 1200-calorie diet, healthy individuals displayed 17% and
13% increase in plasma cortisol, respectively (Tomiyama et al. 2010; Goodwin et al. 1988).
Although the effects of long-term ER on normal-weight individuals are less documented,
restrained eating behaviour has shown to be positively correlated with cortisol levels among
healthy women (Anderson et al. 2002). Similarly, athletes with low EA have repeatedly
displayed greater cortisol levels when compared to sufficiently fed women (Ackerman et al.
2013; Rickenlund et al. 2004; Loucks et al. 1989). In one study, athletes with low EA
demonstrated 29% higher cortisol levels when compared to eucaloric athletes (Tornberg et al.
2017).
While these results appear somewhat contradictory, it is likely explained by the different
subject populations. It is important to note that the degree of energy unavailability is not only
determined by exogenous supply of calories, but also by endogenous energy stores. Indeed,
when faced with energy deficient conditions, adipose tissue supplies nutrients to other tissues
in the form of lipolysis (Choe et al. 2016). Thus, even when the exogenous nutrition intake is
severely restricted, overweight and obese individuals possess a large endogenous energy
reservoir in the form of adipose tissue. In this sense, the actual energy unavailability is not
necessarily as pronounced, which may not necessitate a stress response. In support, one case
study demonstrates how an obese individual fasted for more than a year (vitamins and
minerals provided) without adverse effects (Stewart and Fleming 1973). Furthermore, since
adipose tissue is not simply a passive storage of fatty acids, but an endocrine organ capable of
secreting various pro-inflammatory mediators, it can act as a significant source of
physiological stress (Castanon et al. 2014). Therefore, when ER is imposed upon obese
individuals, the consequent weight loss is likely to alleviate the total stress which is illustrated
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by the reduced levels of cortisol. Similarly, excess adiposity is associated with over-active
SNS, and thus, weight loss presumably restores normal autonomic function (Canale et al.
2013; Smith and Minson 2012).
While it appears that ER-induced cortisol increases are primarily observed among nonoverweight populations, findings among fitness athletes remain mixed. Rohrig et al. (2017)
found no increases in cortisol after a female physique competitor decreased body fat
percentage from 30 to 16% over the competition preparation. However, this does not
necessarily represent the level of leanness characteristic to female fitness athletes, as other
case studies have reported body fat percentages as low as 8.5-11% (Petrizzo et al. 2017;
Halliday et al. 2016). In a cohort of female fitness athletes, the average reduction in body fat
percentage was from 23 to 13%, and no effect on cortisol was observed (Hulmi et al. 2017).
Despite the attainment of a lower body fat, the baseline cortisol levels in this study were
already at the high end of the reference range (~550 nmol/l). Similarly, when baseline plasma
cortisol was above the reference range, no change in cortisol was observed over the
competition preparation (Pardue et al. (2017). Finally, in a cohort of male bodybuilders,
Mitchell et al. (2018) found no change in cortisol levels. In this instance, however, there was
only a 5% (4kg) reduction in body mass over the competition preparation; which is markedly
less than reported elsewhere (Hulmi et al. 2017; Trexler et al. 2017; Rohrig et al. (2017;
Rossow et al. 2013). On the other hand, when a male bodybuilder underwent a competition
preparation that resulted in body fat change from 14 to 4.5%, significant elevations in cortisol
were observed (Rossow et al. 2013) The body fat percentage attained in this study is among
the lowest reported in the literature – representing an elite level of conditioning (Chappell et
al. 2018). In contrast, Kistler et al. (2014) documented the competition preparation of a male
bodybuilder during which the body fat percentage was reduced from 17.5 to 7.5%. In this
case, measures of heart rate variability indicated no detectable increase in stress.
Taken together, cortisol response in energy restriction appears to be primarily determined by
the individual’s endogenous (body fat) and exogenous (energy intake) energy status, and
baseline cortisol levels. However, the absolute degree of ER at which increased cortisol is
detected occurs seems to differ between the general and athletic population. There is ample
evidence that more physically fit individuals exhibit greater stress resilience, evidenced by
lower cortisol and HR responses to psychosocial and exercise stressors (Mucke et al. 2018;
Deuster et al. 1989; Luger et al. 1987). Therefore, it is plausible that athletes might be more
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resilient to the stress of ER as well. In this sense, trained individuals might endure a greater
degree of stress exposure (i.e. ER) before eliciting a stress response.

7

AN OVERVIEW OF SLEEP

Sleep occurs – to varying extent – in every living organism, which indicates its physiological
significance. In humans, sleep-wake cycle is regulated by homeostatic processes and circadian
processes, which in combination determine the timing of sleep onset and offset. The
homeostatic processes describe the drive to sleep that increases during wakefulness and
decreases with sleep. This is primarily mediated by the accumulation of adenosine in the
forebrain during waking hours increasing the drive to sleep. The built-up adenosine is then
diminished with sleep, or adenosine-antagonists such as caffeine, leading to increased
alertness and reduced sleep drive (Carley and Farabi 2016). Circadian processes are controlled
in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus, which acts as the body’s
biological clock.
Sleep is not a homogenous process; rather, it exists in multiple stages. Indeed, there are two
fundamentally different types of sleep, rapid eye movement sleep (REM) and non-rapid eye
movement sleep (NREM). The latter is further divided into three sub-states NREM 1, NREM
2, and NREM 3. During sleep, the body cycles through these stages 4-6 times, with one cycle
averaging approximately 90 minutes (Memar and Faradji 2018).
The sleep cycle begins with NREM 1, which is the lightest stage of sleep with the lowest
threshold for awakening. It lasts between 1 and 5 minutes, constituting for approximately 5%
of the sleep cycle. Followingly, as the body temperature and heart rate decrease, there is a
transition to NREM 2. Initially, this stage lasts approximately 25 minutes, but increases in
duration with each successive cycle, eventually amounting to 50% of total sleep. Next,
NREM 3, which is the deepest stage of sleep occurs. This stage has the highest threshold for
awakening and is associated with the repair and regeneration processes that occur during
sleep. The final stage, REM sleep, is associated with dreaming and is manifested by the total
paralysis of skeletal muscles, except for the eyes and muscles associated with breathing. REM
sleep lasts approximately 10 minutes in the initial cycle, extending throughout the night and
eventually lasts up to 1 hour (Jawabri and Raja 2019; Patel and Araujo 2018).
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To this date, the exact function of sleep has not been completely elucidated, however it is
clear that it serves numerous purposes. For instance, sleep has an important role in cognitive
performance, memory consolidation, mood regulation, nociception and removal of toxic
substances and metabolic waste. Sleep is also critically implicated in metabolism, appetite
regulation, immune and endocrine function as well as cardiovascular systems (Watson et al.
2015). Based on the many roles of sleep, it is unsurprising that the insufficiency of it is
associated with increased mortality as well as the development of a multitude of diseases
ranging from diabetes and obesity to cancer and depression (Sun et al. 2015; Shan et al. 2015;
Nakata 2011; Kakizaki et al. 2008).
In terms of athletic performance, inadequate sleep has shown to impair endurance and sprint
performance, anaerobic power, as well as accuracy and reaction time (Watson 2017). While
the mechanisms between insufficient sleep and sports performance have not been properly
established, in some cases, it appears to be due to increased perceived exertion (Fullagar et al.
2015). Interestingly, even the extension of “adequate” sleep (7-8h) by ~2h has shown to
improve the previously mentioned aspects of performance (Vitale et al. 2019), which further
emphasises the role of sleep in athletic performance.

7.1 Stress and sleep

The initiation and maintenance of sleep necessitate the suppression of arousal systems. In
accordance, sleep is characterised with parasympathetic dominance accompanied with
diminished activity of the HPA axis and SNS (Bell et al. 2017; Hirotsu et al. 2015). On the
other hand, stress, and the consequent activation of the neuroendocrine system results in
elevated concentrations of CRH and NE which promote arousal and wakefulness, and thereby
oppose sleep (Sanford et al. 2014). Furthermore, the initiation of sleep is facilitated with a
reduction in core temperature. This occurs as a result of reduced noradrenergic
vasoconstriction, which leads to a greater inflow of heated blood from the core, thereby
promoting heat loss through the periphery (Okamono-Mizuno and Mizuno 2012). This sleeppreceding heat loss is likely to be inhibited by the vasoconstriction that occurs in the
activation of SNS vasoconstriction (Ulrich-Lai and Herman 2009). In fact, the
vasoconstriction does not only inhibit the reduction of core temperature, rather it further
increases it; a phenomenon known as stress-induced hyperthermia (Oka 2018). Based on these
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findings, it is unsurprising that both excessive physiological stress (e.g. overtraining) as well
as increased psychological stress have been associated with disrupted sleep (Kreher 2016;
Kim and Dinsdale 2007).

7.2 Energy restriction and sleep

Mammals have shown to become more wakeful and active during food deprivation (Challet et
al. 1997; Williams et al. 2002); a response that is thought to enhance animal’s ability to find
food (Mieda 2017). The regulation of wakefulness is complex and involves several mediators,
however this response appears to be driven by orexins; wake-promoting neurotransmitters
secreted by the hypothalamus (Richter et al. 2014). In rodents, fasting as well as moderate ER
(40%) has shown to upregulate orexin expression leading to increased levels of wakefulness
and alertness; and importantly, this response is diminished in orexin-null mice (Lutter et al.
2008; Yamanaka et al. 2003). Similarly, obese subjects that underwent an 800kcal diet for
eight weeks displayed increased plasma orexin levels (Valenzano et al. 2019). Furthermore,
men participating in intermittent fasting displayed increased orexin levels during fasting hours
which subsequently decrease with subsequent food intake (Almeneessier et al. 2018).
Since orexins are implicated in the regulation of wakefulness, it is not unfeasible that energy
restriction may result in altered sleeping patterns. In fact, alongside with increased levels of
plasma orexin, patients with anorexia nervosa patients display marked reductions in slow
wave sleep as well as increased number of night-time awakenings and arousals (JáureguiLobera 2011; Bronsky et al. 2011). Furthermore, multiple day fasting has shown to result in
significantly reduced NREM 3 -sleep in rodents, as well as increased 24-h wakefulness
(Dewasmes et al. 1989; Danguir and Nicolaidis 1979). Similarly, when overweight women
were assigned to an 800-kcal diet for four weeks, there was a significant reduction in slowwave sleep as well as an increase in sleep latency (Karklin et al. 1994). In contrast, however,
other studies have reported either no change or slight increases in sleep parameters after 150300 kcal diet for 2-7 days (Lieberman et al. 2008; Michaelsen et al. 2003). Similarly, a case
study on a male bodybuilder found slight improvements in objective sleep over the
competition preparation, albeit a significant decrease in subjective sleep quality was observed
(Pardue et al. 2017).
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Finally, it should be noted that orexins interact closely with the neuroendocrine system.
Indeed, the neurons are directly activated by CRH (Winsky-Sommerer et al. 2004), which
suggests that stress might stimulate further arousal via the orexin system. Interestingly,
orexins can also activate the neuroendocrine system as evidenced by increased sympathetic
tone, blood pressure, heart rate, and corticosterone levels following orexin administration
(Grafe and Bhatnagar 2018). Taken together, the activation of the orexin system might
contribute to the sleep-inhibiting effects of stress, and while orexins can independently induce
wakefulness, the subsequent activation of the neuroendocrine system is likely to further
contribute to it. On the other hand, since orexins are able to activate the neuroendocrine
systems, this offers another mechanism for the ER-induced stress response.

7.3 Sleep and weight loss

In general, adults are recommended to obtain at least 7 hours of sleep per night to promote
optimal health (Watson et al. 2015). Inadequate sleep has been consistently associated with
poor weight loss success. In fact, one study reported that better subjective sleep quality and
sleeping for >7h increased the likelihood of weight loss by 33% (Thomson et al. 2012). In
agreement, Chaput and Tremblay (2012) found a positive relationship between total sleep
duration and body fat loss during a 24-week intervention (0.77%/h).
There are several mechanisms which may explain the effect of sleep curtailment on
subsequent weight loss outcomes. For instance, Spiegel et al. (2004) demonstrated that
orexigenic (i.e. feeding promoting) hormone ghrelin was increased by 24%, whereas
anorexigenic (i.e. feeding inhibiting) hormone leptin was reduced by 18% after two days of
~4h sleep vs. 10h sleep. These hormone alterations resulted in a ~24% increase in hunger and
appetite. Consequently, when exposed to 4h sleep curtailment (8h to 4h), individuals have
shown to consume 12-22% more calories (St-Onge et al. 2011; Brondel et al. 2010).
Based on this, the described heightened drive to eat and the subsequent increase in energy
intake clearly contributes to the lack of weight loss success seen with poor sleep. However,
even when the energy intake is controlled, sleep curtailment results in unfavourable body
composition changes during energy deficits. Indeed, Nedeltcheva et al. (2010) compared the
weight loss outcomes of subjects undergoing a calorie deficit with either 5.5 or 8.5 h of sleep.
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While there was no difference in the total amount of weight loss (3 kg), the proportion of fat
loss was significantly less in the reduced sleep condition (56 vs 25%). Importantly, even 1h
sleep curtailment on five nights per week has shown to result in more unfavourable weight
loss ratio over 8 weeks (Wang et al. 2018). This is of particular importance for fitness athletes
undergoing competition preparation, where the goal is not to solely lose weight, but rather to
lose body fat while minimising losses in lean mass. Finally, it is important to note that the
interaction between sleep and stress is bidirectional. Indeed, while increased activity of the
stress systems can result in impaired sleep; insufficient sleep can also result in hyperactivity
of the neuroendocrine systems (Hirotsu et al. 2015).

8

THE PURPOSE OF THE STUDY, RESEARCH QUESTIONS AND
HYPOTHESES

Fitness athletes undergo a multiple-month period of dieting to prepare for competition. In the
pursuit of extreme muscle definition, fitness athletes adopt inadequate energy intakes to attain
bodyfat percentages that are considered sub-healthy (Pardue et al. 2017; Petrizzo et al. 2017
Halliday et al. 2016; Rossow et al. 2013). Despite the increased participation in fitness sports,
only a few studies have examined the physiological consequences of the competition
preparation. The lack of adequate energy may act as a threat to homeostasis (Pijl 2012), and
thus result in the activation of the neuroendocrine system. While there is some evidence that
dietary restraint is physiologically stressful (Tomiyama et al. 2010), the data on competition
preparation is more mixed. Indeed, while some studies on fitness athletes have observed
increased markers of physiological stress (Mitchell et al. 2018; Pardue et al. 2017; Trexler et
al. 2017; Rossow et al. 2013), others have not (Hulmi et al. 2017; Rohrig et al. 2017; Kistler
et al. 2014). Furthermore, despite frequent anecdotal reports of sleep disturbances during
competition preparation, only a single case study has assessed sleep (Pardue et al. 2017).
Thus, the purpose of this study was to investigate the impact of the fitness competition
preparation on stress biomarkers and sleep quality.

1. Does prolonged energy restriction during competition preparation result in reduced
HRV and increased cortisol levels among fitness athletes?
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Hypothesis: Fitness athletes display reduced HRV and increased cortisol levels during
competition preparation.
The maintenance of homeostasis requires adequate energy and, therefore energy restriction
may act as a threat to homeostasis, i.e. a stressor (Pjil 2012). In response to energy restriction,
normal-weight individuals have exhibited increased levels of cortisol, indicating activation of
the neuroendocrine systems (Pasiakos et al. 2011; Tomiyama et al. 2010; Goodwin et al.
1988). Similarly, case studies on male fitness athletes report increased levels of cortisol after
the competition preparation (Pardue et al. 2017; Rossow et al. 2013).

2. Do competitors have worse sleep quality during competition preparation?
Hypothesis: Competitors exhibit increased sleep disturbances during competition preparation.
The initiation and maintenance of sleep necessitate the suppression in the activity of HPAaxis and the sympathetic nervous system (Bell et al. 2017). Stress and the consequent
activation of the neuroendocrine system promote arousal and wakefulness, and thereby
oppose sleep (Sanford et al. 2014). In addition, the initiation of sleep is facilitated with a
reduction in core temperature. This reduction is likely to be hindered by the vasoconstriction
that occurs in the activation of SNS (Ulrich-Lai and Herman 2009), and by stress-induced
hyperthermia (Oka 2018). Consequently, both physiological and psychological stress have
been associated with sleep disturbances (Kreher 2016; Kim and Dinsdale 2007). Furthermore,
Energy restriction promotes wakefulness and alertness in mammals (Challet al. 1997;
Williams et al. 2002). This response is driven by wake-promoting neurotransmitters, orexins;
which have been shown to increase in response to energy restriction (Valenzano et al. 2019;
Almeneessier et al. 2018). Fasting reduces slow wave sleep and increases 24-h wakefulness in
rodents (Dewasmes et al. 1989; Danguir and Nicolaidis 1979). Similarly, in overweight
women, low-calorie diet resulted in reduced slow-wave sleep and increased sleep latency
(Karklin et al. 1994).
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3. Are sleep disturbances associated with more unfavourable body composition
outcomes?
Hypothesis: Competitors with more sleep disturbances lose less absolute fat mass and have a
more unfavourable weight loss ratio between lean and fat mass.

Sleep curtailment has reported to result in increased ghrelin and decreased leptin
concentrations, leading to heightened hunger and drive to eat (Spiegel et al. 2004). In
accordance, individuals have shown to consume 12-22% more calories after 4h sleep
curtailment (St-Onge et al. 2011; Brondel et al. 2010). Based on this, hormonal changes
associated with insufficient sleep might hinder weight loss. Furthermore, Nedeltcheva et al.
(2010) compared the weight loss outcomes of subjects undergoing a calorie deficit with either
5.5 or 8.5 h of sleep. While there was no difference in the total amount of weight loss (3 kg),
the proportion of fat loss was significantly less in the reduced sleep condition (56 vs 25%).

9

METHODS

9.1 Subjects

The participants were recruited via University of Jyväskylä’s and Finnish Fitness Sports
Association’s web pages and social media channels. The study was approved by the Ethical
Committee of The Central Finland Health Care District. Prior to volunteering to the study,
participants were informed about the purposes, benefits and possible risks associated with the
project (appendix 1). Following the selection process, a written consent was sent to the
participants via e-mail (appendix 2), which had to be returned with a signature upon their
initial arrival to the laboratory.
Eight male participants from the athlete group were randomly selected to take part in the
present study. These individuals received Emfit QS-devices and were instructed with the
installation and use of the device. The characteristics of the selected participants are presented
in table 1.
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TABLE 1. Baseline characteristics of the participants.

Age (years)

31.1 ± 5

Height (cm)

180 ± 4

Body mass (kg)

Body fat (%)

89.4 ± 12.8

16.9 ± 5.4

Resistance

Duration of

training

competition

experience

preparation

(years)

(weeks)

11 ± 8

20 ± 5

The inclusion criterion for the study was 1) a minimum of two years of resistance training
experience, 2) no diagnosed chronic diseases and 3) not using prescribed medications or
performance enhancing drugs. In order to be eligible for the athlete group, the participants
were required to compete under the Finnish Fitness Sports Association during the year of the
study and individuals competing in autumn of 2019 or 2020 were excluded from the study.

9.2 Study design
The current study was a part of the research project “Effects of the fitness competition period
on body composition, neuromuscular performance, hormone balance and metabolic rate”
carried out by the University of Jyväskylä, Faculty of Sport and Health Sciences.
The study used a longitudinal study design, where the participants were required to attend at
the laboratory in four different time points over a 50-week study period; 25 weeks before the
competition, 1 week before the competition, 1-2-day post competition and 25 weeks post
competition. The present study only used data from 25 weeks before (PRE) and 1 week before
(END) the competition. All measurements were carried out in the Neuromuscular Research
Center at the University of Jyväskylä.
The subjects were asked to arrive in a fasted state (>10h), including the consumption of
caffeine and nicotine containing products. The participants were also asked to refrain from
alcoholic beverages and strenuous exercise for 24h preceding each visit, and to obtain normal,
~8h sleep the night before. All data collection took place between April 2019 and March
2020.
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9.2.1 Training diaries

The subjects continued with their own training routines throughout the study period and were
asked to document all performed resistance and aerobic exercise in a training diary provided
by the research group (appendix 3). The following information was determined from the
training diaries; 1) number and modality (upper/lower/full-body training) of resistance
training sessions/week and 2) number, type and duration of aerobic training sessions/week. In
some cases, the training information was collected directly from training programmes
provided by the participants.

9.2.2 Energy intake

The participants provided the research group with their personal nutrition regimens and were
asked to report all nutritional changes over the study period. If a participant was not following
a specific plan, they were asked to fill out a 3+1 food diary (appendix 4) before, in the
beginning, at the mid-point and at the end of the competition preparation. Nutrition data was
analysed with a nutrient analysis software (Aivodiet, Flow-team Oy, Oulu, Finland).

9.2.3 Energy expenditure
Energy expenditure was estimated by converting the reported exercise into metabolic
equivalents (METs) according to Ainsworth (2000). In the present study, due to the evident
differences in expenditure, resistance training was further divided into lower-, upper-, and
full-body resistance training, which were counted as 6, 4, and 5 METs, respectively. The
duration of resistance training sessions was standardised at 1h for the calculations, which has
been previously reported among fitness athletes (Hackett et al. 2013). The MET values for
different modalities of aerobic exercise were determined according to Ainsworth (2000).
Energy availability was calculated using the following formula; energy availability = (energy
intake – exercise energy expenditure) / FFM
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9.2.4 Body composition
Body composition was measured via Dual-energy X-ray absorptiometry (DXA, Lunar
Prodigy Advance, GE Medical Systems—Lunar, Madison WI USA) in a fasted state.
Participants wore minimal clothing and lied on their back in a supine position with their arms
at their sides and feet together. The legs were secured together via non-elastic straps at the
ankles and the knees, and arms were aligned along the trunk with palms facing the legs.
Participants were asked to remove any metal objects before the scan.
Time of the day of each measurement was standardized to occur within ±2 h from the
previous measurements. The analysis software (enCORE 2005, version 9.30 and Advance
12.30) provided information about total-, lean-, bone-, and fat mass of the participants.
Participants were tested on their back in a supine position on the DXA table with their arms at
their sides and feet together with minimal clothing (i.e., a pair of shorts). The legs were
secured by non-elastic straps at the knee and ankles, and the arms were aligned along the
trunk with the palms facing the thighs.

9.2.5 Serum cortisol
Venous blood samples were taken from the antecubital vein into serum tubes (Venosafe;
Terumo Medical Co., Leuven, Hanau, Belgium) using standard laboratory procedures. Blood
samples were stored in room temperature for 30 min, after which they were centrifuged at
3500 rpm for 10 min (Megafure 1.0 R Heraeus; DJB Lab Care, Germany). Cortisol
concentrations were analysed from serum by Immulite 2000 XPi immunoassay system
(Siemens Healthineers, Erlangen, Germany).

9.2.6 Nocturnal heart rate variability
The nocturnal HRV and sleep measurements were collected via EMFIT Qs (Emfit Oy,
Vaajakoski, Finland), a noninvasive, ballistocardiograph -based sleep monitor (i.e.
physiological parameters are derived by measuring the forces from body movement, breathing
motion and the mechanical action of the beating heart).
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Data was automatically collected to the Emfit-server via a Wi-Fi-connection, and HRV-, HR
and sleep parameters were calculated by the software’s algorithm (Emfit Oy, Jyväskylä,
Finland).

9.2.7

Sleep parameters

The following Emfit QS -derived sleep parameters were assessed: time in bed, sleep time and
sleep efficiency (time in bed – time asleep, expressed as a percentage). It has been previously
demonstrated that the detection of sleep, wake and movement via the Emfit QS -device
exhibit a high degree of agreement (~82%) with polysomnography, which is considered the
gold-standard in sleep assessment (Guerrero-Mora et al. 2012).
Heart rate variability and sleep data (7-day average) were assessed from individual
participants before competition preparation (PRE), start (START), mid-point (MID) and at
lowest energy availability (END) of the competition preparation. On average, START, MID
and END correspond to 19 ± 4, 10 ± 2 and 2 ± 2 weeks before the competition, respectively.

10

Statistical analyses

The distribution of data was assessed via Shapiro-Wilk test. The comparisons between time
points were done using repeated measures ANOVA, or paired sample t-test. The correlations
were examined using Pearson correlation coefficient. The results are presented as mean ±
standard deviation. The null hypothesis was set at p <0.05, and statistical significance is
denoted by * (p<0.05), ** (p< 0.01) or *** (p<0.001). All statistical analyses were done using
Statistical Package for the Social Sciences (SPSS for macOS, version 26, IBM, Chicago, IL,
USA).
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11

RESULTS

11.1 Exercise energy expenditure
Total exercise energy expenditure increased from PRE to START, from PRE to MID, from
PRE to END, and from START to END (figure 4).

Exercise energy expenditure

MET/h/week

**a
60

50

*

**

START

MID

40

30

20

10

0
PRE

Resistance exercise

FIGURE 4.

END

Aerobic exercise

Exercise energy expenditure at different time points. *= p<0.05 from PRE,

**= 0.01 from PRE, a= p<0.05 from START.
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TABLE 2.

11.2

Outcome measures across the time points.

Energy availability

Energy intake decreased from PRE to START, from PRE to MID, from PRE to END as well
as from START to END and MID to END (table 2).
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Energy availability decreased from PRE (38 ± 3 kcal/kg/FFM) to START (30 ± 4
kcal/kg/FFM), PRE to MID (28 ± 2 kcal/kg/FFM), and PRE to END (18 ± 4 kcal/kg/FFM), as
well as from START to END and MID to END (Figure 5).

kcal/kg/FFM

Energy availability

45
40

***

35

***

30

***ab

25
20
15
10
5
0
PRE

FIGURE 5.

START

MID

END

Energy availability at different time points. ***= p<0.001 from PRE, a=

p<0.05 from START, b= p<0.05 from MID.

11.3

Body composition

There was a significant reduction in total body mass (89.4 ± 12.8 kg vs 77.9 ± 6 kg), fat mass
(14.9 ± 6.5 kg vs 4.7 ±1.7 kg), and body fat percentage (16.9 ± 5.4 % vs 6.3 ± 2.3 %) from
PRE to END, while no change was observed in fat-free mass (table 2). No correlation was
observed between sleep metrics and changes in body composition.

11.4

Nocturnal heart rate variability

There was a significant increase in RMSSD from PRE to END (figure 6). An increase was
observed in all but one participant (figure 7), with an average increase of 15 ± 17%. A strong
correlation was detected between the change in RMSSD and change in fat mass (figure 8).
There was a strong inverse association between aerobic exercise energy expenditure and
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change in HRV (figure 9). The change in HRV was not associated with the change in heart
rate or energy availability.

Heart rate variability

RMSSD (ms)
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FIGURE 6.
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Heart rate variability (RMSSD) at different time points. *= p<0.05 from PRE.

Individual responses of heart rate variability (RMSSD)
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FIGURE 7.
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Individual changes in heart rate variability from PRE to END.
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S7

S8

FIGURE 8.

Correlation between the change in RMSSD and change in fat mass.
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FIGURE 9.

Correlation between the change in RMSSD and competition preparation

average aerobic exercise energy expenditure (AEEE).

11.5

Serum cortisol

There was a nonsignificant increase (18 ± 31%) in serum cortisol from PRE to END (357 ±
102 nmol/l vs 402 + 76 nmol/l). Individual responses ranged from a 28% decrease to a 61%
increase (figure 9). A strong, inverse correlation was detected between cortisol at PRE and the
change in cortisol from PRE to END (figure 10).
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Serum cortisol
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FIGURE 10.

Individual changes (%) in serum cortisol from PRE to END.

FIGURE 11.

Correlation between serum cortisol at baseline and % change from PRE to

END.
37

11.6

Sleep parameters

There was a significant increase in sleep time from START to END (7h 36 ± 34 min vs 8h 12
± 41 min, p<0.05). This was accompanied by an identical, non-significant increase in bedtime
8h 30 ± 38 min vs 9h 6 ± 50 min). Sleep efficiency was not significantly affected during the
study period.

11.7

Nocturnal heart rate

There was a significant decrease in resting heart rate from PRE to MID and from PRE to END
(figure 12) Resting heart rate was associated with energy intake (figure 13) and aerobic
exercise energy expenditure (r= 0.56, p<0.01).

Nocturnal heart rate

bpm
60
58
56

***

54

***
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FIGURE 12.
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Nocturnal heart rate at different time points. ***= p<0.001 from PRE. bpm=

beats per minute.
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FIGURE 13.

Correlation between nocturnal heart rate and energy intake. bpm= beats

per minute.
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DISCUSSION

The main findings of the study were that serum cortisol levels increased, albeit statistically
nonsignificant, during the fitness competition preparation. Next, in disagreement with the
hypothesis, fitness athletes displayed increased heart rate variability (RMSSD) in response to
competition preparation. In addition, nocturnal heart rate progressively decreased throughout
the competition preparation. Furthermore, it was demonstrated that bed and sleep times
increased towards the end of the competition preparation.
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12.1

Serum cortisol

Serum cortisol increased from PRE to END, however, due to the low sample size and large
interindividual variation, this did not reach statistical significance. The individual responses
ranged from -28% to +61% (figure 5). Despite the lack of statistical significance, the increase
in cortisol highlights the physiological stress of prolonged energy restriction. Furthermore, a
strong inverse correlation between cortisol at PRE and the change in cortisol was observed.
These findings are in accordance with previous studies reporting no change in cortisol over
the competition preparation when the baseline levels were above the reference range (Pardue
et al. 2017; Hulmi et al. 2017), while an increase has been observed with normal baseline
levels (Trexler et al. 2017; Rossow et al. 2013). Despite observing up to 61% increases in
plasma cortisol, it should be noted that 6/8 of the subjects remained within the reference
range. Nonetheless, it is important to acknowledge that cut-off points do not represent an
exact point at which deterioration of health begins, but rather, it is a continuum.

12.2

Nocturnal heart rate variability

Parasympathetic activity – as indicated by RMMSD –significantly increased from PRE to
END. While in disagreement with the initial hypothesis, this finding is in line with a case
study, where a bodybuilder displayed increased HRV over the competition preparation
(Kistler et al. 2014). The present study, as well as previous research have demonstrated
increased activity of the HPA-axis in response to caloric restriction among normal-weight
individuals (Pasiakos et al. 2011; Tomiyama et al. 2010; Goodwin et al. 1988) and fitness
athletes (Trexler et al. 2017; Rossow et al. 2013). Since the HPA-axis and ANS are
interrelated and work concurrently in response to stressors (Ulrich-Lai and Herman 2009), it
is surprising that similar findings were not seen here. It is possible, however, that the
synchronous response of the stress systems does not hold true in terms of ER-induced stress.
The primary function of cortisol during energy restriction is to promote fuel availability via
lipolysis, gluconeogenesis, and proteolysis in adipose tissue, liver and muscle cells,
respectively (Thau and Sharma 2019). In this sense, the HPA-axis response is critical for
survival during times of famine (or caloric restriction). On the other hand, the ANS-mediated
“fight or flight” response induces vasoconstriction, increases heart rate and force of
contraction, to promote the delivery of nutrients with secondary effects on fuel availability via
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epinephrine induced lipolysis and gluconeogenesis (Hoffman 2007). While this would
presumably improve the chances of survival when facing a physical threat, it is much less
critical in terms of long-term survival. Moreover, the aforementioned physiological changes
would lead to increases in energy expenditure; which is in direct opposition to the body’s
attempt to conserve energy during negative energy balance (Muller et al. 2018; Stubbs et al.
2004). Therefore, it seems plausible that the costly processes of increased sympathetic activity
would be limited to states of sufficient energy availability.
Studies in overweight populations have reported decreases in basal metabolic rate (BMR)
beyond to what is attributable to weight loss alone; a phenomenon known as adaptive
thermogenesis (Rosenbaum and Leibel 2010). Adaptive thermogenesis is an umbrella term to
describe a multitude of physiological adaptations that occur in response to significant weight
loss; the purpose of which is to reduce energy expenditure in order to oppose further weight
loss and promote weight re-gain. The reduction in energy expenditure is achieved primarily
by decreased BMR and non-exercise activity thermogenesis as well as increased skeletal
muscle work efficiency (Goldsmith et al. 2010; Rosenbaum et al. 2008).
Interestingly, it appears that ANS has a key role in the regulation of energy expenditure. First,
it is well established that sympathetic tone accelerates the activity of a stimulated organ,
whereas parasympathetic tone has the opposing effect (Ulrich-Lai and Herman 2009);
inherently leading to increased and decreased energy expenditure, respectively. Further,
eliminating sympathetic connections to the working muscle has shown to increase work
efficiency by reducing glycolytic activity during exercise (Kardos et al. 2000). In addition,
sympathetic nerves connect directly to the thyroid gland where norepinephrine stimulates the
secretion of thyroid hormone; a key regulator of BMR (Arone et al. 1995). Finally, nonshivering thermogenesis, i.e. one of two primary mechanisms for heat generation, is
controlled via sympathetic nerves connected to brown adipose tissue (Carpentier et al. 2018).
Based on these factors, it has been proposed that reduced sympathetic activity is likely to
account for a significant portion of the hypometabolic state associated with weight loss
(Rosenbaum and Leibel 2010). The degree of adaptive thermogenesis appears to be
proportional to the magnitude of weight loss; after a 10% weight loss, obese subjects
experienced a 16% reduction in FFM-normalised energy expenditure, whereas after 20%
weight loss the reduction was 24% (Leibel et al. 1995; Weigle et al. 1988). This is in line with
the present findings, where a very strong association was demonstrated between increase in
HRV and the degree of body fat loss (r= 0.90, p<0.01).
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It is important to note that there are other factors that might contribute to increased HRV in
the current setting. First, resting HR – which is inversely correlated to HRV (Kazmi et al.
2016) – decreased over the competition preparation HR (-7 ± 3 bpm, p <0.001). Lower HR
increases the time between consecutive beats; allowing greater opportunity for variation,
whereas higher HR has the opposite effect, resulting in increased and decreased HRV,
respectively (Shaffer and Ginsberg 2017). In fact, one study found that every change of 1bpm
altered RMSSD by 6% (Gasior et al. 2016). This would be a major confounding factor with
the notable decreases observed in the present study, however, the change in HR was not
associated with the change in HRV. Furthermore, due to the inclusion of aerobic training
throughout the competition preparation, athletes in the present study probably experienced
improved aerobic fitness, which has routinely shown to increase HRV (Plews et al. 2013). In
one study, for instance, improved aerobic fitness was strongly correlated (r= 0.73) with
increased HRV after 9 weeks of endurance training (Buchheit et al. 2011). While aerobic
fitness was not assessed here, the inverse association (r= -0.78, p <0.05), between aerobic
training volume and change in HRV indicates that participants with lower levels of aerobic
exercise exhibited greater increases in HRV; making increased aerobic fitness an unlikely
mediator of HRV.
Finally, despite a large intra-individual variation, only 1/8 participant experienced a reduction
in HRV (figure 4). This is most likely due to the high degree of aerobic exercise, which was
nearly two standard deviations above the mean (figure 2). Previous studies have demonstrated
decreased indices of HRV following periods of intensified endurance training or overreaching
(Hynynen et al. 2006; Baumert et al. 2006; Uusitalo et al. 2000; Pichot et al. 2000). The
aerobic training volumes observed in the present subject are similar to the ones reported in the
aforementioned studies, suggesting that some degree of overtraining/overreaching occurred.
Taken together, it appears that the increased parasympathetic activity – presumably
accompanied by reduced sympathetic activity – is reflective of adaptive thermogenesis in
response to weight loss.

12.3

Nocturnal heart rate

Nocturnal heart rate significantly decreased over the study period (Figure 8). This is in
agreement with previous studies on fitness athletes reporting reduced RHR over the
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competition preparation (Kistler et al. 2014; Rossow et al. 2013). For instance, case studies
demonstrate reductions of 26-27 bpm among male bodybuilders (Kistler et al. 2014; Rossow
et al. 2013). The magnitude of the reduction is understandably lower in the present study as
nocturnal heart rate was assessed instead of resting heart rate.
The regulation of HR is under the control of ANS; parasympathetic activity reduces HR via
acetylcholine, while sympathetic activity increases it via norepinephrine (Gordan et al. 2015).
Therefore, changes in HR typically occur as a direct consequence of autonomic modulation,
and thus, an inverse correlation is typically observed (Gasior et al. 2016; Kazmi et al. 2016).
However, the lack of such correlation here suggests that the reduction in HR was caused
independent of ANS. Traditionally, reductions in RHR have been attributed to increased
parasympathetic control of the heart (Carter et al. 2003). However, careful analyses of heart
rate in athletes and untrained populations after complete autonomic blockade indicate that the
reductions are largely – if not entirely – due to a decrease in intrinsic HR, rather than changes
in autonomic function (Boyett et al. 2013). Furthermore, the positive correlation between
RHR and AE (r= 0.56, p<0.01) suggest that the reduced HR was not caused by the addition of
endurance training. Instead, the association between RHR and energy intake (r= 0.68,
p<0.001), is in accordance with the concept of adaptive thermogenesis (Rosenbaum and
Leibel 2010). Interestingly, however, the lack of correlation between changes in HRV and
HR, indicate that the effect was independent of parasympathetic activity. Thus, it appears that
the intrinsic rhythm of the SA-node is modulated by adaptive thermogenesis in order to
constrain energy expenditure. Finally, these findings suggest that the utility of resting heart
rate as an indicator of overreaching/overtraining is limited to states of sufficient energy
availability.

12.4

Sleep

In contrast to the hypothesis, there were no meaningful changes in sleep quality – indicated by
sleep efficiency – over the competition preparation. Similarly, no associations were observed
between sleep parameters and any body composition measure. The lack of changes was
particularly surprising considering the frequent anecdotes of worse sleep quality during the
competition preparation. Nonetheless, since reduced parasympathetic activity (i.e. increased
stress) was not observed, downstream effects on sleep were also absent. It is important to
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note, however, that objective sleep quality derived from sleep time and sleep efficiency has
shown to poorly reflect subjective sleep quality (Landry et al. 2015). Indeed, while subjective
sleep quality was not assessed in the present study, Pardue et al. (2017) observed a reduction
in subjective sleep quality despite a slight increase in sleep efficiency. Thus, it is possible that
although sleep quantity might be preserved, changes in sleep architecture – which cannot be
assessed via the previous indices – might contribute to the deterioration of sleep quality. This
is supported by some (Karklin et al. 1994; Dewasmes et al. 1989), albeit not all (Michaelsen
et al. 2003), studies demonstrating reduced NREM 3 sleep in response to ER. Since NREM 3
is responsible for the regeneration and replenishment processes that occur during sleep
(Jawabri and Raja 2019, it is plausible that notable reductions in this stage of sleep would
result in worse sleep quality. Nonetheless, although the effect of sleep quantity on body
composition has been well illustrated (Chaput and Tremblay 2012; Nedeltcheva et al. 2010),
the possible influence of subtle changes in sleep architecture remain at best speculative.
There was a significant increase in sleep time from START to END (7h 36 ± 34min vs 8h 12
± 4min) however, this was explained by a concurrent change in bedtime (8h 30 ± 38min vs 9h
6 ± 50min). These findings are in agreement with a case study on a male bodybuilder, where
sleep time increased by 20% over the competition preparation (Pardue et al. 2017). While the
corresponding increase in the present study was of a smaller magnitude (5%), it is worth
noting that the sleep time in the present study was notably larger at baseline (7h 36 min vs. 5h
9 min). There are multiple reasons that might explain the increased sleep (and bed) time
towards the end of the competition preparation. First, it may reflect a heightened demand for
sleep due to the marked increase in training volumes. In marathon runners, for example, total
sleep time has shown to be significantly elevated for multiple nights after a race (Shapiro et
al. 1981). Thus, it stands to reason that increased physiological stress raises the demand for
recovery; manifested as greater sleep time. Alternatively, the observed increase in sleep might
simply be a result of sleep prioritisation. Indeed, as the role of sleep in weight loss is well
established, it is plausible that the athletes were instructed to ensure a certain amount of sleep
was obtained in the proximity of the competition.
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13

STRENGTHS AND LIMITATIONS

There were several limitations to the present study. First, reliable analysis of sleep data was
difficult in the absence of sleep diaries. From the current data, it was impossible to know
whether the participants were attempting to sleep or engaging in some activity while lying in
the bed (e.g. watching television, reading, browsing phone). Furthermore, the addition of a
subjective sleep quality measure would have provided a clearer understanding of overall
changes in sleep. It should be acknowledged that this was among the largest studies within the
current context. Thus, while perhaps lacking statistical power, the findings of the study offer
valuable insight to the physiological changes that occur in response to prolonged energy
restriction and weight loss. Perhaps the main strength of the present study was the meticulous
collection of training and nutrition data, which proved pivotal in examining individual
outcomes.
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CONCLUSIONS

The main finding of the study was that parasympathetic tone increases, while nocturnal heart
rate decreases in response to prolonged energy restriction and weight loss among normalweight individuals. These findings concur with the concept of adaptive thermogenesis in
response to weight loss. This is the first study to suggest that adaptive thermogenesis reduces
heart rate by decreasing the intrinsic rhythm of the sinoatrial node. Importantly, these findings
can be used to inform coaches and athletes about the limitations of utilising resting heart rate
as an indicator of overreaching/overtraining during states of low energy availability.
Furthermore, despite the lack of statistical significance, there was a notable increase in serum
cortisol, highlighting the physiological stress of prolonged energy restriction. Furthermore,
the response of cortisol to energy restriction appears to be largely determined by the baseline
cortisol levels. The present study uniquely illustrates the disparity between the responses of
the ANS and the HPA-axis in response to energy restriction induced stress. Finally, sleep
quantity appears to be maintained during prolonged energy restriction, however, other aspects
of sleep quality, such as sleep architecture, require more investigation.
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