
Bond University

DOCTORAL THESIS

Dietary intake and energy expenditure in team sport athletes.

Salagaras, Brianna

Award date:
2022

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

https://research.bond.edu.au/en/studentTheses/ab4d8bdc-bf16-4b71-9bc6-2b4f8dbb3437


 

 

 

 
 

Dietary intake and energy expenditure in team sport athletes 

 

Brianna Skye Salagaras 

 

 

 

 

Submitted in total fulfilment of the requirements of the degree of Doctor of Philosophy on 

March 2021 

Faculty of Health Sciences and Medicine 

Dr Kristen MacKenzie-Shalders, Dr Gary Slater, Dr Chris McLellan and Dr Vernon Coffey 

This research was supported by an Australian Government Research Training Program Scholarship. 

  



PREFACE | Abstract 

 

 

ii 

PREFACE 
Abstract 

Athletes are a unique population whose energy expenditure (EE) fluctuates daily as a result 

of the varying exercise demands in different macro and micro-cycles within their periodised 

training program. Whilst studies in non-athletic populations have found that there is a modest 

correlation between adjustments in an individual’s energy intake to match changes in their 

EE, the high total energy expenditure and congested training schedule for professional 

athletes provides distinct challenges to consistently meet current sports nutrition 

recommendations for health and performance. Thus, the primary aim of the series of studies 

in this thesis was to determine the energy intake and energy expenditure of elite team sport 

athletes and the implications of training and performance on dietary intake. 

The first study in the present thesis aimed to synthesise current knowledge on the 

effect of exercise duration, intensity and mode on energy intake. Accordingly, a systematic 

review was undertaken (Chapter Two) of randomised, non-randomised, and observational 

studies including active, healthy males, aged 18-50 years that reported on the effect of 

exercise on energy intake. MEDLINE, Sport Discuss, Embase, Cochrane and Science 

Direct were systematically searched from database inception through to May 2019. A total 

of 36 publications were included in the review (of participants aged 20-44 years). Meta-

analysis on the effect of exercise events lasting 2 hours or less (acute duration) on energy 

intake showed a significant increase in subsequent energy intake after exercise (mean 

difference [MD] = 0.65 megajoules 95% CI = 0.18 to 1.12, p = 0.007). However, neither 

moderate or chronic durations of exercise that included multiple bouts of exercise/training 

(exercise occurring for 2-48 hours or >48 hour time frame), nor variation in exercise intensity, 

had any meaningful impact on ad libitum energy intake. These results indicate increased 

energy intake was only evident after an acute exercise bout in the laboratory-based 

environment in healthy active males but this effect was not exercise intensity dependent. 

The exercise-induced modulation of energy intake was not apparent during moderate or 

chronic exercise programs indicating that purposeful, well-planned strategies may be 

needed if comparable energy intake and energy expenditure are desired in close temporal 

proximity to individual training sessions for active individuals such as athletes. 

The ability to investigate energy balance requires the quantification of both energy 

intake and energy expenditure. Technology for quantification of energy expenditure has 

become increasingly available in recent years, however many devices have limited validity 
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in applied settings, especially for the high exercise intensities undertaken by athletic 

populations. Thus, the aim of the study described in Chapter Three was to assess the validity 

of the GeneActiv accelerometer for use within an athlete population and compare energy 

expenditure with energy and macronutrient intake of elite Australian Football athletes during 

a competition week. First, indirect calorimetry was utilised to assess the utility of the 

GeneActiv to quantify energy expenditure during high intensity exercise in semi-professional 

Australian Football athletes. Thereafter, fourteen professional Australian Football athletes 

(age 24 ± 4 [SD] y, height 187 ± 0.8 cm, body mass 86 ± 10 kg) wore the accelerometer and 

had dietary intake assessed via dietitian led 24 h recalls throughout a continuous 7 d 

competition period (including match day). There was a significant relationship between 

metabolic equivalents (MET) and GeneActiv raw acceleration values (g.min-1; SEE 1.77 

METs, r2 = 0.64, p<0.0001) during a graded running test to volitional fatigue. Thus, the 

GeneActiv provided effective estimation of energy expenditure during weekly preparation 

for a professional Australian Football competition. The energy intake and energy 

expenditure showed a significant difference only occurred on the high load training days 3 

and 4 during the competition week (day 3: EI 137 ± 31 kJ/kg/d, 11763 ± 2646 kJ/d and EE 

186 ± 14 kJ/kg/d, 16018 ± 1973 kJ/d p<0.05, d= -1.4; day 4: EI 179 ± 44 kJ/kg/d, 15413 ± 

3960 kJ/d and EE 225 ± 42 kJ/kg/d, 19313 ± 3072 kJ/d; d= -0.7). Carbohydrate intake was 

substantially below current sports nutrition recommendations on six of seven days with 

deficits ranging from -1 to -7.2 g/kg/d (p<0.05), while daily protein and fat intake was 

adequate. The data indicate Australian Footballers may attempt to periodise dietary energy 

intake to varying daily training loads but remain in a negative energy balance on higher 

energy expenditure days. In part this is due to the inadequacies seen in carbohydrate intake. 

Thus, specific dietary strategies to increase carbohydrate intake may be beneficial to 

achieve appropriate energy balance, particularly on days where athletes undertake multiple 

training sessions. 

The final study (Chapter Four) aimed to determine the effect of increased 

carbohydrate availability on daily energy and macronutrient intake and distribution in 

professional Australian Football athletes during six high-load training days. A cross sectional 

study was performed measuring six 24-h energy and macronutrient intakes of Australian 

Football athletes (n= 20 males; age 25 ± 4 y, stature 187 ± 8 cm, mass 88 ± 9 kg). Dietary 

intakes were quantified using dietary software (Foodworks) analysis of photographic food 

diaries on the high-load training days. Energy expenditure was estimated for the same 
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period using the GeneActiv accelerometers. During the initial three control (CONT) days, 

athletes had ad libitum access to food, while the three days of intervention included control 

foods, plus increased carbohydrate availability (ICA), achieved through greater prompting 

and access to carbohydrate foods at the training facility. The results showed daily energy 

intake and carbohydrate intake (185 ± 40 kJ/kg/d, 5.0 ± 0.2 g/kg/d) was higher during the 

intervention compared with control days (172 ± 31 kJ/kg/d; p<0.05, 4.0 ± 0.2 g/kg/d; p<0.05) 

but remained below estimated energy expenditure. Energy expenditure was highest during 

the morning (0600-1159 time period) which coincided with lowest energy intake on all days 

(CONT 29 ±12 kJ/kg; ICA 39 ±12 kJ/kg). While the intervention was associated with greater 

carbohydrate intake in the morning (0.6 g/kg, p< 0.05) there was a small decrease in protein 

intake in the afternoon (1200-1759 time period) but intake remained adequate (-0.2 g/kg, p< 

0.05). Thus, increasing availability of carbohydrate during days with the highest training 

loads generated a modest increase in carbohydrate and energy intake, and the intervention 

was most effective in improving carbohydrate intake during the morning period. Athletes 

failed to match estimated energy requirements on high-load training days but having 

improved access to carbohydrate reduced the energy deficit. 

In summary, the studies conducted for this thesis provide new information on the 

impact of exercise on energy intake in active individuals, and the energy intake and energy 

expenditure of elite Australian Football athletes both within and across training/competition 

days. Importantly, the findings of study one indicates high levels of physical activity have the 

potential to acutely increase energy intake but as high daily physical activity levels are 

prolonged with chronic exercise training an energy balance is less likely to be achieved. 

Similar results were found, when the energy and nutrient intakes of Australian Football 

athletes were quantified into daily proportions in study two. It was apparent that the highest 

daily energy demands of these athletes necessitates greater energy intake, because their 

daily intake did not match their energy requirements on the days with the highest training 

loads. Moreover, the inadequate energy intake when training several times a day appears 

to stem from low carbohydrate intakes. Notably, specific strategies to promote carbohydrate 

intake across days with high training loads, and in particular the morning, can generate a 

meaningful increase in total energy intake but while effective, the greater carbohydrate 

availability outlined in study three did not enable the athletes to increase their energy intake 

substantially enough to achieve an energy balance. These results highlight the need for 

ensuring greater availability and prompting for carbohydrate intake in team sport athletes 
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especially during morning periods to increase energy intake and reduce energy deficit for 

days when energy expenditure is high. 
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1.1 Overview 

Australian Football is an intermittent high intensity team sport (Coutts et al., 2015) which, 

similar to other football codes, requires athletes to sprint, jump, tackle, kick and use other 

skills specific to Australian Football (Ebert, 2000). Australian Football requires movement of 

greater relative and absolute match distances in comparison to other football codes such as 

soccer and rugby league (Varley et al., 2014). For example, studies report distances of 12 

000 - 13 000 m in Australian Football matches (Wisbey et al., 2010; Coutts, Quinn et al., 

2010; Brewer et al., 2010; Thomas et al., 2016), compared to 5000 – 7000 m during rugby 

league matches (Austin et al., 2013; Gabbett et al., 2012; McLellan et al., 2011). It has also 

been reported that Australian Football players undertake >60% more relative high velocity 

running and sprint distances, and ~52% greater relative high velocity efforts, than their 

football counterparts (Varley et al., 2014). Hence, Australian Football athlete’s energy and 

nutrient intake requirements are superior amongst football codes due to their need for 

explosive power and strength whilst maintaining a high aerobic capacity for substantial total 

running distances. 

To ensure these team sport athletes have the physical fitness required to optimise 

performance for prolonged endurance running and repeated sprint efforts at high velocity, a 

specific periodised training program is prescribed. The periodisation of training aims to 

optimise adaptation and recovery to promote performance capacity and peaking for 

competition (Fleck, 1999). Consequently, Australian Football athletes at the elite level follow 

a training program where volume and intensity vary daily, which is associated with significant 

challenges in their ability to match energy intake to energy expenditure (Figure 1.1).  

Australian Football training is comprised of a variety of specialised football components 

including skill development exercises, match simulated drills, conditioning elements and 

resistance work. During training, external (quantifiable distance, duration, intensity) and 

internal (individual athlete physiological response) loads of Australian Football athletes have 

been reported as average distances of 102.7 ±21.1 m/min, over 25% of which is high velocity 

running resulting in average heart rates of 155.7 ±10.7 beats per minute for each training 

session over a period of eight-weeks (Varley et al., 2014). In addition, total distances 

completed during training can range between 4 000 - 12 000 m per football training session 

(O’Connor et al., 2020; Colby et al., 2014). Australian Football athletes can expend an 
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average of ~18 000-1900 kJ on a training day (minimum of two training sessions undertaken 

during the day) and energy expenditure of ~19 160 kJ have been reported on a match day 

(Walker et al., 2016; Lohman et al., 2019).   

 

 

Figure 1.1 Example of a periodised training load varying in volume (distance) and intensity 

(metres per minute) over a three-week preseason training block in professional Australian 

Football athletes (unpublished data 2020; preseason GPS report). Bar values show average 

distance covered per training session. 

Interestingly, while there is a paucity of data available in current literature a comparison of 

energy intake and energy expenditure from previous Australian Football studies indicates 

energy deficits on high-load training and match days may be commonplace. A recent study 

by Jenner and co-workers shows elite male Australian Football athletes consume an 

average of only 9100 ± 1800 kJ/d across a preseason training week (Jenner et al., 2018). 

Similarly, Lohman and company showed lower than expected intakes, reporting averages 

of 14 140 ± 5887 kJ/d over three non-consecutive training days (Lohman et al., 2019). 

Repeated energy deficits during preparation for AFL competition have potential to induce 

detrimental short term effects such as reducing work capacity in training, which if sustained, 

can have adverse implications on  health and wellbeing (Melin et al., 2019). A systematic 
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search for existing data on energy balance within elite Australian Football athletes confirmed 

within and between day energy balance has yet to be established, both in training and 

competition. This review of literature summarises the current evidence on energy and 

nutrient periodisation in team sports with a specific focus on Australian Football athletes. 

 

1.2  Effects of positive and negative energy balance in Australian Football athletes 

Energy balance is particularly important in sports such as Australian Football where athletes 

undertake intermittent high intensity activity of prolonged durations during training and 

competition. However, studies in sports such as soccer, cycling and rowing that have 

determined the average energy balance of athletes during training and competition have 

found negative energy balance to be a frequent occurrence (Hill et al., 2002; Fudge et al., 

2006; Vogt et al., 2005; Gibson et al., 2011). Inadequate energy balance in athletes may 

occur for a range of reasons including intentional dietary restraint for the purpose of weight 

management or unintentional suboptimal dietary intake during periods of high exercise 

energy expenditure after the energy needs for exercise have been met (Thomas et al., 

2016). When this negative energy balance is sustained for an extended period it can result 

in a state known as low energy availability, characterised by poor biological function which 

may result in adverse health outcomes in athletes such as decreased bone health and risk 

of stress fractures (Nattiv et al., 2007; Arendt, 2000; Nattiv, 2000), increased risk of infection, 

cardiovascular complications, and gastrointestinal issues (De Souza et al., 2014). In 

addition, higher rates of depression (Melin et al., 2019) and reproductive hormone 

suppression (Nattiv et al., 2007), renal distress and endocrine complications (Gleeson et al., 

2000; Venkatraman et al., 2002) have been reported. A long term energy deficit can also 

decrease resting metabolic rate and adversely alter body composition (Deutz et al., 2000; 

Fogelholm et al., 1995; Mountjoy et al., 2014; Saltzman et al., 1995) which may result in 

loss of muscle mass, strength, and function of the musculotendinous unit (Seward et al., 

1993; Shultz et al., 2010; Hewett et al., 2005; Sands et al., 1993). Athletes experiencing a 

cluster of these symptoms can eventually lead to the diagnosis of relative energy deficit 

syndrome (RED-S); a non-gender specific syndrome, that results following prolonged 

periods of inadequate energy balance, and is linked to an array of further detrimental health 

outcomes (Figure 1.2). For example, long term inadequate fuelling and refuelling can inhibit 

recovery, and promote illness, injury and decrease performance capacity (Melin et al., 
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2019), and is associated with impaired training adaptations (Kreider et al., 2010). However, 

despite the myriad of potential adverse effects, a negative daily energy balance has been 

reported in many team sport athletes, including Australian Football athletes (Tooley et al., 

2015; Costello et al., 2018; Jenner, Buckley et al., 2019)  

 

Figure 1.2 Performance effects of relative energy deficiency in sport (RED-S; adapted from 

XXVII FIMS World Congress of Sports Medicine (Constantini, 2002)). 

 

Of note, when the intake of an athlete fluctuates between a positive and negative energy 

balance from day to day and an overall net energy balance occurs over the long term, there 

is lower risks of adverse health outcomes. It appears the greatest detriment from an acute 

energy deficit occurs when low energy intake during and immediately before/after training 

or competition becomes counterproductive to the training and performance goals of athletes. 

For example, acute inadequacies in energy intake in close temporal proximity to training 

have been shown to promote fatigue (Knicker et al., 2011; Fuller et al., 2016), which in turn 

impedes the individual’s neuromuscular response, and may negatively affect agility, 

repeated sprint ability, peak velocity and kinematics. Whilst promoting higher ratings of 

perceived exertion, increased irritability and impaired decision making (Knicker et al., 2011). 

This may ultimately result in decreased motor co-ordination which is highly 
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counterproductive to the athlete’s ability to train and induce the desired adaptations 

(Mountjoy et al., 2014). In contrast, sustained, moderate positive energy balance can benefit 

athletes for whom a large total body mass is favourable for performance. Facilitation of a 

small positive energy balance is encouraged amongst resistance trained athletes attempting 

to promote skeletal muscle hypertrophy (Phillips et al., 2005). However, when a positive 

energy balance is sustained for an extended period of time, fat mass is likely to increase, 

which may have adverse implications on performance  (Shaw Kelly et al., 2006; King et al., 

2009; Dansinger et al., 2005). Nonetheless, to optimise training adaptations it is necessary 

for practitioners and coaches to consider the role of energy balance and macronutrient 

intake of athletes in achieving their desired training, preparation, performance and recovery 

goals, and to also ensure they minimise the long term health and injury risks for developing 

chronic energy deficit or RED-S.  

 

1.3  Sports nutrition recommendations  

Despite widespread knowledge of dietary recommendations, energy and macronutrient 

inadequacies are not uncommon in team sport athletes (Jenner, Buckley et al., 2019; 

MacKenzie et al., 2015; Baranauskas et al., 2015). Whilst total energy intake is comprised 

of the four macronutrients carbohydrate, fat, protein and alcohol, the contribution of each 

within an athlete’s diet is determined by an array of variants such as personal beliefs (Byrne 

et al., 2002; O'Connor et al., 2007), food access, education or time available (Birkenhead et 

al., 2015). However, the demands of team sports dictate that carbohydrate contribution to 

total energy intake is most important for determining physical performance during high 

intensity intermittent repeated sport efforts (Thomas et al., 2016). The current position 

statement of the Academy of Nutrition and Dietetics, Dietitians of Canada and the American 

College of Sports Medicine recommends specific energy intake strategies prior to, during 

and in recovery from exercise. The total amount of energy consumed by an athlete is 

determined by the type and quantity of macronutrients within their diet. For example, sports 

nutrition recommendations suggest carbohydrate intake should account for the duration and 

intensity of daily physical activity and individual body mass, enabling carbohydrate intake to 

meet the demands of training. Whilst, also supporting higher total energy needs (Table 1.1). 

Accordingly, it seems that the equilibrium in energy balance is often compromised by poor 
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carbohydrate intake, particularly when training/competition loads are high and congested 

schedules reduce eating opportunities (Tooley et al., 2015; Jenner, Buckley et al., 2019; 

Baranauskas et al., 2015). Indeed, previous energy balance studies have reported 

variations in energy deficits of -5 900 kJ/d across a preseason training week (Jenner et al., 

2018), -5283 kJ across three non consecutive preseason training days (Lohman et al., 

2019), and -2680 kJ across three consecutive preseason training days including one 

weekend day (Bilsborough et al., 2016) in male Australian Football athletes.. Adequate 

ingestion of carbohydrate for performance (Thomas et al., 2016) enables adequate pre 

exercise glycogen content in skeletal muscle (Sherman et al., 1991), efficient carbohydrate 

oxidation throughout performance (Cox et al., 2010) and optimal recovery (Thomas et al., 

2016). 

Of note, some athletes intentionally withhold carbohydrate intake to induce a “train low, 

compete high” regimen, which restricts carbohydrate intake to undertake subsequent 

training sessions with low muscle glycogen concentrations. This nutrient-training 

methodology has been shown to create an amplification of cell signalling and metabolic 

responses to promote more effective utilisation of fats and sparing of glycogen in skeletal 

muscle (Hawley et al., 2006). Logically, the aim of withholding carbohydrate in close 

proximity to specific training sessions is to enhance performance capacity, but it is important 

to note the majority of studies show no improvement in performance (Hawley et al., 2006; 

Hansen et al., 2005; Baar et al., 2008; Burke, 2010; Civitarese et al., 2005). Although, more 

recently a beneficial effect on endurance time trial performance has been reported when a 

“sleep low” protocol has been employed. “Sleeping low” includes a high intensity training 

session prior to restricted post-exercise carbohydrate intake before sleeping (Marquet, 

Hausswirth et al., 2016; Marquet, Brisswalter et al., 2016). The ”train low” carbohydrate 

periodisation employs an acute restriction on exogenous carbohydrate availability between 

training sessions on the same day, but it is unclear whether routinely using either of these 

dietary strategies could result in a chronic effect on energy balance. 

For athletes with carbohydrate intake that falls below recommendations the inclusion 

of a train low protocol could exacerbate the energy deficit (Burke, 2010).   

Previous research in team sport athletes has shown their intakes of carbohydrate 

typically fail to meet carbohydrate recommendations (Ebert, 2000; Jenner et al., 2018; 

MacKenzie et al., 2015; Black et al., 2018; Burke et al., 1991) (Table 1.2). 
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Table 1.1 Daily macronutrient targets for athletes when considered against daily exercise 

intensity, adapted from Thomas et al. (2016).* 

Exercise Intensity Carbohydrate Protein Fat Alcohol 

Light 3-5 g/kg/d 

1.2-2 

g/kg/d 

Total Fat 20-35% total 

daily EI 

Saturated fat <10% total 

daily EI per day 

Limit 

where 

possible 

Moderate 5-7 g/kg/d 

High 6-10 g/kg/d 

Very High 8-12 g/kg/d 

 

This raises the question of whether these sports nutrition recommendations are only 

suitable for endurance based sport and not high intensity intermittent team sport such as 

rugby, soccer or Australian Football. There are inherent challenges in quantifying the effect 

of reduced circulating blood glucose concentrations and low muscle glycogen content on 

team sport due to the multiplicity of factors that determine team sport performance 

outcomes. Moreover, there is a relative simplicity in endurance performance that enables 

laboratory studies to have greater external validity compared with the complexity of motor 

skill, technical and tactical, and position-specific factors in team sport performance. 

Accordingly, our current understanding of the impact of carbohydrate intake on, and 

recommendations for, team sport performance is mostly limited to associations and 

correlations or extrapolation from endurance sport rather than evidence-based cause and 

effect. It is possible that the patterns of daily carbohydrate intake for team sport athletes 

appear inadequate but are in fact sufficient for each athlete’s specific physiological 

demands. Alternately, successful team sport athletes may compensate for lower energy 

status in training and match-play through greater skill, tactics and technical execution than 

their direct opponent. Regardless, there remains a large disparity in carbohydrate intake 

compared with the recommendations for the work performed in training, particularly on days 

 
* Reprinted from J Acad Nutr Diet., 116/3, Thomas, D. T., Erdman, K. A., & Burke, L. M., Position of the 

Academy of Nutrition and Dietetics, Dietitians of Canada, and the American College of Sports Medicine: 

Nutrition and Athletic Performance., p 509., Copyright (2016), with permission from Elsevier. 
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where energy expenditure is high due to the undertaking of multiple training sessions 

(Thomas et al., 2016; Bradley et al., 2015).  

Few studies have successfully compartmentalised energy intake or energy 

expenditure throughout the day, but merely describe energy balance over a 24 h period or 

a single competition event (Baranauskas et al., 2015; Bescos et al., 2012; Katayose et al., 

2009). Two studies of note have examined the periodicity of recreational and professional 

athletes’ energy and macronutrient intake across the day (Naughton et al., 2016; Burke et 

al., 2003). These studies each show athletes consume the greatest proportion of their 

energy intake during the evening period (18:00-24:00). 

 

Table 1.2 Male team sport athletes’ carbohydrate intake compared to dietary 

recommendations, adapted from the systematic review by Jenner et al. (2019). 

Author, (year) n= 
Body mass 

(kg) 

CHO intake 

(g∙kg-1∙day-1) 

CHO 

recommendation 

(g∙kg-1∙d-1) 

Anderson et al. 

(2017) 

6 males  

Football (soccer) 
80.5 ± 8.7 4.2 ± 1.4 5-10 

Andrews and 

Itsiopoulus, 

(2016) 

29 males  

Football (soccer) 
79.6 ± 7.7 3.5 ± 0.8 5-10 

Bettonviel et al. 

(2016) 

14 males  

Football (soccer) 
77.0 ± 8.6 4.7 ± 0.7 5-10 

Bilsborough et 

al. (2016) 

45 males 

Australian 

Football 

86.8 ± 7.9 4.1 ± 1.6 6-10 

Bradley et al. 

(2015) 

14 males  

Rugby Union 

F 110 ± 6.2 

B 93.6 ± 5.9 

 

F 3.5 ± 0.8 

B 3.4 ± 0.7 

 

5-8 

Bradley et al. 

(2015) 

20 males  

Rugby Union 

F 109.3 ± 6.9 

B 91.7 ± 6.6 

F 3.3 ± 0.7 

B 4.14 ± 0.4 
5-8 
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Devlin et al. 

(2017) 

15 males  

Australian 

Football 

87.8 ± 9.2 4.6 ± 1.5 

6-10 

 

 

Hidalgo et al. 

(2015) 

6 males  

Football (soccer) 
68.3 ± 2.0 5.4 ± 0.3 5-10 

Jenner et al. 

(2018) 

46 males  

Australian 

Football 

86.3 ± 9.4 2.4 ± 0.8 6-10 

MacKenzie et 

al. (2015) 

25 males  

Rugby Union 
100.2 ± 13.3 3.6 ± 1.3 5-8 

Potgieter, et al. 

(2014) 

11 males  

Rugby Union 
95.5 ± 13.6 4.3 ± 0.4 5-8 

Raizel et al. 

(2017) 

19 males  

Football (soccer) 
71.8 ± 8.2 5.4 ± 1.9 5-10 

Posthumus et 

al. (2021) 

34 males  

Rugby Union 
103.0 ± 13.6 

F 3.5 ± 0.8 

B 3.7 ± 0.7 
5-8 

Lohman et al. 

(2019) 

37 males  

Australian 

Football 

88.0 ± 8.6 3.2 ± 1.6 6-10 

     

Brinkmans et al. 

(2019) 

44 males  

Football (soccer) 
77.6 ± 8.0 

M 5.1 ± 1.7 

T 3.9 ± 1.5 

R 3.7 ± 1.4 

6-10 

Tooley et al. 

(2015) 

10 males  

Rugby League 
97.3 ± 3.1 4.9 ± 0.3 5-8 

Abbreviations: Forwards; F, Backs; B, Match day; M, Training day; T, Rest day; R. 

 

In addition, ~27% of training sessions were reported to be undertaken without any 

fluid or food consumed throughout the session (Burke et al., 2003). Similarly, Naughton et 

al determined the intake of youth academy soccer players and found a skewed daily energy 

and macronutrient distribution toward high evening intakes (Naughton et al., 2016). 

Research suggests that “pockets” of inadequate energy intake across a day may negatively 

affect body composition by favouring muscle breakdown and fat gain, due to the adaptive 
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response of the endocrine system and associated adjustments in RMR (Torstveit et al., 

2018). It is important to note that whilst energy balance reflects the difference between daily 

intake and expenditure, energy availability compartmentalises the energy available for 

health and maintenance of basal metabolic functions surrounding periods of energy 

expenditure (Loucks, 2013).   

It is well known that daily macronutrient composition is important to minimise declines 

in performance or risk of illness. However, the timing and distribution of energy and nutrients 

surrounding training can also contribute to variation in athletic performance and rates of 

recovery (Table 1.3). During exercise, muscle and hepatic glycogen stores, intramuscular 

fats and amino acids from the blood, liver and gut are utilised in a duration- and intensity-

dependent manner (Thomas et al., 2016; Melzer, 2011). Carbohydrate is the primary energy 

substrate for high intensity exercise because oxidation of fat and protein is less efficient 

when a high rate of energy provision is required to sustain performance (Figure 1.3) 

(Thomas et al., 2016; Naughton et al., 2016; Sjodin et al., 1994; Garrett, 2010). Accordingly, 

athlete recommendations suggest 30-60 g of carbohydrate intake per hour to ensure readily 

available fuel for the work required during steady state exercise (Burke et al., 2011). 

However, it is important to note that Australian Football and other team sports are not 

classified as steady state exercise and these recommendations may not always be 

appropriate. 

Athletes are recommended to consume 1.2-2.0 g/kg/day of protein, including a post 

training/competition bolus of ~0.25 g/kg or 15-25 g to promote muscle protein synthesis 

during recovery after exercise (Thomas et al., 2016; West, 1998). Adequate fat intake is 

necessary for a balanced diet and athletes may follow public health guidelines or adjust their 

intake to match training and body composition goals. The guidelines suggest fat intake 

should comprise >20% of total daily kilojoule intake for health in the general population, with 

<10% from saturated and trans fats, 4-10% of energy intake from Omega-6 and 0.4-1% from 

Omega-3 fatty acids (NHMRC, 2013). However, sport specific guidelines provide a 

contribution range of 20-35% of total daily energy intake contribution to ensure athletes 

obtain majority of their fuel from carbohydrate sources (Thomas et al., 2016). It is also 

important to note, alcohol is not recommended in close temporal proximity to training or 

competition given the well-known effects on impaired cognition, co-ordination and reaction 

time, hydration status and muscle protein synthesis (Irwin et al., 2013; Parr et al., 2014; 

Desbrow et al., 2013). 
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Figure 1.3 Muscle glycogen utilisation as a percentage of starting glycogen content during 

two hours of exercise at high, moderate and low relative intensity adapted from Garrett 

and Grisham (2010). 

 

Table 1.3 Athlete nutrient intake targets before, during and after competition or training 

recommended by the Academy of Nutrition and Dietetics, Dietitians of Canada, and the 

American College of Sports Medicine adapted from Thomas et al. (2019). * 

Time Carbohydrate Protein Fat Alcohol 

Before exercise 

Preparation for event 
>90mins 36-48 h prior 10-12 g/kg/d 

0.25-0.3 
g/kg/d 

Minimise 
to avoid 

gut 
discomfort 

Avoid 

Preparation for event 
<90mins 24 h prior 7-12 g/kg/d 

Preparation for event 
>60mins 1-4 h prior 1-4 g/kg/d - 

Refuelling <8 h between 
sessions 

4 h 
1-1.2 g/kg/hr 

0.25 - 0.3 
g/kg every 

3-5 h 
During exercise 

< 45min brief exercise - - Minimise 
to avoid Avoid 
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45-75 min sustained high 
intensity small amounts gut 

discomfort 
1-2.5 h endurance & 
intermittent intensity 30-60 g/h 

> 2.5-3 h ultra endurance >2.5-3 h 
≤90 g/h 

After exercise 

0-8 h post exercise 
Refuelling <8 h between 
sessions 4 h 1-1.2 g/kg/h 
then resume normal daily 

carbohydrate intake 

0.25 - 0.3 
g/kg every 
3-5 h over 
multiple 
meals 

- Avoid 

 

1.4  Energy and nutrient periodisation 

Many studies examining the quantity of energy consumed throughout a training or 

competition day have been limited to reporting average daily energy intake or the average 

amount of energy consumed per kilogram body mass. Likewise, studies in Australian 

Football have used indirect estimates of daily energy expenditure for comparison with daily 

energy intake but not the daily distribution of energy and nutrient intake to energy 

expenditure (Jenner et al., 2018). However, these approaches not only underestimate the 

energy needs of individuals with larger musculature (ten Haaf et al., 2014) but also fail to 

directly compare energy intake with energy expenditure during different periods of the day, 

when energy expenditure varies substantially based on the training schedule and mode of 

training (MacKenzie et al., 2015; Naughton et al., 2016). Moreover, when athlete energy 

intakes are reported as averages over several days or weeks, the daily fluctuations in the 

athlete’s ability to achieve an energy balance are often concealed. Hence, the interaction 

between training demand and nutrient intakes during periods <24 h may limit acute 

adaptation responses if dietary intake is insufficient for adequate short term fuelling or to 

meet recommendations for recovery when training loads are high (Praz et al., 2014). For 

example, Vogt et al. report that cyclists undertaking a rigorous pre-season training program 

were typically in negative energy balance until their training loads decreased in preparation 

for competition (Vogt et al., 2005). Whether insufficient energy intake of athletes is due to 

limited time available between trainings (Birkenhead et al., 2015), their beliefs (Byrne et al., 

2002; O'Connor et al., 2007) or a lack of education is unclear (Birkenhead et al., 2015). 
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The strategic timing and content of a training program dictates that the nutrient intake 

should be periodised to match the program demands and maximise exercise performance 

in athletes (Fleck, 1999). For the purpose of this thesis the term “nutrient periodisation” 

describes the timing of nutrient intake for training and competition to meet sports nutrition 

recommendations and optimise performance outcomes. Nutrition periodisation will be 

specific to the sport and individual goals of the athletes, and may encompass methods of 

dietary manipulation such as the “train low” method (Jeukendrup, 2017). Indeed, the 

influence of coaches, support staff and peers may also be important in determining nutrition 

strategies and/or dietary intakes undertaken by athletes (Danaher et al., 2014). Regardless 

of the potential mechanisms, it appears that high daily energy expenditure during training 

and/or competition makes it very challenging for athletes to achieve adequate energy intake 

and attain energy balance. Consequently, additional research is required to provide a 

relevant representation of within and between day distribution of energy and macronutrient 

intake to optimise fuelling and performance needs in team sport athletes such as Australian 

Football.  

 

1.5  Determinants of Food Choice, Appetite and Energy Intake 

There are a multitude of factors that can alter an individual’s daily energy intake. For 

example, there is a complex interaction between an individual’s resting metabolic rate and 

physical activity energy requirements and the appetite response which in turn alters food 

choices and behaviours. Moreover, exercise-induced effects on blood flow, gastric 

responses, skeletal muscle metabolism, and the hormonal milieu, all contribute to variation 

in the appetite response (Stensel, 2010). The neuroendocrine system controls appetite 

stimulation by regulating hormone secretions released from the gut (Green et al., 1997). 

These hormones are responsible for maintenance of adequate energy intake to support 

optimal body functions, and without adequate energy intake the body systems typically do 

not operate optimally, which may promote poor health or illness (Mountjoy et al., 2014). 

Food intake with exercise has been shown to increase tolerance to nutrients ingested during 

exercise and in the early recovery period following an exercise bout (Green et al., 1997; 

Broom et al., 2009; Ueda et al., 2009). Ghrelin is predominantly released from the cells 

within the stomach to stimulate appetite. However, during exercise Ghrelin secretions 

become suppressed, only gradually increasing within the hour following cessation of 
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exercise (Stensel, 2010). Whereas the remainder of anorexigenic-related hormones 

(pancreatic polypeptide and amylin both secreted from the pancreas), cholecystokinin (CCK 

– secreted from the duodenum and jejunum), peptide YY3-36 (PYY3-36), Glucagon-like 

Peptide 1 (GLP-1) and oxyntomodulin (OXM) (the later all secreted from the small and large 

intestines) (Stensel, 2010; Ghigo et al., 2005; Karra et al., 2010) have been shown to 

increase during exercise (Green et al., 1997; Broom et al., 2009; Ueda et al., 2009; Badman 

et al., 2005) (Figure 1.4).Consequently, the acute exercise stimulus does not generally 

promote a favourable environment to consume the required energy intake to match exercise 

energy expenditure. Previous meta analyses in the general population report deficits in 

energy intake compared with expenditure after acute laboratory based exercise (Schubert 

et al., 2013). Indeed, it appears that in the hours after exercise there is no compensatory 

eating or increase in food intake to account for the exercise-induced energy deficit (Douglas 

et al., 2015). As such, despite limited data from athletes, studies indicate active individuals 

may not increase their acute energy intake in response to a bout of exercise.  

The effect of exercise and its influence on appetite and hunger is varied (Schubert et 

al., 2013; Deighton et al., 2013; Donnelly et al., 2014; Blundell et al., 2015). Studies using 

non-athlete populations have found that there is a loose coupling between energy 

expenditure and energy intake through physiological and psychological appetite control 

mechanisms (Blundell et al., 2015). The magnitude of the hunger response may also differ 

in relation to exercise. King et al describes this variance in individuals as being a metabolic 

or behavioural response to exercise (King, 2007). Furthermore, in the general population 

long term adherence to an exercise program has been shown to increase insulin sensitivity 

as a result of decreases in fat mass (Mendelson et al., 2015). This is important because the 

insulin response to food intake can affect appetite and improved insulin sensitivity with 

chronic exercise improving nutrient satiety. It is possible that athletes, who exercise 

frequently, generate large energy deficits and tend to have lower fat mass than the general 

population, may have distinct satiety responses to meals compared with the general 

population (Flint et al., 2007). Moreover, the effect of exercise on energy intake in highly 

active populations is poorly characterised, and more clearly defining the exercise appetite 

response would generate new insight as to why athletes fail to periodise their energy and 

nutrient intake to meet energy expenditure.  

The type and quantities of foods consumed by the general population are affected by 
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an array of factors including taste, cost, gender, dieting and physical activity behaviours, 

convenience, available resources, stress, religion, culture, adiposity, knowledge and 

experiences (Lohman et al., 2019; Birkenhead et al., 2015; Hebden et al., 2015; Glanz et 

al., 1998). Compared to the general population athletes may experience additional 

influences on their food choice decisions. For example, nutrition knowledge, body 

composition targets, the demands of their sport and the level of priority they place on 

nutrition may all play a role in their choices (Birkenhead et al., 2015; Long et al., 2011; 

American Dietetic Association et al., 2009; Sobal et al., 2009). 

 

Figure 1.4 Flow chart to show proposed effect of exercise on orexigenic and anorexigenic 

hormones, and on appetite during exercise and the early recovery period after cessation of 

exercise. 

Time availability, fatigue, appetite suppression or fear of gastrointestinal discomfort 

prior to training/competition events will also likely impact their ability or desire to meet energy 

requirements (Lohman et al., 2019; Burke et al., 2003; Georgiou et al., 1996). Therefore, not 

only do athletes have energy expenditure greater than the general population but they also 
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have a greater variety of factors or barriers to overcome to match energy intake to energy 

expenditure.  

The meal timing and quality of nutrient intake is also poorly defined in athletes 

compared with the general population (Leech et al., 2015). Studies in the general population 

use a variety of definitions to describe what constitutes an eating occasion, its duration, 

quantity and timing of intake, which can be heavily influenced by a participant’s 

preconceived definition (Mesas et al., 2012; Szajewska et al., 2010). In addition, the time 

and type of food consumed has been shown to correlate with the variation in macronutrient 

intake between meals (Leech et al., 2015) and the overall energy intake of adults has a 

positive association with the energy intake consumed at the evening meal. It has also been 

suggested that individuals may have preconceived ideas of when a particular food should 

be consumed (Leech et al., 2015). Therefore, it is reasonable to expect that elite athletes 

may also have preconceptions or acquired knowledge about the timing of ingestion and 

types of foods they should consume during training or competition (Table 1.4) (Pelly et al., 

2019). Nonetheless, further research on the preconceptions, knowledge and behaviours 

associated with daily dietary patterns of elite athlete’s would inform additional 

recommendations to improve the distribution of energy intake for training and competition. 

For example, Pelly et al. interviewed 81 athletes from 24 countries across 54 sports 

during the Commonwealth games in a buffet style dining hall. They aimed to provide insight 

into the quality of the foods chosen by the athletes and the reasons why they made these 

decisions. The table below shows the common themes associated with the athletes’ 

responses for why they selected the particular foods on their plates. These responses 

highlighted that these athletes often selected foods for a variety of reasons other than for 

performance benefits.  

Table 1.4 Commonwealth games athletes’ determinants for food choice during competition 

adapted from Pelly & Thurecht (2019). 

Determinant related to 

food choice 
n Sample comments 
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Nutritional attributes 

 

18 

Felt like some carbohydrate, sticking to protein-based meals. High carb. 

Protein. Fibre. Carbohydrate. 

Bit of protein. Bit of carbohydrate (but not simple) and greens. Wanted 

carbohydrate and protein and flavour. 

11 

Love tuna. Some type of protein, vegetables and carbohydrate always at lunch. 

Go for greens meat and vegetables. 

Always cheese protein and carbohydrate at lunch and greens at dinner. 

Sensory 

 

15 

Likes the taste. 

What’s available and what would taste good. Taste, try to keep a variety of healthy 

foods. 

12 

Looked colourful. 

Looked good. 

Performance 20 

About to train. 

Heading to a game soon so needed for before it. 

Picked for race prep. 

Carbohydrate for race tomorrow. 

Water content of the fruit –wanted to hydrate the body. 

Usual eating practices 

13 

Chose based on what he liked. 

Nothing else wanted in Western breakfast. Whatever I feel like. 

8 

Familiar in foreign country. 

Repetitive breakfast. Knows it safe. 

. . . Corn fritters mum makes so reminded her of home. What you usually eat. 

2 Wanted to try different things. Done racing – trying different foods. 

1 Following the diet she is supposed to, and foods she likes. 

Food/health awareness  3 

Wanted to eat healthy. Standard diet. 

…try to keep a variety of healthy foods. Don’t avoid anything. 

Read up nutrition advice himself. YouTube, men’s health website.  

Emotional influences 3 
Mood. 

How I’m feeling. 

Weight control 1 Trying to maintain weight. 

Influence of others  1 Teammate said corn fritters were really good and likes bacon and eggs. 

 
1.6 Measuring energy intake 

Athletes’ daily energy and nutrient requirements fluctuate in response to their level of 

physical activity i.e. the training program, while their resting metabolic rate (RMR) remains 
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largely stable from day-to-day (Thomas et al., 2016). Achieving an energy intake equivalent 

to energy expenditure is imperative to support optimal health and performance (Thomas et 

al., 2016).  

The ability to accurately assess an individual’s energy and nutrient intake is reliant 

on the efficacy of the tools used to record and analyse their diet. Due to the limited 

prevalence of studies evaluating the efficacy of dietary assessment methods in athlete 

populations, these tools are applied in a similar manner to the general population. Thus, the 

criterion measure or “gold standard” tool for quantifying energy intake is not necessarily 

always utilised. There are four common methods of dietary assessment; diet recalls, food 

frequency questionnaires, diet history and diet records, each with their own strengths and 

weaknesses (Table 1.5) (Black, 2001).  

The 24 h recall and food frequency questionnaire’s (FFQ’s) require minimal subject 

burden and are quickly conducted by a trained individual. Studies in team sport athletes 

have routinely utilised 24 h food recalls to confirm the accuracy of athlete reported food 

diaries and establish dietary patterns (Anderson et al., 2017; Routledge et al., 2020). 

However, 24 h recall data are reliant on the memory of the athlete, which can be a limitation 

in a demographic consuming a large volume of food on numerous eating occasions such as 

elite athletes and intake is often underestimated (Black et al., 2001). Limitations to self-

reported intake may also include bias introduced via the dietitian assessor, the ability of the 

individual to define the quantities consumed, the translation process from athlete to 

assessor, interpretation of foods consumed and accurate conversion to energy and 

macronutrient intake (Black, 2001; Driskell et al., 2016; Conway et al., 2003; Nelson et al., 

2013; Grandjean, 2012).  

A diet history is another method used to provide a summary of habitual intake of foods 

consumed. This is usually a face to face interview for 60-90 minutes and requires the 

individual to provide a representation of types and quantities of foods consumed over a 7 d 

and/or up to 12 month period. Diet histories are more appropriate for an overview of general 

population dietary intake because athletes have erratic eating patterns so this method of 

dietary assessment has poor resolution and is of limited value to athletes (Black, 2001). 
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Food records are a common method of dietary analysis used to provide an open ended 

survey of an individual’s dietary intake over a selected time period e.g 7 days. Food records 

can be estimated by the individual using labels and household measures or alternatively 

weighed for greater accuracy (Ortega et al., 1996). Weighed food records are the most 

accurate method of dietary analysis however, the burden placed on individuals is onerous, 

thus compliance can impact on the validity of the method (Black, 2001). While employing 

this method may reduce willingness to participate, the benefit in reducing error associated 

with interpreting food quantities and composition is noteworthy. Multiple methods of data 

collection may be used in studies of athletes to enhance precision in the estimates of energy 

and macronutrient intake. For example, a photographic food diary has been shown to be 

less accurate than weighed food records but has much lower client/athlete burden. A 

photographic diary has been shown to underestimate energy intake by 4.7% (p=0.46, r 

=0.62) in a laboratory setting and 6.6% (p=0.017, r =0.68) in a free-living environment 

(Martin et al., 2009). Previous studies of Australian Football athletes have also used a 

combination of 24 h recalls and/or food diaries to analyse intake due to ease of use and 

adequate precision to capture multiple days of energy intake together with varied energy 

expenditure (Jenner et al., 2018; Routledge et al., 2020; JennerDevlina et al., 2019). 

Regardless, there are limitations for every method of dietary assessment that must be 

considered in the interpretation of data reported in studies of energy and nutrient intake in 

athlete and general populations. 

Table 1.5 Methods of measuring energy intake, tools required, and advantages and 

disadvantages of each method, adapted from John Wiley & Sons, Inc., Black et al. (2001) 

and Martin et al. (2009). 

Method Tools Advantages Disadvantages 

Recalls Interviewer  

Minimal subject burden (15–30 min). 

Can be conducted by telephone.  

Can study large numbers. 

No information on individuals long 

term behaviours. 

Depends on memory. 

Estimated portions. 

Food Frequency 

questionnaire 
Interviewer  

Moderate subject burden (30–60 

min).  

Postal survey possible. 

Large numbers can be studied. 

Measures habitual diet. 

Must be study- and population- 

specific. 

Poor precision. 

Depends on memory. 
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Can refer to distant past.  Requires complex cognitive skills. 

Errors unknown.  

Diet history Dietitian 

Single interview (60–90 min). 

Measures habitual intake.  

Can refer to distant past. 

 

Expert interviewer needed. 

Requires complex cognitive skills. 

Large random errors. 

Estimated portions. 

Unsuitable for erratic meal patterns.  

Food records 

(Weighed or 

estimated) 

Scales or 

Camera or 

Estimated 

food diary 

Good information on individuals. 

Can categorise meal patterns. 

Good information on individual foods.  

Errors due to day to day variation in 

intake are well understood.  

Can vary the number of days studied.  

Substantial subject burden especially 

when weighing foods. 

Lower compliance than with other 

methods. 

Covers a limited time period.  

 

Food diary 

(Photographs or 

hand written) 

Camera 

Food diary 

Low subject burden. 

Good information on individuals. 

Can categorise meal patterns. 

Can vary the number of days studied. 

Can be used easily in conjunction 

with other methods to improve 

accuracy. 

Less accurate than weighed food 

record. 

Relies on assessor ability to estimate 

food quantities. 

 

1.7  Measuring energy expenditure 

Whilst daily energy requirements are comprised of individual resting metabolic rate and 

dietary thermogenesis they are most notably modulated by exercise (i.e. activity 

thermogenesis that elevates cellular metabolic rate which in turn increases energy turnover), 

substantial changes in lean mass, environmental conditions, and emotional state such as 

high stress or fear (Manore et al., 2006). Collectively, these factors can induce significant 

variation in daily energy expenditure and simplistic approaches such as using the Harris-

Benedict or Cunningham prediction equations as the sole method to estimate basal energy 

requirements lacks precision in athlete populations (Carlsohn et al., 2011). Furthermore, 

prediction equations tend to underestimate the needs of those with high energy 

requirements such as athletes (ten Haaf et al., 2014).  

Few studies have determined energy balance in elite athletes due to the demands of 

professional sport which dictate that assessment methods to determine energy expenditure 

must typically be unobtrusive with low participant burden for use during training and/or 
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competition and activities of daily living (Allsop et al., 2016). This makes it technically difficult 

to quantify energy expenditure across short periods of time to ascertain the distribution of 

expenditure to intake requirements should athletes wish to achieve energy balance (Burke 

et al., 2018). Moreover, most energy expenditure assessment methods have been validated 

for use in the general population but the application to athletic populations has been limited 

(Koehler et al., 2011; Ainslie et al., 2003). Due to the variety of methods and error associated 

with common energy expenditure measurement methodologies, it is challenging to compare 

the energy expenditure of different sports or activities (Blundell et al., 2015; Poehlman et al., 

1988; Levine, 2005).  

Doubly labelled water (DLW) is the criterion method for measuring free-living energy 

expenditure and has been used in athletic populations to show total daily energy expenditure 

over periods greater than four days. DLW involves athletes consuming a body mass specific 

dose of stable isotope including H218O and 2H2O. Samples of urine are collected over several 

days or weeks and metabolic rates are determined from differences in elimination rates of 

18O in the samples (von Loeffelholz, 2018). Whilst DLW is the gold standard, the method is 

highly technical and requires a specialist in mass spectrometry, and costs can also be 

prohibitive (Ainslie et al., 2003; Ebine et al., 2002).  

The a priori selection of methodology to quantify energy expenditure is often based 

on the specific population and expected outcomes of the study (Hills et al., 2014). For 

example, a study on a small sample of elite cross country skiers used 7 d weighed food 

record in conjunction with DLW and showed the athletes achieved energy balance when 

averaged over the 7 d period. However, there was no direct relationship between daily 

energy intake and daily energy expenditure, indicating day-to-day variation in exercise-

induced energy expenditure is not typically matched by an equivalent, modulated daily 

dietary intake. Thus, criterion measurements using DLW may be most useful in determining 

energy expenditure for prolonged intervention periods but may not provide insight on daily 

fluctuations in energy expenditure during different training/competition days (Sjodin et al., 

1994).  
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Figure 1.5 Schematic showing the doubly labelled water method of measuring energy 

expenditure, adapted from von Loeffelholz (2018). 

 

While alternate methods for estimating energy expenditure have less precision than 

the DLW method, they are more cost effective and may have the capacity to measure 

expenditure over shorter periods of time (Table 1.6) (Koehler et al., 2011; Ainslie et al., 2003; 

Ndahimana et al., 2017). For example, direct and indirect calorimetry can provide 

reasonable estimates of energy expended during physical activity, including high intensity 

exercise, but the tasks are limited to acute laboratory settings and can only measure one 

individual at a time. Direct calorimetry uses whole room chambers to measure the heat 

generated at rest or when performing physical activity, whereas indirect calorimetry, similar 

to DLW, measures the amount of oxygen consumed and CO2 produced (Coulston et al., 

2001). 

The advent of portable indirect calorimetry devices enables a “free living” estimation 

of energy expenditure. However, these devices only partially improve ecological validity and 

are obtrusive, and the technical requirements and cost remain high. Consequently, the 

application to sport and use with athletes/teams undertaking training and competition is 

impractical (Koehler et al., 2011; Ainslie et al., 2003).  
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Table 1.6 Summary of methods used to quantify energy expenditure, the tools required, 

plus advantages and disadvantages of each method adapted from Hills et al. (2014) and 

Ndahimana & Kim (2017). 

Method Tools Advantages Disadvantages 

Self-report 

methods 

Interviewer or 

exercise diary 

Low cost. 

Use in large population. 

Low subject burden. 

Provide information on 

physical activity patterns. 

Low accuracy and reliability. 

 

Activity 

monitors 

Pedometer 
Inexpensive and non-invasive. 

 

Limited to measuring walking 

only. 

Inaccurate distance covered and 

energy expended. 

Can motivate people to maintain 

physical activity. 

Accelerometer 

Objective measurement of 

physical activity. 

Can be used both in laboratory 

and field settings. 

Non-invasive. 

Low subject burden. 

Relatively inexpensive. 

Inaccuracy of predictive equations 

to translate activity counts into 

energy expenditure, especially 

when used across a range of 

activities. 

Expected poor validity at higher 

intensities of exercise >7mets. 

Heart rate 

monitor 

Objective tool for the 

measurement of physical 

activity and energy 

expenditure. 

Relatively low cost. 

Noninvasive. 

Can be used both in controlled 

settings and in free living 

conditions. 

 

Electrical or magnetic interference 

from common electrical devices. 

Inaccurate in measuring 

sedentary and light activities. 

Poor application during resistance 

training. 

Lower accuracy in intermittent 

style sports over endurance 

sports. 

Typically requires individual 

regression equation between VO2 

and HR. 
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Affected by emotional variables 

such as stress. 

Global 

positioning 

system (GPS) 

Enables free living energy 

expenditure to be estimated. 

Non-invasive. 

Low subject burden. 

Relatively inexpensive. 

 

Reliant on signal for GPS to work 

– cannot be used in doors. 

Unable to capture stationary work 

load such as resistance training. 

Can underestimate change of 

direction/short distance high 

speed work load. 

Indirect 

calorimetry 

 

 

 

Trained operator 

& 

Metabolic cart 

for gas analysis 

Provides information on the 

metabolic fuels being 

combusted. 

Accurate and non-invasive 

method. 

Trained personnel required. 

Relatively high cost. 

Direct 

calorimetry 

Trained operator 

& Heat chamber 

It is the most accurate method 

for quantifying EE. 

Subject confinement required for 

24 h or more. 

High cost of the method. 

Doubly 

Labelled 

Water 

Trained operator 

 

Highly accurate method 

considered a reference for the 

measurement of Total EE. 

Allows freedom of activity to 

participants. 

 

Expertise required for the 

technician. 

The method does not provide any 

specific details on physical 

activity. 

High cost of the method (including 

the high price of DLW and 

expensive equipment for 

analysis). 

Abbreviations: Mets; Metabolic equivalents, VO2; Maximal oxygen consumption, HR; Heart 

Rate, GPS; Global positioning system, EE; Energy Expenditure and DLW; Doubly Labelled 

Water 

 

Activity monitors are cost effective technologies that can be widely used in free-living 

athletes to quantify and categorise movement for conversion to estimates of energy 

expenditure (Esliger et al., 2011), including heart rate monitors, GPS and accelerometers 

(Ainslie et al., 2003; Lee et al., 2014). Heart rate monitoring has been used for many years 

to estimate energy expenditure in the general population and a multitude of individual and 
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team-based sports (Bescos et al., 2012; Praz et al., 2014; Sell et al., 2016; Barrero et al., 

2014; Yu et al., 2012; Slinde et al., 2011). However, heart rate is a physiological variable 

with potential for substantial day-to-day variation in response to emotional stress, 

temperature, hydration status, and illness (Achten et al., 2003). In addition, HR monitoring 

requires development of individual regression equations to define the association between 

HR and VO2. Indeed, monitoring heart rate is ubiquitous in sport and while it can provide 

data on physiological demands/internal load from many individuals simultaneously the utility 

to accurately estimate energy expenditure is very limited (Ainslie et al., 2003; Achten et al., 

2003; Livingstone, 1997). The use heart rate monitoring as a method of measuring energy 

expenditure in team sports such as AFL where the multidimensional structure of game 

demands and athlete performance determine load, would be would be less accurate than 

its application in a sport that requires steady state exercise (Schneider et al., 2018).  

Initially, GPS was used within the general population to track movements via satellite 

through provision of speed and distance data which is applied to the allocated metabolic 

equivalent for the activity being performed to estimate energy expenditure (Costa et al., 

2015). This form of technology provided another estimate of distance travelled to enable 

better estimation of device outputs when combined with user information. In addition, this 

device enables better representation of subject compliance through the reporting of 

locations and times the device is worn (Evenson et al., 2015). In more recent years, GPS 

has been used to monitor a multitude of athlete performance metrics including total distance, 

speed, number of efforts, and number of efforts at a particular speed range that provides 

insight on athlete fatigue, activity profiles and periods of intense physical work (Aughey, 

2011). However, reliance on the satellite signal of GPS for data to remain accurate restricts 

usability and lacks the capacity to capture work performed when stationary (Coutts & 

Duffield, 2010; Lacome et al., 2019).  

Inertial based accelerometers have been widely used in research to estimate free 

living energy expenditure in the general population. Previously, accelerometer technology 

only allowed for movement on a single axis (uniaxial accelerometers) to be recorded. 

However, rapid development of devices such as the Sensewear Armband provided biaxial 

accelerometery (SWA, BodyMedia, USA) which soon evolved to triaxial accelerometers 

such as the GeneActiv or Actigraph accelerometer. Triaxial technology has the capability of 

measuring horizontal, vertical and diagonal velocity from which energy expenditure can be 

estimated. Accelerometers categorise gravitational movement velocities into activity bands. 
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Each activity band corresponds to a particular number of metabolic equivalents (METs) that 

is multiplied by the time spent in each category to provide an estimation of energy required 

to perform the task (Quante et al., 2015). Many research grade accelerometers employ 

similar movement velocity cut offs and their associated METs based on the general 

population for sedentary, light, moderate and vigorous activity. A potential limitation of using 

accelerometers to determine energy demands during exercise is their capacity to estimate 

energy expenditure at high velocity. For example,  the GeneActiv accelerometer defines 

sedentary periods as <1.5 METs (<77 counts/min), light 1.5-3.99 METs (77–219 

counts/min), moderate 4.0-6.99 METs (220–2056 counts/min), or vigorous ≥ 7 METs (>2056 

counts/min) (Esliger et al., 2011). However, high speed running in the general population is 

categorised as > 12 km/h (11.5 METs) and the associated energy expenditure would be 

underestimated by the GeneActiv because of a capped vigorous exercise band (i.e. 7 METs) 

(Ainsworth et al., 2011). Larger deficits in energy expenditure estimation would be evident 

in elite athletes such as Australian Footballers, given high speed running  > 14.5 km/h is 

routinely observed and peak running speeds >25 km/h can be achieved (O’Connor et al., 

2020). Indeed, running at 23 km/h equates to ~23 METs compared to the 7 METs limits 

provided by the GeneActiv conversion of accelerometer counts to METs. Hence, it is almost 

certain that use of accelerometers in team sport athletes during training and competition 

underestimates energy expenditure when calculated with existing commercial software 

(Esliger et al., 2011; Cureton, 1975; Barrett et al., 2014). Undoubtedly, further research is 

required to enable the use of accelerometers with athlete populations for attaining more 

valid energy expenditure data during high intensity exercise (Barrett et al., 2014). 

The use of accelerometry in elite sporting environments has received much less attention 

compared with other methods of assessing energy expenditure. However, it is becoming 

increasingly more common as a means of quantifying load and energy expenditure in elite 

sports (Boyd et al., 2013; Cho, 2014; Alberti et al., 2009; Wixted et al., 2007). Whilst the 

quantification of training and game load in Australian Football athletes has been thoroughly 

examined (Henderson et al., 2010), only two studies have included estimates of energy 

expenditure (Walker et al., 2016; Routledge et al., 2020). The studies of Routledge and 

colleagues and Walker and co-workers utilised Catapult GPS devices which contain an 

accelerometer to capture data during field based exercise components of daily energy 

expenditure. Thus, enabling the calculation of variations in load and total energy 

expenditure. As such, there is a paucity of information on the energy expenditure during 
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training and competition for Australian Football and there are no data on daily energy 

balance nor the distribution of energy intake and expenditure during training for, and 

participation in, Australian Football competition. 

 

1.8 Summary 

In summary, athletes are unique compared to their sedentary counterparts, having higher 

and more variable energy expenditure. Aiming to consume an energy intake equivalent to 

that of their daily energy expenditure could be considered essential, as the repercussions 

from inadequate nutrition will likely negatively impact health and performance. The 

quantification of energy expenditure is challenging but where possible, the accurate 

quantification of energy intake both within & between day creates an opportunity to better 

align energy intake to expenditure. Available data within the present scientific evidence base 

indicates elite athletes are often in negative energy balance, but the majority of studies have 

failed to report the daily distribution of energy intake and energy expenditure. There are few 

studies undertaken in Australian Football athletes and a lack of reporting on the periodisation 

of daily intake to match training loads. In fact, no studies have determined energy and 

nutrient intake compared to energy expenditure across a day (24 h period) in any elite 

athlete population. Therefore, there is a clear need for greater understanding of the daily 

energy requirements and needs of team sport athletes, concomitant with better temporal 

resolution of eating patterns to identify the discrepancies between energy intake and energy 

expenditure, and the potential to address the barriers to achieving energy balance. This 

information may create opportunities for the integration of novel strategies within the daily 

training environment that better align energy and macronutrient intake to sports nutrition 

guidelines, with associated health benefits and to maximise training adaptations and 

performance.   
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1.9 Aims and hypothesis 

The general aim of the series of studies that comprise this thesis was to ascertain if elite 

Australian Football athletes periodise their energy and nutrient intake within and between 

days to match their variable energy expenditure. 

The aim of study one (Chapter Two) was to determine the energy intake response 

following acute bouts of exercise, and the effect of exercise duration and intensity on 

subsequent energy intake in physically active populations via systematic review. Prior 

reviews in the general population have included both sedentary and active individuals. 

Hence, by targeting active populations this study provides novel data on the interaction 

between energy expenditure and energy intake.  

Hypothesis: Greater energy expenditure with increased duration or intensity of exercise will 

be associated with increased energy deficit and reduced capacity for compensatory energy 

intake to match energy requirements.  

The aim of study two (Chapter Three) was to assess the utility of the GeneActiv 

accelerometer to estimate energy expenditure of elite athletes. Particularly when intensity 

of physical activity exceeds that of the threshold of current GeneActiv cutpoints.  

Accordingly, the GeneActiv generates a reasonable estimate of energy expenditure in an 

athlete population. 

Hypothesis: The GeneActiv accelerometer provides reasonable estimate of energy 

expenditure when exercise intensities exceed 7 mets.  

The aim of study three (Chapter Four) was to utilise the GeneActiv accelerometer to 

estimate energy expenditure in Australian Football athletes and compare this to their energy 

intake. The study provides new information on the ability of Australian Football athletes to 

periodise their daily nutrient intake to their energy expenditure across an in-season 

competition week. 

Hypothesis: Energy expenditure calculated on a daily basis will show elite athletes periodise 

their daily nutrition and energy intake to match energy expenditure during a seven day 

period. 

The aim of study four (Chapter Five) was to quantify both within and between day 

energy intake and energy expenditure throughout high training load days amongst 

Australian Football athletes. Furthermore, the study assessed the impact of a dietary 

intervention to facilitate increased carbohydrate availability on total carbohydrate and energy 
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intake. No previous studies have characterised the effect of increased availability of 

carbohydrate within the daily training environment on total energy intake and the daily 

distribution of energy and macronutrient intake in team sport athletes.  

Hypothesis: Increasing availability of carbohydrate containing foods before, during and after 

training sessions would significantly increase carbohydrate and energy intake in Australian 

Football athletes at a time when energy expenditure is at its highest.  
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 Chapter Two   
Effect of exercise on ad libitum energy intake in active adult males: a systematic review 

and meta-analysis
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2.1 Introduction 

There is clear evidence demonstrating the health and performance benefits of exercise 

including its impact on body composition through promoting body fat loss, and lean mass 

accumulation and/or preservation (Schubert et al., 2013; Deighton et al., 2013; Donnelly et 

al., 2014; Blundell et al., 2015; Bilski et al., 2009; King et al., 2013). Exercise significantly 

contributes to total energy expenditure among active males. Depending on the type and 

intensity of exercise, this can have meaningful effects on a range of factors that influence 

daily energy expenditure including resting metabolic rate, activity energy expenditure and 

the thermic effect of food (Blundell et al., 2015; Westerterp, 2018). Athletes and active 

individuals are likely to have a different metabolic response to a single bout of exercise, due 

to undertaking chronic exercise programs, compared with their general population sedentary 

counterparts (Westerterp, 2018; Jokisch et al., 2012). These differences are also likely to 

extend to effects on energy intake, a factor that is important for health and performance in 

these individuals undertaking regular bouts of exercise. Prior systematic reviews of studies 

undertaken in the general population have included both males and females of varied 

physical activity levels, body mass index (BMI) and age, and produced conflicting findings 

on the effect of exercise on energy intake (Schubert et al., 2013; Thomas et al., 2012). 

Another more recent study has shown overweight and obese adults do not show any change 

in dietary intake following an exercise intervention. Interestingly, these studies ranged from 

2-72 weeks in duration and no influence on dietary intake was observed (Beaulieu et al., 

2021). Whether this is due to the population being explored or whether the extent of the 

energy deficit is too small to make a significant difference it remains unknown.  However, 

the effect of exercise on ad libitum energy intake in an active or athlete population, whom 

will likely have a more substantial energy deficits and lesser health related influences than 

the general population has yet to be reviewed (Schubert et al., 2013; Blundell et al., 2015).  

The lack of consensus on the energy intake response to exercise may be, in part, 

due to variation in the individual appetite response and subsequent energy intake after a 

standardised exercise bout i.e. there are likely responders and non-responders (Deighton 

et al., 2012; King et al., 2008). Moreover, the physiological response to exercise can also 

vary from person to person. The energy intake of an individual is further complicated by 

physical differences such as body composition (George et al., 2003), history of dieting and 

the influence of nutrition education on conscientious (healthy) eating behaviour (Wardle et 
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al., 2004), factors that are likely exacerbated by sex-based differences in daily energy 

requirements and hormonal milieu which varies significantly within the menstrual cycle 

(Asarian et al., 2013; Dorling et al., 2018; Martini et al., 1994). Exercise mode, intensity and 

duration, and exercise time of day are also important considerations in the multiplicity of 

factors that impact the effect of exercise on energy intake (Deighton et al., 2013; King et al., 

2013; Rosenkilde et al., 2015; Stubbs et al., 2002; Balaguera-Cortes et al., 2011). 

It is currently unclear the extent to which an exercise bout or program alters dietary energy 

intake in lean, active, healthy males, as this has not previously been examined (Thomas et 

al., 2016). Of note, athletes or highly active males can experience a number of constraints 

in meeting their energy requirements, which are markedly increased and fluctuate from day-

to-day, compared to the general population. In addition, the physical requirements that differ 

from sport to sport make comparisons of athletes’ abilities to achieve energy balance difficult 

and are often less stringent in controlling confounding variables compared with laboratory 

based studies in active populations. 

Various definitions exist to define what duration of physical activity constitutes athlete 

or active individual status (Holliday, 2017; Leinus et al., 1998). While there are several 

systematic reviews evaluating the impact of exercise on energy intake in inactive individuals 

(Schubert et al., 2013; Blundell et al., 2015), intuitively the high levels of exercise related 

energy expenditure for competitive and recreational athletes would have profound effects 

on ad libitum energy intake. Accordingly, there is a clear need to establish the interaction 

between energy expenditure and subsequent energy intake for active individuals or athlete 

populations to optimise the energy availability for high training loads, management of body 

composition, in maximising recovery between exercise training sessions, and to maintain 

health and wellness. The aim of this systematic review is to examine the specific active adult 

male population to determine; 1) the energy intake response following an acute bout of 

exercise-induced energy expenditure undertaken under laboratory conditions, 2) the effect 

of moderate to chronic durations of exercise on energy intake, and 3) whether exercise 

intensity has any effect on subsequent energy intake. To limit the influence body 

composition, gender, hormones, age and physical activity status have on energy intake, 

these physiological factors will be controlled through restricting criteria for inclusion to the 

active adult male demographic. Thus, more clearly isolating the change in energy intake as 

a result of exercise rather than other potential confounding physiological factors. 
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2.2 Methods  

A systematic review search protocol was developed according to the PRISMA statement for 

reporting systematic reviews and meta-analyses (Liberati et al., 2009) and was 

prospectively registered with the international prospective register for systematic reviews 

(PROSPERO; registration number CRD42018110652). The following electronic databases 

were searched: MEDLINE (via PubMed), Sport Discuss, Embase, Cochrane and Science 

Direct (Figure 2.1). No restrictions were placed on language and any articles which were in 

another language were translated using Google translate to assess eligibility. Key search 

terms were energy intake, food, kilojoule, calorie, nutrition, macronutrient, ad libitum, energy 

balance, energy expenditure, exercise and physical activity. The search was conducted July 

2017 and was updated in May 2019 across the 5 databases. For the purpose of this review, 

a change in energy expenditure was defined to be either an increase or decrease from the 

individual’s normal energy expenditure or an increase or decrease from a baseline 

measurement. All relevant published intervention studies using a within participant design 

where participants acted as their own controls were included. In addition, any publications 

which reported an increase in energy expenditure greater than zero (in which it was 

assumed, during normal conditions, the individual was in energy balance) were included. 

Randomised, non-randomised, and observational study designs were eligible for inclusion, 

where the population were active males, with a mean age ≥18 and ≤50 years, with a group 

mean BMI ≤25 kg•m-2. It is important to note that there is no clear existing definition of 

exercise duration or intensity that clearly differentiates between an athlete or an active 

individual. However, De Pauw and collegues (2013) classification of subject groups was 

used to categorise the activity levels of the subjects (De Pauw et al., 2013). Therefore, 

studies were included which stated participants were active individuals/athletes or some 

derivative of this definition, including being previously active, and where any form of acute, 

regular or programmed physical activity, of any mode or duration, was utilised. All whilst 

reporting differences (if any) in energy intake. High intensity was defined as an increase to 

>65% maximal oxygen uptake (VO2 max), or exercise defined by the authors as a high 

respiratory quotient. Comparison of energy intake and intervention energy expenditure 

occurred in all included studies. Additionally, all modes of assessing dietary energy intake 

were included. Outcomes determined were the change in energy intake in response to 

increases in energy expenditure, and the ability of males to achieve an energy balance. 
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Figure 2.1 Systematic literature search PRISMA (Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses) flow chart.  

 

Any studies with participants who were previously inactive or sedentary, had 

incomplete data which did not quantify changes in energy intake and energy expenditure, 

or involved no change in day-to-day energy expenditure from their normal routines were 

excluded. Extreme events where males would have been practically unable to match energy 

expenditure with energy intake in the short term, due to the excessive quantity of energy 

expended and post-exercise time available, were excluded. Protocols involving intentional 
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changes in altitude, barometric pressure or temperature were not considered for inclusion. 

Studies involving both males and females were included provided separate results were 

available for male participants. Lastly, studies requiring clarification for screening purposes 

were excluded if contact attempts with the author were unsuccessful. 

All titles were initially screened by the doctoral candidate and those that met inclusion 

criteria were exported to reference management software (Endnote, X8.1, Thomas Reuters) 

and duplicates removed. The remaining references were then imported into Covidence 

(Covidence Systematic Review Software, Veritas Health Innovation) to screen titles and 

abstract for eligibility by the doctoral candidate and an independent reviewer. Covidence 

allowed both individual reviewers to assess eligibility and resolve any conflicts which 

occurred for inclusion/exclusion. A supervisor (KMS) resolved any conflicts between 

reviewers. If the reviewers were unable to establish eligibility of a study due to details 

missing in a publication, other members of the supervisory team were contacted to clarify 

missing data.  

Data were extracted from all eligible articles by the doctoral candidate and 15% of 

the extracted data from these studies were also checked for accuracy by a supervisor. The 

following information was compiled from each article: author, publication year, number of 

participants, method of measuring energy intake and energy expenditure, activity status 

definition, intervention, the duration of the measurement period, the kilojoules consumed 

and expended during both control and exercise conditions, and difference in energy intake 

vs energy expenditure. They were then categorised into energy expenditure duration and 

meta-analysed (Table 2.1).  

Risk of bias was assessed using the Cochrane tool for assessing risk of bias as per 

the PRISMA checklist for systematic reviews (Higgins, 2011). This assessed selection bias 

through random sequence allocation or concealment, reporting bias, performance bias 

through blinding participants and personnel, outcome bias through blinding outcome 

assessment and attrition through missing data. Each study was assessed as either high, 

unclear or low risk of bias by the doctoral candidate and a supervisor. Articles assessed as 

high risk of bias in all areas were excluded from the meta-analysis. 

 Statistical analyses were conducted using Cochrane Review Manager Software, 

RevMan (Version 5.3) (The Cochrane Collaboration, 2014). Of the 36 publications, data 

from 27 studies were entered into RevMan and the effect of an increased energy 

expenditure on dietary energy intake was assessed. It is important to note; one study was 
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analysed as two separate studies, which resulted in 27 studies being meta analysed (King 

et al., 1994). There were insufficient data to meta-analyse the remaining ten publications, 

however, these are included in the review. 

 An inverse variance with random effects model was used to assess the mean 

differences between energy expenditure and energy intake with a 95% confidence interval 

(CI). Separate meta-analyses were conducted for individual bouts of acute duration (< 2 

hours) and moderate duration (2 – 48 hours), and chronic duration (periods of > 48 hours) 

that incorporate multiple bouts of exercise/training. Further analyses were conducted for 

intensity; low intensity and high intensity (below or above ~65% VO2 max, respectively), and 

also, the effect of body mass change for each duration. Pooled results are presented as 

mean differences (in megajoules, MJ) with 95% confidence intervals and P < 0.05 was used 

to determine statistical significance. A significant statistical difference between normal or no 

exercise energy intake, compared to increased energy expenditure interventions intake, was 

used to determine an increase in energy intake (Table 2.1). For statistical heterogeneity - I2, 

assumptions of 0, 25, 50 and 75% for no, low, moderate and high heterogeneity were used 

(Higgins et al., 2003). There were insufficient publications to perform sub-analysis of the 

effect of exercise mode on subsequent energy intake, hence, no sensitivity analyses were 

performed. 
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Table 2.1 Compilation of acute, moderate, chronic and free living eligible study results from systematic search outlining the energy intake 

response to an increase in energy expenditure in active adult males. Data are mean ± standard deviations. 

First author 

Year 

n= 

Subject age 

(Performance 

Level) 

Method 

& 

Activity level 

defined 

Intervention CON - EE EX - EE CON - EI EX - EI 
↑EI 

Body 

Composition 

Change 

 Acute exercise interventions (<2 h duration) 

Almeras, N. 

1995 

n=11 

31 ±7 y 
(PL 2) 

Food diary 
DLW & HR 

 
- 

90 min cycle ergometer 
Low respiratory Quotient 

group 
High Respiratory Quotient 

group 

 
- 

Low RQ 3900 ±300 kJ 
High RQ 3000 ±300 kJ 

 

Low RQ 31 400 
±490 kJ 

High RQ 29 300 
±560 kJ 

 

Low RQ 33 100 ±480 kJ 
High RQ 33 500 ±620 kJ 

 
No - 

Balaguera-

Cortes, L. 

2011 

n=10 

42 ±8 y 
(PL 2) 

 

Weighed food 
record 

HR & VO2 
 
- 

Control 
45 min treadmill at 70% VO2 

(AER) 
45 min Resistance training 

(RES) 

- AER 2818 ±418 kJ 
RES 1350 kJ* 5031 ±1038 kJ 

AER 5244 ±1092 kJ 
RES 5219 ±1206 kJ 

 
No - 

Beaulieu, K. 

2015 

n=8 

25 ±3 y 
(PL 2) 

Weighed food 
record 
VO2 

 
3-5 h/wk 

Control 
Warm up & 4 × 30 s treadmill 

sprints 

Day 1 6908 
±1545 kJ 

Day 1 8399 ±1231 kJ 
 

Day 1 13 630 
±3519 kJ 

Day 2 11 299 
±2236 

 

Day 1 13 374 ±2975 kJ 
Day 2 11 305 ±2084 kJ 

 
No - 

Charlot, K. 

2013 

n=18 

21 ±2 y 
(PL 2) 

Weighed food 
record 

VO2 & Indirect 
calorimetry 

 
>5 h/wk 

Control  
60 min 50-75% VO2 bicycle 

ergometer 
Low fat/high fit 
High fat/low fit 

 

Lfat/Hfit 417  
±17 kJ 

Hfat/Lfit 376  
±18 kJ 

Lfat/Hfit 2892  ±126 kJ 
Hfat/Lfit 2462  ±137 kJ 

Lfat/Hfit 11 776 kJ 
Hfat/Lfit 12 445 kJ 

Lfat/Hfit 12 609 kJ 
Hfat/Lfit 13 569 kJ Yes - 
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Deighton, K. 

2012 

n=12 

23 ±3 y 
(PL 2) 

Weighed food 
record 
VO2 

 
- 

Control 
Fasted 60 min Treadmill at 

70% VO2 
Postprandial 60 min Treadmill 

at 70% VO2 

- 
 

Fasted 3247 ±423 kJ 
Postprandial 3234 ±435 

kJ 

13 542 ±2682 kJ 
 

Fasted 13 652 ±2385 kJ 
Postprandial 12 929 

±2933 kJ 
 

No 

- 

Deighton, K. 

2013 

n=12 

23 ±3 y 
(PL 2) 

Weighed food 
record 
VO2 

 
- 

Control 
60 min cycling at 65% VO2 

(END) 
6× 30 s Wingate tests (SIE) 

- 
 
 

END 2640 ±418 kJ 
SIE 594 ±50 kJ 12 941 ± 3113 kJ 

END 13 548 ± 3205 kJ 
SIE 12 920 ± 2983 kJ 

 
No 

- 

Douglas, J. 

2015 

n=15 

21 ±2 y 
(PL 2) 

Weighed food 
record 
VO2 

 
Recreational 

games players 

Control 
2× 60 min treadmill exercise 

trials over 2 d 

- 
 

7566 ±635 kJ 29 217 ±4006 kJ 28 532 ±3899 kJ No TBM, FM & FFM ↔ 

Holliday A. 

2017 

n=12 

21 ±2 y 
(PL 3) 

 

Weighed food 
records 

VO2 
 

>6 h/wk 
 

Control 60 min rest 
15 min cycle ergometer trial 
30 min cycle ergometer trial 
45 min cycle ergometer trial 

623 ±52 kJ 
 

15 min 1420 ±110 kJ 
30 min 2516 ±157 kJ 
45min 3414 ±228 kJ 

- 

15 min 3474 ±1233 kJ 
30 min 3636 ±1254 kJ 
45min 3769 ±1591 kJ 

 

No TBM ↔ 

Imbeault P. 

1997 

n=11 

24 ±3 y 
(PL 2) 

Weighed food 
record 

HR & VO2 
 

3-5 h/wk 

Control 
2050 kJ low intensity treadmill 

exercise 
2050 kJ high intensity 

treadmill exercise 

- 

Low Intensity 2054 ±45 
kJ 

High Intensity 2022 ±38 
kJ 

6593 kJ* 
Low Intensity 2054 ±45 kJ 

High Intensity 6623 kJ* 
 

Yes - 

Jokisch, E. 

2012 

n=10 

21 ±2 y 
(PL 2) 

Food diary 
HR & ACSM 
equation for 

power and leg 
cycling for Gross 

VO2 

Control 
45 min cycle ergometer at 65-

75% max HR 
- 1885 ±50 kJ 4251 ±1660 kJ 4623 ±1626 kJ No - 
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- 

King, J. 

1994 

n=11 

21–27 y 
(PL 2) 

Weighed food 
record 
VO2 

 
>3 h/wk 

Control 
27 min high intensity at 70% 

VO2 
63 min low intensity at 30% 

VO2 

 
- 

Study 1 
 Low intensity 1502  

±174 kJ 
High intensity 1421 

±115 kJ  
 

Study 2 
Short Duration 1239 

±161 kJ  
Long duration 2264 

±218 kJ 

Study 1 6443 
±1305 kJ 

 
Study 2 5841 

±2251 kJ 
 

Study 1  
Low 6899 ±1414 kJ 
High 6439 ±1778 kJ 

 
Study 2  

Short 5841 ±2251 kJ 
Long 5975 ±2222 kJ 

No - 

King, J. 

1997 

n=8 

26 ±5 y 
(PL 2) 

Weighed food 
diary 
VO2 

 
3-5 times/wk 

Control 2 d rest 
2× 50 min treadmill + 1 d rest - Exercise 4978 ±1003 kJ 

Rest 0 kJ 

Rest day 1 2903 
±586 kJ 

Rest day 2 2945 
±1002 kJ 

Exercise 2981 ±498 kJ 
Rest 2726 ±538 kJ No - 

King, J. 

2010 

n=14 

22 ±1 y 
(PL 2) 

Weighed food 
record 
VO2 

 
- 

Control 
60 min walking 

0 kJ 
 2008 ±134 kJ 2202 ±141 kJ 2243 ±157 kJ No - 

King, J. 

2013 

n=10 

21 ±2 y 
(PL 2) 

Weighed food 
record 
VO2 

 
Recreational 

games players 

Control 
60 min treadmill at 72% VO2 397 ±47 kJ 4117 ±369 kJ 7426 ±3181 kJ  7418 ±2862 kJ No - 
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O'Donoghue, 

K. 

2010 

n=9 

21 ±2 y 
(PL 2) 

Weighed food 
record 

HR & VO2 
 
- 

Control 
 

45 minutes treadmill at 75% 
VO2 peak in AM & rest in PM 

(AMex) 
Rest in AM & 45 minutes 

treadmill 75% VO2 peak in 
PM (PMex) 

 
- 

AMex 2831 ±519 kJ 
PMex 2889 ±570 kJ 

 
23 505 ±6938 kJ AMex 24 957 ±560 7kJ 

PMex 24 560 ±5988 kJ No - 

Rocha, J. 

2013 

n=15 

22 ±4 y 
(PL 2) 

Weighed food 
diary 

HR & VO2 & 
Actiheart 

 
>2.5 h/wk 

Control 
60 min cycling at 50% VO2 

max 

6344 ±1220 
kJ 7994 2924 kJ 4687 ±1666 kJ 4712 ±1364 kJ No - 

Stubbs, R. 

2002 

n=6 

31 ±5 y 
(PL 2) 

 

Weighed food 
diaries 

HR & VO2 
 
- 

Control (NEX) 
2× 40 min moderate intensity 

cycling exercise (MEX) 
3× 40 min high intensity 

exercise (HEX) 

 
11 700 kJ* 

 

MEX 12 900 kJ* 
HEX 16 800 kJ* 

11 600 kJ 
 

MEX 11 800 kJ 
HEX 11 800 kJ No MEX  TBM ↔ 

HEX TBM ↓ 

Whybrow, S. 

2008 

n=6 

25 ±6 y 
(PL 2) 

 

Food diary of 
pre-prepared 

meals 
DLW & HR & 

VO2 
 
- 

Control (NEX) 
2× 40 min  moderate intensity 

exercise (MEX) 
3× 40 min high intensity 

exercise (HEX) 

 
12 200 kJ* 

 
 

MEX 14 000 kJ* 
HEX 16 700 kJ* 

 

10 600 kJ* 
 

MEX 11 600 kJ* 
HEX 12 000 kJ* 

 
Yes TBM, FM & FFM ↔ 

 Moderate exercise interventions (2 - 48 h duration)  

Antoni, G. 

2017 

n=23 

42 ±9 y 
(PL 2) 

Dietary recall 
(Self-

administered) 
Accelerometer & 

10 h caving expedition 14 593 
±2209 kJ 21 457 ±3609 kJ 11 049 ±2815 kJ 14 199 ±6403 kJ - - 
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activity 
thermogenesis 

 
- 

Leinus, K. 

1998 

n=7 

21 ±3 y 
(PL 3) 

Food diary 
Physical activity 

diary 
 

7.5-9 h/wk 

Control 2 d rest 
Training day 2 d 

 

13 970 
±1848 kJ 16 515 ±2278 kJ 14 818 ±4055 kJ 10 580 ±3005 kJ Yes TBM ↔ 

Martinez 

Renon, C. 

2013 

n=21 

26 ±5 y 
(PL 3) 

Food diary & 24 h 
recall 

Harris-Benedict 
equation & HR 

 

Control rest 
Soccer training 

Soccer competition 
12 870 ±kJ 

Training 14 926 ±kJ 
Competition 14 630 ±kJ 

 
8891 ±2057 kJ 

Training 9286 ±1789 kJ 
Competition 10 191 ±2391 

kJ 
Yes - 

Papadopoulou, 

S. 

2018 

n=12 

36 ± 3 y 
(PL 2) 

 
Older 46 ±10 y 

 
Younger 26 ±5 y 

 

Food diaries 
METs 

Recreational 
training 

26 km open water swim 
(Older swimmers & younger 

swimmers) 

Preparation 
Period 

Older 10941 
±1084 kJ 

 
Younger 

11297 ±1891 
kJ 

During race 
Older 23 623 

±4686 kJ 
Younger 17 485 ±6422 

kJ 

Preparation Period 
Older 9121 ±795 

kJ 
Younger 8971 

±799 kJ 

During race 
Older 3962 ±2109 kJ 

Younger 4381 
±1870 kJ 

No Older TBM ↓ 
Younger TBM ↔ 

 Chronic free-living exercise interventions (>48 h duration) 

Drenowatz, C. 

2012 

n=15 

24 ±3 y 
(PL 3) 

Online FFQ 
VO2 & RMR & 

EEE (HR 
regression) & 

NEAT 
 

Athlete training 
program 

7 d high load endurance 
training 

7 d low load endurance 
training 

 
- 

Low volume 17 013 
±2663 kJ 

High volume 20 164 
±3231 kJ 

- 

Low volume 10 396 
±5070 kJ 

High volume 11 127 
±5430 kJ 

 

No - 
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Margolis, L. 

2013 

n=11 

n=9 

28 ±5 y 
(PL 3) 

 

Food records & 
ration log 

DLW 
 

Aerobic training 
program for 

soldiers 

Control cohort 1 
(Airborne training and 

weapons familiarisation) 
Cohort 2 (Classroom 

instruction, combat, rest) 

- 

Cohort 1 15 200 
±4100 7 kJ 

Cohort 2 21 778 
±299 7 kJ 

- 

Cohort 1 15 200 ±4100 
kJ 

Cohort 2 10 492 ±3528 
kJ 

Yes TBM, FFM & FM 
↓ 

Margolis, L. 

2014 

n=21 

20 ±1 y 
(PL 3) 

Food records & 
ration log 

DLW 
 

Soldiers training 
program 

Military training task 4 d 
Ski march 3 d 

 
- 
 

MTT 22 906 ±1626 
kJ 

SKI 28 637 ±2349 kJ 
 

- MTT 12 950 ±987 kJ 
SKI 14 467 ±2450 kJ Yes MTT TBM ↓ 

SKI TBM ↔ 

McGowan C. 

1986 

n=7 

25 ±2 y 
(PL 2) 

Food diary 
VO2 & HR 

2.4-4 miles 5 
d/wk 

Control 
Regular running exercise 
Double regular running 

exercise 
 

8619 ±1129 
kJ 

Regular 10 484 ±984 
kJ 

Double 11 860 ±977 
kJ 

10 581 ±3540 kJ 

Regular 10 606 ±3218 
kJ 

Double 11 275 ±4100 
kJ 

No TBM ↔ 

 Chronic free-living exercise interventions (excluded from meta analysis)  

Bescos, R. 

2012 

n=8 

37 ± 5 y 
(PL 3) 

Weighed food 
record 

HR & VO2 
 

>15 h/wk 

24 h cycling team relay race - 42 900 ± 6800 kJ - 22 800 ± 8900 kJ Yes TBM ↓ 

Bircher, S. 

2006 

n=1 

34 y 
(PL 3) 

Food diary 
HR & VO2 

 
- 

Extreme endurance cycling 
race 2272 km 

 
- 56 346 ± 20292 kJ - 39 030 ± 17 376 kJ - TBM, FFM & FM ↓ 
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Branth, S. 

1996 

n=11 

34 y 
(PL 4) 

 

Weighed food 
inventories 

BW change & 
DLW  

 
- 

Sailing race around the 
world 

 
- 

First Leg 
 18 400 kJ (BW) 

 
Second Leg 

 21 200 kJ (BW) 
 

Third Leg (13 days 
average) 

 19 300 kJ (DLW) 

- 

First Leg (25 days 
average) 

 14 700 kJ 
 

Second Leg (26 days 
average) 

 15 800 kJ 
 

Third Leg (13 days 
average) 

 17 100 kJ 
  

- 

First Leg 
TBM ↓ 

 
Second Leg 

TBM ↑ 
 

Third Leg (13 days 
average) 
TBM ↓ 

 

Geesmann, B. 

2014 

n=14 

44 ±8 y 
(PL 3) 

Weighed food 
record 

SRM training 
system 

 
Athlete training 

program 

Ultra endurance cycling race 
1230 km 

 
- 105 868 ±10 192 kJ - 82 630 ±18 836 kJ - 

TBM ↔ 
FM ↓ 

FFM ↑ 

Hill, L. 

2008 

n=2 

43 y 
(PL 2) 

Food diary 
HR & VO2 

 
Regular running, 

cycling, 
swimming or 
backpacking 

Back packing (1615 km) - 21 397 ±1100 kJ - 9290 ±640 kJ - TBM ↓ 

Hulton, A. 

2010 

n=4 

37 ±4 
(PL 3) 

Weighed food 
diary 
DLW 

Athlete training 
program 

Race Across America 
Cycling 4851 km - 26 836 ±1965 kJ - 20 557 ±3386 kJ - - 

Knechtle, B. 

2003 

n=1 

33 y 
(PL 4) 

Food records 
VO2 & HR 

 
Gigathalon  - 

Day 1 39 748 kJ* 
Day 2 41 878 kJ* 
Day 3 38 736 kJ* 

- 
Day 1 28 880 kJ* 
Day 2 19 985 kJ* 
Day 3 21 513 kJ* 

- - 
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Athlete training 
program 

Day 4 41 920 kJ* 
Day 5 44 505 kJ* 
Day 6 42 677 kJ* 

Day 4 33 079 kJ* 
Day 5 30 680 kJ* 
Day 6 27 677 kJ* 

Panos 

Rontoannis, G. 

1989 

n=1 

32 y 
(PL 4) 

Weighed food 
record 
DLW 

 
Athlete training 

program 

Ultramarathon race 960 km 
- 
 
 

Day 1 64 295 kJ* 
Day 2 44 940 kJ* 
Day 3 37 317 kJ* 
Day 4 40 920 kJ* 
Day 5 32 367 kJ* 

5 h 10 610 kJ* 
 

- 

Day 1 57 614 kJ* 
Day 2 35 948 kJ* 
Day 3 53 137 kJ* 
Day 4 32 635 kJ* 
Day 5 52 300 kJ* 

5 h 2301 kJ* 
 

No TBM ↓ 

Rehrer N. 

2010 

n=4 

20 ±3 y 
(PL 4) 

Weighed food 
record 
DLW 

 
Athlete training 

program 

Cycling race 883 km  
- 

27 400 ±2000 kJ - 27 300 ±3800 kJ - 
TBM ↔ 

FM ↓ 
FFM ↑ 

Sepowitz, J. 

2017 

n=20 

20 ±2 y 
(PL 3) 

24 h recall & 
ration log 

DLW 
 

Marines training 
program 

Drill 1 19 d 
Drill 2 9 d 

Drill 3 19 d 
Drill 4 23 d 

- 

Drill 1 16782 ±1987 
kJ 

Drill 2 26 677 ±2979 
kJ 

Drill 3 17 527 ±1992 
kJ 

Drill 4 15 707 ±1314 
kJ 

- 

Drill 1 1448 kJ* 
Drill 2 10 806 ±2042 kJ 
Drill 3 11 795 ±2042 kJ 
Drill 4 11 305 ±3088 kJ 

 

No 

Drill 1 TBM ↓ 
Drill 2 TBM ↓ 
Drill 3 TBM ↓ 
Drill 4 TBM ↔ 

 

* denotes no standard deviation reported.  

Abbreviations: Total Body Mass, TBM; Fat Mass, FM; Fat Free Mass, FFM; Control Energy Expenditure, CON-EE; Exercise Energy 

Expenditure, EX-EE; Control Energy Intake, CON-EI; Exercise Energy Intake, EX-EI; Doubly Labelled Water, DLW; Heart Rate, HR; 

Volume of Oxygen Consumption, VO2; Metabolic equivalent, Mets; Respiratory Quotient, RQ; Resting Metabolic Rate, RMR;  Estimated 
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Energy Expenditure, EEE; Food Frequency Questionnaire, FFQ; Body Weight, BW; Non-Exercise Activity Thermogenesis, NEAT; and 

American College of Sports Medicine, ACSM; Significant increase in Energy Intake, ↑EI. 
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2.3 Results 

A total of 36 publications met the criteria for inclusion in this review (Figure 2.1). They 

explored the following variables and their effect on energy intake; exercise intensity, duration 

of exercise, aerobic vs anaerobic exercise, body composition, fitness, age, time of day and 

pre-exercise energy intake (Table 2.1). The exercise mode inducing energy expenditure 

included treadmill running and walking (n = 10), cycle ergometer (n = 7), bicycle (n = 4), 

caving (n = 1), mountain skiing (n = 1), ultramarathon (n = 2), running (n = 1), swimming (n 

= 1), multi-sport (Gigathlon, n = 1), and several studies measured energy expenditure across 

a free living period such as military training (n = 3), sailing (n = 1), training days of endurance 

athletes (n = 1), basketball (n = 1) and football (n = 1) (Table 2.1). One study specifically 

used two laboratory modes of inducing exercise energy expenditure (cycle ergometer and 

treadmill) (Whybrow et al., 2008). Subject performance levels ranged from level 2 - 4 (De 

Pauw et al., 2013). Acute duration intervention performance levels ranged from two (n = 17) 

to three (n = 3), moderate duration interventions ranged from level two (n = 3) to three (n = 

5) and, chronic duration interventions included levels 2 (n = 1), 3 (n = 5) and 4 (n = 4).  

Four out of the total 36 publications included in this systematic review showed a 

decrease in energy intake in response to exercise induced energy expenditure (Douglas et 

al., 2015; King et al., 2013; Leinus et al., 1998; Papadopoulou et al., 2018). Change in total 

body mass (TBM) was measured in 17 out of the 36 studies. The four acute duration studies 

showed no change in TBM, fat free mass (FFM) or fat mass (FM) (Douglas et al., 2015; 

Stubbs et al., 2002; Holliday, 2017; Whybrow et al., 2008). Two out of five moderate duration 

studies also showed no change in TBM (Leinus et al., 1998; Papadopoulou et al., 2018). On 

the contrary, six out of 11 chronic duration studies which recorded body weight 

demonstrated a decrease in TBM (Bescos et al., 2012; Margolis et al., 2014; Branth et al., 

1996; Hill et al., 2008; Panos Rontoyannis et al., 1989; Sepowitz, 2017), while two of these 

showed a decrease in TBM, FFM and FM (Margolis et al., 2013). Three chronic duration 

studies had no change in weight (McGowan et al., 1986; Geesmann et al., 2014; Bircher, 

Enggist, Jehle, & Knechtle, 2006; Rehrer et al., 2010). Only studies where participants were 

weight stable were meta-analysed as there was not enough publications found to perform a 

meta-analysis of increased or decreased TBM (Douglas et al., 2015; Stubbs et al., 2002; 

Holliday, 2017; Leinus et al., 1998; Whybrow et al., 2008; Papadopoulou et al., 2018; 

Margolis et al., 2014; McGowan et al., 1986). The meta-analyses of weight stable 
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participants showed no effect of exercise on energy intake in active individuals. 

Eighteen of the publications included were laboratory trials and were able to be meta-

analysed to assess the effect of acute duration energy expenditure (< 2 hours per exercise 

bout) on energy intake (Douglas et al., 2015; Deighton et al., 2013; King et al., 2013; Jokisch 

et al., 2012; Deighton et al., 2012; Stubbs et al., 2002; Balaguera-Cortes et al., 2011; 

Holliday, 2017; King et al., 1994; Whybrow et al., 2008; Alméras et al., 1995; Beaulieu et al., 

2015; Charlot et al., 2013; Imbeault et al., 1997; King et al., 2010; King et al., 1997; Rocha 

et al., 2013; O'Donoghue et al., 2010). Similarly, 18 free living trials (n = 18) were identified 

including exercise periods which were conducted over multiple hours to weeks, these were 

separated into moderate (2 – 48 hours) or chronic (> 48 hours) duration exercise. Due to 

lack of control groups present, only eight of the free living studies were able to be meta-

analysed to assess the effect of moderate and chronic duration free living energy 

expenditure on energy intake. Out of the 36 publications seven trials provided a 

standardised breakfast meal prior to the exercise intervention (Deighton et al., 2013; King 

et al., 2013; Deighton et al., 2012; Imbeault et al., 1997), two provided standardised energy 

and macronutrient meals in the days leading up to the event but not a standardised breakfast 

(Stubbs et al., 2002; Whybrow et al., 2008) and four requested participants eat the same 

foods and portion sizes of their choosing prior to commencement of each trial (Jokisch et 

al., 2012; Beaulieu et al., 2015; Charlot et al., 2013; O'Donoghue et al., 2010). Participants 

were then given access to food and beverages following the session and allowed to eat ad 

libitum, with the frequency and time at which this occurred dependent on the duration of the 

trial. Participant’s physical activity levels prior to the intervention ranged from > 2.5 hours 

per week to full time periodised athlete training programs.  

Methods of measuring energy intake and energy expenditure also varied. The most 

frequently used method for estimating dietary intake was weighed food records  (n=21 

studies (Bescos et al., 2012; Douglas et al., 2015; Deighton et al., 2013; King et al., 2013; 

Deighton et al., 2012; Stubbs et al., 2002; Balaguera-Cortes et al., 2011; Holliday, 2017; 

King et al., 1994; Branth et al., 1996; Panos Rontoyannis et al., 1989; Geesmann et al., 

2014; Rehrer et al., 2010; Beaulieu et al., 2015; Charlot et al., 2013; Imbeault et al., 1997; 

King et al., 2010; King et al., 1997; Rocha et al., 2013; O'Donoghue et al., 2010; Hulton et 

al., 2010), followed by food diaries (n=12 studies (Jokisch et al., 2012; Leinus et al., 1998; 

Whybrow et al., 2008; Papadopoulou et al., 2018; Margolis et al., 2014; Hill et al., 2008; 

Margolis et al., 2013; McGowan et al., 1986; Alméras et al., 1995; Knechtle et al., 2003; 
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Martinez Renon et al., 2013; Bircher, Enggist, Jehle, Knechtle et al., 2006), while only three 

studies employed food frequency questionnaires or recalls (Sepowitz, 2017; Antoni et al., 

2017; Drenowatz et al., 2012). Martinez et al., Margolis et al., (2013), 2014) and Sepowitz 

were the only studies to perform multiple methods of dietary analysis (Margolis et al., 2014; 

Sepowitz, 2017; Margolis et al., 2013; Martinez Renon et al., 2013). 

Similarly, energy expenditure was measured via a range of assessment methods. The 

most prevalent methodology throughout the studies was the use of the gold standard DLW 

in 11 studies (Stubbs et al., 2002; Margolis et al., 2014; Branth et al., 1996; Panos 

Rontoyannis et al., 1989; Sepowitz, 2017; Margolis et al., 2013; Rehrer et al., 2010; Alméras 

et al., 1995; Rocha et al., 2013; O'Donoghue et al., 2010; Hulton et al., 2010). VO2 was the 

next most prevalent technique utilised in nine studies (Douglas et al., 2015; Deighton et al., 

2013; King et al., 2013; Deighton et al., 2012; Holliday, 2017; King et al., 1994; Beaulieu et 

al., 2015; King et al., 2010; King et al., 1997) and VO2 was also combined with heart rate 

monitoring in a further seven studies (Bescos et al., 2012; Balaguera-Cortes et al., 2011; Hill 

et al., 2008; McGowan et al., 1986; Bircher, Enggist, Jehle, & Knechtle, 2006; Imbeault et 

al., 1997; Knechtle et al., 2003). The remainder of studies used mixed methods including 

accelerometry, indirect calorimetry, physical activity diaries and energy expenditure 

estimation equations. High risk of performance bias occurred in all but four studies as 

participants had knowledge of their allocated intervention, and two were assessed as 

unclear. Detection bias occurred in all studies except four, which were assessed as unclear, 

as the outcome assessors were aware of participant intervention allocation (Table 2.2).  

 

Table 2.2 Risk of bias occurring in systematically reviewed studies (red circle; high risk, 

green circle; low risk, empty cell; risk of bias unclear) 
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A meta-analysis of the 19 short duration (< 2 hours) laboratory-based studies with 211 

participants showed acute exercise had a significant effect on subsequent energy intake 

(MD = 0.65 Megajoules [MJ] 95% CI = 0.18 to 1.12, P = 0.007) (Douglas et al., 2015; 

Deighton et al., 2013; King et al., 2013; Jokisch et al., 2012; Deighton et al., 2012; Stubbs 

et al., 2002; Balaguera-Cortes et al., 2011; Holliday, 2017; King et al., 1994; Whybrow et al., 

2008; Alméras et al., 1995; Beaulieu et al., 2015; Charlot et al., 2013; Imbeault et al., 1997; 

King et al., 2010; King et al., 1997; Rocha et al., 2013; O'Donoghue et al., 2010). High 

heterogeneity was found between studies (I2 = 94%; Q = 286.4, df = 18, P < 0.00001). There 

was a positive mean effect of exercise induced energy expenditure on ad libitum energy 

intake in 16 studies and a negative effect in three (Figure 2.2).  

The eight free living studies included in the second meta-analysis included four 

moderate duration (Leinus et al., 1998; Papadopoulou et al., 2018; Martinez Renon et al., 

2013; Antoni et al., 2017) and four chronic duration publications (Margolis et al., 2014; 

Margolis et al., 2013; McGowan et al., 1986; Drenowatz et al., 2012). The moderate duration 

studies ranged from 6 to 48 hours with 63 participants and the chronic duration periods of 

exercise ranged from 3 to 10 days with 52 participants. 

 
Figure 2.2 Meta-analysis of 18 acute duration (< 2 h) studies showing the mean difference 

between energy intake in megajoules (MJ) after an acute exercise induced increase in 

energy expenditure (EE) (< 2 h) compared with baseline energy intake in 18-50 year old 

active males. 
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Both study experimental periods showed no significant effect of exercise induced 

changes on energy intake for moderate or chronic duration studies (Moderate; MD = -1.05 

MJ, 95% CI = -5.08 to 2.98, P = 0.61, Chronic; MD = -0.28 MJ, 95% CI = -3.11 to 2.55, P = 

0.85). High heterogeneity was found between studies of shorter durations, but heterogeneity 

decreased as the length of exercise duration increased (Moderate; I2 = 95%; Q = 55.4, df = 

3, P < 0.00001, Chronic; I2 = 74%; Q = 11.3, df = 3, P< 0.01). There was a positive mean 

effect of exercise induced energy expenditure on ad libitum energy intake in five studies and 

a negative effect in three of the free-living studies (Figure 2.3).  

 

 
Figure 2.3 Meta-analysis of four moderate duration (2-48 h) and four chronic duration (> 48 

h) studies showing the mean difference between energy intake in megajoules (MJ) after 

exercise induced increase in energy expenditure (EE) compared with baseline energy intake 

in 18-50 year old active males. 

 

Four studies modified exercise intensity to determine the effect on subsequent dietary 

energy intake. The meta-analysis showed little effect on energy intake at both low (MD = 

1.27 MJ, 95% CI = -1.46 to 4.00, P = 0.36) and high intensity (MD = 0.90 MJ, 95% CI = -

0.13 to 1.93, P = 0.9) (Figure 2.4). Neither intensity showed a significant effect on energy 

intake following exercise. Highest heterogeneity was found between studies incorporating 

low exercise intensity (I2 = 96%; P = 0.00001) compared to high intensity (I2 = 65%; P = 
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0.06).  

 

 
Figure 2.4 Meta-analysis of studies showing the mean difference between energy intake 

(EI) in megajoules (MJ) after an exercise induced increase in energy expenditure (EE) 

compared with baseline energy intake in 18-50 year old active males for different 

intensities of exercise. 

 

2.4 Discussion 

The aim of this review was to determine the effect of acute, moderate and chronic duration 

exercise bouts on energy intake in lean, active, adult males aged 18-50 y. The analysis 

shows that; 1) there is a significant effect of an acute increase in energy expenditure induced 

by laboratory-based exercise that increases subsequent energy intake, 2) longer duration 

periods of exercise energy expenditure were not associated with a significant change in 

subsequent energy intake, and 3) a higher exercise intensity expends more energy than a 

lower intensity bout of similar duration, however, no clear intensity-dependent effect on 

energy intake relative to the extent of energy expenditure was apparent. 

The current review found that exercise increased energy intake after acute (< 2 

hours) exercise periods in healthy active males. Interestingly, our findings are in contrast to 

a prior review including male and female participants of any BMI and physical activity level 

(Schubert et al., 2013). These differences may be explained by a number of factors. For 

example, several studies in active adult males have shown that autonomic or hedonic 

processes that drive compensatory eating, through changes in circulating hunger hormones 
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such as peptide YY (PYY) and ghrelin, are modulated during exercise of less than 60 min 

(Douglas et al., 2015; Deighton et al., 2013; Balaguera-Cortes et al., 2011; Holliday, 2017). 

Therefore, variation in the response of appetite stimulating hormones may play a role in 

differences in hunger and appetite during the post exercise recovery period, an effect that 

may be altered by regular training (King et al., 2010). The possibility exists that when 

sedentary or untrained individuals undertake exercise, not only does the energy required to 

meet metabolic demands increase, but the extent to which hunger hormones such as ghrelin 

may be inhibited may also increase, with potential to generate a mild exercise-induced 

anorexic effect. Additionally, practical and social factors such as food availability, influence 

of peers, taste, convenience, price, religious beliefs, time, and nutrition knowledge all 

influence food choices and subsequent energy intake, and thus dictate the energy content 

of the numerous eating occasions throughout the day (Birkenhead et al., 2015; Sobal et al., 

2009; Furst et al., 1996). Many prior studies in the general population have not considered 

the potential effect of gender nor habitual physical activity on eating behaviours following 

exercise and daily energy intake. It is likely that the attitudes, behaviours and beliefs towards 

eating of trained individuals and athletes differ markedly from other sub-populations such as 

the sedentary and overweight, with important effects on post exercise energy intake (George 

et al., 2003). 

Current sports nutrition recommendations suggest active individuals and athletes 

should employ specific strategies for food and fluid intake before, during and after exercise 

to match the demands of the session. Therefore, to optimise the quality of training and 

performance, and recovery between exercise, an individual’s energy intake should reflect 

the daily variations in the amount of training undertaken and energy expended (Thomas et 

al., 2016). However, this systematic review found that moderate or chronic exercise 

interventions did not promote the upregulation of energy intake within this population. This 

phenomenon may simply be due to the practical challenges of adequate food consumption 

throughout and between regular exercise sessions, but variation in circulating appetite 

stimulating hormones such as ghrelin or PYY in response to multiple daily exercise sessions 

or long periods of energy expenditure may also contribute (Beaulieu et al., 2015; King et al., 

1997; O'Donoghue et al., 2010). Whilst this review explored active adult males from a variety 

of backgrounds, the findings provide further considerations for athlete populations - who 

typically train for extended durations at high intensity and commonly have high levels of 

energy expenditure. This is important because they may find they do not optimise their 
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adaptation or recovery if they fail to meet their energy expenditure requirements. The meta-

analysis showed an increase in energy intake following acute duration energy expenditure 

but not for moderate or chronic durations, which is in agreement with several previous 

studies. Sepowitz and colleagues (Sepowitz, 2017) and Margolis and co-workers (Margolis 

et al., 2014) examined energy intake and energy expenditure during military training over 

40-70 days, while Drenowatz et al. (Drenowatz et al., 2012) studied an athlete training 

schedule over two, seven day periods, and each showed an increase in energy intake that 

failed to match the high energy expenditure, resulting in energy deficits. Accordingly, the 

apparent inability of autonomic or behavioural mechanisms to increase the energy intake 

response in highly active individuals undertaking extended training programs may induce a 

significant energy shortfall compared with energy balance requirements.  

The third meta-analyses conducted in this review showed that divergent intensity of 

exercise did not result in a change in energy intake. While a higher exercise intensity 

expends more energy than a lower intensity bout of similar duration, the analysis did not 

support an intensity-dependent effect on energy intake as a proportion of energy 

expenditure. Previous studies have demonstrated contrasting findings with higher intensity 

exercise increasing energy intake in comparison to lower intensity, endurance based 

sessions (Deighton et al., 2013; King et al., 1994; Beaulieu et al., 2015). While the meta-

analysis for high intensity exercise approached significance; further studies and a larger 

sample size will help determine whether there is a notable effect. It has been suggested that 

high intensity interval training suppresses appetite more than conventional aerobic training 

(Deighton et al., 2013) due to mechanisms such as blood flow redistribution from the 

splanchnic region to working muscle and/or gastrointestinal distress (Otte et al., 2001). 

Therefore, potentially the time frame following these exercise bouts was not long enough to 

allow the physiological responses to high intensity exercise to subside. Charlot and 

colleagues have shown a latency to eat following high intensity exercise bouts even though 

no difference in caloric intake occurred (Charlot et al., 2019). Interestingly, King and 

colleagues (King, 2007) have suggested that there may be responders and non-responders 

for the behavioural and metabolic compensatory eating responses with disruption to energy 

balance from increased activity-induced energy expenditure. However, few studies have 

been undertaken to determine the effect of exercise energy expenditure on subsequent 

energy intake in active or trained participants, and whether exercise intensity is an important 

consideration in determining compensatory eating in this population remains unclear.  
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While this systematic review and meta-analysis captured all the available studies, it 

is important to note some limitations and inconsistencies exist with the dietary assessment 

methods used in the included studies which could have impacted the interpretation of results 

(Black, 2001). These limitations include the associated error with dietary assessments 

(Black, 2001; Driskell et al., 2016; Grandjean, 2012) and measuring energy expenditure 

(Ainslie et al., 2003; Barrett et al., 2014). Despite these limitations, this review provides 

useful information about active males dietary intake following exercise energy expenditure, 

but the results should be interpreted with careful consideration. This review has successfully 

accrued data from publications with 406 active males and meta-analysed data including 326 

males (acute n=211, moderate n=63, chronic n=52) and therefore overcomes some of the 

limitations of making conclusions based on individual, often under-powered, intervention 

studies. A further limitation was the use of the Cochrane risk of bias tool within this review. 

The authors acknowledge that this tool was developed for use in randomised control studies 

however, only studies which had a control group and were high quality were utilised in this 

analysis. Furthermore, it would be valuable for future research to more clearly define an 

active individual, as each publication stated their participants were active but some did not 

provide a detailed report on the exercise training history nor current training status of the 

participants. 

In summary, this systematic review and meta-analysis has implications for active 

males and athletes whose daily training schedules and competition requirements can limit 

time and accessibility to food. While a short-term increase in energy intake can be expected 

in response to a standardised acute bout of exercise, implementation of purposeful, well-

planned strategies may be needed if comparable energy intake and energy expenditure are 

desired in and around training sessions within chronic training programs, rather than simply 

relying on appetite-mediated compensatory eating. This review provides a synthesis of 

currently available studies showing acute duration exercise elicits a significant effect on 

energy intake following exercise that is not exercise intensity dependent, but over prolonged 

periods of moderate or chronic duration exercise, high levels of exercise energy expenditure 

does not appear to be matched by comparable changes in energy intake. To achieve dietary, 

body composition and performance goals of recreational and competitive athletes 

consultation with dietary professional will promote appropriate planning and practice of 

dietary strategies to maximise performance, refuelling and recovery. 
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2.5 Practical implications 

• Dietary strategies appear to be required if active individuals or athletes routinely 

perform > 2 h of exercise in a day and achieving an energy balance is important for 

their performance or recovery needs. 

• Consideration should be given when performing high intensity exercise because it 

appears the higher energy cost of the exercise bout does not induce greater 

compensatory energy intake to achieve short-term energy balance. 
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3.1 Introduction 

Australian Football is a high intensity, intermittent, contact sport with varying daily energy 

expenditure during training and competition. Currently no gold standard method is available 

to accurately measure free living energy expenditure (EE) within this contact sport 

population. Furthermore, there is no method which enables energy expenditure estimation 

over acute durations of several hours such as capturing expenditure during a morning period 

or as little as a 90 min training session. Accelerometers have been validated for estimating 

EE at physical activity levels consistent with recreational exercise in the general population 

(Dillon et al., 2015). However, their utility at much higher exercise intensities i.e. those 

achieved during Australian Football training and competition, has yet to be established.  

The GeneActiv is a wrist worn triaxial accelerometer which allows the summation of 

raw acceleration magnitude data of movement (Fraysse et al., 2020). These data recorded 

using accelerometers can be in epochs ranging from 1-60 s and categorised into movement 

intensities based on pre-determined thresholds. Energy expenditure can then be estimated 

via the associated metabolic equivalents (Esliger et al., 2011; Rowlands et al., 2015).  The 

conversion of energy expenditure from these methods is based on the relationship between 

the oxygen uptake and energy metabolism where 3.5 mL·Kg·min-1 is equal to 1 kcal·Kg·h-1 

(Ainsworth et al., 2011). However, athletes have a greater VO2max than the general 

population, therefore it is likely the oxygen cost of an athlete at rest may be different to a 

non-athlete (Ainsworth et al., 2011). 

The GeneActiv and many other research grade accelerometry devices set similar 

intensity thresholds and their associated METs are based on a general population 

compendium of physical activity for sedentary, light, moderate and vigorous activity 

(Ainsworth et al., 2011). The GeneActiv thresholds include; sedentary <1.5 METS (<77 

counts/min), light 1.5-3.99 METS (77–219 counts/min), moderate 4.0-6.99 METS (220–

2056 counts/min), or vigorous ≥ 7 METS (>2056 counts/min) (Esliger et al., 2011). 

Importantly, the GeneActiv vigorous threshold does not provide precision in the METS 

estimates for exercise intensities above oxygen uptakes ~25 mL·Kg·min-1. Whilst the lower 

intensities may not vary greatly between an athlete and non athlete, the higher intensities of 

exercise exceeding 7 Mets will not provide reasonable estimates of the magnitude of 

vigorous exercise energy expenditure for an athlete population. For example, high speed 

running in the general population is measured as > 12km/hr whereas running at high speed 
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for an athlete can be >22.5km/hr. These speeds are associated with 13 METs and 23 METs, 

respectively (Esliger et al., 2011; Cureton, 1975). Thus, the GeneActiv threshold of 7 METs 

would significantly underestimate the energy cost of high speed running within the general 

population, a miscalculation that would be exacerbated in athletes.  

The technical reliability for the GeneActiv tri-axial accelerometer (n=47) has been 

previously reported as an intra- and inter-device coefficient of variation of 1.4% and 2.1%, 

respectively, with a correlation coefficient of r=0.98 (p<0.001) over 15 different frequency 

and acceleration conditions (Esliger et al., 2011). The aim of this study was to establish the 

predictive utility of the GeneActiv accelerometer for estimating EE, compared to indirect 

calorimetry calculated EE, during high intensity exercise consistent with running demands 

of Australian Football. 

 

3.2 Methods 

Fourteen sub-elite male AFL football players volunteered to take part in the present study 

(Table 3.1). Participants provided their written informed consent prior to participation and 

ethics approval was obtained through the University of South Australia Human Research 

and Ethics Committee (200984). This study was designed to assess the performance of 

the GeneActiv accelerometer during exercise against the criterion measure of indirect 

calorimetry in controlled laboratory conditions to establish a regression equation for the 

prediction of energy expenditure.   

Table 3.1. Participant characteristics for the sub-elite male AFL football players that 

completed the present study. Data are mean ± standard deviation (n=14). 
 

Characteristics  
Age (Years) 
Body mass (Kg) 

23 ±4 
82 ±9 

Height (cm) 
VO2peak (mL·Kg·min-1) 

183 ±6 
56 ±3.7 

 

Participants undertook an incremental exercise test on a treadmill with gas analysis 

using a Parvo Medics True One 2400 metabolic cart (Parvo Medics Utah, USA) whilst 

wearing the GeneActiv on their left hand/wrist. Upon arrival for testing participants body 
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mass was obtained and height measured before completing a self-selected intensity 

treadmill running warm up. Thereafter, participants undertook the treadmill protocol which 

consisted of three × five minute stages at nine, 12 and 15 km/h which was then followed by 

a ramped increase of one km/h every minute until volitional fatigue. Expired gasses were 

continuously monitored using the metabolic cart (Parvo Medics, True2400, USA) which was 

calibrated according to manufacturer’s specifications prior to each test for each participant. 

Briefly, a 3-L syringe (Hans Rudolph, USA) was used to calibrate the system for volume and 

flow, and reference gasses with known O2/CO2 concentrations were used to calibrate the 

gas analysers (16% O2, 4% CO2). Energy expenditure for indirect calorimetry was recorded 

from a 60 s VO2 plateau achieved between minutes 3-5 of each steady state stage, and the 

highest 60 s average obtained during the ramp stage.  

The software Cobra (University of South Australia) was used to plot the GeneActiv 

g•min-1 against the indirect calorimetry plateau for matched 60 s epochs. This data was then 

collated into excel for analysis using the statistical software analysis program Prism (Version 

7.0d). A regression equation for the prediction of energy expenditure across a range of 

exercise intensities using GeneActiv accelerometers was derived. The VO2  data was 

converted into METs using the following equation to allow for conversion to kilojoules (Glass 

et al.)	"#$% = !"#(%&/()/%*+)	
..0 .	Residuals from the GeneActiv validation data were plotted for 

visual inspection of appropriateness for linear regression (Prism Version 7.0d). The level of 

significance was p<0.05 and data were presented as mean ± standard deviation. Data was 

also analysed using repeated measures analysis of variance with Tukey multiple 

comparison post hoc testing and alpha was determined at P<0.05. 

 

3.3 Results 

Oxygen uptake 

Graded stages of the test achieved adequate exchanges of VO2 to CO2 production as 

intensity of each stage increased (Figure 3.1). Average oxygen consumption in litres per 

min was 2.41 (range: 1.81 - 2.99), 3.19 (2.24 - 3.87), 3.92 (2.59 - 4.57), 4.38 (3.54 – 4.89) 

for stage 1 (nine km/h), stage 2 (12 km/h), stage 3 (15 km/h) and volitional ramp, 

respectively. A significant difference occurred between each stage (p<0.05). Average 

carbon dioxide exhalation in litres per min was 2.0 (range: 1.64 – 2.48) at stage 1, 2.9 (2.05 
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– 3.6) at stage 2, 3.9 (2.8 – 4.8) at stage 3, 4.6 (3.76 – 5.28) at the final stage. A significant 

difference occurred between each stage (p<0.05).  
 

 

Figure 3.1 Exchange of volume of oxygen (VO2) to volume of carbon dioxide (VCO2) were 

determined from gas analysis during a treadmill incremental exercise test of 3 × 5 minute 

stages at 9, 12 and 15 km/h followed by a ramped increase 1 km/h every minute until 

volitional fatigue while wearing the GeneActiv. Data represent minimum and maximum 

(whiskers), interquartile range, and median (n=14). 

Respiratory exchange ratio 

Respiratory exchange ratio (RER) from gas analysis showed all participants met or 

exceeded an average threshold of ≥1.0 in the 3-5th minute of the final ramped stage. 

Average RER was 0.83 (range: 0.78 - 0.91) at stage 1, 0.9 (0.84 – 0.98) at stage 2, 0.99 

(0.93 – 1.06) at stage 3, 1.06 (1.0 – 1.18) for the final ramp (Figure 3.2). Each stage was 

significantly different (p<0.05) 
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Figure 3.2 Respiratory exchange ratio (RER) was determined from gas analysis during a 

treadmill incremental exercise test of 3 × 5 min stages at 9, 12 and 15 km/h followed by a 

ramped increase 1 km/h every minute until volitional fatigue while wearing the GeneActiv. 

Data represent minimum and maximum (whiskers), interquartile range, and median (n=14). 
 
Regression analysis 

There was a significant relationship between metabolic equivalents calculated via indirect 

calorimetry and GeneActiv g•min-1, and the standard error of the estimate of the GenActiv 

for calculating metabolic equivalents during exercise was 1.77 METs (r2 = 0.64, p<0.0001; 

Figure 3.3).  

The regression equation was: y = 0.001x + 4.4329. Where y represents metabolic 

equivalents and x is GeneActiv g•min-1. Residuals plot showed non-homogenous variability 

with random dispersion around the horizontal axis indicating a linear regression model was 

appropriate (Figure 3.4). 
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Figure 3.3 Relationship between metabolic equivalents (METs) and GeneActiv 

accelerometer g•min-1 (n=56). METs were determined from oxygen consumption during a 

treadmill incremental exercise test of 3 × 5 minute stages at 9, 12 and 15 km/h followed by 

a ramped increase 1 km/h every minute until volitional fatigue while wearing the GeneActiv. 

Data are plotted with line of identity and 95% confidence intervals.  

 

Figure 3.4 Residuals (n=56) graphical representation of GeneActiv accelerometer g•min-1 

determined from a treadmill incremental exercise test of 3 × 5 minute stages at 9, 12 and 15 

km/h followed by a ramped increase 1 km/h every minute until volitional fatigue. 
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3.4 Discussion 

This study is the first to show the GeneActiv provides acceptable precision during high 

intensity exercise and may provide reasonable estimates of energy expenditure over daily 

(24 h) free living and training/competition periods in team sport athletes. The use of 

accelerometry within athlete populations is becoming more commonly used due to its ability 

to provide continuous feedback on physical activity. Utilising these wearable sensors 

enables coaching and performance staff to create individualised management plans for 

minimising injury risk and maximizing performance potential (Seshadri et al., 2019).   

The incremental exercise protocol developed in this study effectively demonstrated 

the graded steady state oxygen uptake required to establish a relationship between 

accelerometer counts and METS for these participants, and also to attain >95% of peak 

VO2 uptake and maximum accelerometer counts (Beltz et al., 2016). The ability of 

accelerometers to measure increased movement velocity as athletes reach their lactate 

threshold during exercise has previously been purported to be a limiting factor for the use 

of accelerometry in athletes (Koehler et al., 2011). However, whilst not replicated elsewhere, 

the protocol performed within this GeneActiv validation study enabled comparable exercise 

intensities seen in the athlete population to sufficiently assess the validity of the GeneActiv 

accelerometer.  

Previous studies of the GeneActiv in the general population have shown effective and 

valid estimates of movement velocity/intensities when categorising tasks of daily living 

(Rowlands et al., 2015). The findings from the present study are important because they 

highlight the necessity for population specific thresholds and equations to enable an 

adequate representation of an individual’s energy expenditure when performing daily tasks. 

For example, overweight/obese individuals appear to expend a greater quantity of energy 

to perform the same physical activity as their healthy weight counterparts (Pisanu et al., 

2020). Likewise, the energy cost of exercise between athlete and non-athlete populations 

has revealed a greater energy cost of exercise in the athletes due to a greater contribution 

of lean mass to total body mass. These differences result in a higher oxygen uptake 

proportional to total body mass during exercise (Ho et al., 2020; Farinatti et al., 2011).  

 The key finding from the present study is the effective utility of the GeneActiv for use 

with Australian Footballers. However, the findings also indicate the need for further 

refinement of the regression equation and sport specific equations to be developed to cater 
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for the significant differences in physique and physiological demands. In addition, the use 

of accelerometry within athlete populations may be limited by its ability to measure additional 

training load such as resistance training sessions (Hills et al., 2014).  

Whilst there are some limitations surrounding the use of accelerometry it is important 

to note that energy assessment methods for use in athletes require meaningful application 

and ease of use for athlete compliance and adherence (Allsop et al., 2016). Understandably, 

doubly labelled water remains the criterion measure and has been used effectively in athletic 

populations. However, it is not feasible within the budgetary constraints for many sports nor 

is it suitable for application over short time frames of several hours (Ainslie et al., 2003; 

Ebine et al., 2002). Therefore, it is reasonable to suggest that the GeneActiv may provide a 

novel cost effective approach to estimating energy expenditure in team sports athletes such 

as Australian Footballers. 

 

3.5 Conclusion 

This study has shown application for movement sensors to provide data on energy 

expenditure of athletes is meaningful and appropriate. Indeed, the GeneActiv accelerometer 

can provide a reasonable estimate of energy expenditure over acute time periods where 

other methods such as doubly labelled water have limited application. Therefore, 

accelerometry may be a useful tool for sports dietitians to provide feedback and dietary 

education to an athlete population relating training or competition periods energy 

expenditure to energy intake. Further work is required to enhance the precision of estimates 

of energy expenditure across playing positions and other sporting codes.  

 

3.6 Practical implications 

• The GeneActiv accelerometer can estimate energy expenditure during training 

sessions or competition which is a useful tool for sports dietitians to provide feedback 

and dietary education to an athlete population. 

• The predictive utility of the GeneActiv accelerometer is acceptable for estimating EE, 

compared to indirect calorimetry EE, during high intensity exercise consistent with 

running demands of Australian Football. 
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4.1 Introduction 

The energy requirements of athletes fluctuate in response to training-induced 

thermogenesis (activity thermogenesis), which is an additive energetic cost to resting 

metabolic rate and dietary thermogenesis (Thomas et al., 2016). Athletes modulate training 

parameters including the volume, intensity and frequency of exercise to optimise sport-

specific adaptations and achieve peak physical condition for competition (Fleck, 1999). 

Athletes may also undergo nutritional periodisation; a term used to describe various 

methods to manipulate dietary intake in response to day-to-day variances in energy 

expenditure with the specific aim of maximising the quality of training and promoting 

adaptation (Close et al., 2016). Understanding the energy demands to train and compete in 

sport is vital to provide appropriate nutrition recommendations. Currently, there is limited 

research investigating whether athletes adjust their dietary intake relative to the demands of 

each training/competition day to achieve daily energy balance (Bradley et al., 2015; Cho, 

2014; Marsh et al., 2017). The paucity of existing data likely reflects the difficulties in 

undertaking research in the elite training environment. 

Australian Football is unique amongst football codes due to very high physical 

demands related to sport-specific skills, match duration (~120 min) and total distances 

covered during match play (mean 12 620 ±1 872 m) (Varley et al., 2014). Estimating energy 

expenditure during training and competition is technically difficult (Hill et al., 2002; 

Baranauskas et al., 2015) and employing methods such as doubly labelled water or indirect 

calorimetry can impact ecological validity and is impractical for routine use in a daily athlete 

monitoring system. The only previous study to provide an estimate of energy expenditure in 

elite Australian Football athletes used conversion of global positioning system (GPS) data 

to total work capacity and found players expended an average 30.4 ±6.5 kJ/kg or 0.42 ±0.08 

kJ/kg/min during training sessions and 58.0 ±5.8 kJ/kg or 0.59 ±0.06 kJ/kg/min on match 

day. This equated to ~18 504 kJ and ~19 160 kJ expended over each day when GPS derived 

data was combined with data from a SensewearTM armband to estimate non-training energy 

expenditure (Walker et al., 2016).  

Characterising daily energy balance is important to implement appropriate dietary 

strategies for adequate recovery and refuelling (Burke, 2001), maintenance of sport-specific 

body composition (Arendt, 2000; Armstrong et al., 2004) and to maximise performance 

capacity (Garcia-Roves, 2000; Impey et al., 2018). The primary aim of this study was to 
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utilise the GeneActiv accelerometer to estimate energy expenditure of elite athletes, and 

compare this with their estimated energy intake, to improve understanding of daily energy 

balance associated with training and competition. The secondary aim was to evaluate 

professional team sport athlete’s macronutrient intake in comparison to sports nutrition 

recommendations for optimal performance outcomes. 

 

4.2 Methods 

The experimental approach began with an initial assessment of the validity of a wrist-watch 

accelerometer for determining energy expenditure at high running speeds in sub-elite 

Australian Football athletes (Chapter Three). The preliminary chapter permitted the 

application of a specific regression equation to this subsequent study in professional 

athletes to quantify the energy expenditure and energy intake during activities of daily living 

and high intensity training for Australian Football. Consequently, the study design enabled 

a comparison of daily energy intake and energy expenditure across a periodised in-season 

week utilising an unobtrusive accelerometer with low participant burden to capture sampling 

periods of shorter duration than those provided by other studies which employed doubly 

labelled water. Very little research has been conducted that quantifies energy expenditure 

with adequate precision concomitant with high ecological validity in professional sport. The 

research aimed to examine the daily fuel for the work required in training and competition, 

and potential deficiencies in matching energy intake to expenditure in professional 

footballers, as these outcomes are highly relevant to practitioners working with team sport 

athletes. 

Twenty-four professional Australian Football athletes (age 22 ±1 y, height 189 ±10 

cm, weight 87 ±8 kg, sum of seven skinfolds (Norton et al., 2000), 37 ±5 mm) volunteered 

to participate in the study to determine the energy expenditure and intake during a 7 d 

competition period during the 2018 season. Fourteen players completed the study (age 24 

±4 y, height 187 ±8 cm, weight 86 ±10 kg, sum of seven skinfolds 37 ±5 mm). Reasons for 

withdrawal were injury before or during data collection (n=3); omission from game selection 

(n=4); or technical failure during data collection (n=3). Each 7 d data collection period during 

the preseason competition was the same as a typical in-season match week, consisting of 

a recovery session, a cross training session, a skills and strength day, main training and 

strength day, a player directed pre match session and a match day (Table 4.1). Allocation 
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was dependent on player match selection by the coaching panel during the four-week 

preseason competition period. Ethics approval was obtained through Bond University 

Human Research and Ethics Committee (16204). All participants provided written informed 

consent prior to participation. 

Table 4.1. Summary of weekly schedule of the competition period for professional Australian 

Football.  

Time Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 MD 

AM Recovery 

session 

Mobility Football 

2 h 

Football 

2 h 

Rest Football 

20 mins 

and gym 

extras 

Rest 

PM Rest Injury 

Prevention 

Strength 

1 h 

Strength 

1 h 

Rest Rest Game 

MD: match day 

 

GeneActiv tri-axial accelerometers (Activeinsights Limited, Kimbolton, Cambridgeshire, UK) 

were used to obtain data 24 h per day for seven consecutive days without removal during 

the experimental period (Table 4.1). This device is an unobtrusive wristwatch, which can be 

worn during field training, matches and recovery sessions and is therefore suitable for use 

in Australian Football, and does not disrupt sleep patterns. The activity data bands are 

defined for sleep (<1.5 METs), light intensity (1.5-3.99 METs), moderate intensity (4-6.99 

METs) and vigorous physical activity (>7 METs) (Esliger et al., 2011).  

After completion of the 7 d data collection during the experimental period of Australian 

Football training and competition the data collected by the GeneActiv accelerometers was 

downloaded onto the analysis platform provided by Activeinsights LTD (version V.3.2, 

United Kingdom). The regression equation from Chapter Three was then used to calculate 

energy expenditure during all field training sessions undertaken in the experimental period. 

Given the limited data available on the capacity for accelerometers to estimate energy 

expenditure during resistance training, 5 METs•min was applied to resistance training 

sessions (Ainsworth et al., 2011; Zanuso et al., 2016). 
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A triple-pass 24 h food recall (Conway et al., 2003) conducted by an accredited 

practicing dietitian was used to quantify dietary intake following each day of accelerometry 

data collection. Dietary intake was analysed using Foodworks (Xyris software, version 9, 

Australia) to determine total energy and macronutrient intake over the 7 d period and data 

was then compared to values outlined in the current Position Stand of the Academy of 

Nutrition and Dietetics, Dietitians of Canada, and the American College of Sports Medicine 

recommendations for athletes (Thomas et al., 2016). Specifically, calculated daily 

recommended values were 4 g/kg carbohydrate for low training load or recovery days (days 

1 and 5), 6-11 g/kg carbohydrate for higher training load, match preparation or match days 

(days 2-4, 6 and 7), 1.8-2 g/kg protein per day, and <30% daily contribution to total energy 

from fats.  

 

4.3 Statistical Analysis 

Energy expenditure and energy intake data were analysed using two way repeated 

measures analysis of variance (EI vs. EE, macronutrient intake vs. recommendations) with 

Bonferroni post hoc tests (Prism Version 7.0d). The level of significance was p<0.05 and 

data were presented as mean ± standard deviation. Cohens d statistics were obtained using  

JASP software (Version 0.9.1.0, University of Amsterdam), and interpreted using accepted 

threshold values: 0.2 small, 0.5 moderate, and 0.8 large effects (Cohen, 1988). 

 

4.4 Energy intake vs expenditure  

Energy intake ranged from 73-316 kJ/kg/d and energy expenditure from 84-362 kJ/kg/d 

during the 7 d experimental period, with a mean daily energy intake and expenditure of 154 

±40 kJ/kg/d (13 359 ±1917 kJ/d) and 178 ±26 kJ/kg/d (15 332 ±2836 kJ/d), respectively 

(Figure 4.3(A)). The highest mean relative energy intake occurred on match day (199 ±40 

kJ/kg/d, 17 083 ±3280 kJ/d) but the highest mean energy expenditure occurred on day 4 

(225 ±42 kJ/kg/d, 19 313 ±3072 kJ/d). Lowest mean energy intake and energy expenditure 

occurred on day 1 which was the only day where energy intake exceeded energy 

expenditure but the difference was trivial (EI 136 ±30 kJ/kg/d, 11 651 ±2504 kJ/d and EE 

134 ±32 kJ/kg/d, 11 594 ±2 992 kJ/d d= 0.03; Figure 4.3(A)). There was a large effect for 

mean difference between energy intake and energy expenditure, which was -24 kJ/kg/d (-1 
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973 kJ/d; p<0.05; d= -0.9) throughout the 7 d experimental period. However, only days 3 

and 4 showed a significant difference (day 3: EI 137 ±31 kJ/kg/d, 11763 ±2646 kJ/d and EE 

186 ±14 kJ/kg/d, 16 018 ±1973 kJ/d p<0.05, d= -1.4; day 4: EI 179 ±44 kJ/kg/d, 15 413 ±3 

960 kJ/d and EE 225 ±42 kJ/kg/d, 19 313 ±3 072 kJ/d; d= -0.7), with a moderate effect 

evident on match day (EI 199 ±40 kJ/kg/d, 17 083 ±3 280 kJ/d and EE 224 ±12 kJ/kg/d, 19 

339 ±2 569 kJ/d; d= -0.5). When data were expressed as percentage macronutrient 

contribution to daily energy intake, carbohydrates were consistently highest in energy 

contribution (35-50%), with moderate contributions from protein (20-25%) and fats (25-40%) 

(Figure 4.3(B)).  

Carbohydrate intake ranged from 1.5 g/kg/d to 8.5 g/kg/d between participants with 

a mean daily intake of 3.8 ±0.8 g/kg/d over the 7 d period. Lower than recommended daily 

carbohydrate intake occurred on five of seven days (p<0.05) but intake was not different 

from athlete dietary carbohydrate recommendation on day 1 and 5 (Figure 4.4(A)). The 

highest average carbohydrate intake occurred on match day (5.5 ±1.0 g/kg/d). Large effect 

size for difference between carbohydrate intake and carbohydrate recommendation was 

evident on all days except day 5 where a moderate effect was shown. The average 

difference when daily carbohydrate intake was compared to carbohydrate recommendation 

was -0.8 g/kg/d on day 1 (d=1.0), -2.8 g/kg/d (p<0.05; d= 1.6), -4.7 g/kg/d (p<0.05; d=4.1), -

5.5  g/kg/d (p<0.05; d= 2.4), -1 g/kg/d (d= 0.6), -7.2 g/kg/d (p<0.05; d=4.5) on days 2-6 and 

-5.5 g/kg/d (p<0.05; d= 1.7) on match day.  

Protein intake met protein recommendations on each day of the 7 d experimental period 

with the exception of day 6, but the low protein intake on day 6 (1.7±0.5 g/kg/d) was not 

statistically different from the minimum daily protein recommendation of 1.9±0.1 g/kg/d 

(Figure 4.4(B)). Individual protein intake ranged from 0.9 g/kg/d-3.8 g/kg/d, with a mean 

intake of 2.1 ±0.1 g//kg/d across the 7 d experimental period. Protein intake was higher on 

day 2 (2.1 ±0.7 g/kg/d; d= -0.3) and day 5 (2.2 ±0.6 g/kg/d; d= -0.4), compared with protein 

recommendation values, but was significantly higher on day 4 (2.7 ±0.4 g/kg/d; p<0.05; d= 

-2.1) and match day (2.4 ±0.4 g/kg/d; p<0.05; d= -1.0). 

Average fat intake of participants ranged from 0.4 g/kg/d to 3.2 g/kg/d with a mean 

daily intake of 1.4 ±0.2 g/kg/d over 7 d. When compared to the fat intake recommendation 

(30% of EI) which was calculated as 1.1 ±0.2 g/kg/d to 1.8 ±0.5 g/kg/d throughout the 7 d 
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experimental period, fat intake was not different from the recommended upper limits of 

contribution to energy on any day. However, fat intake was highest on day 5 (fat intake 1.6 

g/kg/d, fat recommendation 1.3 g/kg/d; d= -0.4; Figure 4.4(C)). Match day was the only day 

to show a moderate effect size but failed to reach statistical significance (d= 0.7). 

 

 

Figure 4.3 Estimated daily relative intake for (A) energy (EI) compared with daily relative 

energy expenditure (EE) and (B) estimated absolute daily kilojoule intake and contributions 

of macronutrients carbohydrate, protein, fat and other (fibre or alcohol), to daily EI during a 

7 day experimental period in elite Australian Football athletes (n=14). Data for EI are mean 

± standard deviation and were analysed using two-way analysis of variance with repeated 

measures. * significant difference vs. energy or macronutrient intake for the corresponding 
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day (p<0.05). CHO, carbohydrate; PRO, protein. 

 

Figure 4.4 Estimated daily relative intake for (A) carbohydrate (CI), (B) protein (protein 

intake), and (C) fat (FI) compared with recommendations for carbohydrate (CR), protein 

(PR) and fat (FR) intake from the Academy of Nutrition and Dietetics, Dietitians of Canada, 

and the American College of Sports Medicine, during a 7 day experimental period in elite 

Australian Football athletes (n=14). Data are presented as mean ± standard deviation 

relative to body mass and were analysed using two-way analysis of variance with repeated 

measures. * significant difference vs. macronutrient intake for the corresponding day 

(p<0.05). 
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4.5 Discussion 

This study compared energy balance across a 7 d period during AFL competition and shows 

(1) there is a reasonable periodisation of daily energy intake in professional Australian 

Football athletes that fails to match energy expenditure on days when multiple training 

sessions are scheduled, and (2) periodisation of daily carbohydrate intake of Australian 

Football athletes is limited and often lower than current dietary recommendations for 

athletes, but daily protein and fat intake is typically adequate when compared with 

recommendations.  

Studies in athletes routinely present energy balance data averaged over several days 

or a specific competition period and often suggest athletes fail to meet energy requirements 

(Hill et al., 2002; Baranauskas et al., 2015). However, such an approach does not provide 

the temporal resolution to implement daily strategies with the potential to enhance the quality 

of training and performance or improve management of body composition (Burke, 2001; 

Garcia-Roves, 2000). This study employed the use of the GeneActiv accelerometer to 

estimate energy expenditure due to its capacity to integrate daily (24 h) activity in an 

unobtrusive manner. There is a paucity of data on the energy demands of training and 

competition for an elite AFL athlete and the findings provide new information on the daily 

estimated energy expenditure for a typical in-season AFL training week. Indeed, these 

outcomes are in general agreement with Walker and colleagues who report energy 

expenditure of ~18 504 kJ and ~19 160 kJ for an AFL main training day and match day, 

respectively (Walker et al., 2016). Despite the highest energy intake occurring when energy 

demand was highest on main training and match day, intake lacked precision in matching 

energy expenditure. Whether there was an intent from players to periodise energy intake to 

energy expenditure in response to changing daily training loads remains unclear. 

Nonetheless, daily energy intake in the current study varied, and as energy expenditure 

increased it was evident energy intake did not meet estimated energy requirements on days 

with multiple training sessions. 

Interestingly, on days where higher training loads were prescribed (days 3 and 4) the 

data shows energy intake was different compared to expenditure but this did not occur on 

match day which had similar energy expenditure to day 4. Time constraints and food 

availability/access between training sessions, and/or exercise-induced appetite suppression 
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may be plausible reasons for greater energy deficit on days with higher training loads 

(Birkenhead et al., 2015; Schubert et al., 2013) while match day may provide more eating 

opportunities and/or players may be more cognisant of maximising energy intake in 

preparation for competition. Ensuring energy intake meets or exceeds expenditure on 

training days with high energy demands, particularly those including resistance training, 

could be an important strategic goal if maximal anabolic responses are desired (Thomas et 

al., 2016; Areta et al., 2013). Alternately, days of lower energy demands may provide an 

opportunity to manipulate total (weekly) energy intake which may be important for a specific 

7 d period where athletes are attempting to generate a positive energy balance for body 

composition purposes.  

The findings of this study are consistent with previous Australian Football studies 

reporting low mean daily intakes of carbohydrate (4.5 g/kg) and data from other sports, 

where intakes fail to meet carbohydrate recommendations (Ebert, 2000; Jenner et al., 2018; 

MacKenzie et al., 2015; Black et al., 2018; Burke et al., 1991). Whilst the pattern of 

carbohydrate intake partially reflected changes in energy intake from one day to the next, 

there was a large disparity in carbohydrate intake compared with the recommendations 

(Thomas et al., 2016). Carbohydrate intakes are routinely manipulated to achieve athlete 

performance goals and the recommended carbohydrate intake can range from 4-5 g/kg/d 

on days with no/minimal training up to 8-12 g/kg/d on days where training load is moderate 

to very high such as day 3, 4 or match day in the current study (Jeukendrup, 2017; Hawley 

et al., 1995). Moreover, there was limited periodisation of carbohydrate intake to provide 

‘fuel for the work required’ and intake appeared largely inadequate on higher training load 

days, at least compared with a periodised dietary protocol (Impey et al., 2018). The reasons 

for negligible increase in carbohydrate intake on days 3 and 4 are likely similar to those 

impacting total energy intake (Birkenhead et al., 2015). However, it is important to note the 

significant deficit in energy intake compared with energy expenditure on days where both 

field and resistance training sessions occurred could also be related to gastrointestinal 

discomfort. This additional factor has potential to limit carbohydrate intake during and after 

exercise and restrict the associated daily energy intake with multiple sessions on high 

volume training days. Regardless, this data provide new information related to the suitability 

of a professional Australian Football athlete cohort’s carbohydrate intake versus 

recommendations for intermittent, high intensity team sports. 
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To optimise performance capacity and recovery of elite athletes the periodisation of 

energy and nutrients equivalent to daily training load energy expenditure is recommended. 

While limitations of indirect estimates of energy intake and energy expenditure exist, 

particularly during short periods such as several hours or individual days, new information 

from elite athlete cohorts is invaluable to better understand the demands of high-

performance sport.  

 

4.6 Conclusion 

The present study shows that when energy and nutrient intakes are quantified into daily 

proportions the highest daily energy demands necessitate greater energy intake. The 

present Australian Football athlete cohort appeared unable to meet their daily estimated 

energy requirements on days where training demands were high. The modest daily 

carbohydrate intake was below sports nutrition recommendations on most training days and 

carbohydrate contribution to total energy intake reported in the present study has potential 

to compromise team sport exercise capacity in training and competition. 
 

4.7 Practical implications 

• Specific dietary strategies appear to be required if team sport athletes are to 

consistently achieve an energy balance and appropriate macronutrient distribution, 

particularly on days with high training loads where athletes undertake multiple training 

sessions.  

• Professional Australian Football athletes may benefit from a greater focus on 

carbohydrate intake to meet energy expenditure, rather than merely increasing total 

food intake, when multiple daily training sessions are scheduled.
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Increased carbohydrate availability effects energy and nutrient periodisation of 

professional male athletes from the Australian Football League  

This chapter is adapted from Salagaras, B. S., Mackenzie-Shalders, K.L., Slater, G. J., 

McLellan, C., and Coffey, V. G. Increased carbohydrate availability effects energy and 

nutrient periodisation of professional male athletes from the Australian Football League, 

Journal of Applied Physiology, Nutrition and Metabolism: July, 2021 – Accepted for 

publication. 
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5.1 Introduction 

Maintaining energy balance by closely matching energy intake (EI) to daily energy 

expenditure (EE) is a typical goal for elite athletes to promote recovery and performance for 

training and competition. The daily distribution of the energy and macronutrient intake of 

athletes is often determined by specific sports nutrition guidelines and training/competition 

demands. One would expect a similar hedonic response in athletes as is seen within general 

population. Where in the general population an increase in access to food results in 

increased caloric consumption (Lowe et al., 2007). However, research in AFL athletes is 

limited and we do not know if a similar response is seen within this population. Currently, 

Chapter Three is the only study to show whether this population meets their requirements 

on high load training days. There is also insufficient knowledge available to clearly 

characterise what a “normal” daily energy intake for an AFL athlete looks like.  

It has been suggested athlete dietary inadequacies are linked to food choices 

influenced by physiological, social, psychological and economic factors (Lohman et al., 

2019; Birkenhead et al., 2015; Mello et al., 2010). In addition, research suggests athletes 

are often time poor with busy training schedules, which may limit their access to food, due 

to food typically being compartmentalised away from the training environment. Furthermore, 

post exercise fatigue as a result of inadequate fuelling and increased exertion may affect 

their capacity to prepare and consume a meal or snack post training. Thus, it has been 

suggested that this population may benefit from a supply of convenient pre-made 

meals/snacks provided at busy times of the day (Burke, 2001). Due to a lack of research in 

this area, it is unknown whether this would be influential in increasing their EI or if factors 

such as exercise associated anorexia and/or fear of gastrointestinal upset would still limit 

intake. Regardless, previous studies have repeatedly shown that elite athletes often fail to 

achieve an EI that is equivalent to their EE and increased availability of high carb meals and 

snacks within the training environment may be the solution to bridge this gap (Thomas et 

al., 2016; Hill et al., 2002; Fudge et al., 2006; Vogt et al., 2005; Deutz et al., 2000; 

Baranauskas et al., 2015; Bescos et al., 2012; Praz et al., 2014; Barrero et al., 2014; Cho, 

2014; Geesmann et al., 2014; Burke, 2001). 

 Team sport athletes such as Australian Footballers are recommended to consume 

sufficient carbohydrate to ensure adequate pre-exercise muscle glycogen content to reduce 

fatigue and optimise cognitive function during prolonged periods of high intensity, 
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intermittent anaerobic and aerobic exercise (Baker et al., 2015). Moreover, 

recommendations suggest the provision of exogenous carbohydrate as additional energy 

substrate for high-intensity exercise, extends endurance capacity and improves ability to 

perform repeated sprint efforts (Jeukendrup, 2011; Holway et al., 2011). Studies capturing 

external training loads of Australian Football athletes have shown an average of 7323 ±2853 

m per session ~25 % of which is high velocity running (>14.4 km/h) (O’Connor et al., 2020). 

Given team sport athletes routinely undertake prolonged bouts of high intensity training, 

inadequate energy intake is likely to induce an energy deficit leading to compromised 

muscle glycogen concentrations and low energy availability (Vigh-Larsen et al., 2021; 

Routledge et al., 2019). Therefore, carbohydrate is an essential energy substrate and 

contributor to total EI during these training sessions and to ensure physical preparation for 

this professional team sport.  

Protein and fat intakes of athletes generally meet sport nutrition recommendations, 

but carbohydrate intake is routinely reported below levels advocated to promote optimal 

performance and recovery in team sports such as rugby and Australian Football (Jenner et 

al., 2018; MacKenzie et al., 2015; Black et al., 2018). This is of primary concern for sports 

performance, given the potential impact of carbohydrate intake on the quality of training 

(Thomas et al., 2016). Commencing team sport training with adequate muscle glycogen 

content, and exogenous carbohydrate intake during a training session, has the potential to 

enhance training quality and reduce fatigue. Accordingly, sports nutrition recommendations 

include a minimum of 5 g carbohydrate per kilogram body weight per day for a moderate 

exercise program (e.g., ~1 h/day), a training demand routinely exceeded in professional 

team sports (Thomas et al. 2016). Importantly, our understanding of carbohydrate intake 

during and between sessions for different periods of intake throughout a single day when 

team sports training load is high remains deficient.  

Moreover, to the best of our knowledge no previous studies have characterised the 

effect of increased availability of carbohydrate on total EI and the daily distribution of energy 

and macronutrient intake in team sport athletes. The aims of this study were to determine 1) 

if an increase in access to carbohydrate foods facilitates greater carbohydrate and dietary 

EI in Australian Football athletes on training days with the highest training loads and 2) if 

increased carbohydrate availability alters the distribution pattern of daily energy and 

macronutrient intake. We hypothesised that increasing availability of carbohydrate 
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containing foods before, during and after training sessions would significantly increase 

carbohydrate and EI in Australian Football athletes and that higher energy/carbohydrate 

intake would coincide with periods of greatest EE.  

5.2 Methods 

Nineteen male athletes (age 24 ±4 y, stature 187 ±8 cm, mass 87 ±9 kg, skinfolds 41 ±8 mm 

[sum of seven]) from a professional Australian Football League (AFL) team volunteered to 

participate in the study. Eight out of 114 observation days from six players were excluded 

from data analysis (accelerometer failure, n= 5; illness, travel and missed meals, n= 3). 

Players were each part of the same team and training together at the same venue and 

approximate time of day. Participants reported for their commonly termed “main training 

days”, which represent days generating the highest training loads, at 0730 for a team 

meeting followed by pre-training strapping, physiotherapy or an individual dynamic warm up. 

Football training was undertaken for ~2.5 h immediately followed by a one-hour lunch break. 

Thereafter, strength resistance training sessions of ~1 h in duration were undertaken and 

players could voluntarily leave the training facility following its completion (Figure 5.1).  

The experimental period included days on which high-load training sessions were 

scheduled each week for a three-week period during pre-season preparation in December 

2018. Each high-load training day was also compartmentalised to a morning period defined 

as 0600-1159 h, afternoon defined as the time between 1200-1759, and evening 1800-2400 

h. Prior to commencement of this study ethics approval was obtained through Bond 

University Human Research and Ethics Committee (BS02092). All participants provided their 

written informed consent prior to taking part in the study. 

The experimental design compared three high-load training days with increased 

carbohydrate availability (ICA) to three equivalent control days with regular/habitual access 

to carbohydrate (CONT) on energy and macronutrient intake. During the first three training 

days (CONT), there was regular food availability and athletes had their normal ad libitum 

access to foods suitable for a high-performance training environment. During the subsequent 

ICA intervention days athletes had the same access to their regular foods but players were 

informed of the increased availability of, and easier access to, carbohydrate containing food 

for them to consume (Table 5.1). This information was provided verbally by the researcher 
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to enable them to increase their carbohydrate intake. Specifically, there were four extra “grab 

and go” stations set up, one on the football field, another two next to the changerooms and 

the strapping area, and the remaining station set up in the resistance training area. 

Carbohydrate containing foods and beverages were also actively offered during the training 

session breaks which did not occur during CONT. Additionally, the carbohydrate content of 

the main lunch meal and snacks were increased compared to CONT via a greater variety of 

carbohydrate foods offered before, during and after trainings. These additional carbohydrate 

foods/drinks included bread and cereal products, confectionary, baked goods, dairy snacks 

and high energy beverages with athletes verbally encouraged to consume. Interventions 

were undertaken during the time periods the participants were at the training facility. The 

final component in the ICA intervention was a take home high carbohydrate meal when 

departing at the conclusion of the training day which athletes chose to consume at their 

leisure, which was in addition to/or instead of their evening meal. 

Table 5.1 Details of food available on control days (CONT) and additional foods provided on 

intervention days to increase carbohydrate availability in bold (ICA). 

  Food items during CONT and additional items for ICA 

Morning 
(0600-1200) 

• Fresh and frozen fruit (apples, bananas, pears, mango and berries), 

• Muesli bars 

• Raw mixed nuts 

• Yoghurt 

• Whey protein isolate drink 

• Low carb protein bar 

• Breakfast cereals 

• Low fat milk 

• Bread 

• Cooked eggs 

• Water 

• Sports or electrolyte drink (upon request during CONT and every training 

during ICA) 

• Fruit juice 

• Day 4 - Ham and egg breakfast wrap 

• Day 5 - Bacon and egg muffin 

• Day 6 - Potato and egg toasted sandwich  
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Afternoon 
(1200-1800) 

• Fresh and frozen fruit (apples, bananas, pears, mango and berries), 

• Muesli bars 

• Raw mixed nuts 

• Yoghurt 

• Whey protein isolate drink 

• Low carb protein bar 

• Breakfast cereals 

• Low fat milk 

• Bread 

• Cooked eggs 

• Water 

• Sports or electrolyte drink (upon request during CONT and every training 

during ICA) 

• Fruit juice 

• Smoothie drinks 

• Flavoured milk 

• Lollies 

• Banana bread 

• Fruit muffins 

• Carb gels 

• Freshly cut fruit platters 

• Icey poles  

• Lunch day 1- Sandwich/salad bar (salad, wraps, bread, low fat cheese slices, 
avocado, sliced leg ham, grilled chicken, boiled egg), beef curry, basmati rice, 

oven baked chicken breast, low fat vinaigrette. 

• Lunch day 2 - Sandwich/salad bar (as above), roast beef, roasted vegetables 

(potato, carrot, pumpkin, green beans), low fat gravy, chicken stir-fry with 

hokkien noodles, low fat vinaigrette. 

• Lunch day 3 - Sandwich/salad bar (as above), chicken breast fajita, taco 
mince.  

• Day 4 – Sandwich/salad bar (as above), chicken satay skewers, beef 

stir-fry, basmati rice, cabbage and noodle salad 

• Day 5 - Sandwich/salad bar (as above), butter chicken curry, basmati 

rice, beef lasagne, low fat vinaigrette. 

• Day 6 - Sandwich/salad bar (as above), spaghetti bolognese, oven 

baked chicken breast parmigiana, pumpkin/feta/rocket salad, low fat 

vinaigrette. 
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Evening 
(1800-0000) 

• Nil provided during CONT.  

• Take home dinner packs day 4 – Beef stir-fry with basmati rice  

• Take home dinner packs day 5 – Beef lasagne 

• Take home dinner packs day 6 – Spaghetti bolognese 

 

 Energy expenditure was estimated during each 24-h (0000-2400 h) period using 

GeneActiv tri-axial accelerometers (Activeinsights Limited, Kimbolton, Cambridgeshire, UK). 

These devices have previously been compared for intra and inter-device coefficient of 

variation (1.4% and 2.1%, respectively), and have been shown to be valid and reliable in 

estimating daily energy expenditure in the general population (Esliger et al., 2011; Dillon et 

al., 2015). In addition, prior to undertaking the present study we assessed validity for use of 

the Geneactiv during high intensity physical activity against the criterion measure of indirect 

calorimetry in controlled laboratory conditions (Chapter Three). The standard error of the 

estimate of the GenActiv for calculating metabolic equivalents (METs) during high-intensity 

running was 1.77 METs (r2 = 0.64, p< 0.0001).  

After each day of data collection, the GeneActiv accelerometers were downloaded 

onto the analysis platform provided by Activeinsights LTD (version V.3.2, United Kingdom) 

and the regression equation developed during laboratory validation against indirect 

calorimetry (y = 0.001x + 4.4329; Where y represents metabolic equivalents and x is 

GeneActiv counts) was applied to periods of activity greater than the Activeinsights software 

maximum activity band (>7 METs). Given the limited data available on the capacity for 

accelerometers to estimate EE during resistance training, 5 mets˖min-1 was applied to 

resistance training sessions (Ainsworth et al., 2011; Zanuso et al., 2016). Ratings of 

perceived exertion (RPE) were obtained 10-30 min following the completion of each training 

session using Borg’s CR-10 scale. 

On each high-load training day athletes completed a 24-h photo food diary (0000-

2400 h). The method required participants to take pictures using personal smartphones of 

all food and fluid at the time of ingestion (Campagnolo et al., 2017). Video recordings of 

trainings were annotated to capture food intake during a training session and individualised 

drink bottles were monitored for type and quantity of fluid consumption. Photograph images 

were stored and categorised by day and time (Supplementary file A). They were then 



 CHAPTER FIVE | Energy and macronutrient intake in athletes 

 

 

86 

allocated to either morning (0600-1159), afternoon (1200-1759) or evening (1800-2400) time 

periods. Two dietitians undertook all food and beverage preparation which enabled all the 

ingredients in meals consumed by the athletes at both the training facility and home over a 

24-h period to be recorded. Dietary intake was analysed by a qualified dietitian using 

Foodworks (Xyris software, version 9, Australia) to determine total energy and macronutrient 

intake over each 24-h period of the six days data collection. The second dietitian resolved 

any queries of food content or portion size and precision in the analysis of energy intakes 

from repeated measures of food consumed at meals was established as a coefficient of 

variation of 4.4% (n= 20).  

 The mean data for each three-day CONT and ICA period were analysed for 

differences using paired t-test. Comparison of EI and EE on each of the six high-load training 

days, and the daily distribution pattern of macronutrients and EI and EE, were analysed using 

two-way repeated measures analysis of variance with Sidaks multiple comparisons post-hoc 

test (GraphPad Prism Version 8.3.0). The level of significance was p<0.05 and data are 

expressed as mean ± standard deviation. Cohen’s effect size (d) was also calculated for 

each comparison and interpreted using established thresholds of 0.2 as a small effect, 0.5 a 

moderate effect, and 0.8 a large effect. 

 
5.3 Results 

Mean carbohydrate intake for each three-day experimental period ranged from 1.3-5.5 g/kg/d 

during CONT and 1.3-6.2 g/kg/d throughout the ICA period. The mean carbohydrate intake 

was significantly higher across the three days with increased carbohydrate availability (ICA 

5.0 ±0.2 g/kg/d) compared with normal food availability (CONT 4.0 ±0.2 g/kg/d) and this was 

a large effect (p< 0.05, d= -0.85; Figure 5.1(A)).  

 Mean protein intake ranged from 1.8-3.4 g/kg/d during CONT and 1.5-3.1 

g/kg/d throughout the ICA three-day intervention periods. The mean protein intake was 

higher throughout CONT (2.7 ±0.1 g/kg/d) compared with ICA (2.5 ±0.3 g/kg/d) and this was 

a moderate effect (p< 0.05, d= 0.5; Figure 5.1(B)).  

Mean fat intake ranged from 0.9-2 g/kg/d across the three CONT days and 0.9-2.5 

g/kg/d throughout the intervention period. Fat intake was not different during CONT (1.6 ±0.5 

g/kg/d) compared with ICA (1.5 ±0.3 g/kg/d) but was lower across the three days with 
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increased food availability during the ICA which was a small effect (p= 0.17, d= -0.3; Figure 

5.1(C)). 

 

 

Figure 5.1 Estimated average daily relative carbohydrate (A), protein (B) and fat (C) intake 

during a three-day control period of normal food availability (Control) and a matched three-

day period with increased carbohydrate provision (Intervention) on high load training days of 



 CHAPTER FIVE | Energy and macronutrient intake in athletes 

 

 

88 

early pre-season in elite Australian Football athletes (n=19). Data for macronutrient intake 

are mean ± standard deviation and were analysed using paired t- test. *Denotes significant 

difference occurred (p<0.05).  

 

There were main effects for intervention (p< 0.01) and time of day (p< 0.0001) for mean 

carbohydrate intake across the day during the three-day experimental period. The CONT 

and ICA intervention period showed carbohydrate intake was greatest in the afternoon 

(CONT 1.9 ±0.7 g/kg; ICA 2 ±0.9 g/kg) compared to morning and evening intakes (CONT 

0.8 ±0.4 g/kg and 1.3 ±0.5 g/kg; ICA 1.3 ±0.5 g/kg and 1.5 ±0.7 g/kg respectively) (Figure 

5.2(A)). There was a significant difference between mean carbohydrate intake during the 

morning period that was also evident as a large effect for higher carbohydrate intake with 

ICA compared with CONT (0.6 g/kg, p< 0.05, d= 1.12). 
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Figure 5.2 Estimated average daily morning, afternoon and evening carbohydrate (A), 

protein (B) and fat (C) intake during a three-day control period of normal food availability 

(Control) and a matched three-day period with increased carbohydrate provision 

(Intervention) on high load training days of early pre-season in elite Australian Football 

athletes (n=19). Data for macronutrient intake are mean ± standard deviation and were 

analysed using multiple comparisons tests. *Denotes significant difference occurred 

(p<0.05).  

Furthermore, there was a time of day × intervention interaction for protein intake (p< 

0.05) and afternoon protein intake was greatest (CONT 1.4 ±0.2 g/kg; ICA 1.1 ±0.4 g/kg) 

compared to morning and evening intakes (CONT 0.4 ±0.2 g/kg and 1 ±0.3 g/kg; ICA 0.5 
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±0.2 g/kg and 0.9 ±0.3 g/kg respectively). There was a significant decrease in protein intake 

in the afternoon period for ICA compared with CONT and this was a large effect (-0.2 g/kg, 

p< 0.05, d= -0.94) that was not evident during morning or evening periods (Figure 5.2(B)). 

There was a main effect of time of day (p< 0.0001) and mean fat intake for both CONT and 

ICA was highly comparable in the evening (0.7 ±0.3 g/kg) and afternoon (0.6 ±0.2 g/kg) but 

lower in the morning period (0.2 ±0.1 g/kg). Accordingly, there were no differences in fat 

intake, and trivial effect sizes between CONT and ICA at all times (Figure 5.2(C)). 

Mean EE during the CONT and ICA three-day periods was not different (p=0.8), due 

to the matching of duration, type and number of daily sessions. The mean EI during the three 

day experimental periods was higher during the ICA intervention (185 ±40 kJ/kg/d) compared 

with CONT (172 ±31 kJ/kg/d), although this difference was only a moderate effect (13 

kJ/kg/d, p< 0.05, d= 0.4; Figure 5.3(A)). EI ranged from 87-228 kJ/kg/d across the three days 

of ICA intervention and 84-244 kJ/kg/d throughout the CONT period. There were main effects 

for individual days (P< 0.05) and EI versus EE (p< 0.0001). A significantly lower EI compared 

to EE occurred on every day except for the final ICA intervention day (-26 kJ/kg/d; p= 0.13, 

d= 0.09). However, there was no significant difference in athlete ratings of perceived exertion 

between ICA and CONT days (ICA 7.4 ±0.1; CONT 7.6 ±0.4 arbitrary units). The energy 

deficit on the three CONT days was -63 kJ/kg/d (p< 0.0001, d= -2.16), -49 kJ/kg/d (p= 0.0001, 

d= -0.73), and -36 kJ/kg/d (p< 0.01, d= -1.13) and on the remaining two ICA intervention 

days was -44 kJ/kg/d (p< 0.01, d= 0.01) and -35 kJ/kg/d (p< 0.01, d= -0.52 Figure 5.3(B)). 

Athletes were in low energy availability on the high load training days with energy balance 

range across the CONT days 99-117 kJ/kg FFM (Fat Free Mass)/d whereas the ICA days 

ranged from 113-131 kJ /kg FFM/d. 
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Figure 5.3 Estimated average daily relative energy intake (EI; A) and relative energy 

expenditure (EE) vs. EI (B) during a three-day control period of normal food availability 

(Control) and a matched three-day period with increased carbohydrate provision 

(Intervention) on high load training days of early pre-season in elite Australian Football 

athletes (n=19). Data for macronutrient intake are mean ± standard deviation and were 

analysed using paired t- test. *Denotes significant difference occurred (p<0.05).  

 

There were main effects for time of day (p< 0.0001) and intervention (p< 0.01) but no 

interaction (p= 0.6) for mean EI during morning, afternoon and evening periods. Both CONT 

and ICA intervention periods showed morning energy intakes were lowest (CONT 29 ±12; 

ICA 39 ±12 kJ/kg kJ/kg) compared with afternoon (CONT 73 ±16 kJ/kg; ICA 75 ±29 kJ/kg) 

and evening EI (CONT 66 ±23 kJ/kg; ICA 69 ±26 kJ/kg; Figure 5.4(A)). In contrast, main 

effects for EE time of day (p< 0.0001) show mean daily EE was highest in the morning period 
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in both the control and intervention (CONT 120 ±8 kJ/kg; ICA 118 ±8 kJ/kg) with a stepwise 

decrease in EE in the afternoon (CONT 60 ±5 kJ/kg; ICA 62 ±6 kJ/kg) and evening periods 

(CONT 37 ±5 kJ/kg; ICA 37 ±4 kJ/kg; Figure 5.4(B)). 

 

 

Figure 5.4 Estimated average daily morning, afternoon and evening energy intake (A) and 

energy expenditure (B) during a three-day control period of normal food availability (Control) 

and a matched three-day period with increased carbohydrate provision (Intervention) on high 

load training days of early pre-season in elite Australian Football athletes (n=19). Data for 

energy are mean ± standard deviation and were analysed using multiple comparisons tests. 

*Denotes significant difference occurred (p<0.05).  

 

When intake and expenditure were examined over hourly time periods it showed there were 

an average of five eating occasions a day. Intake ranged from 42.7 - 3779 kJ/h and 80 – 

3435 kJ/h during CONT and ICA, respectively. Energy expenditure ranged from 438 – 2815 

kJ/h during CONT and 393 – 2517 kJ/h during the intervention period. However, there was 

no significant difference between CONT and ICA during any given time period for either 
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intake or expenditure (Figure 5.5 (A) and (B)). In addition, athletes typically managed to 

consume food throughout their afternoon resistance training session or evening compared 

to morning field session (Figure 5.5 (B)). 

 

 
Figure 5.5 Estimated average hourly energy expenditure (A) and energy intake (B) during a 

three-day control period of normal food availability (CONT) and a matched three-day period 

with increased carbohydrate provision (ICA) on high load training days of early pre-season 

in elite Australian Football athletes (n=19).  

 

5.4 Discussion 

The primary aim of this study was to ascertain if ICA facilitated an increase in carbohydrate 

intake and EI in Australian Football athletes during a high-load training day. We showed that 

increasing the availability of carbohydrate containing food and beverages before, during and 

after training for team sport athletes was associated with a modest increase in carbohydrate 

and total EI. Moreover, the intervention was most effective in promoting carbohydrate intake 
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during the morning and a greater carbohydrate intake appeared to displace some protein 

intake typically consumed in the afternoon, but protein intake remained above athlete 

recommendations. Nonetheless, despite the increase in carbohydrate intake observed in 

the early part of the day, the pattern of EI and EE during high-load training days showed an 

inverse relationship where EI was lowest when estimated energy demand was highest. 

Whilst it is important to recognise that training outputs are subjective to the match simulation 

and drills performed during training sessions, increases in carbohydrate availability did not 

have a direct impact on reported wellness measures collected within the training program 

(RPE, Sleep, fatigue, soreness, stress) (Supplementary file B). 

The results of the current study indicate that greater access to carbohydrate containing 

foods and beverages can promote an increase in carbohydrate and energy intake of team 

sport athletes and reduce the energy deficit between EE and EI. Whilst the increase in 

carbohydrate and total EI was modest, it was significant, and effect size statistics show the 

increase in carbohydrate availability appeared to “close the gap” towards energy balance 

on days athletes were exposed to very high training loads.  If “pre-fuelling” prior to training 

sessions, or greater carbohydrate intake during exercise, is a trainable factor for team sport 

athletes this could facilitate additional energy intake toward achieving energy balance. 

Whilst we acknowledge there are limitations in the precision of measuring EI and EE to 

determine energy balance, our findings are in agreement with previous studies in team sport 

athletes, where athletes have been shown to meet or exceed sports nutrition 

recommendations for protein and fat intake during training and competition, but 

carbohydrate and EI are inadequate (Ebert, 2000; Jenner, Buckley et al., 2019; MacKenzie 

et al., 2015; Burke et al., 1991; Routledge et al., 2020). Consequently, the increase in 

carbohydrate in the present study has the capacity to improve the quality of training on high-

load training days. However, it is unclear if the short intervention of increased carbohydrate 

availability and active promotion of consumption would be sufficient to change athlete 

behaviour, or whether an enduring, decisive strategy is required to maintain greater 

carbohydrate intakes on high load training days. Regardless,  the increase in carbohydrate 

intake is an important practical outcome of the present study because current sports nutrition 

recommendations suggest EI should aim to match EE to improve training performance and 

recovery (Thomas et al., 2016).  
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Although the ICA intervention improved energy and carbohydrate intake it had limited 

impact on the distribution of consumption. While ICA augmented carbohydrate intake early 

in the day, the morning period remained the lowest period of macronutrient intake for the 

Australian Footballers, which has also been shown in other athlete populations (MacKenzie 

et al., 2015; Burke et al., 2003; van Erp-Baart et al., 1989). Sports nutrition 

recommendations suggest athletes should employ strategies to ingest additional 

carbohydrate at the time of day where energy needs are greatest, and field-based skill, 

tactical and conditioning training in the current study was undertaken early in the day 

(Thomas et al., 2016). Low carbohydrate and EI in the mornings may be related to reduced 

time availability if athletes prioritise sleep for recovery above early waking to consume a 

substantial breakfast. Alternately, team sport athletes have previously been shown to 

consume only 3-5% of their total daily EI during training sessions, much less than sports 

such as cycling where ~50% of total EI may be consumed during exercise (Burke et al., 

2003; Saris et al., 1989). It is important to note Australian Football athletes have 

opportunities to increase intake during competition due to quarterly breaks, on field fluid 

provision and frequent player rotations. Conversely, the opportunities for food and fluid 

intake during training sessions are not well-defined and may vary between sessions. High 

intensity exercise and/or occurrence of physical collisions, may also result in avoidance of 

food due to gastric upset which may contribute to inadequate EI  (Birkenhead et al., 2015).  

Moreover, these Australian Football athletes recorded the highest energy, 

carbohydrate and protein intake in both CONT and ICA during the afternoon, when the less 

metabolically stressful and shorter duration resistance training session was undertaken. 

Late afternoon and evening energy intake represents recovery nutrition for subsequent 

training days. Given that carbohydrate intake was only increased in the morning it may be 

reasonable to suggest that larger, satiating meals consumed during the afternoon/evening 

dictates that additional carbohydrate provision in this period is unrealistic. Therefore, specific 

interventions in the morning and throughout field-based training sessions may be most 

beneficial if ingestion opportunities can be increased or constraints reduced to further 

increase energy intake during this period of the day. 

Previous studies in athletes have shown variations in energy and macronutrient 

consumption, and also meal timing and frequency across the day (MacKenzie et al., 2015; 

Burke et al., 2003). Of note, Burke and colleagues (2003) report endurance athletes had 

substantially higher intakes of carbohydrate than other sports, including team sport athletes, 
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and were among the athletes most likely to consume carbohydrate during and after training 

sessions. In contrast, research undertaken in various football codes shows carbohydrate 

intake is often lower than recommended, especially where mixed-mode, multiple training 

sessions are undertaken each day. Perhaps the excessive level of energy expenditure 

makes meeting these requirements unachievable with the limited time available to consume 

food after exercise has been completed. Alternatively, our current sports nutrition guidelines 

may require further interrogation as to the suitability for use with team sport athletes. Prior 

studies have suggested athletes may seek to compensate for inadequacies in dietary intake 

on days with highest training demands by increasing caloric intake on lower training load 

days (Jenner et al., 2018; MacKenzie et al., 2015; Black et al., 2018). However, the study 

outlined in Chapter Four showed the AFL athletes did not have higher energy intakes on 

their non-training or lower training load days to equilibrate weekly energy intake to 

expenditure (Salagaras et al., 2021).  Furthermore, it is unclear if athletes were in any 

prolonged period of energy deficit because body composition data were only obtained near 

the commencement of the study, as these were routine sport science program measures 

undertaken on an independent timeline. The restrictions of a professional sporting 

environment also resulted in being unable to randomise the ICA intervention, which are both 

limitations of the present study.  

Finally, the inability to target ad libitum energy intake when athletes were 

unsupervised was restrictive. Together, these factors represent limitations to the present 

study. Nonetheless, despite the constraints of working with professional athletes our findings 

indicate a greater emphasis on education and/or an extended food provision program may 

be needed to promote carbohydrate consumption and increase daily energy intake in team 

sport, when professional athletes are in attendance or away from their training facility. 

However, consideration should be given to the idealistic nature of these recommendations 

as often resources such as support staff availability and funding can provide barriers to the 

success of these strategies.  

 Correspondingly, when carbohydrate intake increased as a result of ICA, protein 

intake decreased but was not compromised relative to athlete protein recommendations. 

Australian Football athletes have been shown to exceed recommended protein intakes (2.6 

±0.2 g/kg/d) and increasing the carbohydrate contribution to EI to displace some protein 

intake may be beneficial for enhancing the quality of training. This would be advantageous 

given excessive protein intake merely increases protein oxidation (Moore et al., 2009) and 
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achieving appropriate protein distribution across high-load training days with multiple 

sessions is likely beneficial for optimal protein synthesis and net protein balance (Areta et 

al., 2013; Moore et al., 2012). 

 

5.5 Conclusion 

We have shown for the first time the practical outcomes of a strategic carbohydrate 

intervention on the distribution and total EI of professional Australian Football athletes on 

their highest pre-season training load days. The greater carbohydrate availability was 

associated with a significant increase in carbohydrate and EI but did not enable the athletes 

to increase their EI substantially enough to match their EE. This finding characterises 

barriers in meeting nutrition recommendations when multiple training sessions and high 

daily training loads are undertaken and is an important area for future research, particularly 

in team sports where training loads vary significantly from day to day. We also present novel 

data showing limited EI early in the day and a clear imbalance in the daily pattern of 

distribution that is low when energy demand is highest. Given team sport athletes do not 

appear to periodise their daily EI, strategies such as additional “pre-fuelling” in the 24-h prior 

to high-load training days and/or more explicit intervention before/during morning training 

sessions may be required to further improve carbohydrate intake. Nonetheless, our results 

provide support for ensuring greater availability and prompting for carbohydrate intake in 

team sport athletes to increase EI and reduce energy deficit during training days when 

energy expenditure is high.  
 

5.6 Practical implications 

• Increased access and provision of carbohydrate foods increased carbohydrate 

consumption and energy intake on high training load days. 

• Professional Australian Football athletes should be encouraged to consume a pre 

training meal to assist in bridging the gap between energy intake and energy 

expenditure 

• Daily distribution of energy intake can be modified through actively promoting 

carbohydrate consumption 
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The aim of this thesis was to determine the relationship between energy expenditure and 

energy intake in Australian Football athletes and their ability to meet energy and nutrient 

requirements within and between training days using a validated tool to quantify exercise 

energy expenditure. A systematic exploration of the effect of exercise on subsequent energy 

intake in active adult males indicated energy balance was increasingly difficult to achieve as 

exercise energy expenditure increased (Chapter Two). These findings suggest active 

individuals undertaking exercise at levels similar to that of a professional athlete, are also 

highly likely to be vulnerable to periods of negative energy balance when energy expenditure 

levels are substantially increased. The verification of this negative energy balance effect in 

free living individuals is difficult due to nuances in the quantification of energy intake and 

energy expenditure. To address this, the inobtrusive wearable GeneActiv accelerometer 

was validated in a population of professional Australian Football athletes to enable the 

quantification of energy expenditure (Chapter Three). This provided an appropriate 

methodology to assess daily energy and macronutrient intake and expenditure in a cohort 

of professional Australian Football athletes over a competition week (Chapter Four). The 

main findings from this study confirmed that while the athlete’s energy intake increased in 

response to daily increases in energy expenditure, it remained insufficient to meet energy 

expenditure requirements on days with multiple training sessions. This could be attributed, 

at least in part, to inadequate carbohydrate intake that failed to increase in line with training 

demands nor were levels attained that reached recommended current sport nutrition 

guidelines. Consequently, the implementation of a dietary intervention to strategically 

increase carbohydrate availability within the daily training environment by promoting 

carbohydrate rich foods and fluids before, during and after training was introduced on a 

series of main training days. This study would seek to address whether an increase in 

carbohydrate intake could be achieved and subsequently close the gap between energy 

intake and energy expenditure (Chapter Five). The intervention resulted in a minor increase 

in carbohydrate intake and an associated increase in total energy intake. Quantifying 

nutrient intake distribution throughout high load training days indicated there was potential 

for greater carbohydrate intake before, during and immediately after field-based sessions. 

Together, these studies add valuable insight into the energy balance during a periodised 

training program and how inadequate carbohydrate intake may impact an elite team sport 

athlete’s ability to meet their substantial energy requirements. Although, these findings 

should be viewed with consideration of the technical error in estimates of EI. Whilst the 
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authors attempted to limit the error associated with dietary intake assessment through triple 

pass recall measures and the addition of photographic food diaries, these methods are not 

without bias. 

The first study (Chapter Two) in this thesis was a systematic review of the literature 

to determine whether active adult males, both athlete and non athlete, altered their dietary 

intake in response to acute, moderate and chronic increases in exercise energy expenditure. 

Specifically, this study examined the effect of increasing energy expenditure via exercise 

duration or intensity on an individual’s energy intake. It revealed that following acute bouts 

of exercise an energy balance tended to be achieved through compensatory energy intake 

but as expenditure increased to levels typical for elite athletes, energy intake was not 

increased to match expenditure and a deficit was evident. These outcomes are important 

because current sports nutrition guidelines advocate athletes achieve energy balance to 

support health and performance outcomes. Energy and nutrient inadequacies in active 

populations such as athletes will therefore not only be counterproductive to their training, 

but also place them at a heightened risk of developing health related complications such as 

RED-S and ultimately decrease performance ability during competition. The prevalence of 

low energy availability in male athletes is becoming more widely recognised. For example, 

male cyclists, runners, rowers, jockeys and combat athletes have all demonstrated a 

mismatch of fuel for the work required in training and competition. In particular, low bone 

mineral density and testosterone levels have been reported in several sports placing them 

in the cohort at risk of RED-S. Indeed, very little is known about the energy balance in elite 

team sport athletes. The outcomes of study one reveal that further attention is required to 

ensure these highly active individuals meet their daily energy needs for physical activity and 

their wellbeing. 

The second and third study (Chapter Three and Four) in this thesis explored the daily 

energy balance of Australian Football athletes over a competition week. Chapter Three 

determined the utility of the GeneActiv accelerometer against indirect calorimetry during 

exercise intensities reflective of professional athletes and permitted subsequent assessment 

of within and between day energy balance with the concomitant quantification of dietary 

intake. Chapter Four improved the current understanding of Australian Football athlete’s 

energy needs across a typical week and their ability to meet requirements with training and 

competition. The inadequacies in energy balance appeared to result from the insufficiencies 
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in carbohydrate consumption compared to dietary recommendations which elicited a lower 

than desired energy intake, particularly on high training load days. Whilst the reason for 

decreased carbohydrate and energy intake was not directly investigated, there are a number 

of factors that can influence food choice decisions, with dietary knowledge only one of a 

wide array of potential reasons. This group of athletes did have access to an accredited 

sports dietitian providing practical support and education related to energy intake, but it 

seems plausible the impact of intense training sessions may have suppressed appetite and 

outweighed the desire to consume energy in close proximity to training sessions, actions 

that could have helped to achieve an intake comparable to energy balance. Understanding 

the reason for this inability to achieve energy balance and sports nutrition guidelines for 

macronutrients may assist in the development of strategies to overcome periods of energy 

deficit during preseason preparation and in-season competition. It may be reasonable to 

suggest the athlete’s inability to eat adequate carbohydrate may be a direct result of the 

meal times during training days. This may have been exacerbated by barriers such as 

exercise related appetite suppression and the physiological implications of exercising with 

a full stomach. Interestingly, these Australian Football athletes were weight stable across 

the preseason with a minor decrease in skinfolds which indicates under reporting in diet 

recalls and/or potential variation in micro-cycle training loads from week-to-week i.e. 

periodised recovery/regeneration weeks and bye weeks during the preseason competition, 

which may enable athletes to counterbalance deficits and maintain long-term energy 

balance. Study Three (Chapter Four) also highlighted these elite athletes require greater 

energy intake on days where multiple training sessions occur, and energy expenditure 

substantially increased. Exploration at the individual athlete level of barriers to food intake 

during intensive training blocks may assist in the development of specific strategies for each 

athlete. For example, if appetite is suppressed, liquids may be preferable over solids, which 

may also moderate satiety, thus having less of a negative impact on subsequent intake. 

Better understanding of the distribution of consumption on days where energy needs are 

not met, could lead to more relevant dietary recommendations for team sport athletes and 

enable appropriate nutrient distribution and energy balance for optimal health and 

performance.  

 To achieve greater energy intake there is a need for greater understanding 

surrounding the periods of the day where Australian Football athletes consume their energy 

and nutrients around training and competition. Accordingly, Chapter Five examined the 
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distribution of energy and macronutrients of Australian Footballers across the highest 

training load days. The initial three days of this study provided a direct comparison of the 

athlete’s energy balance across the high load training days and found the periods of greatest 

energy expenditure did not necessitate the greatest energy intake, with the majority of 

energy and macronutrients consumed at the end of the day. These findings suggest that 

these inadequacies in energy intake culminate from deficits before, during and after training. 

The adverse performance and health implications that may result from an inability to 

distribute energy intake to balance energy expended across a day, are in direct contrast to 

the aim and purposes of the athlete’s training program. Because these athletes were weight 

stable it may not be necessarily concerning that they “topped up” their overnight fast with a 

light breakfast or snack, and then, consumed the majority of their energy and macronutrients 

at the end of the day. However, the role of an athlete is hig quality training and performance 

and the morning period appears to be the only available time for additional energy intake to 

ensure performance is optimised. For example, research shows that a carbohydrate 

containing meal of 1 – 4 g/kg in the 2 - 4 hours prior to exercise of >90 min duration improves 

endurance capacity. However, these athletes’ intakes were 0.8 ±0.4 g/kg during the control 

morning period and 1.3 ±0.5 g/kg during the intervention period. Thus, demonstrating why 

and how inclusion of additional carbohydrate at breakfast or before training may be useful 

in increasing energy intake. In addition, carbohydrate consumption during exercise ensures 

glucose availability to delay depletion of muscle glycogen stores and AFL athletes can train 

for over 2 hours in the morning session. This population consume very little at breakfast and 

throughout the morning field session and may not be maximising their exercise capacity if 

carbohydrate intake is inadequate throughout the morning period. Most athletes have 

markedly different energy expenditure throughout a training day, and the impact of daily 

distribution warrants investigation across a greater cross section of sports. Achieving 

matched energy intake and expenditure is important to athletes, so that their daily 

distribution of nutrients may promote high quality of training and augment adaptive 

responses such as whole body and skeletal muscle protein synthesis and glycogen 

resynthesis. Pre-fuelling meals or beverages the morning of, or during, training was 

hypothesised as a beneficial strategy to ensure energy intake is increased prior to periods 

of high energy expenditure. The minimal intake that is evident during the morning periods 

may also be associated with the athlete’s increased evening energy consumption, but it is 

unclear if substantially increasing energy intake early in the day will result in reduced needs 
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for energy intake in the evening. Nonetheless, the three days with an increased 

carbohydrate availability intervention did not substantially change the times of day where 

the low energy intakes were evident. However, it did lessen the disparities between energy 

intake and energy expenditure, but it was unable to completely close the gap.  
The outcomes of Study Three (Chapter Four) indicate these athletes have reduced intake 

relative to periods of highest energy expenditure and days of high load training, but meet 

their energy needs on the lower load days. Thus, the outcomes for Study Four (Chapter 

Five) are important for sports dietitians and strength and conditioning personnel as it implies 

that although increased carbohydrate availability did not entirely bridge the gap between 

energy intake and energy expenditure, it may have the capacity to modulate energy intake. 

Furthermore, the methodology used within this study may be a useful example for 

practitioners as provision of carbohydrate rich foods and drinks within easy reach of athletes 

appeared to help facilitate their dietary intake. Conceivably, a greater number of planned 

and staff directed refueling breaks throughout morning training sessions would be beneficial 

in further increasing carbohydrate consumption. It is also important to recognise that more 

research in team sport athletes may be required to determine whether carbohydrate 

guidelines should be allometrically scaled for larger male team sport athletes given the 

historical influence of endurance sport athletes with very different physiques and physical 

characteristics on dietary recommendations.  

Further investigation is required into the fueling requirements of high intensity intermittent 

team sport athletes. This could be assessed by using a laboratory-bsed randomised control 

study manipulating carbohydrate intake during pre-season preparation. Through repeated 

alteration of carbohydrate quantity consumed in the 24 h before, during or after a running 

protocol to simulate the demands of team sport training, a better characterisation of the 

optimal quantities of carbohydrate required for these larger athletes to maintain whole body 

glycemic stability and exercise capacity would be possible. These findings could then be 

compared to the current sports nutrition recommendations for adjustment within different 

team sports.  

It is important to note that the scaling of requirements for athletes that are typically 

larger or more muscular than the general population would not be the sole contributor to the 

dietary differences seen within this population. Moreover, this thesis has discussed whether 

time available for these athletes to consume food and/or fear of gastrointestinal upset are 
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the greatest contributors to the inadequacies seen in their carbohydrate intake. To better 

understand where these barriers occur further research could be conducted using a 

qualitative survey to determine the reasons athletes consume food, in conjunction with a 

gastrointestinal symptom diary. For example, such a study could include hourly 

carbohydrate containing food and beverage provision to the athletes. Participants would 

then be required to provide a response indicating why they chose to consume/not consume 

food or beverages. Each time food was offered a gastrointestinal symptoms diary would be 

completed concomitantly. Whilst the application of this experimental approach might not be 

entirely realistic for an elite athlete demographic, the data could provide valuable insight 

even when applied at a sub elite level. Regardless, without truly comprehending barriers to 

improving daily energy intake, merely increasing carbohydrate provision to team sport 

athletes is likely to continue to have limited effect. 

The studies (Three and Four) outlined in the present thesis were undertaken in professional 

Australian Football athletes, in part because of their high, but varied, training load. However, 

intervention studies on professional athlete populations demand the use of minimally 

intrusive experimental designs and assessment methods. As such, neither laboratory 

techniques nor criterion measures for quantifying energy intake and expenditure were 

realistic options. Despite this, equipment used in Study Two to quantify energy balance was 

validated in this population against reference techniques and the paucity of existing data 

within the professional athlete demographic reflects the difficulties in undertaking research 

in the elite training environment. It also showed that utilising alternate methodologies such 

as accelerometry can provide estimates of energy expenditure over shorter periods of time. 

By utilising accelerometry it enabled a reasonable precision of the estimate for energy 

expenditure during training sessions and competition. Thus, accelerometry may be a useful 

tool for sports dietitians to provide feedback and dietary education to a specific athlete 

population. 

  In conclusion, the ultimate purpose of an elite athlete is to perform at their peak 

capacity and outperform their competitors. To ensure this occurs, it is imperative that they 

achieve a fuel matched dietary intake to promote maximal adaptation to training and support 

optimal health. The studies of the present thesis show high levels of energy expenditure 

correspond with a negative energy balance, commonly on days where athletes perform 

multiple training sessions. To provide feedback to sports dietitians, utilising accelerometry 
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to estimate the day-to-day changes in energy expenditure and individual training sessions 

is a beneficial tool for intermittent, high intensity contact team sport athletes such as elite 

level Australian Footballers. Moreover, the findings also provide new information for 

coaches and high-performance staff of other sports that wish to apply specific sporting 

knowledge and context in the management of energy balance in their athletes. By clearly 

identifying the training days and sessions where athletes are unsuccessful in matching fuel 

intake to training demands, more strategic provision of carbohydrate containing foods and 

beverages can be implemented to provide athletes with the dietary platform to enhance the 

quality of training and attain peak performance. 

 

 

 



 REFERENCES 

 

 

107 

 

 

REFERENCES 

 

 

 

  

 



 REFERENCES 

 

 

108 

Constantini, N. (2002). Medical concerns of the dancer. Book of Abstracts, XXVII FIMS 

World Congress of Sports Medicine, 5–9 June 2002, Budapest, Hungary, 151.  

Coutts, A. J., Kempton, T., Sullivan, C., et al. (2015). Metabolic power and energetic costs 

of professional Australian Football match-play. J Sci Med Sport, 18(2), 219-224. 

doi:10.1016/j.jsams.2014.02.003. 

Ebert, T. (2000). Nutrition for the Australian Rules Footballer. J Sci Med Sport, 3(4), 369-

382.  

Varley, M. C., Gabbett, T., & Aughey, R. J. (2014). Activity profiles of professional soccer, 

rugby league and Australian football match play. J Sports Sci, 32(20), 1858-1866. 

doi:10.1080/02640414.2013.823227. 

Wisbey, B., Montgomery, P. G., Pyne, D. B., et al. (2010). Quantifying movement demands 

of AFL football using GPS tracking. J Sci Med Sport, 13(5), 531-536. 

doi:10.1016/j.jsams.2009.09.002. 

Coutts, A. J., Quinn, J., Hocking, J., et al. (2010). Match running performance in elite 

Australian Rules Football. J Sci Med Sport, 13(5), 543-548. 

doi:10.1016/j.jsams.2009.09.004. 

Brewer, C., Dawson, B., Heasman, J., et al. (2010). Movement pattern comparisons in elite 

(AFL) and sub-elite (WAFL) Australian football games using GPS. J Sci Med Sport, 13(6), 

618-623. doi:10.1016/j.jsams.2010.01.005. 

Thomas, D. T., Erdman, K. A., & Burke, L. M. (2016). Position of the Academy of Nutrition 

and Dietetics, Dietitians of Canada, and the American College of Sports Medicine: Nutrition 

and Athletic Performance. J Acad Nutr Diet, 116(3), 501-528. 

doi:http://dx.doi.org/10.1016/j.jand.2015.12.006. 

Austin, D. J., & Kelly, S. J. (2013). Positional differences in professional rugby league match 

play through the use of global positioning systems. J Strength Cond Res, 27(1), 14-19. 

doi:10.1519/JSC.0b013e31824e108c. 



 REFERENCES 

 

 

109 

Gabbett, T. J., Jenkins, D. G., & Abernethy, B. (2012). Physical demands of professional 

rugby league training and competition using microtechnology. J Sci Med Sport, 15(1), 80-

86. doi:10.1016/j.jsams.2011.07.004. 

McLellan, C. P., Lovell, D. I., & Gass, G. C. (2011). Performance analysis of elite Rugby 

League match play using global positioning systems. J Strength Cond Res, 25(6), 1703-

1710. doi:10.1519/JSC.0b013e3181ddf678. 

Fleck, S. J. (1999). Periodized strength training: a critical review. J Strength Cond Res, 

13(1), 82-89.  

O’Connor, F. K., Stern, S. E., Doering, T. M., et al. (2020). Effect of Individual Environmental 

Heat-Stress Variables on Training and Recovery in Professional Team Sport. Int J Sports 

Physiol Perform, Ahead of print. doi:10.1123/ijspp.2019-0837. 

Colby, M. J., Dawson, B., Heasman, J., et al. (2014). Accelerometer and GPS-derived 

running loads and injury risk in elite Australian footballers. J Strength Cond Res, 28(8), 2244-

2252. doi:10.1519/jsc.0000000000000362. 

Walker, E., McAinch, A., Sweeting, A., et al. (2016). Inertial sensors to estimate the energy 

expenditure of team-sport athletes. J Sci Med Sport, 19(2), 177-181. 

doi:https://doi.org/10.1016/j.jsams.2015.01.013. 

Lohman, R., Carr, A., & Condo, D. (2019). Nutritional intake in Australian football players: 

Sports nutrition knowledge and macronutrient and micronutrient intake. Int J Sport Nutr 

Exerc Metab, 29(3), 289-296. doi:10.1123/ijsnem.2018-0031. 

Jenner, S. L., Trakman, G., Coutts, A., et al. (2018). Dietary intake of professional Australian 

football athletes surrounding body composition assessment. J Int Soc Sports Nutr, 15(1), 

43. doi:10.1186/s12970-018-0248-5. 

Melin, A. K., Heikura, I. A., Tenforde, A., et al. (2019). Energy Availability in Athletics: Health, 

Performance, and Physique. Int J Sport Nutr Exerc Metab, 29(2), 152-164. 

doi:10.1123/ijsnem.2018-0201. 



 REFERENCES 

 

 

110 

Hill, R. J., & Davies, P. S. (2002). Energy intake and energy expenditure in elite lightweight 

female rowers. Med Sci Sports Exerc, 34(11), 1823-1829. 

doi:10.1249/01.mss.0000035370.25209.96. 

Fudge, B. W., Westerterp, K. R., Kiplamai, F. K., et al. (2006). Evidence of negative energy 

balance using doubly labelled water in elite Kenyan endurance runners prior to competition. 

Br J Nutr, 95(1), 59-66.  

Vogt, S., Heinrich, L., Schumacher, Y. O., et al. (2005). Energy intake and energy 

expenditure of elite cyclists during preseason training. Int J Sports Med, 26(8), 701-706. 

doi:10.1055/s-2004-830438. 

Gibson, J. C., Stuart-Hill, L., Martin, S., et al. (2011). Nutrition status of junior elite Canadian 

female soccer athletes. Int J Sport Nutr Exerc Metab, 21(6), 507-514.  

Nattiv, A., Loucks, A. B., Manore, M. M., et al. (2007). American College of Sports Medicine 

position stand. The female athlete triad. Med Sci Sports Exerc, 39(10), 1867-1882. 

doi:10.1249/mss.0b013e318149f111. 

Arendt, E. A. (2000). Stress Fractures and the Female Athlete. Clin Orthop Relat Res, 372, 

131-138.  

Nattiv, A. (2000). Stress fractures and bone health in track and field athletes. J Sci Med 

Sport, 3(3), 268-279.  

De Souza, M. J., Nattiv, A., Joy, E., et al. (2014). 2014 Female Athlete Triad Coalition 

Consensus Statement on Treatment and Return to Play of the Female Athlete Triad: 1st 

International Conference held in San Francisco, California, May 2012 and 2nd International 

Conference held in Indianapolis, Indiana, May 2013. Br J Sports Med, 48(4), 289. 

doi:10.1136/bjsports-2013-093218. 

Gleeson, M., & Bishop, N. C. (2000). Special feature for the Olympics: effects of exercise 

on the immune system: modification of immune responses to exercise by carbohydrate, 

glutamine and anti-oxidant supplements. Immunol Cell Biol, 78(5), 554-561. 

doi:10.1111/j.1440-1711.2000.t01-6-.x. 



 REFERENCES 

 

 

111 

Venkatraman, J., & Pendergast, D. (2002). Effect of diet on immune function in Athletes. 

Sports Med, 35(5), 323-337.  

Deutz, R., Benardot, D., Martin, D., et al. (2000). Relationship between energy deficits & 

body composition in elite female gymnasts and runners. Med Sci Sports Exerc, 32, 659–

668.  

Fogelholm, G. M., Kukkonen-Harjula, T. K., Taipale, S. A., et al. (1995). Resting metabolic 

rate and energy intake in female gymnasts, figure-skaters and soccer players. Int J Sports 

Med, 16(8), 551-556. doi:10.1055/s-2007-973053. 

Mountjoy, M., Sundgot-Borgen, J., Burke, L., et al. (2014). The IOC consensus statement: 

beyond the Female Athlete Triad--Relative Energy Deficiency in Sport (RED-S). Br J Sports 

Med, 48(7), 491-497. doi:10.1136/bjsports-2014-093502. 

Saltzman, E., & Roberts, S. B. (1995). The role of energy expenditure in energy regulation: 

findings from a decade of research. Nutr Rev, 53(8), 209-220.  

Seward, H., Orchard, J., Hazard, H., et al. (1993). Football injuries in Australia at the élite 

level. The Medical journal of Australia, 159(5), 298-301.  

Shultz, S. J., & Perrin, D. H. (2010). The role of dynamic hamstring activation in preventing 

knee ligament injury. IJATT, 4(3).  

Hewett, T. E., Myer, G. D., Ford, K. R., et al. (2005). Biomechanical measures of 

neuromuscular control and valgus loading of the knee predict anterior cruciate ligament 

injury risk in female athletes: a prospective study. Am J Sports Med, 33(4), 492-501. 

doi:10.1177/0363546504269591. 

Sands, W. A., Shultz, B. B., & Newman, A. P. (1993). Women's gymnastics injuries. A 5-

year study. Am J Sports Med, 21(2), 271-276.  

Kreider, R. B., Wilborn, C. D., Taylor, L., et al. (2010). ISSN exercise & sport nutrition review: 

research & recommendations. J Int Soc Sports Nutr, 7, 7. doi:10.1186/1550-2783-7-7. 



 REFERENCES 

 

 

112 

Tooley, E., Bitcon, M., Briggs, M. A., et al. (2015). Estimates of Energy Intake and 

Expenditure in Professional Rugby League Players. International Journal of Sports Science 

& Coaching, 10(2/3), 551-560.  

Costello, N., Deighton, K., Preston, T., et al. (2018). Are professional young rugby league 

players eating enough? Energy intake, expenditure and balance during a pre-season. Eur J 

Sport Sci, 19(1), 123-132. doi:10.1080/17461391.2018.1527950. 

Jenner, S. L., Buckley, G. L., Belski, R., et al. (2019). Dietary Intakes of Professional and 

Semi-Professional Team Sport Athletes Do Not Meet Sport Nutrition Recommendations-A 

Systematic Literature Review. Nutrients, 11(5). doi:10.3390/nu11051160. 

Knicker, A. J., Renshaw, I., Oldham, A. R., et al. (2011). Interactive processes link the 

multiple symptoms of fatigue in sport competition. Sports Med, 41(4), 307-328. 

doi:10.2165/11586070-000000000-00000. 

Fuller, C. W., Taylor, A. E., & Raftery, M. (2016). Should player fatigue be the focus of injury 

prevention strategies for international rugby sevens tournaments? Br J Sports Med, 50(11), 

682-687. doi:10.1136/bjsports-2016-096043. 

Phillips, S. M., Hartman, J. W., & Wilkinson, S. B. (2005). Dietary protein to support 

anabolism with resistance exercise in young men. J Am Coll Nutr, 24(2), 134s-139s.  

Shaw Kelly, A., Gennat Hanni, C., O'Rourke, P., et al. (2006). Exercise for overweight or 

obesity. Cochrane Database of Systematic Reviews, (4). Retrieved from 

http://onlinelibrary.wiley.com/doi/10.1002/14651858.CD003817.pub3/abstract 

http://onlinelibrary.wiley.com/store/10.1002/14651858.CD003817.pub3/asset/CD003817.p

df?v=1&t=irubevbc&s=b6dd647d60bc8525cfde7f7c47d939fd3a7fc5e0 

doi:10.1002/14651858.CD003817.pub3 

King, N. A., Hopkins, M., Caudwell, P., et al. (2009). Beneficial effects of exercise: shifting 

the focus from body weight to other markers of health. Br J Sports Med, 43(12), 924-927. 

doi:10.1136/bjsm.2009.065557. 



 REFERENCES 

 

 

113 

Dansinger, M. L., Gleason, J., Griffith, J. L., et al. (2005). Comparison of the atkins, ornish, 

weight watchers, and zone diets for weight loss and heart disease risk reduction: A 

randomized trial. JAMA, 293(1), 43-53. doi:10.1001/jama.293.1.43. 

MacKenzie, K., Slater, G., King, N., et al. (2015). The Measurement and Interpretation of 

Dietary Protein Distribution During a Rugby Preseason. Int J Sport Nutr Exerc Metab, 25(4), 

353-358. doi:10.1123/ijsnem.2014-0168. 

Baranauskas, M., Stukas, R., Tubelis, L., et al. (2015). Nutritional habits among high-

performance endurance athletes. Medicina, 51(6), 351-362. 

doi:http://dx.doi.org/10.1016/j.medici.2015.11.004. 

Byrne, S., & McLean, N. (2002). Elite athletes: effects of the pressure to be thin. J Sci Med 

Sport, 5(2), 80-94.  

O'Connor, H., Olds, T., & Maughan, R. J. (2007). Physique and performance for track and 

field events. J Sports Sci, 25 Suppl 1, S49-60. doi:10.1080/02640410701607296. 

Birkenhead, K. L., & Slater, G. (2015). A Review of Factors Influencing Athletes' Food 

Choices. Sports Med, 45(11), 1511-1522. doi:10.1007/s40279-015-0372-1. 

Bilsborough, J. C., Greenway, K., Livingston, S., et al. (2016). Changes in anthropometry, 

upper-body strength, and nutrient intake in professional Australian football players during a 

season. Int J Sports Physiol Perform, 11(3), 290-300. doi:10.1123/ijspp.2014-0447. 

Sherman, W. M., Peden, C., & Wright, D. A. (1991). Carbohydrate feedings 1 h before 

exercise improves cycling performance13. Am J Clin Nutr, 54, 866-870.  

Cox, G. R., Clark, S. A., Cox, A. J., et al. (2010). Daily training with high carbohydrate 

availability increases exogenous carbohydrate oxidation during endurance cycling. J Appl 

Physiol (1985), 109(1), 126-134. doi:10.1152/japplphysiol.00950.2009. 

Hawley, J. A., Tipton, K. D., & Millard-Stafford, M. L. (2006). Promoting training adaptations 

through nutritional interventions. J Sports Sci, 24(7), 709-721. 

doi:10.1080/02640410500482727. 



 REFERENCES 

 

 

114 

Hansen, A. K., Fischer, C. P., Plomgaard, P., et al. (2005). Skeletal muscle adaptation: 

training twice every second day vs. training once daily. J Appl Physiol (1985), 98(1), 93-99. 

doi:10.1152/japplphysiol.00163.2004. 

Baar, K., & McGee, S. (2008). Optimizing training adaptations by manipulating glycogen. 

Eur J Sport Sci, 8(2), 97-106. doi:10.1080/17461390801919094. 

Burke, L. M. (2010). Fueling strategies to optimize performance: training high or training 

low? Scand J Med Sci Sports, 20 Suppl 2, 48-58. doi:10.1111/j.1600-0838.2010.01185.x. 

Civitarese, A. E., Hesselink, M. K., Russell, A. P., et al. (2005). Glucose ingestion during 

exercise blunts exercise-induced gene expression of skeletal muscle fat oxidative genes. 

Am J Physiol Endocrinol Metab, 289(6), E1023-1029. doi:10.1152/ajpendo.00193.2005. 

Marquet, L. A., Hausswirth, C., Molle, O., et al. (2016). Periodization of Carbohydrate Intake: 

Short-Term Effect on Performance. Nutrients, 8(12). doi:10.3390/nu8120755. 

Marquet, L. A., Brisswalter, J., Louis, J., et al. (2016). Enhanced Endurance Performance 

by Periodization of Carbohydrate Intake: "Sleep Low" Strategy. Med Sci Sports Exerc, 48(4), 

663-672. doi:10.1249/mss.0000000000000823. 

Black, K. E., Black, A. D., & Baker, D. F. (2018). Macronutrient Intakes of Male Rugby Union 

Players: A Review. Int J Sport Nutr Exerc Metab, 1-31. doi:10.1123/ijsnem.2017-0400. 

Burke, L. M., Gollan, R. A., & Read, R. S. (1991). Dietary intakes and food use of groups of 

elite Australian male athletes. Int J Sport Nutr, 1(4), 378-394.  

Bradley, W. J., Cavanagh, B., Douglas, W., et al. (2015). Energy intake and expenditure 

assessed 'in-season' in an elite European rugby union squad. Eur J Sport Sci, 15(6), 469-

479. doi:10.1080/17461391.2015.1042528. 

Bescos, R., Rodriguez, F. A., Iglesias, X., et al. (2012). Nutritional behavior of cyclists during 

a 24-hour team relay race: a field study report. J Int Soc Sports Nutr, 9(1), 3. 

doi:10.1186/1550-2783-9-3. 



 REFERENCES 

 

 

115 

Katayose, Y., Tasaki, M., Ogata, H., et al. (2009). Metabolic rate and fuel utilization during 

sleep assessed by whole-body indirect calorimetry. Metabolism, 58(7), 920-926. 

doi:10.1016/j.metabol.2009.02.025. 

Naughton, R. J., Drust, B., O'Boyle, A., et al. (2016). Daily Distribution of Carbohydrate, 

Protein and Fat Intake in Elite Youth Academy Soccer Players Over a 7-Day Training Period. 

Int J Sport Nutr Exerc Metab, 26(5), 473-480. doi:10.1123/ijsnem.2015-0340. 

Burke, L. M., Slater, G., Broad, E. M., et al. (2003). Eating patterns and meal frequency of 

elite Australian athletes. Int J Sport Nutr Exerc Metab, 13(4), 521-538.  

Torstveit, M. K., Fahrenholtz, I., Stenqvist, T. B., et al. (2018). Within-Day Energy Deficiency 

and Metabolic Perturbation in Male Endurance Athletes. Int J Sport Nutr Exerc Metab, 28(4), 

419-427. doi:10.1123/ijsnem.2017-0337. 

Loucks, A. B. (2013). Energy Balance and Energy Availability The Encyclopaedia of Sports 

Medicine (pp. 72-87). 

Melzer, K. (2011). Carbohydrate and fat utilization during rest and physical activity. ESPEN 

Eur E J Clin Nutr Metab, 6(2), e45-e52. doi:10.1016/j.eclnm.2011.01.005. 

Sjodin, A. M., Andersson, A. B., Hogberg, J. M., et al. (1994). Energy balance in cross-

country skiers: a study using doubly labeled water. Med Sci Sports Exerc, 26(6), 720-724.  

Garrett, R., Grisham, C. . (2010). Biochemistry (Fourth ed.): Brooks/Cole Cengage Learning. 

Burke, L. M., Hawley, J. A., Wong, S. H., et al. (2011). Carbohydrates for training and 

competition. J Sports Sci, 29 Suppl 1, S17-27. doi:10.1080/02640414.2011.585473. 

West, R. V. (1998). The Female Athlete: The Triad of Disordered eating, Amenorrhoea and 

Osteoporosis. Sports Med, 26(2), 63-71.  

NHMRC. (2013). Australian Dietary Guidelines - providing the scientific evidence for 

healthier Australian diets. In A. Government (Ed.). 



 REFERENCES 

 

 

116 

Irwin, C., Leveritt, M., Shum, D., et al. (2013). The effects of dehydration, moderate alcohol 

consumption, and rehydration on cognitive functions. Alcohol, 47(3), 203-213. 

doi:10.1016/j.alcohol.2012.12.016. 

Parr, E., Camera, D., Areta, J., et al. (2014). Alcohol ingestion impairs maximal post-

exercise rates of myofibrillar protein synthesis following a single bout of concurrent training. 

PLoS One, 9(2), e88384. doi:10.1371/journal.pone.0088384. 

Desbrow, B., Murray, D., & Leveritt, M. (2013). Beer as a sports drink? Manipulating beer's 

ingredients to replace lost fluid. Int J Sport Nutr Exerc Metab, 23(6), 593-600.  

ten Haaf, T., & Weijs, P. J. (2014). Resting energy expenditure prediction in recreational 

athletes of 18-35 years: confirmation of Cunningham equation and an improved weight-

based alternative. PLoS One, 9(9), e108460. doi:10.1371/journal.pone.0108460. 

Praz, C., Leger, B., & Kayser, B. (2014). Energy expenditure of extreme competitive 

mountaineering skiing. Eur J Appl Physiol, 114(10), 2201-2211. doi:10.1007/s00421-014-

2939-1. 

Jeukendrup, A. E. (2017). Periodized Nutrition for Athletes. Sports Med, 47(Suppl 1), 51-63. 

doi:10.1007/s40279-017-0694-2. 

Danaher, K., & Curley, T. (2014). Nutrition Knowledge and Practices of Varsity Coaches at 

a Canadian University. Can J Diet Pract Res, 75(4), 210-213. doi:10.3148/cjdpr-2014-021. 

Stensel, D. (2010). Exercise, appetite and appetite-regulating hormones: implications for 

food intake and weight control. Ann Nutr Metab, 57 Suppl 2, 36-42. doi:10.1159/000322702. 

Green, S. M., Delargy, H. J., Joanes, D., et al. (1997). A satiety quotient: a formulation to 

assess the satiating effect of food. Appetite, 29(3), 291-304.  

Broom, D. R., Batterham, R. L., King, J. A., et al. (2009). Influence of resistance and aerobic 

exercise on hunger, circulating levels of acylated ghrelin, and peptide YY in healthy males. 

Am J Physiol Regul Integr Comp Physiol, 296(1), R29-35. doi:10.1152/ajpregu.90706.2008. 



 REFERENCES 

 

 

117 

Ueda, S. Y., Yoshikawa, T., Katsura, Y., et al. (2009). Comparable effects of moderate 

intensity exercise on changes in anorectic gut hormone levels and energy intake to high 

intensity exercise. J Endocrinol, 203(3), 357-364. doi:10.1677/joe-09-0190. 

Ghigo, E., Broglio, F., Arvat, E., et al. (2005). Ghrelin: more than a natural GH secretagogue 

and/or an orexigenic factor. Clin Endocrinol (Oxf), 62(1), 1-17. doi:10.1111/j.1365-

2265.2004.02160.x. 

Karra, E., & Batterham, R. L. (2010). The role of gut hormones in the regulation of body 

weight and energy homeostasis. Mol Cell Endocrinol, 316(2), 120-128. 

doi:10.1016/j.mce.2009.06.010. 

Badman, M. K., & Flier, J. S. (2005). The gut and energy balance: visceral allies in the 

obesity wars. Science, 307(5717), 1909-1914. doi:10.1126/science.1109951. 

Schubert, M. M., Desbrow, B., Sabapathy, S., et al. (2013). Acute exercise and subsequent 

energy intake. A meta-analysis. Appetite, 63, 92-104. 

doi:https://doi.org/10.1016/j.appet.2012.12.010. 

Douglas, J. A., King, J. A., McFarlane, E., et al. (2015). Appetite, appetite hormone and 

energy intake responses to two consecutive days of aerobic exercise in healthy young men. 

Appetite, 92, 57-65. doi:10.1016/j.appet.2015.05.006. 

Deighton, K., Barry, R., Connon, C. E., et al. (2013). Appetite, gut hormone and energy 

intake responses to low volume sprint interval and traditional endurance exercise. Eur J Appl 

Physiol, 113(5), 1147-1156. doi:10.1007/s00421-012-2535-1. 

Donnelly, J. E., Herrmann, S. D., Lambourne, K., et al. (2014). Does Increased Exercise or 

Physical Activity Alter Ad-Libitum Daily Energy Intake or Macronutrient Composition in 

Healthy Adults? A Systematic Review. PLoS One, 9(1), e83498. 

doi:10.1371/journal.pone.0083498. 

Blundell, J. E., Gibbons, C., Caudwell, P., et al. (2015). Appetite control and energy balance: 

impact of exercise. Obes Rev, 16 Suppl 1, 67-76. doi:10.1111/obr.12257. 

King, N., Caudwell, P., Byrne, N., Colley, R., Hills, A., Stubbs. J., Blundell, J. (2007). 

Metabolic and Behavioral Compensatory 



 REFERENCES 

 

 

118 

Responses to Exercise Interventions: Barriers to 

Weight Loss. Obesity(15), 1373-1383.  

Mendelson, M., Michallet, A.-S., Monneret, D., et al. (2015). Impact of exercise training 

without caloric restriction on inflammation, insulin resistance and visceral fat mass in obese 

adolescents. Pediatric Obesity, 10(4), 311-319. doi:https://doi.org/10.1111/ijpo.255. 

Flint, A., Gregersen, N. T., Gluud, L. L., et al. (2007). Associations between postprandial 

insulin and blood glucose responses, appetite sensations and energy intake in normal 

weight and overweight individuals: a meta-analysis of test meal studies. Br J Nutr, 98(1), 

17-25. doi:10.1017/s000711450768297x. 

Hebden, L., Chan, H. N., Louie, J. C., et al. (2015). You are what you choose to eat: factors 

influencing young adults' food selection behaviour. J Hum Nutr Diet, 28(4), 401-408. 

doi:10.1111/jhn.12312. 

Glanz, K., Basil, M., Maibach, E., et al. (1998). Why Americans eat what they do: taste, 

nutrition, cost, convenience, and weight control concerns as influences on food 

consumption. J Am Diet Assoc, 98(10), 1118-1126. doi:10.1016/s0002-8223(98)00260-0. 

Long, D., Perry, D., Unruh, S., et al. (2011). Personal Food systems of Male Collegiate 

football players: A Grounded Theory Investegation. J Athl Train, 46(6), 688-695.  

American Dietetic Association, Dietitians of Canada, American College of Sports Medicine, 

et al. (2009). American College of Sports Medicine position stand. Nutrition and athletic 

performance. Med Sci Sports Exerc, 41(3), 709-731. doi:10.1249/MSS.0b013e31890eb86. 

Sobal, J., & Bisogni, C. A. (2009). Constructing food choice decisions. Ann Behav Med, 38 

Suppl 1, S37-46. doi:10.1007/s12160-009-9124-5. 

Georgiou, C., Betts, N., Hoos, T., et al. (1996). Young adult exercisers and nonexercisers 

differ in food attitudes, perceived dietary changes, and food choices. Int J Sport Nutr, 6(4), 

402-413.  

Leech, R. M., Worsley, A., Timperio, A., et al. (2015). Understanding meal patterns: 

definitions, methodology and impact on nutrient intake and diet quality. Nutr Res Rev, 28(1), 

1-21. doi:10.1017/S0954422414000262. 



 REFERENCES 

 

 

119 

Mesas, A. E., Munoz-Pareja, M., Lopez-Garcia, E., et al. (2012). Selected eating behaviours 

and excess body weight: a systematic review. Obes Rev, 13(2), 106-135. 

doi:10.1111/j.1467-789X.2011.00936.x. 

Szajewska, H., & Ruszczynski, M. (2010). Systematic review demonstrating that breakfast 

consumption influences body weight outcomes in children and adolescents in Europe. Crit 

Rev Food Sci Nutr, 50(2), 113-119. doi:10.1080/10408390903467514. 

Pelly, F. E., & Thurecht, R. (2019). Evaluation of Athletes' Food Choices during Competition 

with Use of Digital Images. Nutrients, 11(7). doi:10.3390/nu11071627 under CC BY 4.0 

licence. 

Black, A. E. (2001). Dietary Assessment for Sports Dietetics. Nutr Bull, 26, 29-42.  

Anderson, L., Orme, P., Naughton, R. J., et al. (2017). Energy intake and expenditure of 

professional soccer players of the English Premier league: Evidence of carbohydrate 

periodization. International journal of sport nutrition and exercise metabolism, 27(3), 128-

138. doi:10.1123/ijsnem.2016-0259. 

Routledge, H. E., Graham, S., Di Michele, R., et al. (2020). Training Load and Carbohydrate 

Periodization Practices of Elite Male Australian Football Players: Evidence of Fueling for the 

Work Required. Int J Sport Nutr Exerc Metab, 1-7. doi:10.1123/ijsnem.2019-0311. 

Black, A. E., & Cole, T. J. (2001). Biased over- or under-reporting is characteristic of 

individuals whether over time or by different assessment methods. J Am Diet Assoc, 101(1), 

70-80. doi:10.1016/s0002-8223(01)00018-9. 

Driskell, J. A., & Wolinsky, I. (2016). Nutritional Assessment of Athletes, Second Edition: 

CRC Press. 

Conway, J., Ingwersen, L., Vinyard, B., et al. (2003). Effectiveness of the US Department of 

Agriculture 5-step multiple-pass method in assessing food intake in obese and nonobese 

women. Am J Clin Nutr, 77, 1171-1178.  

Nelson, M., Holmes, B., Roberts, C., et al. (2013). Protocol for the completion of a food 

consumption record: Individual 24-hour recall.   Retrieved from http://dapa-

toolkit.mrc.ac.uk/dietary-assessment/methods/recalls/index.html  



 REFERENCES 

 

 

120 

Grandjean, A. C. (2012). Dietary intake data collection: challenges and limitations. Nutr Rev, 

70 Suppl 2, S101-104. doi:10.1111/j.1753-4887.2012.00545.x. 

Ortega, R. M., Andrés, P., Requejo, A. M., et al. (1996). Influence of the time spent watching 

television on the dietary habits, energy intake and nutrient intake of a group of Spanish 

adolescents. Nutr Res, 16(9), 1467-1470. doi:https://doi.org/10.1016/0271-5317(96)00159-

5. 

Martin, C. K., Han, H., Coulon, S. M., et al. (2009). A novel method to remotely measure 

food intake of free-living individuals in real time: the remote food photography method. Br J 

Nutr, 101(3), 446-456. doi:10.1017/S0007114508027438. 

Jenner, S. L., Devlina, B. L., & Forsytha, A. K. B., R. (2019). Dietary intakes of AFLW during 

a preseason training week. J Sci Med Sport. doi:10.1016/j.jsams.2019.06.014. 

Manore, M., & Thompson, J. (2006). Energy requirements of the athlete: assessment and 

evidence of energy efficiency. In L. Burke & V. Deakin (Eds.), Clinical Sports Nutrition (5 

ed., pp. 113 - 134). Australia: McGraw Hill. 

Carlsohn, A., Scharhag-Rosenberger, F., Cassel, M., et al. (2011). Resting metabolic rate 

in elite rowers and canoeists: difference between indirect calorimetry and prediction. Ann 

Nutr Metab, 58(3), 239-244. doi:10.1159/000330119. 

Allsop, S., Green, B. P., Dodd-Reynolds, C. J., et al. (2016). Comparison of short-term 

energy intake and appetite responses to active and seated video gaming, in 8-11-year-old 

boys. British Journal of Nutrition, 115(6), 1117-1125. doi:10.1017/S0007114515005437. 

Burke, L. M., Lundy, B., Fahrenholtz, I. L., et al. (2018). Pitfalls of Conducting and 

Interpreting Estimates of Energy Availability in Free-Living Athletes. Int J Sport Nutr Exerc 

Metab, 28(4), 350-363. doi:10.1123/ijsnem.2018-0142. 

Koehler, K., Braun, H., de Marees, M., et al. (2011). Assessing energy expenditure in male 

endurance athletes: validity of the SenseWear Armband. Med Sci Sports Exerc, 43(7), 1328-

1333. doi:10.1249/MSS.0b013e31820750f5. 



 REFERENCES 

 

 

121 

Ainslie, P. N., Reilly, T., & Westerterp, K. R. (2003). Estimating Human Energy Expenditure: 

A Review of Techniques with Particular Reference to Doubly Labelled Water. Sports Med, 

33(9), 683-698.  

Poehlman, E. T., Melby, C. L., & Badylak, S. F. (1988). Resting metabolic rate and 

postprandial thermogenesis in highly trained and untrained males. Am J Clin Nutr, 47(5), 

793-798.  

Levine, J. A. (2005). Measurement of energy expenditure. Public Health Nutr, 8(7a), 1123-

1132. doi:10.1079/PHN2005800. 

von Loeffelholz, C., Birkenfeld, A. (2018). The Role of Non-exercise Activity Thermogenesis 

in Human Obesity. . In: Feingold KR, Anawalt B, Boyce A, et al., editors. Endotext [Internet]. 

South Dartmouth (MA): MDText.com, Inc.; 2000-. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK279077/. 

Ebine, N., Rafamantanantsoa, H. H., Nayuki, Y., et al. (2002). Measurement of total energy 

expenditure by the doubly labelled water method in professional soccer players. J Sports 

Sci, 20(5), 391-397. doi:10.1080/026404102317366645. 

Hills, A. P., Mokhtar, N., & Byrne, N. M. (2014). Assessment of physical activity and energy 

expenditure: an overview of objective measures. Front Nutr, 1, 5. 

doi:10.3389/fnut.2014.00005. 

Ndahimana, D., & Kim, E.-K. (2017). Measurement Methods for Physical Activity and Energy 

Expenditure: a Review. Clin Nut Res, 6(2), 68-80. doi:10.7762/cnr.2017.6.2.68. 

Coulston, A. M., Rock, C. L., Boushey, C. J., et al. (2001). Nutrition in the Prevention and 

Treatment of Disease. San Diego, UNITED STATES: Elsevier Science & Technology. 

Esliger, D. W., Rowlands A. V., Hurst T. L., et al. (2011). Validation of the GENEA 

Accelerometer. Med Sci Sports Exerc, 43(6), 1085-1093. 

doi:10.1249/MSS.0b013e31820513be. 

Lee, J. M., Kim, Y., & Welk, G. J. (2014). Validity of consumer-based physical activity 

monitors. Med Sci Sports Exerc, 46(9), 1840-1848. doi:10.1249/MSS.0000000000000287. 



 REFERENCES 

 

 

122 

Sell, K. M., & Ledesma, A. B. (2016). Heart Rate and Energy Expenditure in Division I Field 

Hockey Players During Competitive Play. J Strength Cond Res, 30(8), 2122-2128. 

doi:10.1519/jsc.0000000000001334. 

Barrero, A., Erola, P., & Bescos, R. (2014). Energy balance of triathletes during an ultra-

endurance event. Nutrients, 7(1), 209-222. doi:10.3390/nu7010209. 

Yu, Z., Völgyi, E., Wang, R., et al. (2012). Comparison of heart rate monitoring with indirect 

calorimetry for energy expenditure evaluation. J Sport Health Sci, 1(3), 178-183. 

doi:10.1016/j.jshs.2012.07.004. 

Slinde, F., Gronberg, A. M., Svantesson, U., et al. (2011). Energy expenditure in chronic 

obstructive pulmonary disease-evaluation of simple measures. Eur J Clin Nutr, 65(12), 

1309-1313. doi:10.1038/ejcn.2011.117. 

Achten, J., & Jeukendrup, A. (2003). Heart Rate Monitoring: Applications and limitations. 

Sports Med, 33(7), 517-538.  

Livingstone, M. B. (1997). Heart-rate monitoring: the answer for assessing energy 

expenditure and physical activity in population studies? Br J Nutr, 78(6), 869-871.  

Schneider, C., Hanakam, F., Wiewelhove, T., et al. (2018). Heart Rate Monitoring in Team 

Sports-A Conceptual Framework for Contextualizing Heart Rate Measures for Training and 

Recovery Prescription. Front Physiol, 9, 639. doi:10.3389/fphys.2018.00639. 

Costa, S., Ogilvie, D., Dalton, A., et al. (2015). Quantifying the physical activity energy 

expenditure of commuters using a combination of global positioning system and combined 

heart rate and movement sensors. Prev Med, 81, 339-344. 

doi:10.1016/j.ypmed.2015.09.022. 

Evenson, K. R., Goto, M. M., & Furberg, R. D. (2015). Systematic review of the validity and 

reliability of consumer-wearable activity trackers. Int J Behav Nutr Phys Act, 12, 159. 

doi:10.1186/s12966-015-0314-1. 

Aughey, R. (2011). Applications of GPS Technologies to Field Sports. Int J Sports Physiol 

Perform, 6, 295-310. doi:10.1123/ijspp.6.3.295. 



 REFERENCES 

 

 

123 

Coutts, A. J., & Duffield, R. (2010). Validity and reliability of GPS devices for measuring 

movement demands of team sports. J Sci Med Sport, 13(1), 133-135. 

doi:10.1016/j.jsams.2008.09.015. 

Lacome, M., Peeters, A., Mathieu, B., et al. (2019). Can we use GPS for assessing sprinting 

performance in rugby sevens? A concurrent validity and between-device reliability study. 

Biol Sport, 36(1), 25-29. doi:10.5114/biolsport.2018.78903. 

Quante, M., Kaplan, E. R., Rueschman, M., et al. (2015). Practical considerations in using 

accelerometers to assess physical activity, sedentary behavior, and sleep. Sleep Health, 

1(4), 275-284. doi:10.1016/j.sleh.2015.09.002. 

Ainsworth, B. E., Haskell, W. L., Herrmann, S. D., et al. (2011). 2011 Compendium of 

Physical Activities: a second update of codes and MET values. Med Sci Sports Exerc, 43(8), 

1575-1581. doi:10.1249/MSS.0b013e31821ece12. 

Cureton, K. J., Boileau, R.A., Riner, W.F. (1975). Structural and physiological evaluation of 

Craig Virgin, 1975 NCAA Cross-country champion. (Unpublished study.) Physi- cal Fitness 

Research Laboratory, University of Illinois, Champaign.  

Barrett, S., Midgley, A., & Lovell, R. (2014). PlayerLoad: reliability, convergent validity, and 

influence of unit position during treadmill running. Int J Sports Physiol Perform, 9(6), 945-

952. doi:10.1123/ijspp.2013-0418. 

Boyd, L. J., Ball, K., & Aughey, R. J. (2013). Quantifying external load in Australian football 

matches and training using accelerometers. Int J Sports Physiol Perform, 8(1), 44-51.  

Cho, K. O. (2014). Differences of energy intake and energy expenditure of elite Taekwondo 

players receiving summer vs. winter intensive training. J Exerc Nutr Biochem, 18(2), 169-

174. doi:10.5717/jenb.2014.18.2.169. 

Alberti, K. G., Eckel, R. H., Grundy, S. M., et al. (2009). Harmonizing the metabolic 

syndrome: a joint interim statement of the International Diabetes Federation Task Force on 

Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart 

Association; World Heart Federation; International Atherosclerosis Society; and 



 REFERENCES 

 

 

124 

International Association for the Study of Obesity. Circulation, 120(16), 1640-1645. 

doi:10.1161/CIRCULATIONAHA.109.192644. 

Wixted, A. J., Thiel, D. V., Hahn, A. G., et al. (2007). Measurement of Energy Expenditure 

in Elite Athletes Using MEMS-Based Triaxial Accelerometers. IEEE Sensors Journal, 7(4), 

481-488. doi:10.1109/jsen.2007.891947. 

Henderson, B., Gastin, P., Cook, J., et al. (2010). Quantification of training load in elite junior 

Australian Rules football players. Journal of Science and Medicine in Sport, 12, e138. 

doi:10.1016/j.jsams.2009.10.287. 

Bilski, J., Teleglów, A., Zahradnik-Bilska, J., et al. (2009). EFFECTS OF EXERCISE ON 

APPETITE AND FOOD INTAKE REGULATION. Med Sport, 13(2), 82-94.  

King, J. A., Wasse, L. K., & Stensel, D. J. (2013). Acute exercise increases feeding latency 

in healthy normal weight young males but does not alter energy intake. Appetite, 61, 45-51. 

doi:10.1016/j.appet.2012.10.018. 

Westerterp, K. R. (2018). Exercise, energy balance and body composition. Eur J Clin Nutr, 

72(9), 1246-1250. doi:10.1038/s41430-018-0180-4. 

Jokisch, E., Coletta, A., & Raynor, H. A. (2012). Acute energy compensation and 

macronutrient intake following exercise in active and inactive males who are normal weight. 

Appetite, 58(2), 722-729. doi:10.1016/j.appet.2011.11.024. 

Thomas, D. M., Bouchard, C., Church, T., et al. (2012). Why do individuals not lose more 

weight from an exercise intervention at a defined dose? An energy balance analysis. Obes 

Rev, 13(10), 835-847. doi:10.1111/j.1467-789X.2012.01012.x. 

Beaulieu, K., Blundell, J. E., Baak, M. A., et al. (2021). Effect of exercise training 

interventions on energy intake and appetite control in adults with overweight or obesity: A 

systematic review and meta-analysis. Obes Rev, 22(S4). doi:10.1111/obr.13251. 

Deighton, K., Zahra, J. C., & Stensel, D. J. (2012). Appetite, energy intake and resting 

metabolic responses to 60 min treadmill running performed in a fasted versus a postprandial 

state. Appetite, 58(3), 946-954. doi:10.1016/j.appet.2012.02.041. 



 REFERENCES 

 

 

125 

King, N. A., Hopkins, M., Caudwell, P., et al. (2008). Individual variability following 12 weeks 

of supervised exercise: identification and characterization of compensation for exercise-

induced weigth loss. Int J Obes, 32, 177-184.  

George, V. A., & Morganstein, A. (2003). Effect of moderate intensity exercise on acute 

energy intake in normal and overweight females. Appetite, 40, 43-46. doi:10.1016/. 

Wardle, J., Haase, A. M., Steptoe, A., et al. (2004). Gender differences in food choice: the 

contribution of health beliefs and dieting. Ann Behav Med, 27(2), 107-116.  

Asarian, L., & Gearycorresponding, N. (2013). Sex differences in the physiology of eating. 

Am J Physiol Regul Integr Comp Physiol, 305(11), R1215–R1267.  

Dorling, J., Broom, D. R., Burns, S. F., et al. (2018). Acute and Chronic Effects of Exercise 

on Appetite, Energy Intake, and Appetite-Related Hormones: The Modulating Effect of 

Adiposity, Sex, and Habitual Physical Activity. Nutrients, 10(9). doi:10.3390/nu10091140. 

Martini, M. C., Lampe, J. W., Slavin, J. L., et al. (1994). Effect of the menstrual cycle on 

energy and nutrient intake. Am J Clin Nutr, 60(6), 895-899. doi:10.1093/ajcn/60.6.895. 

Rosenkilde, M., Morville, T., Andersen, P. R., et al. (2015). Inability to match energy intake 

with energy expenditure at sustained near-maximal rates of energy expenditure in older men 

during a 14-d cycling expedition. Am J Clin Nutr, 102(6), 1398-1405. 

doi:10.3945/ajcn.115.109918. 

Stubbs, R. J., Sepp, A., Hughes, D. A., et al. (2002). The effect of graded levels of exercise 

on energy intake and balance in free-living men, consuming their normal diet. Eur J Clin 

Nutr, 56(2), 129-140. doi:10.1038/sj.ejcn.1601295. 

Balaguera-Cortes, L., Wallman, K. E., Fairchild, T. J., et al. (2011). Energy intake and 

appetite-related hormones following acute aerobic and resistance exercise. Appl Physiol 

Nutr Metab, 36(6), 958-966. doi:10.1139/H11-121. 

Holliday, A. B., AK (2017). Food intake and gut hormone responses to intense aerobic 

exercise of different duration. Appetite.  



 REFERENCES 

 

 

126 

Leinus, K., & Ööpik, V. (1998). Habitual nutrient intake and energy expenditure of students 

participating in recreational sports. Nutr Res, 18(4), 683-691. 

doi:https://doi.org/10.1016/S0271-5317(98)00054-2. 

Liberati, A., Altman, D. G., Tetzlaff, J., et al. (2009). The PRISMA statement for reporting 

systematic reviews and meta-analyses of studies that evaluate health care interventions: 

explanation and elaboration. J Clin Epidemiol, 62(10), e1-34. 

doi:10.1016/j.jclinepi.2009.06.006. 

De Pauw, K., Roelands, B., Cheung, S. S., et al. (2013). Guidelines to Classify Subject 

Groups in Sport-Science Research. International Journal of Sports Physiology & 

Performance, 8(2), 111-122.  

Higgins, J. P., Altman, D. G., Gøtzsche, P. C., Jüni, P., Moher, D., Oxman, A. D., Savovic, 

J., Schulz, K. F., Weeks, L., Sterne, J. A., Cochrane Bias Methods Group, Cochrane 

Statistical Methods Group (2011). The Cochrane Collaboration's tool for assessing risk of 

bias in randomised trials. BMJ (Clinical research ed.), 343(d5928). 

doi:doi:10.1136/bmj.d5928. 

The Cochrane Collaboration. (2014). Review Manager (RevMan) [Computer program] 

Version 5.3. Copenhagen: The Nordic Cochrane Centre.  

King, N. A., Burley, V. J., & Blundell, J. E. (1994). Exercise-induced suppression of appetite: 

Effects on food intake and implications for energy balance. Eur J Clin Nutr, 48(10), 715-724.  

Higgins, J., Thompson, S., Deeks, J., et al. (2003). Measuring inconsistency in meta-

analyses. BMJ, 327.  

Whybrow, S., Hughes, D. A., Ritz, P., et al. (2008). The effect of an incremental increase in 

exercise on appetite, eating behaviour and energy balance in lean men and women feeding 

ad libitum. Br J Nutr, 100(5), 1109-1115. doi:10.1017/s0007114508968240. 

Papadopoulou, S. K., Xyla, E. E., Methenitis, S., et al. (2018). Nutrition strategies before 

and during ultra-endurance event: A significant gap between science and practice. Scand J 

Med Sci Sports, 28(3), 881-892. doi:10.1111/sms.13006. 



 REFERENCES 

 

 

127 

Margolis, L. M., Murphy, N. E., Martini, S., et al. (2014). Effects of winter military training on 

energy balance, whole-body protein balance, muscle damage, soreness, and physical 

performance. Appl Physiol Nutr Metab, 39(12), 1395-1401. doi:10.1139/apnm-2014-0212. 

Branth, S., Hambræus, L., Westerterp, K., et al. (1996). Energy turnover in a sailing crew 

during offshore racing around the world. Med Sci Sports Exerc, 28(10), 1272-1276. 

doi:10.1097/00005768-199610000-00010. 

Hill, L. C., Swain, D. P., & Hill, E. L. (2008). Energy balance during backpacking. Int J Sports 

Med, 29(11), 883-887. doi:10.1055/s-2008-1038492. 

Panos Rontoyannis, G., Skoulis, T., & Pavlou, K. N. (1989). Energy balance in ultramarathon 

running. Am J Clin Nutr, 49(5 SUPPL.), 976-979.  

Sepowitz, J. (2017). Energy Balance and Diet Quality During the US Marine Corps Forces 

Special Operations Command Individual Training Course. J Spec Oper, 17(4), 109-113.  

Margolis, L. M., Rood, J., Champagne, C., et al. (2013). Energy balance and body 

composition during US Army special forces training. Appl Physiol Nutr Metab, 38(4), 396-

400.  

McGowan, C. R., Epstein, L. H., Kupfer, D. J., et al. (1986). The effect of exercise on non-

restricted caloric intake in male joggers. Appetite, 7(1), 97-105.  

Geesmann, B., Mester, J., & Koehler, K. (2014). Energy Balance, Macronutrient Intake, and 

Hydration Status During a 1,230 km Ultra-Endurance Bike Marathon. International Journal 

of Sport Nutrition & Exercise Metabolism, 24(5), 497-506.  

Bircher, S., Enggist, A., Jehle, T., et al. (2006). Effects of an extreme endurance race on 

energy balance and body composition – a case study. J Sports Sci Med, 5, 154–162.  

Rehrer, N. J., Hellemans, I. J., Rolleston, A. K., et al. (2010). Energy intake and expenditure 

during a 6-day cycling stage race. Scand J Med Sci Sports, 20(4), 609-618. 

doi:10.1111/j.1600-0838.2009.00974.x. 



 REFERENCES 

 

 

128 

Alméras, N., Lavallée, N., Després, J.-P., et al. (1995). Exercise and energy intake: Effect 

of substrate oxidation. Physiol Behav, 57(5), 995-1000. doi:https://doi.org/10.1016/0031-

9384(94)00360-H. 

Beaulieu, K., Olver, T. D., Abbott, K. C., et al. (2015). Energy intake over 2 days is unaffected 

by acute sprint interval exercise despite increased appetite and energy expenditure. Appl 

Physiol Nutr Metab, 40(1), 79-86. doi:10.1139/apnm-2014-0229. 

Charlot, K., & Chapelot, D. (2013). Energy compensation after an aerobic exercise session 

in high-fat/low-fit and low-fat/high-fit young male subjects. Br J Nutr, 110(6), 1133-1142. 

doi:10.1017/s0007114513000044. 

Imbeault, P., Saint-Pierre, S., Alméras, N., et al. (1997). Acute effects of exercise on energy 

intake and feeding behaviour. British Journal of Nutrition, 77(4), 511-521. 

doi:10.1079/BJN19970053. 

King, J. A., Wasse, L. K., Broom, D. R., et al. (2010). Influence of brisk walking on appetite, 

energy intake, and plasma acylated ghrelin. Med Sci Sports Exerc, 42(3), 485-492. 

doi:10.1249/MSS.0b013e3181ba10c4. 

King, N. A., Lluch, A., Stubbs, R. J., et al. (1997). High dose exercise does not increase 

hunger or energy intake in free living males. Eur J Clin Nutr, 51(7), 478-483.  

Rocha, J., Paxman, J., Dalton, C., et al. (2013). Effects of an acute bout of aerobic exercise 

on immediate and subsequent three-day food intake and energy expenditure in active and 

inactive men. Appetite, 71, 369-378. doi:10.1016/j.appet.2013.09.009. 

O'Donoghue, K. J. M., Fournier, P. A., & Guelfi, K. J. (2010). Lack of Effect of Exercise Time 

of Day on Acute Energy Intake in Healthy Men. Int J Sport Nutr Exerc Metab, 20(4), 350-

356.  

Hulton, A. T., Lahart, I., Williams, K. L., et al. (2010). Energy expenditure in the Race Across 

America (RAAM). Int J Sports Med, 31(7), 463-467. doi:10.1055/s-0030-1251992. 

Knechtle, B., Bisig, A., Schlapfer, F., et al. (2003). Energy metabolism in long-term 

endurance sports: a case study. Praxis (Bern 1994), 92(18), 859-864. doi:10.1024/0369-

8394.92.18.859. 



 REFERENCES 

 

 

129 

Martinez Renon, C., & Sanchez Collado, P. (2013). Nutritional study of a third division soccer 

team. Nutr Hosp, 28(2), 319-324. doi:10.3305/nh.2013.28.2.6304. 

Bircher, S., Enggist, A., Jehle, T., et al. (2006). Effects of an extreme endurance race on 

energy balance and body composition – a case study. J Sports Sci Med, 5, 154–162.  

Antoni, G., Marini, E., Curreli, N., et al. (2017). Energy expenditure in caving. PLoS One, 

12(2). doi:10.1371/journal.pone.0170853. 

Drenowatz, C., Eisenmann, J. C., Carlson, J. J., et al. (2012). Energy expenditure and 

dietary intake during high-volume and low-volume training periods among male endurance 

athletes. Appl Physiol Nutr Metab, 37(2), 199-205.  

Furst, T., Connors, M., Bisogni, C., et al. (1996). Food choice: a conceptual model of the 

process. Appetite, 26(3), 247-265.  

Otte, J. A., Oostveen, E., Geelkerken, R. H., et al. (2001). Exercise induces gastric ischemia 

in healthy volunteers- a tonometry study. J Appl Physiol, 91, 866–871.  

Charlot, K., & Chapelot, D. (2019). Comparison of energy-matched high-intensity interval 

and moderate-intensity continuous exercise sessions on latency to eat, energy intake, and 

appetite. Appl Physiol Nutr Metab, 44(6), 665-673. doi:10.1139/apnm-2018-0485 %M 

30452284. 

Dillon, C., Powell, C., Dowd, D., et al. (2015). Criterion validity and calibration of the 

GeneActiv acceleromter in adults. Conference paper ICAMPAM.  

Fraysse, F., Post, D., Eston, R., et al. (2020). Physical Activity Intensity Cut-Points for Wrist-

Worn GENEActiv in Older Adults. Front Sports Act Living, 2, 579278. 

doi:10.3389/fspor.2020.579278. 

Rowlands, A. V., Fraysse, F., Catt, M., et al. (2015). Comparability of measured acceleration 

from accelerometry-based activity monitors. Med Sci Sports Exerc, 47(1), 201-210. 

doi:10.1249/MSS.0000000000000394. 

Glass, S., Dwyer, G., & American College of Sports Medicine. ACSM’s Metabolic 

Calculations Handbook: Lippincott Williams & Wilkins. 



 REFERENCES 

 

 

130 

Seshadri, D. R., Li, R. T., Voos, J. E., et al. (2019). Wearable sensors for monitoring the 

internal and external workload of the athlete. NPJ Digit Med, 2, 71. doi:10.1038/s41746-

019-0149-2. 

Beltz, N. M., Gibson, A. L., Janot, J. M., et al. (2016). Graded Exercise Testing Protocols for 

the Determination of VO2max: Historical Perspectives, Progress, and Future 

Considerations. J Sports Med (Hindawi Publ Corp), 2016, 3968393. 

doi:10.1155/2016/3968393. 

Pisanu, S., Deledda, A., Loviselli, A., et al. (2020). Validity of Accelerometers for the 

Evaluation of Energy Expenditure in Obese and Overweight Individuals: A Systematic 

Review. J Nutr Metab, 2020, 2327017. doi:10.1155/2020/2327017. 

Ho, C. S., Chang, C. H., Hsu, Y. J., et al. (2020). Feasibility of the Energy Expenditure 

Prediction for Athletes and Non-Athletes from Ankle-Mounted Accelerometer and Heart 

Rate Monitor. Sci Rep, 10(1), 8816. doi:10.1038/s41598-020-65713-7. 

Farinatti, P. T., & Castinheiras Neto, A. G. (2011). The effect of between-set rest intervals 

on the oxygen uptake during and after resistance exercise sessions performed with large- 

and small-muscle mass. J Strength Cond Res, 25(11), 3181-3190. 

doi:10.1519/JSC.0b013e318212e415. 

Close, G. L., Hamilton, D. L., Philp, A., et al. (2016). New strategies in sport nutrition to 

increase exercise performance. Free Radic Biol Med, 98, 144-158. 

doi:10.1016/j.freeradbiomed.2016.01.016. 

Marsh, N., Dobbin, N., Twist, C., et al. (2017). Estimates of Energy Intake and Expenditure 

in Elite Female Touch Players During an International Tournament. Int J Sport Nutr Exerc 

Metab, 27(6), 499-506. doi:10.1123/ijsnem.2017-0082. 

Burke, L. (2001). Energy needs of athletes. Can J Appl Physiol, 26 Suppl, S202-219.  

Armstrong, D. W., Rue, J.-P. H., Wilckens, J. H., et al. (2004). Stress fracture injury in young 

military men and women. Bone, 35(3), 806-816.  



 REFERENCES 

 

 

131 

Garcia-Roves, P. M., Terrados, N., Fernandez, S. & Patterson, A. (2000). Comparison of 

Dietary Intake and Eating Behaviour of Professional Road Cyclists During Training and 

Competition. Int J Sport Nutr Exerc Metab(10), 82-98.  

Impey, S. G., Hearris, M. A., Hammond, K. M., et al. (2018). Fuel for the Work Required: A 

Theoretical Framework for Carbohydrate Periodization and the Glycogen Threshold 

Hypothesis. Sports Med. doi:10.1007/s40279-018-0867-7. 

Norton, K., Marfell-Jones, M., & Whittingham, N. (2000). Anthropometric assessment 

protocols. In G. C (Ed.), Physiological test for elite athletes. 1st ed. (pp. 66-85): Champaign, 

IL: Human Kinetics. 

Zanuso, S., Bergamin, M., Jimenez, A., et al. (2016). Determination of metabolic equivalents 

during low- and high-intensity resistance exercise in healthy young subjects and patients 

with type 2 diabetes. Biol Sport, 33(1), 77-82. doi:10.5604/20831862.1194124. 

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences: The Effect Size 

Index: d. New York: Lawrence Erlbaum. 

Areta, J. L., Burke, L. M., Ross, M. L., et al. (2013). Timing and distribution of protein 

ingestion during prolonged recovery from resistance exercise alters myofibrillar protein 

synthesis. J Physiol, 591(9), 2319-2331. doi:10.1113/jphysiol.2012.244897. 

Hawley, J. A., Dennis, S. C., Lindsay, F. H., et al. (1995). Nutritional practices of athletes: 

are they sub-optimal? J Sports Sci, 13 Spec No, S75-81. doi:10.1080/02640419508732280. 

Lowe, M. R., & Butryn, M. L. (2007). Hedonic hunger: A new dimension of appetite? Physiol 

Behav, 91(4), 432-439. doi:https://doi.org/10.1016/j.physbeh.2007.04.006. 

Mello, J. A., Gans, K. M., Risica, P. M., et al. (2010). How is food insecurity associated with 

dietary behaviors? An analysis with low-income, ethnically diverse participants in a nutrition 

intervention study. J Am Diet Assoc, 110(12), 1906-1911. doi:10.1016/j.jada.2010.09.011. 

Baker, L. B., Rollo, I., Stein, K. W., et al. (2015). Acute Effects of Carbohydrate 

Supplementation on Intermittent Sports Performance. Nutrients, 7(7), 5733-5763. 

doi:10.3390/nu7075249. 



 REFERENCES 

 

 

132 

Jeukendrup, A. E. (2011). Nutrition for endurance sports: marathon, triathlon, and road 

cycling. J Sports Sci, 29 Suppl 1, S91-99. doi:10.1080/02640414.2011.610348. 

Holway, F. E., & Spriet, L. L. (2011). Sport-specific nutrition: practical strategies for team 

sports. J Sports Sci, 29 Suppl 1, S115-125. doi:10.1080/02640414.2011.605459. 

Vigh-Larsen, J. F., Ørtenblad, N., Spriet, L. L., et al. (2021). Muscle Glycogen Metabolism 

and High-Intensity Exercise Performance: A Narrative Review. Sports Med (Auckland). 

doi:10.1007/s40279-021-01475-0. 

Routledge, H. E., Leckey, J. J., Lee, M. J., et al. (2019). Muscle Glycogen Utilization During 

an Australian Rules Football Game. Int J Sports Physiol Perform, 14(1), 122. 

doi:10.1123/ijspp.2018-0106 10.1123/ijspp.2018-0106. 

Campagnolo, N., Iudakhina, E., Irwin, C., et al. (2017). Fluid, energy and nutrient recovery 

via ad libitum intake of different fluids and food. Physiol Behav, 171, 228-235. 

doi:10.1016/j.physbeh.2017.01.009. 

van Erp-Baart, A. M., Saris, W. H., Binkhorst, R. A., et al. (1989). Nationwide survey on 

nutritional habits in elite athletes. Part I. Energy, carbohydrate, protein, and fat intake. Int J 

Sports Med, 10 Suppl 1, S3-10. doi:10.1055/s-2007-1024947. 

Saris, W. H. M., Van Erp-Baart, M. A., Brouns, F., et al. (1989). Study on food intake and 

energy expenditure during extreme sustained exercise: The Tour de France. International 

Journal of Sports Medicine, 10(SUPPL. 1), S26-S31.  

Salagaras, B. S., Mackenzie-Shalders, K. L., Nelson, M. J., et al. (2021). Comparisons of 

Daily Energy Intake vs. Expenditure Using the GeneActiv Accelerometer in Elite Australian 

Football Athletes. J Strength Cond Res, 35(5), 1273-1278. 

doi:10.1519/jsc.0000000000003945. 

Moore, D. R., Robinson, M. J., Fry, J. L., et al. (2009). Ingested protein dose response of 

muscle and albumin protein synthesis after resistance exercise in young men. Am J Clin 

Nutr, 89(1), 161-168. doi:10.3945/ajcn.2008.26401. 

Moore, D. R., Areta, J., Coffey, V. G., et al. (2012). Daytime pattern of post-exercise protein 

intake affects whole-body protein turnover in resistance-trained males. Nutr Metab, 9(91).  



 APPENDICES 

 

 

133 

 

APPENDICES  
 

 

 

 
  
 



 APPENDICES 

 

 

134 

Supplementary file A. 

Example of an athlete’s dinner photograph food diary entry. Recipes provided by team chef 

were entered into Foodworks and quantities estimated where possible. When unknown 

foods were eaten by athletes, either a recipe was obtained, or further details requested 

surrounding ingredients included to provide a clearer representation of the nutritional value 

of the meal.  
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Supplementary file B.  

Table to show athlete reported wellness survey results for fatigue, sleep quality, stress, 

soreness in daily. No significant difference was found between regular daily intake (CONT) 

and carbohydrate intervention (ICA) 

  
Sum of Sleep 

Quality 
Sum of 

Motivation 
Sum of 
Fatigue 

Sum of 
Stress 

Sum of 
Soreness 

CONT 223.16 217.24 224.64 224.24 228.08 
ICA 221.08 215.2 228.48 220.44 233.08 

 

 


