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IV 

Abstract 

 

Sport scientists have been using different techniques to control dietary intake in an 

attempt to minimise the impact of several dietary components on the outcomes of the 

study. This is achieved by eliminating some components completely from the diet (such 

as caffeine and alcohol) for few days or controlling the intake by replicating what was 

consumed before the first trial, prior to every subsequent trial. Researchers help 

participants replicate their diet by using dietary standardisation tools such as dietary recall 

and food record or by providing pre-packaged meals (standardised diet). The aims of this 

PhD were 1) to assess the reproducibility of a diet using different standardisation 

techniques, 2) examine what effect does 24-hours carbohydrate manipulation within a 

15% variation have on endurance capacity and physiological responses, 3) assess the new 

proposed method to standardise dietary intake, and 4) measure the efficacy of 

encouraging individuals to stay well-hydrated on next day hydration status. This PhD 

concluded that standardised diet is the best approach to control dietary intake. Dietary 

recall and food record techniques should only be used when large effect is expected and 

the diet has low impact on the intervention. The liquid based standardised diet that we 

proposed was found to be an effective technique with similar reproducibility to solid 

based standardised diet (2-3% and 5% variation, respectively, in energy and 

macronutrient intakes). Furthermore, it was suggested that a 15% difference in 24-hour 

carbohydrate intake did not significantly affect endurance capacity, nutrient oxidation and 

blood glucose/lactate levels in trained cyclists. Finally, it was confirmed that encouraging 

participants to drink water in the pre-trial preparation period is not enough to achieve 

euhydration before exercise tests. This PhD adds essential information to the area of 

dietary standardisation and helps improve the quality of future research projects. 
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1.1 Introduction 

There are many extraneous variables known to affect the intervention (signal) and the 

reliability of the test (noise that alters the detection of the signal; Jeacocke & Burke, 

2010). Examples of extraneous variables in sport and nutrition studies include: laboratory 

temperature and humidity, amount of verbal encouragement during performance tests, 

physical activity and dietary intake the days before and during the experiment. Failing to 

control or eliminate these factors may lead to false correlations and incorrect results. 

Therefore, researchers should take extra measures to isolate the outcomes of the study 

from the extraneous variables. 

Dietary standardisation helps minimise the effect of many dietary components known to 

have an effect on the intervention. Some of these components, such as caffeine and 

alcohol, have an acute effect. Therefore, only a few days of standardisation is required 

(Desbrow et al. 2012; Lecoultre & Schutz 2009). Other components, such as supplements, 

can have a chronic effect which require a longer period of control (Izquierdo et al. 2002). 

Dietary standardisation in research studies involves either the elimination or the 

replication of these dietary components. For instance, some components such as caffeine 

can be eliminated from the diet for a few days, while it will be very difficult to eliminated 

carbohydrate completely from the diet. In this situation, carbohydrate intake may be 

standardised by asking subjects to replicate their diet prior to each trial. This reduces the 

noise added to the signal, hence the reliability of the test. 

Dietary standardisation is currently an under-studied field in sport and human nutrition. 

To our knowledge, only few reviews have discussed this topic (Jeacocke & Burke 2010; 

Hopkins et al. 1999). In their review of research studies investigating performance 

enhancements in elite athletes, Hopkins and colleagues briefly mentioned the need to 

standardise dietary intake one to two days before trials. Furthermore, they drew readerôs 

attention to a key point that dietary standardisation can still lead to for considerable 

variation. Jeacocke and Burke (2010) were the first to publish an article discussing the 

topic of dietary standardisation. Consequently, their article will be referred to on several 

occasions throughout this thesis. The article first listed the dietary components requiring 

standardisation and the possible consequences on exercise performance and metabolism 

when they are not controlled. Some examples include energy, carbohydrate, fluid, 

caffeine, and alcohol. Next, the authors examined the dietary standardisation protocols 
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used in the International Journal of Sport Nutrition and Exercise Metabolism (IJSNEM) 

publications from 2004 to 2009 that implemented an acute intervention with an impact on 

exercise performance in humans. The article found that ~ 60% of studies instructed 

participants to follow their habitual diet and the main technique used to help subject to 

replicate the diet was by using a food record (Frecord). However, one fifth of the studies 

where subjects were asked to replicate their normal diet failed to check the adherence of 

subjects to the instructions. It was also revealed that one in six studies did not use any 

dietary standardisation technique. Finally, Jeacocke and Burke used four of their previous 

studies as examples to measure the variability in energy and macronutrient between two 

experimental trials. For example, in a study of elite swimmers, the within-subject 

difference in carbohydrate was between 0.1 and 3.3 g.kg-1. The subject with a 3.3 g.kg-1 

difference raises some concerns about its impact on the outcome of the study. It means 

that the subject (who weighs 70 kg) consumed Ñ 230 g carbohydrate the day before the 

second trial compared to the first. This large difference in carbohydrate intake can alter 

performance and physiological responses (Rauch et al. 2005). 

This chapter will focus on the role of dietary components as extraneous variables and the 

different approaches to dietary standardisation. A thorough examination of different 

dietary components will cover their effect on physical performance, physiological and 

biological parameters. Much of the discussion will be dominated by things to do with 

endurance capacity and lesser attention to secondary parameters (e.g. VO2max and 

lactate). In addition, this chapter will provide a brief review about the different dietary 

assessment techniques followed by an examination of the methods used to standardise 

dietary intake in research studies. Their advantages and disadvantages will also be 

discussed. 

 1.2 Dietary components that require standardisation 

1.2.1 Energy 

Researchers may assume that subjects participating in research studies are in a state of 

energy balance and adequate energy availability. However, this may not always be the 

case. Long pre-trial preparation periods (i.e. several days of dietary control) might put 

research participants at risk of under-eating (Goris & Westerterp 1999; Milne et al. 1991; 
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Stockley 1985). Goris and Westerterp (1999) examined whether under-reporting of 

habitual food intake in research participants is due to under-recording or under-eating. 

Under-recording is defined as the discrepancy between energy intake and energy 

expenditure with no changes in body mass, whereas, under-eating is accompanied with 

weight loss (Milne et al. 1991). Goris and Westerterp (1999) measured under-recording 

and under-eating by comparing reported food intake using a 7-day weighed Frecord with 

measured energy expenditure (including resting metabolic rate and physical activity) and 

water loss using deuterium-labeled water. Researchers recruited 24 highly motivated lean 

female dietitians who were familiar with accurately keeping a 7-day weighed Frecord. The 

study reported a discrepancy of -16% between energy intake and expenditure with a 

significant decrease in body mass (-0.57 kg vs. 0.07 kg over a control week). Therefore, 

the authors concluded that the discrepancy was attributed to under-eating.  

Milne et al. (1991) performed a similar study also using a 7-day weighed Frecord and 

reported 10% under-eating in 40 healthy adult men. Finally, Stockley (1985) examined 

under-eating by using duplicate portion method (the most accurate method for assessing 

dietary intake; Magkos & Yannakoulia 2003) over 16 days. This method consists of 

collecting duplicates of all food and drink consumed by participants. The samples were 

then analysed chemically to measure energy and nutrient content (Magkos & Yannakoulia 

2003). The results of the study revealed that energy intake was reduced by 20% due to the 

high burden on participants. Under-eating normally occurs due to the increased burden on 

participants which alters their behaviour. For example, subjects might try to avoid 

complex food in order to make the replication of the diet easier (Hill & Davies 2002; 

Schulz et al. 1992). Some participants might even find it an opportunity for dieting (Hill 

& Davies 2001).  

A negative energy balance could also be reached when subjects increase their training 

volume (i.e. energy expenditure) in the period before the experimental trials and then fail 

to compensate for the difference by increasing their energy intake (King et al. 2008; 

Bouchard et al. 1994). Although, it has been suggested that training should be replicated 

days before each trial (Hopkins et al. 1999), not all studies measure compliance which 

may lead to variations in energy expenditure. As a result of a negative energy balance, the 

bodyôs glycogen store (Tarnopolsky et al. 1996), insulin sensitivity (Black et al. 2005), 
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and nitrogen balance (Butterfield 1987) might all be altered leading to additional noise in 

the study outcomes. 

Positive energy balance also has metabolic implications. In a study performed by 

Tarnopolsky et al. (2001), it was shown that the addition of 34% more energy (including 

an increase in carbohydrate intake) to subjectôs habitual diet for four days led to a 

significant increase in the bodyôs glycogen concentrations by 17% and 38% in female and 

male athletes, respectively. Energy and macronutrient intakes are two interrelated dietary 

components. When energy intake increases, macronutrient intakes increase 

simultaneously. The increase in the bodyôs total glycogen level has been shown to 

improve exercise performance and alter physiological responses (Rauch et al. 2005). It is 

therefore essential to make sure that subjects are approximately consuming energy equal 

to their total energy expenditure in the days before an experiment in order to prevent 

masking the signal. 

A good approach to control energy intake is to provide pre-packaged meals that cover 

participantsô daily dietary requirements and that account for food preferences (Jeacocke & 

Burke 2010). The energy requirements of each participant can be estimated by measuring 

resting metabolic rate and physical activity. Diet induced thermogenesis does not need to 

be measured and is approximately 5-10% of total energy expenditure in participants who 

consume an average mixed diet (Westerterp 2004). Resting metabolic rate can either be 

measured using indirect calorimetry, such as a ventilated-hood system and a mouthpiece 

& nose-clip system (Roffey et al. 2006) or predictive equations (Frankenfield et al. 2005). 

Physical activity can be estimated using subjective methods (e.g. physical activity diary; 

Ipaq 2002) or measured using objective methods (e.g. accelerometers; Westerterp 1999; 

Eston et al. 1998). An alternative method to measure dietary requirements used by some 

researchers consists of performing either a dietary recall (Drecall) or a Frecord to estimate 

subjectôs usual energy intake and then prepare the pre-packaged meals accordingly 

(Moncada-Jimenez et al. 2009). Nevertheless, this method can underestimate energy 

intake by approximately 20% (Howat et al. 1994); therefore, it is not recommended. 
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1.2.2 Carbohydrate 

There is a large volume of published studies describing the impact of dietary carbohydrate 

manipulation on muscle glycogen (Madsen et al. 1990; Bosch et al. 1993; Rauch et al. 

1995), endurance performance (Hawley et al. 1997; Correia-Oliveira et al. 2013; 

Erlenbusch et al. 2005; Johnson et al. 2006), nutrient oxidation during exercise (Klavs 

Madsen et al. 1990; Pitsiladis et al. 1996), blood glucose levels (Bishop et al. 2001b), 

insulin action (Black et al. 2005), and lipid profile (Muoio et al. 1994). Overall, studies 

have reported improved endurance performance in favour of the carbohydrate rich diet 

(OôKeeffe et al. 1989; Correia-Oliveira et al. 2013). The consumption of carbohydrate 

rich diet increases glycogen levels in skeletal muscles, the primary cause for the 

improvement in endurance performance (Rauch et al. 2005). For example, Rauch et al. 

(1995) investigated the effect of high carbohydrate diet (10.5 g.kg-1 BM per day) versus 

normal carbohydrate diet (6.1 g.kg-1 BM per day) on muscle glycogen level and 

endurance performance. On two separate occasions, twelve well-trained male cyclists 

consumed in a random order one of the two diets for three days before completing a pre-

loaded time trial lasting three hours. Participants cycled for two hours at ~75% VO2peak 

interspersed with five 60 seconds sprints at VO2peak at minutes 20, 40, 60, 80, and 100 

followed by a one hour time trial. Increasing carbohydrate intake resulted in 47% increase 

in muscle glycogen. Mean power output was higher during the time trial after a high 

carbohydrate diet (233 W) compared to normal carbohydrate diet (215 W). Madsen et al. 

(1990) found that the consumption of a carbohydrate enriched diet increased muscle 

glycogen stores by 25%. The respiratory exchange ratio was significantly higher at rest 

and during exercise after a high compared to normal carbohydrate diet. 

Most participants in laboratory and field studies in sport and human nutrition are free 

living (Jeacocke & Burke 2010). Dietary intake of free living participants can vary from 

day to day due to changes in their daily lifestyle (e.g. daily physical activity; Pelclov§ et 

al. 2010) and natural physiological/biological variations. For example, the day-to-day 

variability of plasma ghrelin concentration, also known as the hunger hormone, is ~ 9% 

(Hansen et al. 2002). Bingham (1987) revealed that the day-to-day variability in energy 

and carbohydrate intake is 23%. Therefore, the absence of dietary standardisation can 

lead to wide variations in dietary intake between trials. Some participants, for example, 

might consume 400 g of carbohydrate the day before the first trial and 500 g before the 
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second. These participants may experience improvements in performance and an increase 

in glycogen levels in the second trial compared to the first. Bussau and colleagues (2002) 

showed that increasing carbohydrate intake to 10 g.kg-1 BM for 24-hours is enough to 

saturate glycogen levels in skeletal muscles. The contrary is also true. Bergstrom et al. 

(1967) demonstrated that starting the trial with 60-80% less glycogen led to ~ 50% 

impairment in endurance performance. It is therefore essential to control carbohydrate 

intake for at least 24-hours before experimental trials. 

Studies that use a pre-exercise meals should make sure that the meals are standardised 

between trials. For example, McLain et al. (2015) encouraged participants to consume a 

self-selected pre-exercise meal, similar in energy and macronutrient content, prior to each 

trial. The concern is with leaving participants to choose the type and quantity of food at 

each meal which may not be identical. Asking subjects to eat meals with similar energy 

and macronutrient content may not be sufficient especially if they lack nutrition 

knowledge. However, the researchers of this study did collect food diaries which allowed 

them to partially check for compliance. Researchers should also be aware of the effect of 

different meal composition on physiological and biological markers and choose the one 

that most suits their intervention. For example, carbohydrate rich meals consumed hours 

before an experimental trial can alter substrate use and improve endurance performance 

when glycogen stores in the body are suboptimal compared to optimal (Sherman et al. 

1989; Neufer et al. 1987). 

The approach to standardise carbohydrate intake is similar to energy (see section 1.2.1). 

The best approach is to provide pre-packaged meals (Jeacocke & Burke 2010). Pre-

exercise meals should preferably be provided by researchers in order to eliminate the 

likelihood of consuming slightly different meals before each trial by participants. In some 

studies, researchers might manipulate carbohydrate intake several days before each trial 

(Carey et al. 2001; Walker et al. 2000; Horvath et al. 2000). Carbohydrate requirements 

could be calculated either using a percentage of the total energy intake or based on 

participants body mass (g.kg-1 BM) (Pritchard-Peschek et al. 2010; Muoio et al. 1994).  
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1.2.3 Fluid 

A considerable amount of literature has been published investigating the effect of 

dehydration on endurance performance. These studies revealed that hypohydration of 

more than 2% body mass has a detrimental effect on endurance performance in temperate 

and hot environments (Cheuvront et al. 2003; Armstrong et al. 1985; Kenefick et al. 2010; 

Cheuvront et al. 2005; Cheuvront, Kenefick, et al. 2010). However, the impairment in 

aerobic performance is much more pronounced in hot environments compared to cold. 

For example, hypohydration of 4% BM impairs time trial cycling performance by 3% at 

10 ÁC, 5% at 20 ÁC and by 23% at 40 ÁC (Kenefick, et al. 2010). Hypohydration by 3% 

BM was also shown to negatively impair pre-loaded time trial performance (steady state 

phase followed by a time trial task) by ~ 8% at 20 ÁC (Cheuvront et al. 2005). 

Hypohydration of 2% and 4% consequently reduced walking time to completion task in 

hot conditions by 22% and 48% (Craig & Cummings 1966). Furthermore, Armstrong et 

al. (1985) showed that athletes performed significantly worse in 5000- and 10000-m 

running events (6% slower) when they were hypohydrated pre-exercise by diuretics by 

2% of their BM. 

Hypohydration has also been shown to reduce maximal oxygen output (VO2max) (Sawka 

1992; Nybo et al. 2001). Nybo et al. tested the effect of hypohydration on VO2max in 

both warm and temperate conditions. Six endurance trained cyclists completed a maximal 

exercise test (i.e. incremental test until exhaustion) euhydrated and another hypohydrated 

(4% BM) in each ambient condition. The results showed that VO2max was reduced by 

6% and 16% when hypohydrated subjects performed in temperate and warm conditions, 

respectively, compared to euhydrated in temperate condition. Therefore, showing up 

hypohydrated to the preliminary testing of a study (VO2max test) can add noise to the 

values obtained affecting the intensity of the experimental trial (i.e. subjects will be 

performing at a lower work rate).  

Furthermore, hypohydration can reduce plasma volume which impairs bodyôs ability to 

transfer the heat generated by the working muscles to the skin (Nadel 1980). 

Hypohydration by 2-4% reduces plasma volume by up to 10% (Cheuvront, Kenefick, et 

al. 2010). This leads to a reduction in heat loss and therefore a rise in core body 

temperature (Maughan 2003). It has been demonstrated that core body temperature 

increases by 0.15 to 0.2ÁC for every 1% loss of BM (Montain & Coyle 1992). 
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Hypohydration also causes reduction in stroke volume (Gonz§lez-Alonso et al. 2000), 

reduction in cardiac output (Gonz§lez-Alonso et al. 1995; Montain et al. 2007) and 

elevates heart rate (Montain & Coyle 1992). The rise in heart rate is around 3-5 beats per 

minute for every 1% loss of BM. Gonzalez-Alonso and colleagues (1998) revealed that 

blood flow to working muscle was decreased in hot conditions (35ÁC) when subjects were 

hypohydrated. Moreover, glycogen utilisation increased during exercise in hypohydrated 

subjects which could partially explain the reduction in endurance performance 

(Hargreaves et al. 1996).  

Hypohydration is more common amongst athletes than previously thought. Results from 

two studies that monitored hydration status of young US and European athletes revealed 

that more than 60% of athletes arrived to training already hypohydrated (Phillips et al. 

2014; Volpe et al. 2009). These same athletes could also turn up hypohydrated to research 

studies. Researchers should pay closer attention to hypohydration and need to make sure 

that subjects are starting each trial in a euhydrated state.  

Research participants can be given instructions to consume a specific volume of water the 

evening before the trial (e.g. 500 ml). Furthermore, upon their arrival to the laboratory, 

water can be provided for the participants hours before a test. Studies usually provide 

between 250 and 500 mL of water, 40 to 120 min before the test (Shirreffs et al. 2004; 

Popowski et al. 2001; Oppliger et al. 2005). In some cases, the amount of water is based 

on participantôs body mass (e.g. 7 ml.kg-1 BM; Stachenfeld et al. 2000). This helps ensure 

that subjects are in a euhydrated state prior to the experimental trial (Sollanek et al. 2011). 

However, this will add burden on researchers by extending the duration of each trial by an 

additional ~ 2 hours in order to administer water. This problem could be overcome by 

instructing participants to consume the specified amount of water at home before their 

arrival to the laboratory and then measure compliance by assessing their hydration level.  

 

1.2.4 Caffeine 

Caffeine is a central nervous system stimulant found in coffee, tea, soft drinks, and 

chocolate. It is widely consumed by the general population as coffee and by athletes 

either as coffee or as sport supplements containing caffeine. Caffeine has been shown to 

enhance physical performance (Desbrow et al. 2012; Ganio et al. 2009; Jenkins et al. 
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2008) in a wide range of exercise types and durations (Graham 2001; Burke 2008). For 

example, a one-hour cycling time trial performance was significantly improved by 4.2% 

after the consumption of 3 mg.kg-1 of caffeine compared to placebo (Desbrow et al. 

2012). It was even revealed that the ergogenic effect of caffeine could be observed up to 6 

hours after its consumption by nonusers (Bell & McLellan 2002). This will significantly 

affect trials and preliminary tests conducted later during the day in cases where 

participants have consumed coffee or any other caffeinated product in the morning.  

The mechanism behind how caffeine enhances exercise capacity is still not yet fully 

understood. Two of the main mechanisms proposed are: 1) the blockage of adenosine 

receptors and 2) the stimulation of the central nervous system (Graham 2001; 

Tarnopolsky 2008). Adenosine receptors are found in a number of cell membranes in the 

human body including the brain, adipose tissues, and skeletal muscles. Due to the 

similarity of caffeine to the structure of adenosine, it binds to adenosineôs receptors 

resulting in the blockage of its action (Graham 2001). This results in an increase in 

plasma free fatty acids and fat oxidation during exercise leading to glycogen sparing 

which could explain the delay in fatigue (Ivy et al. 1979; Erickson et al. 1987; Costill et 

al. 1978). A note of caution is due here since the results are still conflicting. More recent 

studies found contradicting findings with no effect of caffeine on fat oxidation and 

therefore do not support the abovementioned hypothesis (Graham et al. 2000; Laurent et 

al. 2000; Graham et al. 2008). In his review, Graham (2001) mentions that in 12 studies 

conducted in his laboratory, only six observed an increase in circulating free fatty acid 

levels and was mainly at rest before the start of the exercise. He added that the respiratory 

exchange ratio (RER) in all 12 studies was not reduced, which reflects that fat oxidation 

was not increased. Graham and colleagues (2000) argued that previous studies measured 

fat metabolism mainly using a combination of two methods pulmonary and metabolic 

measurements instead of examining the active muscle. Therefore, the authors studied fat 

metabolism in the active muscle of ten male subjects cycling for one hour at 70% 

VO2max. Blood sampled were collected from femoral artery and vein of one leg to 

measure the uptake and release of several biomarkers by the active leg. Muscle biopsies 

were taken before, ten minutes after the start, and end of the exercise. Although, caffeine 

resulted in an increase in plasma fatty acids and glycerol at rest compared to placebo, no 

alteration was observed in leg glycerol release or fatty acid uptake during exercise after 

caffeine ingestion. 
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The second hypothesis reveals that the ergogenic effect of caffeine is due to its ability to 

stimulate the central nervous system by increasing pain and perceived exertion thresholds 

(Tarnopolsky 2008). For example, Graham et al. (2000) reported an increase in 

sympathetic nervous system activity following caffeine ingestion. It has repeatedly been 

shown that caffeine reduces the rate of perceived exertion during exercise (Doherty & 

Smith 2005) which plays a significant role in the enhancement of endurance performance 

(Burke 2008). Doherty and Smith found that caffeine can significantly reduce RPE by 

5.6% during exercise compared to placebo. 

The common approach to minimise the effect of caffeine is to avoid its consumption 24-

hours before the experiment (Ratcliff et al. 2011). Longer abstinence (48 hours up to a 

week) may be required in cases where caffeine is part of the intervention (Motl et al. 

2006; Astorino et al. 2011). Researchers can provide a list of food and drinks that contain 

caffeine to help subjects avoid caffeine. Compliance could be tested by measuring plasma 

or urine caffeine concentrations (Van Thuyne et al. 2005).  

 

1.2.5 Alcohol 

Surveys such as that conducted by Popova et al. (2007) showed that approximately 12 L 

of pure alcohol was consumed per capita in the UK in 2002, while the Office for National 

Statistics (2008) reported that more than 20% of men are considered heavy drinkers 

(consumption of > 8 units of alcohol at least one day per week). On the other hand, the 

average amount of alcohol consumed per week by athletes is 14 Ñ 5 units. It is possible 

that these athlete and non-athlete drinkers may end up participating in a study. 

Researchers should therefore pay closer attention to alcohol consumption by participants 

during the study. Previous studies have reported a detrimental effect of alcohol on 

endurance performance (McNaughton & Preece 1986; Lecoultre & Schutz 2009; 

Kendrick et al. 1993; OôBrien 1993). The amount of ethanol ingested in each of these 

studies is presented in Table 1.1. Lecoultre and Schutz (2009) measured power output 

during a 60-minute cycling time trial after ingesting grapefruit juice with or without 

ethanol by 13 well-trained male cyclists. Power output was significantly reduced in the 

alcohol trial by 3.9%. It should be noted that glucose oxidation rate was also reduced by 
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13%. Furthermore, Kendrick et al. (1993) demonstrated an increase in heart rate and 

oxygen uptake following ethanol ingestion.  

The most striking finding came from a study published by OôBrien (1993) where he 

demonstrated that the detrimental effect of alcohol on endurance performance could be 

observed even 24-hours after its consumption, known as the hangover effect of alcohol. 

Fifteen senior rugby players were given money and informed to drink their usual amount 

of alcohol on a night out with their peers. There was no restriction on the amount of 

alcohol that could be consumed. Next day, subjects reported alcohol intake varying 

between 1 and 38 units. Results showed a group mean reduction in endurance 

performance of 11.4%. These results imply that subjects should be reminded to avoid 

consuming alcohol the evening before the experimental trials. Closer attention should be 

given when dealing with athletes as social drinking within this group of subjects is highly 

common around evening time, the rate ranging between 18 and 84% depending on the 

type of sport (OôBrien & Lyons 2000). For example, the highest percentage of drinkers 

who consume alcohol and train/compete next day have been seen in cricket, rugby, and 

gaelic football (84%, 75%, and 75%, respectively). Team sports such as football and 

basketball have slightly lower percentage of drinkers (65% and 68%, respectively). These 

figures provide a good idea about whom to pay attention to when conducting a study. For 

example, research studies on rugby players may need to implement extra measures (e.g. 

measure alcohol in urine) to make sure their subjects have avoided alcohol the night 

before the experimental trial. 

 

Table 1.1. Amount of alcohol consumed in different studies on endurance performance 

Study Amount of ethanol 

McNaughton & Preece (1986) Until blood alcohol level reached 0.01, 
0.05, and 0.1 mg.ml-1 

OôBrien (1993) 0.2, and 0.4 ml.kg-1 BM 

Kendrick et al. (1993) 25 ml  

Lecoultre & Schutz (2009) ~ 30 ml 
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Many factors play a role in the mechanism responsible for the impairment of aerobic 

performance by alcohol. These include the inhibition of glucose output by the liver 

(Heikkonen et al. 1998; Kendrick et al. 1993), glucose and lactate uptake by the working 

muscles (Jorfeldt & Juhlin-Dannfelt 1978), and glycerol uptake by the liver (Lundquist et 

al. 1965) which, in turn, leads to a reduction in gluconeogenesis (Siler et al. 1998). 

Alcohol has also been shown to have an impact on hydration levels of participants. 

Eggleton (1942) estimated that for every one gram of ethanol consumed approximately 10 

mL of extra urine is produced. This might affect the hydration status of participants prior 

to experimental trials. 

General recommendations for good clinical practice include complete abstinence from 

alcohol consumption 24-hours before the experimental trial (Ratcliff et al. 2011). In 

situations where alcohol intake does not have any influence on the intervention, an 

amount limited to the guidelines for the general healthy population could be allowed as 

precaution to prevent the side effects of hangover in case of high alcohol consumption. 

The recommended daily alcohol intake in the UK is no more than 24-32 g for men and 

16-24 g for women (Science and Technology Committee, 2011). Table 1.2 presents the 

maximum recommended amount of drinks for each type of alcoholic beverages. 
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Table 1.2. Maximum recommended alcohol intake per day for different types of 

beverages. 

Alcoholic beverages Maximum recommended intake per day 

 Men Women 

Red, White, and rose wine 
(12%) 2 standard glasses of 175ml 1 large glass of 250ml 

Lower-strength larger, beer, 
and cider (3.6%)  2 pints 1.5 pints 

Higher-strength larger, beer, 
and cider (5.2%)  1.5 pints 1 pint 

Bottle of larger, beer, and 
cider (5%)  2 bottles of 330ml 1.5 bottles of 330ml 

Can of larger, beer, and cider 
(4.5%)  2 cans of 440ml 1.5 cans of 440ml 

Single shot of spirits (40%) 4 small shots of 25ml 3 small shots of 25ml 

Source: Science and Technology Committee, 2011 

 

1.2.6 Vitamins and minerals 

Generally, researchers do not standardise vitamin and mineral intakes or screen subjects 

to identify deficiencies that might affect the results of the study. This is considered to be 

time consuming and add extra cost for no significant additional benefit to the study. Long 

term studies in particular should pay closer attention to certain deficiencies such as iron. 

Iron deficiency is highly prevalent in female athletes and healthy women (Di Santolo et 

al. 2007; Ostojic & Ahmetovic 2008; Mettler & Zimmermann 2010). The rate of iron 

deficiency amongst female athletes is around 28% (Di Santolo et al. 2007; Mettler & 

Zimmermann 2010), while the rate of iron deficiency anaemia is 8.6% (haemoglobin < 

120 g.L-1; ferritin < 12 Õg.L-1; Di Santolo et al. 2007). The prevalence is even higher in 

adolescent female athletes reaching 52% (Sandstrºm et al. 2012). Iron deficiency anaemia 

was shown to reduce oxygen transport in the body to working muscles which decreases 

VO2max and endurance performance (DellaValle 2013). The problem occurs when 

participants start the study with suboptimal levels and then return to normal during the 
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study in case they start iron supplementation. The supplementation will lead to an 

improved VO2max and endurance performance (Friedmann et al. 2001; Magazanik et al. 

1991; McClung et al. 2009). Improvements in VO2max can reach 7.5% in only 3 weeks 

(Magazanik et al. 1991). Participants who are known to be deficient and are undertaking a 

treatment should be excluded from studies (Jeacocke & Burke 2010). 

 

1.2.7 Antioxidants 

Antioxidants such as lutein, lycopene, selenium, vitamins A, C, and E are substances that 

play an important role in neutralising free radicals in the body. Free radicals, such as 

reactive oxygen species, are unstable molecules known to cause oxidation leading to cell 

damage (Sindhi et al. 2013). There is normally a balance between the level of 

antioxidants and free radicals in the body. An imbalance would cause oxidative stress 

contributing to the development of acute and chronic diseases such as cancer and 

atherosclerosis (Dalle-Donne et al. 2006). It has been shown that strenuous exercise 

increases the release of free radicals causing damage and inflammation to muscle tissues 

(Dekkers et al. 1996). In contrast, a moderate exposure of skeletal muscles to free radicals 

as a consequence of low to moderate intensity exercise can induce physiological 

adaptation by increasing their oxidative potential (Player & Lewis 2012). This includes 

greater antioxidant enzyme activity and enhanced protective immune responses (Sikiru 

Lamina 2013). Vitamin C supplementation in high doses can prevent these adaptations to 

training hence decreasing training efficiency (Gomez-Cabrera et al. 2008). Gomez-

Cabrera et al. demonstrated that the ingestion of 1 g of vitamin C per day over a training 

period of 8 weeks decreased the expression of main transcription factors that plays an 

important role in mitochondrial biogenesis. Therefore, the consumption of antioxidants 

during long term studies in areas such as recovery and training adaptation can interfere 

with the natural process of the intervention. Thus it is essential to avoid antioxidant 

supplementation during such interventions.  

Antioxidants are not usually standardised during research studies. The standardisation of 

antioxidant intake should be taken into consideration in situations where it has a direct 

impact on the intervention. For example, a study examining the effect of training 

programmes on physiological change over a long period. Instructions to avoid 
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supplementation should be given to participants prior to their participation in the study 

(Jeacocke & Burke 2010). 

 

1.2.8 Supplements 

It takes hours to days for dietary supplements to enhance physical performance and 

physiologic response (Kreider et al. 2010). For example, the consumption of bicarbonate 

hours before exercise can improve anaerobic performance (Lindh et al. 2008), whereas, 

creatine and beta-alanine supplementations take days before significant improvements are 

observed (Ducker et al. 2013; Howe et al. 2013; Liddle & Connor 2013). Creatine 

supplementation has been shown to increase muscle creatine levels (Harris et al. 1992) 

leading to enhanced sprinting performance (Preen et al. 2001; Izquierdo et al. 2002), 

increased strength (Dempsey et al. 2002), and high intensity power output (Kreider 2003). 

It is easier to control supplements such as bicarbonate during the trial preparation period 

as they normally have a short-term effect lasting less than 24 hours compared to other 

type of supplements. For example, it takes 4-6 weeks for muscle creatine to return to 

resting levels once saturation is reached (Preen et al. 2003). Therefore, even if subjects 

stop creatine supplementation before the start of the study, it might still alter the results of 

anaerobic performance between two trials completed less than four weeks apart. A 

washout period between trials is essential for mainly two reasons: offer subjects time to 

recover from the previous exercise test and give time for the intervention effect to 

diminish (Hopkins et al. 1999).  

 

All supplements taken by participants should always be recorded. Those known to 

interact with the substance being studied or the intervention should be avoided and in 

some cases time for withdrawal should be provided (Ratcliff et al. 2011). If it is already 

known that the supplementation does not have any effect on the intervention, then 

participants will be allowed to continue the consumption of the habitual intake; however, 

it is recommended that they keep a record of their consumption (Jeacocke & Burke 2010). 
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 1.3 Approaches to dietary standardisation 

1.3.1 Dietary assessment 

Many dietary assessment techniques have been developed over the years to improve the 

accuracy of dietary intake measurement. There are currently two types of dietary 

assessment approaches. The first uses a retrospective method which measures dietary 

intake that has been recently consumed. This type includes techniques such as Drecall, food 

frequency questionnaire, and diet history. The second type of assessment uses a 

prospective method which measures ongoing dietary intake. This includes weighed and 

estimated Frecord and the duplicate portion method (Magkos & Yannakoulia 2003). Dietary 

recall and Frecord (estimated and weighed) are currently the main two dietary assessment 

techniques used in research studies as aid tools to help subjects replicate their diet (i.e. to 

standardise dietary intake; Jeacocke & Burke 2010). For example, subjects are instructed 

to record all food and drinks consumed the day before Trial 1. Then they are given a copy 

of the Frecord and instructed to replicate it prior to Trial 2. A note of caution is due here 

since the validity of the method can have an impact on the diet recorded on the first 

occasion. An underestimation of food intake on the first occasion means that even if 

participants replicate exactly the recorded diet, there will be a discrepancy in the amount 

of food consumed between both occasions. Therefore, it is essential to choose a method 

that has a low level of misreporting when trying to standardise dietary intake in research 

studies.  

Early studies have tried to examine the validity of Drecall and Frecord. The main limitation of 

these methods was the misreporting (mainly under-reporting) of dietary intake especially 

in overweight and obese people (Hill & Davies 2001). Misreporting is measured by 

comparing the reported energy intake with the energy expenditure measured using doubly 

labelled water technique (de Jonge et al. 2007; Trabulsi & Schoeller 2001). Briefly, it 

consists of the consumption of doubly labelled water that contains two stable isotopes 

deuterium (2H) and oxygen-18 (18O). The elimination rate of these isotopes is then 

measured by collecting urine samples (alternatively saliva or blood can be used) over 

time. The collection period varies between 7 and 21 days (de Jonge et al. 2007; Trabulsi 

& Schoeller 2001). The technique provides an average of energy expenditure of several 

days and cannot be used to measure misreporting of a single day. The accuracy of this 
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method is highly dependent on the assumption that individuals are weight-stable 

throughout the study (Schoeller 1990).  

The Goldberg cut-off is another method used when to measure misreporting in a large 

population and to help identify mis-reporters. This method consists of dividing the 

measured energy intake using a dietary assessment technique by the basal metabolic rate 

either measured using indirect calorimetry or estimated using an equation (EI:BMR). The 

value obtained is compared to an estimated physical activity level (PAL; Black 2000; 

Goldberg, Black, et al. 1991). The assumption made is that the EI:BMR is equal to PAL. 

If the value obtained is below the cut-off (i.e. PAL) means that the individual is 

misreporting their energy intake. Goldberg cut-off is a good tool for detection of 

misreporting at a group level but not at the individual level. The method has poor 

sensitivity and only distinguishes large degrees of misreporting (Black 2000). A major 

limitation of Goldberg cut-off is that the PAL chosen may not represent the real PAL of 

the population being studied. Goldberg et al. (1991) first suggested the use of PAL equal 

to 1.55; however, not all subgroups of the population have the same level of activity. 

Therefore, it has been recommended that PAL should be measured especially if the 

sample size is below 100 (Black 2000). If sample size is above 100, then subjects should 

be instructed to fill a physical activity questionnaire in order to be classified into different 

groups of PAL. 

A considerable amount of literature has been published on the validity of both Frecord and 

Drecall techniques in the general population. Researchers reported a difference between 

energy intake and energy expenditure in the general population (normal weight, 

overweight, and obese individuals) ranging between -4% and -39% (Prentice et al. 1986; 

Livingstone et al. 1990; Goldberg et al. 1993; Goldberg, Prentice, et al. 1991; Nelson et 

al. 1989; Black et al. 1995). The average level of underestimation is believed to be around 

20% (Mertz et al. 1991; Livingstone et al. 1990). The energy intake measured in these 

studies was mainly compared to energy expenditure derived using doubly labelled water 

analysis during 7 to 35 days. However, one limitation is that as the duration of data 

collection increases, the accuracy of dietary assessments decreases (Gersovitz et al. 

1978). For example, elite cyclists competing on the Tour de France under-recorded their 

energy intake by 16% the first week and by 35% at week three of the competition 
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(Westerterp et al. 1986). Poor compliance towards the end of a long term study might 

have an impact on the average energy intake, hence reduce accuracy.  

Milne et al. (1991) also revealed that subjects significantly under-reported energy intake 

on the second week of assessment compared to the first after observing a reduction in 

energy intake while energy expenditure and body mass stayed the same. Milne et al. 

suggested that subjects might become tired of keeping a weighed Frecord for two weeks 

which causes under-reporting. On the other hand, when dietitians assisted athletes in 

weighing all food consumed over 5 days, Sjºdin et al. (1994) reported a discrepancy 

between energy intake and expenditure of 0%. All these findings suggest that the number 

of days recording overestimate the under-reporting by research subjects. Therefore, the 

mis-reported levels observed in studies using multiple-days dietary assessments may not 

be representative of the validity of one day assessment. On the other hand, when studies 

use a shorter collection period to avoid the decrease in interest of participants in recording 

food intake, researchers face a new problem. Sawaya et al. (1996) investigated the 

agreement between energy expenditure using doubly labelled water and energy intake on 

two occasions using 24-hour Drecall. Good agreement was observed between total energy 

expenditure (9.82 Mj per day) and dietary intake obtained from the first Drecall (9.56 Mj 

per day). In contrast, on the second occasion, dietary intake (7.47 Mj per day) 

significantly differed from the first occasion and total energy expenditure. This is due to 

the day-to-day variation of energy intake which is 23% (Nelson et al. 1989; Bingham 

1987). 

The large variation in underestimation of food intake could be attributed to differences in 

physical and psychological characteristics of participants such as body mass index (BMI), 

adiposity, dietary restraint (Black et al. 1995; Lafay et al. 1997), and socio-economic 

status (Johnson et al. 1998). For example, BMI has been shown to be highly correlated 

with under-reporting (Kretsch et al. 1999; Tomoyasu et al. 1999). Kretsch and colleagues 

reported that under-reporting in obese women was double that of normal weight women 

(20% and 10%, respectively). Individuals with increased adiposity are also more likely to 

under-report than their leaner counterparts (Heitmann 1993; Lafay et al. 1997; Johnson et 

al. 1998). Two main factors contribute to the underestimation of dietary intake: 1) under- 

recording or ïreporting (deliberate or subconscious) and 2) under-eating (see section 

1.2.1). The first factor includes misreporting quantities and description of food items 
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consumed (Burke 2001b). Moreover, some subjects inaccurately report food items that 

are usually perceived as unhealthy (Mertz 1992; Schoeller 1990). A lack of motivation 

could also lead to misreporting especially when subjects are asked to keep a Frecord over 

several days or weeks. Under-eating, on the other hand, might occur due to the increased 

burden on participants when they are asked to keep a Frecord (Milne et al. 1991). Their 

behaviour might be altered by avoiding more complex food that are difficult to record 

(Hill & Davies 2002; Schulz et al. 1992). For instance, this might lead to weight loss 

which was observed in many long term studies investigating dietary assessments 

(Stockley 1985; Milne et al. 1991). Some participants might even find it an opportunity 

for dieting (Hill & Davies 2001). 

Noticeably better agreements between energy intake and expenditure (0 to 13% 

difference) were observed in trained athletes compared to the general population (Jones & 

Leitch 1993; Westerterp et al. 1986; Schulz et al. 1992; Sjºdin et al. 1994; Davies et al. 

1997). However, a number of studies were able to find significant discrepancies between 

energy intake reported and energy expenditure measured in some groups of athletes, 

mainly females (Trappe et al. 1997; Edwards et al. 1993; Hill & Davies 2002). Several 

factors might have contributed to this poor agreement. Female athletes usually report 

lower energy intake (Beidleman et al. 1995; Edwards et al. 1993; Schulz et al. 1992) 

especially those taking part in weight-conscious sports such as gymnastics (Fogelholm et 

al. 2007) and whom have problems with their body image (Burke 2001b). Dietary 

assessments conducted during periods of increased training volume can increase under-

reporting as well (Van Etten et al. 1997). In addition, a review published in 2003 revealed 

that as energy expenditure increases, under-reporting increases in athletes (Magkos & 

Yannakoulia 2003). It might be that athletes with high energy intake find it difficult to 

remember or to record all meals, snacks, and drinks consumed over a 24-hour period or 

longer (Burke 2001a). Overall, Magkos and Yannakoulia (2003) concluded that there was 

a strong positive correlation (r = .943, p < .001) between energy intake and expenditure in 

athletes. The evidence from all these studies on athletic and non-athletic populations 

suggests that trained male athletes can record/recall dietary intake with a considerable 

precision.   
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1.3.2 Replicating usual diet 

In well-controlled crossover design studies, participants are asked to consume their 

habitual dietary intake prior to the first trial and then to replicate the same diet prior to 

every subsequent trial. Diet replication is used to prevent variability in dietary intake 

which can add noise to the results of a study (Jeacocke & Burke 2010). Researchers may 

use Drecall and Frecord (estimated or weighed) techniques as an aid tool to help subjects 

replicate their diet. Ideally, researchers should use the gold standard óstandardised dietô 

which consists of providing pre-packaged meals to participants.  

 

1.3.2.1 Standardised diet 

Researchers provide subjects with all their food requirements in advance of testing 

(usually 1 to 3 days). The pre-packaged meals given prior to each trial are identical in 

their energy and macronutrient contents and individualised to meet participantôs daily 

requirements (Rutherford et al. 2010). The pre-packaged meals provided should also 

account for food preferences. However, in some cases, meals can be different in contents 

when the intervention consists of dietary manipulation (Moncada-Jimenez et al. 2009). 

For instance, some studies provide a standardised meal hours before the experiment. It is 

provided either as standard breakfast or snack (Beelen et al. 2009).  

One of the key advantages of standardised diet (Sdiet) technique is its high compliance 

rate, which reduces the variability in energy and macronutrient intakes (Jeacocke & Burke 

2010). The better the repeatability of the technique, the smaller the amount of noise in the 

results (Jeacocke & Burke 2010). This technique also makes it is easier to check 

compliance on the same day. Researchers could either use a checklist or weigh the 

leftovers to calculate the actual amount of food consumed. The pre-packaged meals can 

be prepared to suit individual needs and requires no effort from subjects. The free pre-

packaged meals provided during the study might attract some participants to take part. 

Cost and time of preparation are the two main disadvantages of Sdiet. The cost can vary 

significantly depending on the type and quantity of food provided. This method is time 

consuming as well. Researchers need to spend time to buy the food items, cut and weigh 

all foods in specific portion sizes, and pack them in boxes and plastic bags. Expertise is 
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also required in order to measure the dietary requirements of each subject and then plan a 

diet that meets their needs. The technique might tolerate little flexibility in meal planning 

especially in case subjects suffer from allergy or intolerance to any of the food items 

provided. These subjects might need to be excluded from the study hence loosing 

participants. The diet might be significantly different than the habitual diet of subjects 

which can create discomfort. Participants will also need to make extra visits to collect the 

pre-packaged meals increasing the burden on them. In some cases, participants might 

consume additional food; therefore, participants should be instructed to record on a food 

diary sheet any deviation from the diet. This method must be used when diet has a great 

influence on the intervention or performance. Moreover, when the expected effect is 

small and an enhanced reliability is required. It is also used when the required resources 

are available such as funding, time, skilled researchers, and food preparation area 

(Jeacocke & Burke 2010). 

 

1.3.2.2 Food record 

Participants are asked to record all foods and fluids consumed one to three days before the 

first experimental trial in a food diary. Participants are instructed to bring the food diary 

on day 1 where it will be checked qualitatively by researchers for missing or incomplete 

data. Then they will be instructed to replicate the diet prior to every subsequent trial.  

Instructions on how to complete a food diary are normally given to participants to 

improve accuracy. A sample food diary could be given to guide participants on the 

amount of details they should be including. The food diary is divided into several 

sections. Participants have to record the time and place where foods and drinks were 

consumed. Details about the brand name, cooking and preparation methods should also be 

included. Finally, portion size or quantity eaten should be recorded in details using 

household measures (e.g. spoons, cups, and bowls), in weight (e.g. recorded on packed 

food items), and in dimensions (Black 2001). A food atlas can be used to improve the 

accuracy of the estimation. A food atlas is a small booklet that contains pictures of 

different portion sizes of different food items (Atkinson et al. 2002). However, 

introducing a food atlas will increase the cost of the study (cost of booklets) and is limited 

in the number of food items included (e.g. 73 food items in Atkinson et al. 2002).  



Chapter 1  Introduction to dietary standardisation 

23 
 

The weighed Frecord is also used in research and is a more accurate technique than the 

estimated Frecord described earlier. Participants are asked to weigh and record all food 

consumed using a scale, while fluid intake using measuring cups. Participants are asked to 

weight and record the leftovers as well (Magkos & Yannakoulia 2003). Photographic 

Frecord has been recently introduced to improve the accuracy of the traditional Frecord 

method based on pen and paper (Small et al. 2009). Participants are provided with a 

camera and a food diary. They are asked to record and take a picture of all foods and 

drinks consumed. This method helps improve data analysis by providing researchers with 

more information about the portion size consumed. However, this technique adds extra 

burden on subjects. Pictures should be captured from a certain distance and angle from 

the food item or plate. In addition, a small ruled table cloth or ruler needs to be used for 

scaling purposes. The use of photographic record might affect the eating behaviour of 

subjects and reduce compliance when several days of Frecord are required (Small et al. 

2009). 

In some cases, diet has no or low impact on the outcomes of a study. Consequently, 

participants are asked to keep a Frecord 24-hour before each trial without replicating it. The 

diaries are then analysed at the end of the study and used to explain any unexpected  

results (Schumm et al. 2008). This practice may lead to large variations in dietary intake, 

hence higher risk of noise in the results.  

The food record technique is considered less expensive than the Sdiet and allows subjects 

to follow their habitual intake. In addition, unlike the 24-hour Drecall technique, it relies 

less on memory reducing the number of forgotten food (Thompson & Byers 1994; Black 

2001; Jeacocke & Burke 2010; Magkos & Yannakoulia 2003). However, food records 

may not always reflect the participantôs usual dietary intake. The awareness of recording 

food intake might alter their eating behaviour. In addition, studies have described low 

compliance rate when the duration of the Frecord exceeds three days. Possible 

underestimation could results when subjects forget to record food consumed or due to the 

difficulty in estimating portion sizes. This method heavily relies on honesty. Food seen as 

óunhealthyô may not be recorded. Possible variability could also result when subjects are 

asked to replicate their food diary. Finally, the method is time consuming due to the need 

of analysing all the diaries (Thompson & Byers 1994; Black 2001; Jeacocke & Burke 

2010; Magkos & Yannakoulia 2003). In summary, the food record technique should be 
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used when 1) large effect is expected, 2) the diet has low impact on the intervention, 3) 

both time and funding are restricted, and 4) the consumption of pre-packaged diet is not 

possible due to the lack of storage facilities. 

 

1.3.2.3 Dietary recall 

A 24-hour Drecall interview is completed on the first day of testing. Participants are asked 

to list all food and drink consumed over the past 24 hours. Questions asked during the 

interview include time, amount and description of food or drink consumed, and the 

presence of any leftovers. Participants are then given a copy of the diet to replicate it prior 

to every subsequent trial.  

The multiple-pass method for 24-hour Drecall has been developed by the U.S. Department 

of Agriculture (USAD) to improve the accuracy of the traditional Drecall described earlier. 

The multiple pass method consists of 5 steps:  

1) Complete a quick list of food consumed using the participantôs own recall strategies.  

2) Remind the participants of forgotten food based on nine categories of food. 

3) Chronologically display the time and name of the occasions.  

4) Ask about the detail of the food consumed including description and amount.  

5) Complete a final probe to recall food that the subject may be considered not worth 

mentioning.  

The aim of this method is to minimise the amount of forgotten food and to standardise the 

questions asked during the interview between and within subjects (Moshfegh et al. 2008). 

Several studies have measured misreporting using the multiple-pass method and found 

that the difference between energy expenditure and intake was between 1 and 14% 

(Conway et al. 2004; Rumpler et al. 2008; Moshfegh et al. 2008; Subar 2003; Tooze et al. 

2004). There was one common factor between studies who reported high levels of 

difference which is BMI. As mentioned earlier, BMI has been shown to be highly 

correlated with under-reporting (Kretsch et al. 1999; Tomoyasu et al. 1999) and that was 

also demonstrated in studies using the multiple-pass method (Subar 2003; Tooze et al. 



Chapter 1  Introduction to dietary standardisation 

25 
 

2004). In contrast, individuals with normal body mass underestimated dietary intake by 

only 3% (1% in men and 6% in women).  

Similar to Frecord (see section 1.3.2.2), when diet has no or low impact on the outcomes, a 

24-hour Drecall might be conducted to assess food intake before each trial without any 

replication (Bond et al. 2012). The recalls are then analysed at the end of the study to 

explain any unexpected results. This practice leads to large variations in dietary intake 

hence higher risk of noise in the results.  

The dietary recall technique is inexpensive and allows participants to follow their usual 

diet without affecting it (Magkos & Yannakoulia 2003). However, this technique requires 

special expertise to conduct the interviews and then analyse all the data. Furthermore, it 

relies on participantôs memory to remember what was consumed on the day before and 

their honesty as well. Participants might find it difficult to replicate the diet before each 

trial using the Drecall sheet. This might lead to variability in energy and macronutrient 

intakes. In addition, participants have a tendency to underestimate Drecall during the 

interview (Thompson & Byers 1994; Black 2001; Jeacocke & Burke 2010; Magkos & 

Yannakoulia 2003). In summary, this method is used when 1) large effect is expected, 2) 

the diet has low impact on the intervention, 3) both time and funding are restricted, and 4) 

the consumption of pre-packaged diet is not possible due to the lack of storage facilities. 

 

1.3.2.4 Dietary prescription 

The dietary prescription technique is usually used when researchers are targeting one or 

more specific nutrient the days preceding the trials (Jeacocke & Burke 2010). There are 

different scenarios where this method can be applied to. For example, a list of food rich in 

carbohydrate is given to help participants reach a specific target of carbohydrate intake. 

The list contains portion sizes of food items and their carbohydrate content. Participants 

are instructed to keep a food diary so researchers can check for compliance. In contrast, 

the dietary prescription method can be used to help subjects avoid one or more nutrients 

known to interfere with the intervention (Jeacocke & Burke 2010). Thus, participants are 

given a list of foods to avoid (e.g. a list of food that contains caffeine). 
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The technique has low cost and helps researchers to control specific food/nutrient in the 

diet. Participants are able to consume foods they usually eat and will give them the 

flexibility of choosing from the list of foods (Jeacocke & Burke 2010). Training on how 

to plan the diet and use the list is needed and expertise will be needed to analyse the food 

diaries for compliance. The technique can lead to high variability in the type and amount 

of each food consumed prior to every trial due to differences in food choices and can add 

additional cost to participants to buy certain food items listed on the list (Jeacocke & 

Burke 2010). In summary, this technique is used when 1) large effect is expected, 2) 

Participants are willing to put extra effort to plan their diet, 3) the consumption of specific 

group of food or specific amount is required, and 4) the consumption of pre-packaged diet 

is not possible due to the lack of storage facilities. 

 

1.4 Summary 

This chapter began by highlighting the role of dietary components as extraneous 

variables. It reviewed the influence of selected parameters (relevant in many sport and 

exercise research) on key outcomes (e.g. exercise performance, VO2max, RPE), these 

components can have significant impact on physical performance, physiological and 

biological parameters. The only way to control them is either by eliminating or 

controlling their intake during the pre-trial preparation period. Dietary standardisation 

methods were reviewed. Their advantages and disadvantages were discussed. 

Furthermore, the situations where they should be used were proposed. Despite extensive 

research on the validity of these methods, their reproducibility remains uncertain. 
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1.5. Aims of this PhD 

 

This thesis is concerned with the reproducibility of a diet using different dietary 

standardisation approaches and participantsô ability to follow instructions. The 

consequences of poor compliance to the diet during the pre-trial preparation period on 

exercise performance, nutrient oxidation, and blood biomarkers were also investigated. 

Chapter 2 aimed to identify the dietary standardisation approaches currently used by 

researchers to control dietary intake pre-experimental trials. It examined all relevant 

studies published in the Journal of the International Society of Sports Nutrition and the 

International Journal of Sport Nutrition and Exercise Metabolism from 2008 until 2014.  

Chapter 3 aimed to assess the reproducibility of a diet when dietary recall, food record 

and standardised diet were used as dietary standardisation techniques.  

The aim of this fourth chapter was to assess the ability of athletes to replicate a diet when 

liquid and solid pre-packaged diets were used as dietary standardisation techniques. The 

liquid pre-packaged diet was presented as an alternative approach to the traditional solid 

pre-packaged diet. 

Chapter 5 aimed to investigate to what extent dependent variables (i.e. endurance capacity 

and physiological responses) are affected by manipulating 24-hour carbohydrate intake 

within the typical range of variation (15%) observed in our earlier findings. 

Chapter 6 aimed to measure the incidence of participants who were hypohydrated on their 

arrival to the laboratory after receiving encouragement to stay well-hydrated. 

Finally, Chapter 7 aimed to investigate the effect of acute exercise (walking and cycling) 

prior to GI testing on the within-subject variability of blood glucose and insulin 

responses.  

The overall aim of this PhD was to expand our knowledge of the current dietary 

standardisation techniques used with emphasis on the importance of implementing higher 

quality dietary standardisation approaches. An enhanced method to control dietary intake 

during the pre-trial preparation period is also proposed.  
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2.1 Summary 

There is currently a lack of published literature on the importance of dietary 

standardisation and the quality of dietary standardisation approaches currently being used. 

Therefore, the aim of this review was to identify the dietary standardisation approaches 

currently used by researchers to control dietary intake before experimental trials. This 

review examined all experimental studies published in in the International Journal of 

Sport Nutrition and Exercise Metabolism (IJSNEM) and the International Society of 

Sports Nutrition (JISSN) and IJSNEM, over the last 7 years (2008-2014). The inclusion 

criteria were determined by three researchers and were 1) the experimental protocol must 

be acute lasting less than 24-hours, 2) the study has to be on human subjects, and 3) the 

study should contains at least two experimental trials. Results showed that 67% of studies 

published in IJSNEM and 43% in JISSN standardised dietary intake before trials. Food 

record (weighed and estimated) was researcherôs preferred method for controlling dietary 

intake and was used in 49% and in 18% of the studies published in IJSNEM and JISSN, 

respectively. Pre-packaged meals (standardised diet) were provided by only few studies 

(6% in IJSNEM and 8% in JISSN). Approximately 45% of studies failed to standardise 

dietary intake prior to experimental trials or did not mention it. Researchers may enhance 

the accuracy of their studies if they pay closer attention to dietary standardisation and use 

higher quality approaches such as standardised diet and weighed Frecord techniques to 

reduce the variability in dietary intake between trials. 

 

2.2 Introduction 

Dietary standardisation in research studies aim to minimise the effect of dietary 

components such as caffeine on study outcomes. Some studies use minimal approaches 

which involve asking subjects to follow their usual diet and then monitor their food intake 

the day before each trial (Outlaw et al. 2013; Roberts et al. 2012). Since there is no 

control over food and fluid consumed, energy and macronutrient intakes will more likely 

vary between trials (Bingham 1987; Nelson et al. 1989). More controlled research 

protocols record dietary intake the day before the first trial and then inform participants to 

replicate the recorded diet prior to every subsequent trial (Bloomer et al. 2010; Siegler et 

al. 2013). Methods such as Drecall, weighed Frecord, and estimated Frecord are usually used to 
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capture the amount and type of food consumed on the first occasion. These methods are 

defined in section 1.3.2 along with detailed description of their advantages and 

disadvantages.  

There is currently a lack of published literature on the importance of dietary 

standardisation and its effect on physical performance and physiological responses. To 

our knowledge few reviews and experimental studies have covered this topic (Hopkins et 

al. 1999; Jeacocke & Burke 2010; Walsh et al. 2006; Lenz et al. 2003). Therefore, there is 

a need to conduct a survey in order to provide an idea about the quality of dietary 

standardisation approaches currently used in research studies.  

A small survey was conducted and mentioned in a review published by Jeacocke and 

Burke (2010). The survey examined all studies published in the International Journal of 

Sport Nutrition and Exercise Metabolism (IJSNEM) from 2004 to 2009. They reported 

that the most adapted dietary standardisation technique was Frecord, followed by the 

provision of standardised pre-package meals. The survey also showed that one in six 

studies failed to implement any dietary standardisation approach the days before physical 

performance trials. However, it was limited by the number of journals included (only one) 

which may not reflect the approaches used in studies published in other journals. In 

addition, the survey only covered studies published until 2009. Therefore, a more recent 

survey is necessary to provide a wider perspective by including other journals and 

covering the last five years in order to give a more current view of the techniques used. 

The present survey examined all studies published in the Journal of the International 

Society of Sports Nutrition (JISSN) and IJSNEM, over the last 7 years (2008-2014). 

These were the only two dedicated journals that cover the area of sports nutrition. The 

other journals in sport science mainly focus on sports physiology and medicine with a 

limited number of studies in sports nutrition. The aim of this review was to identify the 

dietary standardisation approaches currently used by researchers to control dietary intake 

pre-experimental trials.  
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 2.3 Materials and methods 

This study examined all experimental studies published in IJSNEM and JISSN from 2008 

to 2014. An online search using the journalôs own website was conducted. A total of 358 

articles were identified in IJSNEM and 279 in IJSSN within the specified time period. 

First, the title and abstract were screened identifying the inclusion criteria. The inclusion 

criteria used were:  

1) The experimental protocol must be acute lasting less than 24-hours 

2) The study has to be on human subjects 

3) The study should contains at least two experimental trials 

All pilot studies were excluded from the analysis even if they meet the abovementioned 

criteria due to their methodological limitations (e.g. sample size of one). Further 

screening of the methodology section was performed in case the information required was 

not found in the abstract. Amongst those identified papers, only 120 were eligible from 

IJSNEM and 73 from IJSSN. Next, the full text of the eligible articles was further 

screened. Data extraction focused on two main topics: the approach to dietary 

standardisation and use of a physical performance protocol. Performance protocols were 

divided into five groups. The description of each group can be found in Table 2.1. The 

approach to dietary standardisation was stratified as follow:  

      1) Nil or minimal approach.  

2) Monitoring of dietary intake without any replication.  

3) Standardisation by replicating the diet prior to each trial.  
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Table 2.1. Description of performance protocols 

Performance protocol Description 

Aerobic Tasks lasting longer than 30 minutes (continuous) 

Anaerobic Tasks lasting shorter than 30 minutes (e.g. sprinting) or strength 
based activities (e.g. leg extension) 

Combined The measurement of both aerobic and anaerobic capacities 

Skills Sport specific skills tests 

No test No performance test was performed 

 

The óNil or minimal approachô includes studies that do not implement any strategy to 

control dietary intake (Nil), but only asks participants to avoid caffeine and alcohol at 

least 24 hours before trials (Minimal), and use lists to help subjects avoid certain food 

(List). It is important to clarify that studies which implemented better controlled 

approaches also asked their participants to avoid caffeine and alcohol. However, they 

were not counted as óminimalô. Some studies limit their approach to monitoring subjectôs 

dietary intake rather than standardising it. This is achieved either by asking subjects to 

keep a food diary the day before each trial or by conducting a 24-hour Drecall on the day of 

each trial. The information is then analysed at the end of the study and used to explain 

any unexpected results. In contrast, dietary standardisation is achieved by replicating the 

diet, aided by one of these techniques:  

1) Twenty-four hour Drecall 

2) Weighed Frecord 

3) Estimated Frecord 

4) Standardised diet 

5) Standardised pre-trial meal 

6) Dietary prescription  
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It is important to note that some studies might have standardised dietary intake but did not 

mention it in the methodology section. The description of each strategy can be found in 

Table 2.2. The duration (< 24 hours or > 24 hours) of the dietary standardisation was 

examined for the following techniques: Sdiet, weighed Frecord and estimated Frecord. 

 

Table 2.2. Description of dietary standardisation approaches 

Dietary standardisation 
approach 

Description 

24-hour Drecall Participants are asked to list all food and drink consumed over 
the past 24 hours 

Weighed Frecord Subjects are asked to record all food and fluid consumed. Food 
will be weighed and fluid will be measured before consumption 

Estimated Frecord Subjects are asked to record all food and fluid consumed. 
Portion size is quantified using household measures and 
dimensions 

Standardised diet Researchers provide each subject with all their food 
requirements for at least 24-hours in advance of testing as pre-
packaged meals 

Standardised pre-trial 
meal 

Researchers provide each subject with a standard meal either 
consumed the evening or hours before the trial 

Dietary prescription Researchers target one or more nutrient(s) the days preceding 
the trials 

 

 

This review examined whether studies reported quantitative outcomes of dietary intake on 

the day before each trial. Additionally, this review also examined whether researchers 

evaluated the compliance of participants to the diet. Compliance was considered 

evaluated if it was mentioned in the text, dietary outcomes were reported for all trials, and 

the standardised pre-trial meal was consumed in the laboratory which assumes that 

participants were under supervision. Studies that used the nil or minimal approach were 

excluded from the analysis of óreported outcomesô and ócomplianceô. All data were 

reported as percentages and frequencies. 
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 2.4 Results 

Results showed that 67% of studies published in IJSNEM and 43% in JISSN standardised 

dietary intake before trials. The analysis of the dietary standardisation approaches used is 

summarised in Table 2.3. In the category of ñdietary standardisationò, Drecall was only 

used by one study in each journal, whereas Frecord (weighed and estimated combined), was 

the preferred method for controlling dietary intake; this was used in 49% and in 18% of 

the studies published in IJSNEM and JISSN, respectively. Detailed analysis of the type 

and duration of Frecord is presented in Table 2.4.  

 

Table 2.3. Dietary standardisation approaches used in journals between 2008-2014 

 
Drecall 

Weighed 
Frecord 

Estimated 
Frecord 

Standardised 
diet 

Standardised 
pre-trial 
meal 

Dietary 
prescription 

IJSNEM  1 (1%) 12 (10%) 46 (39%) 7 (6%) 14 (12%) 7 (6%) 

JISSN 1 (1%) 0 (0%) 13 (18%) 6 (8%) 9 (12%) 5 (7%) 
Values: n (%); n = number of studies 

 

Table 2.4. Breakdown of Frecord use by type and duration in journals between 2008-2014 

 Weighed Frecord Estimated Frecord 

 24-hours > 24-hours 24-hours > 24-hours 

IJSNEM 5 (4%) 7 (6%) 25 (21%) 21 (18%) 

JISSN 0 (0%) 0 (0%) 8 (11%) 5 (7%) 
Values: n (%); n = number of studies 

 

When considering the gold-standard for dietary standardisation, Sdiet was used by only 

few studies (6% in IJSNEM and 8% in JISSN). The standardised pre-trial meal was more 

frequently used at ~12% of studies. Dietary prescription was only used in ~6% of 

research studies. Approximately 5% of studies in both journals mentioned the 

implementation of a dietary standardisation technique without specifying which one. 
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The largest proportion of studies (41%) in JISSN used a nil or minimal approach to 

dietary standardisation compared to 26% in IJSNEM. Detailed analysis of the ónil or 

minimal approachô is found in table 2.5. Studies that only monitored dietary intake rather 

than replicating the diet constituted 7% (2% used 24-hour Drecall and 5% used Frecord) of 

research projects in IJSNEM and 17% (6% used 24-hour Drecall and 11% used Frecord) in 

JISSN.  

 

Table 2.5. A breakdown of ónil or minimal approachô use by type 

  Nil Minimal List 

IJSNEM 14 (12%) 13 (11%) 4 (3%) 

JISSN 14 (19%) 11 (15%) 5 (7%) 
Values: n (%); n = number of studies 

 

Thirty-eight percent of studies published in IJSNEM (n=83) and JISSN (n=44) reported 

the outcomes of the dietary intake on all trials (e.g. energy and macronutrient intakes on 

each trial), whereas only one third reported the compliance to the dietary standardisation. 

Almost half (48%) of the studies published in IJSNEM did not measure physical 

performance, but instead they mainly measured physiological and biological parameters, 

whereas, 26% used aerobic, 20% used anaerobic, and 6% used skills test. The most 

frequently used performance protocol in JISSN was ñanaerobicò (36%), followed by 

ñaerobicò (29%), ñskillsò (8%), and ñcombinedò (4%), whereas, one quarter of studies 

published in the same journal did not use any performance protocol. 

 

 2.5 Discussion 

The most interesting finding of the present survey was that ~45% of the 193 published 

research studies failed to standardise (or did not mention) dietary intake prior to 

experimental trials. There are three important possibilities why researchers decided not to 

standardise dietary intake.  
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Firstly, some researchers may not recognise the importance of dietary standardisation. 

This might be the case for the 17% of studies published in JISSN that did not implement 

any approach despite measuring physical performance as a main outcome. Carbohydrate, 

in particular, is well known to alter endurance performance (Hawley et al. 1997; Correia-

Oliveira et al. 2013; Erlenbusch et al. 2005) and physiological responses (Madsen et al. 

1990; Pitsiladis et al. 1996). It has been shown that daily carbohydrate intake could vary 

by 23% (Nelson et al. 1989; Bingham 1987) which increases the possibility of subjects 

consuming two diets with significantly different carbohydrate content during the 24-hour 

preparation period before trials. Furthermore, failing to control alcohol intake the night 

before experimental trials could alter next day physical performance. OôBrien (1993) 

reported a reduction in aerobic performance by 11.4% 24-hours after alcohol 

consumption. The only exception where dietary standardisation may not be required is 

when the outcomes measured are not directly or indirectly affected by acute changes in 

dietary intake. Examples include studies measuring heart rate variability at rest (Schmitt 

et al. 2008) or blood biomarkers such as interleukin-6 and C-reactive protein (Peeling et 

al. 2009).  

Secondly, researchers may not have the expertise, funds or time required to implement the 

gold-standard dietary standardisation technique. Standardised pre-packaged meals might 

be costly and time consuming (Jeacocke & Burke 2010). However, if a large effect size is 

expected during the study and/or the diet has low impact on the intervention then 

alternative methods can be used, such as the weighed Frecord.  

Thirdly, some researchers may not consider diet to have any influence on the 

experimental protocol used. As a result, participants are only asked to avoid caffeine and 

alcohol during the trial preparation period or their dietary intake will be monitored rather 

than being standardised. This approach might be suitable for single bout, high intensity 

performance tests (e.g. Wingate test that lasts 30 seconds) but not for longer duration (> 5 

minutes; Hawley et al. 1997). The review concluded that muscle glycogen is not a 

limiting factor of endurance capacity exercises lasting less than five minutes when pre-

exercise levels are within the normal range.  

Of the ~55% studies who did control dietary intake, the most frequently used technique 

was the estimated Frecord, while the least used was Drecall. Reasons why estimated Frecord 

emerged as the most popular protocol may include its low cost compared to Sdiet and 
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reduced burden on subjects. In addition, unlike the 24-hour Drecall technique, Frecord does 

not require any expertise in interviewing and does not rely on memory, reducing the 

number of errors in recall (Thompson & Byers 1994; Black 2001; Jeacocke & Burke 

2010; Magkos & Yannakoulia 2003). One unanticipated finding was that only 7% of 

studies used standardised diet despite the considerable number of studies who require 

strict control of dietary intake. A possible explanation for this might be the cost and time 

required to prepare the meals. Moreover, it requires expertise to design a diet plan 

(Jeacocke & Burke 2010). In fact, more studies used a standardised pre-trial meal rather 

than standardising the diet for a period of at least 24-hour. It is considered cheaper, 

requires little time for preparation, and no expertise is required. All subjects normally 

receive the same meal, usually as a snack (Beelen et al. 2009). Although a pre-trial meal 

can help to restore low or sub-optimal glycogen stores before trials (Nilsson & Hultman 

1973; Coyle et al. 1985), it cannot correct a difference in total body glycogen store as it 

contributes to the same amount of carbohydrate before each trial.  

Dietary standardisation techniques are useful tools that help reduce variability in dietary 

intake between trials. However, the diet given may not always be strictly followed by all 

research subjects. Jeacocke and Burke (2010) showed that the within-subject variability in 

carbohydrate intake was between 0.1 and 1.6 g.kg-1 body weight when estimated Frecord 

was used. To put it into context, a participant who weighs 75 kg can consume 120g more 

carbohydrate the day before one trial compared to the other. Despite these figures, ~65% 

of studies published in IJSNEM and JISSN either do not check subjectôs compliance to 

the diet given or do not mention it. This increases the risk of subjects with poor 

compliance adding noise to the results and decreasing experimental power. 

Approximately 65% of studies failed to report quantitatively the outcomes of dietary 

intake during the trial preparation periods. This provides an idea whether the average 

intakes are comparable to other similar groups in the population. However, in the majority 

of research studies, the average values are not significantly different between conditions 

(Bond et al. 2012; Macdermid et al. 2012). Within-subject variabilities are often masked 

by the average values. Ideally, a table including individual values and a column reporting 

the difference in energy and macronutrient intakes between trials should be shown in the 

research paper. Only one published study included this type of table (Lynch 2013). 

Researchers should be encouraged to include the table in their paper especially when diet 
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can have significant influence on the study outcomes. However, its inclusion is limited by 

the maximum word count and/or number of tables allowed by scientific journals.  

A notable difference was observed in the quality of the approaches used in both journals. 

Twenty-five percent more studies standardised dietary intake in IJSNEM compared to 

JISSN despite the latter measuring physical performance and related physiological 

responses in 75% of research projects compared to ~50% in the former. Physical 

performance is highly influenced by several dietary factors (Bell & McLellan 2002; 

OôBrien 1993) and their variation between trials (Correia-Oliveira et al. 2013); thus, 

better standardisation is required. If uncontrolled, both within- and between-subjects 

variability in performance will increase, leading to a decreased effect size, hence 

inadequate experimental power (Atkinson & Nevill 2001; Hopkins et al. 1999). As a 

result, false conclusions might be drawn. Standardised diet should be used as a default 

method in these types of studies to minimise variability. A slight difference can be 

observed in the impact factors of both IJSNEM and JISSN (2.4 and 1.9, respectively, in 

2014/2015). In addition, many of the published articles in JISSN include commercial 

products. This might partially explain the lack of dietary standardisation in these studies. 

Moreover, 12% of studies in JISSN used standardised pre-trial meal (evening and pre-

exercise) which means dietary intake may not be fully controlled during the trial 

preparation period. Consequently, only one in three research projects have controlled 

dietary intake for at least 24-hour compared to one in two research projects in IJSNEM. 

Ten percent of studies in IJSNEM used weighed Frecord compared to 0% in JISSN. 

Weighed Frecord has been shown to be a more accurate technique than the estimated 

method (Wolper et al. 1995).  

 

 2.6 Conclusion 

Based on this review examining all experimental studies published in IJSNEM and JISSN 

between 2008 and 2014, it was concluded that many studies (33% in IJSNEM and 57% in 

JISSN) did not implement a dietary standardisation technique to control energy and 

macronutrient intakes. Amongst those that did, a substantial number (~ 45%) either did 

not check for compliance or did not mention it. 
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3.1 Summary 

Participants are often asked to replicate their diet before each trial in order to control 

dietary intake. However, little is known about the reproducibility of the diet using 

different approaches. The aim was to assess the reproducibility of a diet when Sdiet, Frecord 

and 24-hour Drecall were used as dietary standardisation techniques. Thirty athletes 

completed six visits to the laboratory. On the first occasion a Drecall was performed and 

subjects were asked to replicate exactly the same diet on the day before Visit 2, when 

another Drecall was performed. The day prior to the third visit, subjects completed a Frecord, 

which was presented at Visit 3 and assessed using Drecall in order to ensure comparability 

between methods. Subjects were asked to replicate this Frecord before Visit 4 which was 

assessed using Drecall. Lastly, subjects were provided with a Sdiet of known composition 

which they consumed for 24-hours before Visits 5 and 6. For each method, the difference 

in energy and macronutrient intakes between both occasions was measured. Despite 

finding no differences in mean energy and macronutrient intakes between visits for any 

technique, important within-subject differences were apparent. The range of percentage 

coefficient of variation for all variables was between 2.7-5.8% for Sdiet, 10.1-18.6% for 

Frecord, and 7.1-11.7% for Drecall. This study has shown that Sdiet is the best approach to 

standardise dietary intake, especially when the expected effect of an intervention is small 

and an enhanced reliability is required. 

 

 3.2 Introduction 

The outcomes of a research study where human subjects are asked to perform a physical 

task can be influenced by how each subject prepares. For example, a study that measures 

the effect of caffeine on physical performance must ensure that subjects begin testing in a 

similar state of preparedness. Ideally, subjects should be tested in an identical state of 

nourishment and health in order to preserve internal validity. Internal validity means that 

the outcomes observed (e.g. improvement in time trial) are caused by the intervention 

(e.g., caffeine; Jeacocke & Burke 2010). Therefore, diet needs to be standardised in order 

to minimise the effect of different dietary components (e.g. energy, carbohydrate and 

caffeine) known to have an impact on the outcomes of the study (see section 1.2). Failing 

to control or eliminate these factors can lead to false correlations and incorrect results. 
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Several studies have demonstrated that failing to standardise participantôs diet on the day 

before urine sample collection increases variability in the urinary metabolic profile 

(Walsh et al. 2006; Lenz et al. 2003). Furthermore, the inability to control alcohol intake 

reduces aerobic performance by 11.4% even 24-hours after its consumption (OôBrien 

1993). Researchers should therefore take extra measures to isolate the outcomes of the 

study from the extraneous variables. 

In well-controlled crossover design studies, participants are asked to consume their 

habitual dietary intake prior to the first trial and then to replicate the same diet prior to 

every subsequent trial. The aim is to minimise the variability in dietary intake between the 

pre-trial preparation periods. Researchers may use Drecall and Frecord techniques as an aid 

tool to help subjects replicate their diet. Ideally, they should use the Sdiet approach which 

consists of providing pre-packaged meals to participants for consumption before each 

trial.  

Researchers often take for granted dietary standardisation. This has been highlighted by 

the number of studies who do not check the compliance of their participants to the diet 

(see section 2.4). Sport science studies in particular often have a small sample size due to 

the often exhaustive nature of the exercise protocol and difficulty to recruit participants, 

which makes it more difficult to detect significant changes in the presence of outliers and 

participants with poor compliance to the diet given. Dietary variability in subject 

preparation is a potential source of error that may influence primary measurements by 

increasing signal noise and reducing experimental power (Braun & Brooks 2008; 

Jeacocke & Burke 2010). What is not yet clear is the magnitude of the differences in 

participantôs energy and macronutrient intakes between trials when the three 

abovementioned approaches are used. Therefore, the main aim of this investigation was to 

assess the reproducibility of a diet when Sdiet, Frecord and Drecall were used as dietary 

standardisation techniques. 
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 3.3 Materials and methods 

3.3.1 Participants 

Thirty-four moderately- and well-trained male athletes from five different disciplines 

(rowing: 21, triathlon: 7, cycling: 3, running: 2, and football: 1) participated in this study. 

Athletes were recruited from sports clubs in Oxfordshire through their respective coaches. 

Thirty athletes completed the study (mean Ñ SD: age = 25 Ñ 6 yr, body mass = 76.2 Ñ 9.5 

kg, height = 180 Ñ 7 cm) and four withdrew from the study for personal reasons. 

Eligibility criteria included:  

 Athletes aged between 18-40 years 

 Involved in a team or endurance type activity 

 Training Ó 5 hours per week 

 Not allergic or intolerant to food provided 

 Free of metabolic disorders (e.g. diabetes, cardiovascular disease, or 

hypertension).  

A minimum of 20 participants was required for sample size for precise estimate of CV 

and CR (Atkinson & Nevill 2001); however, 30 participants were recruited to improve 

statistical power. This study was conducted according to the guidelines laid down in the 

Declaration of Helsinki and all procedures involving human subjects were approved by 

the University Research and Ethics Committee (UREC) at Oxford Brookes University 

(Appendix A). Written informed consent was obtained from all participants prior to their 

participation. 

 

3.3.2 Experimental design 

Participants completed six visits to the laboratory to assess the reproducibility of a diet 

when Sdiet, Frecord and Drecall were used as dietary standardisation techniques. 

Reproducibility in this context consisted of two main factors contributing to the 

variability of dietary intake. The first was the ability of participants to replicate the diet 

and the second consisted of the challenges that each technique place on participants.  
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The experimental design is summarised below in Figure 3.1. Participants were weighed 

on visit 1 to 0.1 kg near precision in light clothing and barefoot using a calibrated 

electronic scale (Tanita UK Ltd., Yiewsley, Middlesex, UK). Height was measured 

without shoes with an accuracy of 0.5 cm using a stadiometer (Seca Ltd., Birmingham, 

UK). Randomisation was not possible as it would have complicated the design of the 

study by increasing the number of visits (see section 3.5). The mean duration of the study 

for participants was 20 Ñ 4 days.  Twenty-four hour multiple pass method for Drecall was 

used at visits 1, 2, 3, and 4 to generate primary data and for comparability between 

methods. The difference in energy and macronutrient intakes between both visits for 

Drecall and Frecord methods was then measured. For a complete and accurate dietary 

assessment, each interview took between 20 to 30 minutes to complete. Participants were 

informed to keep their training as similar as possible the day before each visit in order to 

reduce its influence on dietary intake. 
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Figure 3.1. Summary of the experimental design. 

The multiple pass method was used as an aid to the Drecall in order to increase the 

accuracy of the data collected (Moshfegh et al. 2008). The multiple pass method has 

already been described in section 1.3.2.3. A photographic food atlas was used for portion 

sizes in order to estimate the amount of food consumed (Atkinson et al. 2002). 
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Habitual dietary intake was assessed using the Drecall technique at Visit 1 which 

participants then used before Visit 2 in an attempt to replicate the same diet. Another 

Drecall was completed on Visit 2 in order to capture the actual food intake on the previous 

day and participants received instructions on how to complete a detailed Frecord. Next, 

participants completed a Frecord which was presented at Visit 3 and were then given the 

original Frecord in order to replicate 24-hours before Visit 4. Additionally, a Drecall was 

conducted on Visit 3 in order to ensure the completeness of the Frecord and again on Visit 4 

in order to capture the actual food intake on the previous day.  

Lastly, subjects were provided with a Sdiet (pre-packaged meals) of known composition in 

order to be consumed in the 24-hour prior to Visits 5 and 6. The pre-packaged meals 

provided on both occasions were identical and participant-specific, covering their daily 

energy and nutrient requirements (Rodriguez et al. 2009). The diet provided ~60% of 

carbohydrate, ~15% of protein, and ~25% of fat of the total energy intake. A sample diet 

is provided in Table 3.1. Each participantôs total energy requirement was calculated using 

the Harris and Benedict equation and the short form of the International Physical Activity 

Questionnaire to determine their estimated basal metabolic rate and physical activity 

level, respectively (Harris & Benedict 1918; Ipaq 2002). In a joint position statement, 

Rodriguez et al. (2009) reported: óbecause the Cunningham equation requires that lean 

body mass be known, sports dietitians typically use the Harris-Benedict equationô. 

Participants returned all leftovers on Visits 5 and 6 and recorded any additional food 

eaten so the actual food consumed could be determined by subtracting the amount of food 

given by the amount of food left and then adding to the total any additional food or drink 

recorded.  
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Table 3.1. Diet fed to participants on the day preceding visits 5 and 61 

 Food Amount 

Meal 1 Cornflakes 
Semi-skimmed milk 

110 g 
500 ml 

Meal 2 White bread 
Cheese 
Beans 
Butter 
Tomato 
Cucumber 

343 g 
100 g 
400 g 
40 g 
160 g 
140 g 

Meal 3 Pasta 
Tomato sauce 

135 g 
175 g 

Snacks Apple 
Peach 
Low joule cordial 

201 g 
168 g 
200 ml 

1Sample diet is for a 75 kg subject training 6 days per week. Dietary composition: energy 
= 3260 kcal; carbohydrate = 481 g; protein = 125 g; fat = 93 g. 
 

 

3.3.3 Nutrient analysis 

Interviews were conducted by a trained dietician after receiving appropriate training for 

delivering successful and professional interviews. Nutritics software (Nutritics LTD, 

Dublin, Ireland) was used to analyse the energy and macronutrient intakes from the Drecall 

and Frecord. A very small number of food items were added manually to the database using 

the information on the nutrition facts label. 

 

3.3.4 Statistical analyses 

Statistical analyses were performed using SPSS v.19 (IBM corp., Armonk, NY, USA). 

Power calculation was not possible as this was the first study to assess the reproducibility 

of a diet. Atkinson and Nevill (2001) provided guidance for such studies and suggested 

the recruitment of at least 20 participants. Ten more participants were recruited in the 

present study to improve precision. Paired-sample t tests were used to compare the mean 

assigned energy and macronutrients intakes with the actual amount consumed as they 
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were both normally distributed. The differences between assigned and consumed energy 

and macronutrients intakes were not normally distributed. Therefore, Wilcoxonôs 

nonparametric test was used to compare the median differences, whereas Kendallôs 

nonparametric tau B was used to measure the correlation. In addition, the coefficient of 

variation (CV = 100 x mean/SD) was calculated for each macronutrient in all three 

methods and the average CV% reported. The coefficient of repeatability (CR = 1.96 x 

√∑(𝑑2 − 𝑑1)2 / 𝑛 − 1) ; × = sum; d1 = measurement 1; d2 = measurement 2; n = 

sample size) was also calculated to determine the maximum difference likely to occur 

between two consecutive measurements of the same dietary standardisation method. 

Outliers were not excluded from the data analysis as they represent participants who 

failed to follow the diet rather than errors in data. The inclusion of outliers will reflect the 

whole spectrum of variability in dietary intake. Statistical significance was set at p < .05. 

 

 3.4 Results 

The mean energy and macronutrient intakes between the assigned and actual amount of 

food consumed in all three dietary standardisation techniques were not statistically 

significant (Table 3.2). However, the median difference between assigned and consumed 

energy, carbohydrate, protein, and fat intakes for Drecall and Frecord were significantly 

higher than those in the Sdiet with p < .01 (Table 3.3). The only statistically significant 

difference between Drecall and Frecord was for fat intake. 
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Table 3.2. Mean assigned and consumed energy and macronutrients intakes for Drecall, 
Frecord, and Sdiet 

Method Assigned SD Consumed SD p value 

Drecall 
     

Energy (kcal) 3 047 651 3 112 784 .58 

Carbohydrate (g) 400.7 111.9 411.2 131.4 .58 

Protein (g) 145.6 56.6 150.8 58.3 .24 

Fat (g) 104.7 38.7 105.4 41.5 .89 
Frecord      

Energy (kcal) 3 126 662 3 027 836 .43 

Carbohydrate (g) 385.5 130.5 384.2 145.8 .93 

Protein (g) 152.7 45.5 152.8 60.1 .98 

Fat (g) 116.1 36.3 105.7 40.6 .11 

Sdiet      
Energy (kcal) 3 031 490 3 085 537 .22 
Carbohydrate (g) 453.8 79.0 458.1 88.1 .47 

Protein (g) 116.8 15.9 118.6 18.9 .38 
Fat (g) 83.2  17.4 86.6 16.9 .08 

 

 

 

Table 3.3. Median difference between assigned and consumed nutrient intake for Drecall, 
Frecord, and Sdiet 

Nutrient Drecall Frecord Sdiet 

Energy (kcal.kg BM-1) 3.1* 3.8À 0.5 

Carbohydrate (g.kg BM-1) 0.7* 0.4À 0.0 

Protein (g.kg BM-1) 0.1* 0.1À 0.0 

Fat (g.kg BM-1) 0.1*ÿ 0.4À 0.0 

 

* p < .01; Drecall vs. Sdiet 
À p < .01; Frecord vs. Sdiet 
ÿ p < .01; Drecall vs. Frecord 
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The results of the correlational analysis between assigned and consumed nutrient intakes 

for each of the three methods are shown in Table 3.4. Overall, there was a very strong, 

positive correlation between assigned and consumed carbohydrate intake for Sdiet and a 

strong correlation for energy, protein, and fat intakes for Sdiet. However, moderate 

correlations were found between assigned and consumed energy and carbohydrate intakes 

for Drecall and between assigned and consumed energy, protein, and fat intakes for Frecord. 

The only strong correlations found for Drecall were for protein and fat intakes, whereas for 

Frecord was for carbohydrate intake. All correlations were statistically significant (p < .05). 

 

Table 3.4. Kendall tau B correlation between assigned and consumed nutrient intake for 
Drecall, Frecord, and Sdiet 

Nutrient Drecall Frecord Sdiet 

Energy .54 .44 .78 

Carbohydrate .51 .68 .83 

Protein .75 .54 .78 

Fat .66 .45 .73 

All values were statistically significant p < .05 
 

The CV% of energy and macronutrients of Sdiet, Drecall, and Frecord are highlighted in Table 

3.5. Standardised diet had the lowest CV% compared to the other two techniques for all 

variables. Comparing Drecall and Frecord, it can be seen that Drecall had lower CV% for 

energy, protein, and fat whereas Frecord had lower CV% for carbohydrate. The highest 

CV% observed in all three methods were for fat. The results of coefficient of 

repeatability, as shown in Table 3.5, indicate that the values were smaller in Sdiet 
compared to the other two methods. On the other hand, the largest values were shown in 

Frecord for all variables except carbohydrate. 
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Table 3.5. Reliability of energy and macronutrient intakes for Drecall, Frecord, and Sdiet 

Method Energy (kcal) Carbohydrate (g) Protein (g) Fat (g) 

Drecall     

CV% 9% 11% 7% 12% 

CR 1 258 203.5 48 57.4 

Frecord     

CV% 11% 10% 11% 19% 

CR 1 356 159.9 75.9 70.3 

Sdiet     

CV% 3% 3% 3% 6% 

CR 480 64.3 22.3 20.8 
 

 

Assigned and consumed intakes across energy, carbohydrate, protein, and fat were 

compared using scatter plots with 95% limits of agreement as shown in Figures 3.2ï3.13. 

The limits of agreement were estimated using the 2.5th and 97.5th percentiles (straight 

lines). The dashed horizontal lines show the median difference. As can be seen in the 

figures, the observations in the Drecall and Frecord methods were more scattered for all 

variables compared to Sdiet. On the other hand, the observations in Sdiet were distributed 

around the median. The limits of agreement in the Drecall and Frecord methods for all 

nutrients were wider, almost twice in most variables, compared to the Sdiet method. 

Overall, no clear trends were observed in the scatter plots for all methods except in 

Figures 3.2, 3.7, 3.11, and 3.13. Figure 3.2 and 3.11 indicate that the variability of the 

differences increased with the magnitude of energy and fat intake in Drecall, respectively. 

Figure 3.7 indicates that the variability of the differences decreased with the magnitude of 

carbohydrate intake in Sdiet. Figure 3.11 indicates that negative differences were more 

apparent than positive difference. 
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Figure 3.2. Comparison of the amount of energy (kcal) reported on the first and second 
visit for Drecall. 

 

 

 

Figure 3.3. Comparison of the amount of energy (kcal) reported on the first and second 
visit for Frecord. 
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Figure 3.4. Comparison of the amount of energy (kcal) reported on the first and second 
visit for Sdiet. 

 

 

 

Figure 3.5. Comparison of the amount of carbohydrate (g) reported on the first and 
second visit for Drecall. 
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Figure 3.6. Comparison of the amount of carbohydrate (g) reported on the first and 
second visit for Frecord. 

 

 

Figure 3.7. Comparison of the amount of carbohydrate (g) reported on the first and 
second visit for Sdiet. 
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Figure 3.8. Comparison of the amount of protein (g) reported on the first and second visit 
for Drecall. 

 

 

 

Figure 3.9. Comparison of the amount of protein (g) reported on the first and second visit 
for Frecord. 
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Figure 3.10. Comparison of the amount of protein (g) reported on the first and second 
visit for Sdiet. 

 

 

 

Figure 3.11. Comparison of the amount of fat (g) reported on the first and second visit for 
Drecall. 
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Figure 3.12. Comparison of the amount of fat (g) reported on the first and second visit for 
Frecord. 

 

 

 

Figure 3.13. Comparison of the amount of fat (g) reported on the first and second visit for 
Sdiet. 
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 3.5 Discussion 

The median difference between assigned and consumed nutrient intakes for Drecall and 

Frecord were significantly higher than in the Sdiet. To put it into context, the difference 

between visits 1 and 2 of Drecall in carbohydrate intake of a participant weighing 75 kg 

was around 50 g whereas the difference was 30 g for Frecord and 0 g for Sdiet. However, no 

well-designed study has ever investigated a difference in carbohydrate in such levels on 

physical performance such as time to exhaustion. The median difference between 

assigned and consumed nutrient intake in Drecall and Frecord was not statistically significant 

(except for fat intake) and there are two possible explanations for this.  

The main error causing the biggest variation in food intake in these two techniques was 

the difficulty to adhere to the diet by participants. In most research studies, participants 

are free living which makes it difficult for experimenters to control every single aspect of 

their participantôs daily lifestyle. Many of these aspects, such as busy schedules, the 

availability of all food intended to consume, mood (Yeomans & Coughlan 2009) and day-

to-day variation in appetite (Raben et al. 1995) may lead participants to under- or over-

eat. This error affects both techniques at the same level which leads to a similar variation. 

The second type of error has smaller effect on the variation in nutrient intake; however, it 

forms an important component of the small differences observed in CV% between Drecall 

and Frecord. This error is associated with the techniquesô own properties. While one 

technique requires following a Frecord written by the participant himself using his own 

measuring tools (Black 2001), the other (Drecall) requires following a list of food written 

by the investigator during the interview using the investigatorôs measuring technique. 

The results of the CV% suggest that Sdiet is a better approach to standardise dietary intake 

than Drecall and Frecord, leading to smaller variations in energy and macronutrient intakes. 

The range of CV% for all variables was between 3-6% for Sdiet, 10-19% for Frecord, and 7-

12% for Drecall. Wide variations in energy and macronutrient intakes between participants 

(inter-subject variability) we also observed; however, this was expected due to the 

availability of different type of athletes who have different nutrient requirements. In 

practice, this variation could have a negative impact on the standard deviation and 

therefore on the statistical significance of studies. The maximum difference likely to 

occur between two consecutive visits for all dietary variables was smaller in Sdiet 
compared to the other two methods. These reliability data provide researchers with 
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guidance on the most suitable dietary standardisation technique for their research project 

that will have the minimal impact on their results. 

The results obtained showed no differences in mean energy and macronutrient intakes 

between visits for any method. These results are consistent with the majority of studies 

with crossover design and suggest good participant reproducibility (Bond et al. 2012; 

Macdermid et al. 2012). As revealed in the review presented in Chapter 2 (see section 

2.5) ~65% of studies published in IJSNEM and JISSN either do not check subjectôs 

compliance to the diet given or do not mention it. It is possible therefore that outliers and 

participants with poor compliance are masked by the mean values.  

Outliers were identified in all three dietary standardisation techniques. However, fewer 

outliers were observed in Sdiet compared to Drecall and Frecord. The outliers in Drecall and 

Frecord had bigger discrepancies in energy and macronutrient intakes compared to Sdiet. For 

example, the discrepancy of the outlier in Drecall was threefold and in Frecord was twofold 

bigger than the outlier in Sdiet. In one participant, the difference in carbohydrate intake 

between visits differed by 300 g when Frecord was used. It is more likely that this was 

caused by over-eating rather than over-reporting. This difference in carbohydrate intake 

could have an important practical implication on many dependent variables including 

endurance performance. A significant difference in carbohydrate intake (high ~8 g.kg-1 vs. 

low ~1 g.kg-1 carbohydrate diet) for three days can lead to an improvement in 

performance in the high carbohydrate diet group compared to the low carbohydrate group 

(Bishop et al. 2001a; Bishop et al. 2001c). Overall, participants using Drecall and Frecord had 

poorer compliance as can be seen from the scattered observations in the figures compared 

to Sdiet. 

The evidence from this study suggests that dietary variability in subject preparation is an 

important source of error and can be minimized by using Sdiet as an effective technique to 

standardise dietary intake during the pre-trial preparation period. It does not only ensure 

compliance and reduce variability but it also makes it easier to check compliance by 

either using a checklist or by asking participants to return any leftovers. This technique 

also has fewer burdens on participants and does not require participants to have any 

nutritional knowledge to plan their diet. However, it creates some burdens on the 

experimenter as the preparation of the pre-packaged meals is time consuming and costly 

compared to Drecall or Frecord (Jeacocke & Burke 2010). 
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Finally, a number of important limitations need to be considered. Participants were aware 

of the aim of the study which enhanced the likelihood of better adherence to the diet and 

potentially lower the variability of nutrient intakes. For this reason, the results obtained in 

this study may underestimate the true variability that could be observed in other studies 

where dietary standardisation is not the first aim. The order of the dietary techniques used 

was not randomised leading to a potential improvement in participants recalling skills 

during the Drecall interviews. The randomisation was not possible as it would have 

complicated the design of the study by increasing the number of visits when Frecord is used 

first (seven visits) or Sdiet first (eight visits) compared to six visits as in the current 

protocol. We also did not measure participantsô energy expenditure on the day preceding 

each visit to see whether the variation in nutrient intakes was correlated with their activity 

level. However, we did ask our participants to keep their physical activity level as close as 

possible the day before each visit.  

 

3.6 Conclusion 

This study confirms that male athletes vary their dietary intake when they are asked to 

reproduce their freely selected diet in comparison to when meals are provided as a 

standardised diet. Therefore, standardised diet should be used when diet has a great 

influence on the intervention or performance and an enhanced reliability is required due 

to the small expected effect. This research has highlighted many questions in need of 

further investigation. More research is needed targeting other population groups, such as 

untrained, overweight, and obese people, and female athletes. Further work needs to be 

done to establish to what extent dependent variables (i.e. performance, blood biomarkers, 

and nutrient oxidation) are affected by manipulation of dietary parameters (e.g. total daily 

carbohydrate intake) within the typical range of variation observed in this study. 
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4.1 Summary 

Discrepancies in energy and macronutrient intakes are apparent in research studies even 

when a solid pre-packaged diet (SOdiet) is used to standardise dietary intake. It is 

unknown whether a liquid pre-packaged diet (LIdiet) leads to improved adherence and 

therefore lower variability in energy and macronutrient intakes. The aim of this second 

study was to assess the ability of athletes to replicate a diet when LIdiet and SOdiet were 

used as dietary standardisation techniques. In a crossover design, participants were 

randomly assigned to either SOdiet or LIdiet, each consumed on two separate days. 

Participants were instructed to consume all the meals provided and to return the leftovers. 

Twenty-eight male athletes completed the study. The analyses of the scatter plots showed 

that the observations in SOdiet and LIdiet were distributed around the mean with the 

exception of some outliers. The CV% of energy and macronutrients for SOdiet were 

higher than LIdiet (5% and 3% for energy; 5% and 3% for carbohydrate; 5% and 2% for 

protein; and 5% and 3% for fat, respectively). Energy and macronutrient intakes on day 1 

were very strongly, positively correlated (r > .80) with those on day 2 for both methods (p 

< .05). This study confirms that LIdiet is an effective technique to standardise diet pre-

experimental trials and could be used as an alternative to SOdiet. 

 

 4.2 Introduction 

As concluded in the previous study presented in Chapter 3, Sdiet is the best approach to 

control dietary intake and must be considered when diet has a great influence on the 

intervention or performance and an enhanced reliability is required due to the small 

expected effect. This conclusion is also supported by Jeacocke and Burke (2010) who 

showed similar observations. However, despite its superiority over the other dietary 

standardisation methods, it has only been used by 7% of studies published in IJSNEM and 

JISSN from 2008 to 2014 (see section 2.4). The unpopularity of the SOdiet is very likely 

due to the high cost and burden on researchers. According to Jeacocke and Burke (2010), 

the average cost per participant per trial is between Ã7.20 and Ã9.60. This increases the 

budget of a study significantly, especially when a big sample size and/or multiple trials 

are required. In addition, the preparation of the SOdiet is time consuming with an average 
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time spent per participant between 2.5-3.25 hours including developing the diet, grocery 

shopping, food weighing and packaging (Jeacocke & Burke 2010).  

Therefore, in an attempt to improve the compliance to the diet given even further and to 

reduce the cost and time of preparation, we propose a new method to standardise dietary 

intake during the period before experimental trials. This method is characterised by the 

provision of a LIdiet instead of SOdiet. We believe that LIdiet will require less 

preparation time and effort. Researchers will only need to mix different products together 

(e.g. meal replacement powder and milk). LIdiet can be cheaper as well and most 

importantly will make it easier for participants to consume. The aim of this study was 

therefore to assess the ability of athletes to replicate a diet when a LIdiet and SOdiet were 

used as dietary standardisation techniques. 

 

 

 4.3 Materials and methods 

4.3.1 Participants 

Thirty-two moderately- and well-trained male athletes participated in this study. 

Participants were recruited from sports clubs in Oxfordshire by contacting their respective 

coaches. Eligibility criteria included:  

 Athletes aged between 18-45 years 

 Involved in a team or endurance type activity 

 Training Ó 5 hours per week 

 Not allergic or intolerant to food provided 

 Free of metabolic disorders (e.g. diabetes, cardiovascular disease, or hypertension) 

This study was conducted according to the guidelines laid down in the Declaration of 

Helsinki and all procedures involving human subjects were approved by the University 

Research and Ethics Committee (UREC) at Oxford Brookes University (Appendix B). 

Written informed consent was obtained from all participants prior to their participation in 

the study. 
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4.3.2 Experimental Design 

Participants completed five visits to the laboratory at Oxford Brookes University with at 

least one day between each visit. On visit 1, participants were weighed to 0.1 kg near 

precision in light clothing and barefoot using a calibrated electronic scale (Tanita UK 

Ltd., Yiewsley, Middlesex, UK). Height was measured without shoes with an accuracy of 

0.5 cm using a stadiometer (Seca Ltd., Birmingham, UK). After taking the anthropometric 

measurements, participants were randomly assigned to one of the following conditions: 1) 

solid pre-packaged diet and 2) liquid pre-packaged diet. Therefore, participants were 

either given SOdiet on Visits 1 and 2 and LIdiet on Visits 3 and 4 or vice versa. 

Participants were allocated using a computer-generated list of random numbers 

(Microsoft Excel, Redmond, Washington, USA). Participants were instructed to consume 

all the meals provided and informed to return all left-overs the next visit. They were also 

asked to record on a food diary sheet any deviation from the diet. The difference in 

energy and macronutrient intakes between both visits for each condition was then 

measured. The actual food consumed was determined by subtracting the amount of food 

given by the amount of food left and then adding to the total any unassigned additional 

food or drink recorded.  

The energy and macronutrient content of SOdiet and LIdiet were identical according to 

participantsô daily nutrient requirements (Rodriguez et al. 2009) and accounting for food 

preferences. The diets provided on average ~60% of carbohydrate, ~17% of protein, and 

~23% of fat of the total energy intake. The SOdiet consisted of cornflakes, whole milk, 

white bread, cheese, beans, butter, tomato, pasta, tomato sauce, apple, and banana. The 

LIdiet constituted of Dymatize Super Massgainer Powder (Dymatize, Bedford, Texas, 

USA) mixed with whole milk and were offered in three flavours: chocolate, vanilla, and 

strawberry according to each individual taste preference. Each serving (334 g) contains 

1280 kcal, 252 g of carbohydrate, 52 g of protein, and 10 g of fat. Individual energy 

requirement was calculated using the Mifflin-St Jeor equation and the short form of the 

International Physical Activity Questionnaire to determine their estimated basal metabolic 

rate and physical activity level, respectively (Ipaq 2002; Mifflin et al. 1990). Although the 

Harris and Benedict equation (Harris & Benedict 1918) is typically used by sports 

nutritionists, Mifflin-St Jeor equation was shown to estimate basal metabolic rate within 

10% of that measured (Frankenfield et al. 2005); therefore, it was used in the present 
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study. Nutritics software (Nutritics LTD, Dublin, Ireland) was used to construct the 24-

hour menu for the SOdiet and to analyse the additional food consumed by participants on 

testing days.  

 

 

4.3.3 Statistical analyses 

Statistical analyses were performed using SPSS v.22 (IBM corp., Armonk, NY, USA). 

All data were normally distributed and therefore paired-sample t tests were used to 

compare the mean energy and macronutrients intakes between day 1 and day 2 for each 

method. The data were analysed using the Bland & Altman (Martin Bland & Altman 

1986) technique for assessing agreement between the two days of measurements for each 

condition. Pearson test was used to measure the correlation between day 1 and day 2 in 

nutrient intake for each method. In addition, the coefficient of variation (CV = 100 x 

mean/SD) was calculated for each nutrient for the two methods and reported as the 

average CV%. The sample size was calculated using the equation published by Hopkins 

(2000) and based on the results obtained in our previous study (Chapter 3). The 

calculation showed that 28 participants were needed to give adequate precision for 

nutrient intake. However, a total of 32 participants were recruited. Statistical significance 

was set at p < .05. 

 

 4.4 Results 

Thirty athletes from four different disciplines (rowing, triathlon, cycling, and football) 

participated in this study. Two participants withdrew from the study, one for personal 

reasons and the second for feeling nauseous during the LIdiet. The remaining 28 

participants were (mean Ñ SD) 28 Ñ 7 years old, 74.6 Ñ 9.5 kg in body mass, and 179 Ñ 8 

cm in height. 

The results, as shown in Table 4.1, indicate that the mean energy and macronutrient 

intakes between day 1 and day 2 for both dietary standardisation techniques were not 

significantly different. Intakes on day 1 and day 2 across energy and carbohydrate were 

compared using scatter plots with 95% limits of agreement as shown in Figures 4.1ï4.4, 
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whereas protein and fat were compared using limits of agreement found in Table 2. As 

can be seen in the figures, the observations in SOdiet and LIdiet were distributed around 

the mean with the exception of some outliers. The limits of agreement in the SOdiet for 

all nutrients were wider, almost twice in some variables, than of the LIdiet. Three 

participants in SOdiet differed in their carbohydrate intake between day 1 and day 2 by 

more than 100 g compared to only one participant in LIdiet. 

 

Table 4.1. Mean energy and macronutrients intakes of trained athletes on day 1 and day 2 

of SOdiet and LIdiet consumption 

Method Day 1 SD Day 2 SD p value 

SOdiet 

     

Energy (kcal) 2 970 613 2 997 645 .67 

Carbohydrate (g) 463 108 455 118 .49 

Protein (g) 127 32 127 27 .90 

Fat (g) 72 22 74 26 .30 

LIdiet 
     

Energy (kcal) 3 139 621 3 140 623 .98 

Carbohydrate (g) 475 122 475 123 .99 

Protein (g) 131 26 132 26 .51 

Fat (g) 77 18 77 18 .78 
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Table 4.2. Limits of agreement for the mean differences in protein and fat intakes of 
trained athletes between day 1 and day 2 of SOdiet and LIdiet consumption 

  Limits of agreement 

Method Mean difference Lower Upper 

SOdiet    

Protein (g) 0.5 -37.7 38.7 

Fat (g) -1.5 -20.5 17.4 

LIdiet    

Protein (g) -0.9 -15.1 13.3 

Fat (g) 0.4 -13.8 14.6 

 

 

 

 

Figure 4.1. Comparison of the amount of energy consumed on day 1 and day 2 for the 

SOdiet technique. 
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Figure 4.2. Comparison of the amount of energy consumed on day 1 and day 2 for the 
LIdiet technique. 

 

 

 

Figure 4.3. Comparison of the amount of carbohydrate consumed on day 1 and day 2 for 
the SOdiet technique. 
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Figure 4.4. Comparison of the amount of carbohydrate consumed on day 1 and day 2 for 

the LIdiet technique. 

 

The CV% of energy and macronutrients for SOdiet were higher than LIdiet (5% and 3% 

for energy; 5% and 3% for carbohydrate; 5% and 2% for protein; and 5% and 3% for fat, 

respectively). Pearson test showed that for SOdiet, energy and macronutrient intakes on 

day 1 were very strongly correlated with those on day 2 (r = .85 for energy, r = .85 for 

carbohydrate, r = .80 for protein and r = .93 for fat). The relationship of the energy and 

macronutrients intakes between day 1 and day 2 for LIdiet was very strong as well; 

however, the values were higher than SOdiet except for fat (r = .94 for energy; r = .96 for 

carbohydrate; r = .96 for protein and r = .92 for fat). All correlations were statistically 

significant in both methods (p < .01). 

 

 4.5 Discussion 

The standardised pre-packaged diet has been considered the best method for controlling 

dietary intake during the trial preparation period (Jeacocke & Burke 2010). The main 

advantages of this technique includes the compliance of subjects to the diet given which 

could be easily checked by asking subjects to bring back the leftovers, and the low burden 

on participants eliminating the need to buy and cook their meals. However, while it 

reduces the burden on participants, it increases the burden on researchers. This technique 
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is time consuming and costly compared to the other dietary standardisation techniques. In 

addition, despite the good level of compliance by the majority of participants, the study 

presented in Chapter 3 has shown that the pre-packaged diet technique still has a few 

subjects with poor compliance. This variability in dietary intake can confound 

experimental results and make it more difficult to detect changes associated with the 

intervention, especially in studies with a small sample size. 

The first question in this study sought to determine the reproducibility of SOdiet and 

LIdiet in athletes. As expected, the mean energy and macronutrient intakes on day 1 and 

day 2 for both techniques were not significantly different. However, within-subject 

differences may be obscured by traditional statistical analysis (Weissgerber et al. 2015). 

Further analysis showed that both techniques led to good compliance to the diet given as 

shown in the Bland & Altman plots where most values were around the mean. This is 

supported by the strong correlation between nutrient intake on day 1 and day 2 of both 

techniques. However, some discrepancies were apparent in some participants, mainly in 

SOdiet. As mentioned in section 4.4, more participants in the SOdiet differed in their 

carbohydrate intake between day 1 and day 2 by more than 100 g than in the LIdiet. This 

was mainly due to eating significantly eating less white bread, pasta or a combination of 

both on one of the two occasions. An implication of this is the possibility that these 

differences in carbohydrate intake can increase signal noise and reduce the ability to 

detect small worthwhile changes. Nevertheless, researchers are expected to check the 

compliance of their subjects even when the gold standard method (i.e. Sdiet) has been 

used. They could either use a checklist or simply ask their subjects to return the leftovers. 

This way, these discrepancies in energy and macronutrient intakes could be avoided. 

However, in case of a large sample size, checking the compliance of participants might 

become impractical and therefore LIdiet become the best choice. 

The results of the CV% also confirm that SOdiet and LIdiet are both effective techniques 

to standardise dietary intake leading to similar variations in nutrient intakes. Liquid pre-

packaged meals technique is an ideal technique for studies with small sample size and/or 

looking for small worthwhile changes. The inter-subject variability in energy and 

carbohydrate intakes reported in this study was wide. It seems possible that this 

variability is due to the difference in the type of athletes recruited who have different 

nutrient requirements and their body weight. For example, the carbohydrate intake of a 
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cyclist weighing 63.0 kg was 366 g and of another cyclist weighing 99.2 kg was 652 g. 

This variation could increase the width of the confidence interval; therefore, it is 

suggested to recruit subjects with similar characteristics to reduce the between-subjects 

variability (Hopkins et al. 1999). 

Cost and time of preparation were two of the main limitations of SOdiet raised earlier. 

Comparing the two techniques, the average cost of SOdiet per participant per trial was 

Ã6.60 compared to Ã4.90 for LIdiet. This does not cover the cost of labour, plastic bags 

and bottles, software package, and other consumables. To put this in context, the average 

cost of SOdiet for 30 participants undergoing two trials is Ã396.00 compared to Ã294.00 

for LIdiet. In addition, the average time spent per visit preparing the solid pre-packaged 

diet was longer than preparing the liquid pre-packaged diet (20 minutes and 8 minutes, 

respectively). This difference in time can affect dramatically studies with larger sample 

size. 

Finally, one limitation needs to be considered. The energy expenditure on the day 

preceding each visit was not measured; therefore, it was not possible to examine whether 

the changes in dietary intake were associated with any changes in physical activity. 

However, participants were asked to keep their physical activity level as close as possible 

prior to each trial. 

 

 4.6 Conclusion 

The purpose of the current study was to assess the ability of athletes to replicate a diet 

when LIdiet and SOdiet were used as dietary standardisation techniques. This study 

confirms that the liquid pre-packaged diet is an effective technique to standardise diet pre-

experimental trials and could be used as an alternative to solid pre-packaged diets. 

Furthermore, LIdiet may lead to additional improvements in the compliance of subjects to 

the diet and also decrease the cost and time of preparation. 
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Chapter 5 

Does a 15% difference in carbohydrate intake 

influence cycling performance and 

physiological responses in endurance-trained 

athletes? 
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5.1 Summary 

Although researchers often inform human participants to adhere to the same diet before 

multi-day experiments, the typical subject is likely to vary their carbohydrate intake by 

15% or more. We examined the effect of a 15% difference in the carbohydrate intake of 

trained cyclists on endurance performance and physiological response. Ten male cyclists 

completed familiarisation and aerobic power tests. Then, on two separate occasions, 

subjects completed a glycogen depletion task (day 1) followed by an endurance capacity 

test at 70% of VO2max on a cycle ergometer until fatigue (i.e. time to exhaustion; day 2). 

Participants replicated these procedures using a randomised cross-over design and 

consumed either a diet containing 4.7 g.kg BM-1 of carbohydrate (LowerCarb) or an 

energy-matched diet containing 5.4 g.kg BM-1 of carbohydrate (HigherCarb) between the 

glycogen depletion task and time to exhaustion test. The two occasions were separated by 

at least 7-days. Blood glucose and lactate levels were measured at baseline and every 30 

minutes during cycling, while the respiratory exchange ratio (RER) was measured every 

15 minutes until the end of the time to exhaustion. Time to completion was not affected 

by HigherCarb (88.4 Ñ 17.7 min) compared to LowerCarb (88.6 Ñ 15.7 min) with p = .96. 

HigherCarb also did not have any significant effect on blood lactate and glucose levels, 

and RER at any time point compared to LowerCarb (p > .05). This study suggests that a 

difference in carbohydrate intake by up to 15% does not effect on cycling performance, 

nutrient oxidation, blood glucose and lactate levels. 

 

 5.2 Introduction 

According to the review presented in Chapter 2, approximately 65% of studies published 

in IJSNEM and JISSN either do not check subjectôs compliance to the diet given or do 

not mention it. This implies that researchers may be taking dietary standardisation for 

granted. This could be due to the lack of studies highlighting its importance. 

Nevertheless, poor dietary control might have serious consequences by creating large 

within- and between-subject variability in dependent variables leading to a decreased 

effect size, hence inadequate experimental power (Atkinson & Nevill 2001; Hopkins et al. 

1999). These findings led us to conduct a study examining the reproducibility of a diet 

using different dietary standardisation techniques (Chapter 3). The results of this 
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investigation showed that the average moderately-trained athlete is likely to vary their 

daily carbohydrate intake by 15% or more, even when they were asked to reproduce their 

24-h diet.  

Scientists have extensively investigated the effect of carbohydrate diets on endurance 

performance and metabolism. Yet, studies mainly focused either on comparing two 

extreme diets (7 ï 9 g.kg-1 BM difference in carbohydrate; Bishop et al., 2001a, 2001b; 

Johnson et al., 2006) or two diets with moderate differences (~3 g.kg-1) in carbohydrate 

contents (Burke et al., 2000; Hawley et al., 1997; Pitsiladis et al., 1996; Williams et al., 

1992). The difference in the amount of carbohydrate between the two diets ingested in 

these studies differed by at least 22% (Williams et al. 1992) and reached 99% (Johnson et 

al. 2006). The main finding of these studies was that endurance performance was greater 

when participants ingested a high carbohydrate diet (Correia-Oliveira et al., 2013; 

OôKeeffe et al., 1989).  

The consumption of carbohydrate rich diet increases glycogen levels in skeletal muscles, 

the primary cause for the improvement in endurance performance (Rauch et al. 2005). 

Exercise intensity plays an important role in the relationship between glycogen level 

(depletion) and endurance performance (fatigue). Gollnick et al. (1974) reported that as 

exercise intensity increases time to reach fatigue decreases partially due to the rapid 

decrease in glycogen level during exercise. For example, at medium intensity (64% 

VO2max) glycogen level reached critically low levels after two hours, whereas at high 

intensity (84% VO2max) low levels were reached after 60 minutes of exercise. In 

addition, high intensity exercise significantly increases blood lactate concentration 

compared to medium intensity exercise. Similar trends have also been observed between 

high and low intensity exercise for RER and oxygen uptake. 

These protocols were mainly adapted by scientists who were examining different 

strategies to enhance endurance performance and alter substrate oxidation during 

exercise. However, to our knowledge no one has yet addressed this with regards to dietary 

standardisation of research studies. What is known about the impact of a small difference 

in carbohydrate intake on endurance performance is largely based upon the control groups 

in some studies (Brewer et al., 1988; Muoio et al., 1994; Roltsch et al., 2002; 

Venkatraman et al., 2001). For example, in Brewer et al. (1988), the control group 

included experienced runners who were informed to maintain their carbohydrate intake 
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between trials. The average difference in carbohydrate intake (non-standardised) only 

differed by 39 g (13%). However, energy intake was increased by 710 kcal on the second 

occasion in order to standardise it with the other experimental groups. Therefore, there is 

a need to conduct a well-controlled study designed specifically to examine a small 

difference (i.e. a representative difference based on typical athlete behaviours) in 

carbohydrate on endurance performance and physiological response. The purpose of this 

investigation was to compare the effect of a 15% difference in 24-hour carbohydrate 

intake on endurance capacity, nutrient oxidation and blood biomarkers during cycling in 

athletes. 

 

 5.3 Materials and methods 

5.3.1 Subjects 

Fourteen healthy well-trained male cyclists and triathletes participated in this study. 

Athletes were recruited from sports clubs in Oxfordshire through their respective coaches. 

Eligibility criteria included:  

 Athletes aged between 18-42 years 

 With an aerobic capacity above the 90th percentile for their age (18-29 year: Ó 55 

ml.kg-1.min-1; 30-42 year: Ó 52 ml.kg-1.min-1; Whaley, 2006) 

 Not allergic or intolerant to food provided 

 Free from injuries 

 Free of metabolic disorders (e.g. diabetes, cardiovascular disease, or hypertension) 

Twelve participants completed the study while two participants dropped out for personal 

reasons. A further two subjects were excluded prior to statistical analysis because they 

completed the endurance capacity test in less than 60 minutes. The physical 

characteristics of the final ten participants were as follows (mean Ñ SD): age = 30 Ñ 8 

years; body mass = 73.0 Ñ 8.5 kg; height = 180 Ñ 6 cm; VO2max: 57.9 Ñ 3.9 ml.kg-1.min-

1. This study was conducted according to the guidelines laid down in the Declaration of 

Helsinki and all procedures involving human subjects were approved by the University 

Research and Ethics Committee (UREC) at Oxford Brookes University (Appendix C). 
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Prior to starting the study, participants gave their written informed consent and completed 

a general health questionnaire after being fully informed of the purpose of the experiment. 

 

5.3.2 Pilot study 

It was essential early during the study design period to select a suitable performance 

protocol to address the research question. This was especially important as the expected 

effect was small. Therefore, several pre-testing sessions were conducted including the 

assessment of the equipment. The first performance protocol tested was a pre-loaded 

cycling time trial which is presented in Figure 5.1. It consisted of a steady state exercise 

phase lasting 90 minutes at an intensity equal to 70% VO2max followed by a fixed 

distance time trial as fast as possible (duration target ~30 minutes). However, the 

participant completed the steady state phase with a high rate of perceived exertion (17 = 

very hard). The participant most likely reached minimal glycogen levels in the body 

during the steady state phase which could explain the high rate of perceived exertion. It 

has been shown that cycling for 90 minutes at moderate to high intensity led to glycogen 

depletion (Burke 2002). Therefore, the effect of 15% difference in carbohydrate intake 

would not be captured during the time trial as glycogen would have been depleted on the 

previous stage. The protocol was later replaced by a time to exhaustion test which provide 

control over the exercise intensity and enhanced the ability to measure physiological 

responses until fatigue. 
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Figure 5.1. Overview of the experimental and familiarisation trials protocol. 

 

 

Several items of equipment were assessed during pre-testing in order to enhance 

reliability and precision of the results. Hemocue Glucose 201+ (Hemocue AB, 

 ngelholm, Sweden) and Lactate Pro (Arkray KDK Corporation, Shiga, Japan) were 

replaced by the Analox GM7 analyser (Analox Instruments, Hammersmith, UK) which is 

considered more reliable than the former two machines to measure blood lactate and 

glucose concentrations (van Someren et al. 2005; Edwards et al. 2003). The CV% of the 

Analox GM7 obtained after intensive practice was 0.7% for blood glucose and 0.2% for 

blood lactate. Collection bags were used to measure O2 and CO2 concentrations in the 

expired air of participants in order to determine the respiratory exchange ratio (RER) 

which is a sensitive parameter that requires higher precision. Therefore, the CV% of gas 

collection for the expired air collection procedure was determined by filling ten collection 

bags with known volume and CO2 concentration using a respiratory gas simulator 

(Vacumetrics Inc, California, USA). This generated a CV% of 1.9%. On the other hand, 

breath-by-breath technique for gas analysis was used instead of collection bags method to 

determine VO2max with good precision and more practicality.  
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5.3.3 Experimental overview 

Participants visited the laboratory on six different occasions and completed the following 

test sequence:  

1) Preliminary test 

2) Familiarisation trial 

3) First glycogen depletion protocol 

4) First experimental trial 

5) Second glycogen depletion protocol 

6) Second experimental trial 

The time separating the preliminary test from the familiarisation trial was a minimum of 

48 hours and the familiarisation test from the first glycogen depletion protocol by at least 

72 hours. The glycogen depletion protocol and the experimental trial were completed on 

consecutive days and a minimum of seven days separated the two experimental trials 

(washout period). In a crossover design, participants were randomly assigned to one of 

two energy matched diets with a 15% difference in carbohydrate using a computer-

generated list of random numbers (Microsoft Excel, Redmond, Washington, USA). After 

the completion of the glycogen depletion protocol, participants received pre-packaged 

meals which they were asked to consume before returning to the lab next morning to 

complete the experimental trial. 

 

5.3.4 Preliminary test 

Participants arrived at the laboratory for the preliminary test after fasting for the previous 

three hours and having avoided caffeine intake for at least 10 hours. Additionally, they 

were asked to avoid alcohol and to refrain from any strenuous physical activity for the 

preceding 24 hours. Participants were then weighed to 0.1 kg near precision in light 

clothing and barefoot using a calibrated electronic scale (Tanita UK Ltd., Yiewsley, 

Middlesex, UK). Height was measured without shoes with an accuracy of 0.5 cm using a 
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stadiometer (Seca Ltd., Birmingham, UK). Next, participants completed an incremental 

step test to volitional exhaustion on a cycling ergometer (Excalibur, Lode, The 

Netherlands) to determine their VO2max and lactate threshold. The workload started at 90 

Watt (W) and progressively increased by 30 W every 4 minutes until exhaustion. Expired 

air was analysed using an automated gas analysis system (Metalyzer 3B, Cortex, 

Germany). This test was used to ensure subjects met the study entry criteria for aerobic 

power and to determine the individual work rate for use during the glycogen depletion 

protocol and the experimental trial. 

 

5.3.5 Familiarisation session 

Participants performed a time to exhaustion test to familiarise themselves with the task 

described in section 5.3.7. This session was also used to verify the cycling intensity 

prescription of 70% of VO2max. 

 

5.3.6 Glycogen depletion protocol 

Subjects reported to the laboratory at 8:00 a.m. (Ñ 1 hour) after overnight fasting and 

having refrained from strenuous physical activity, alcohol and caffeine in the previous 24 

hours. All participants reported taking a rest day before this protocol. This protocol aimed 

to standardise glycogen stores in the body prior to the consumption of the pre-packaged 

meals based on the approach described in Rauch et al. (2005) and presented in Figure 5.2. 

Briefly, participants cycled for two hours at 65% of the highest wattage obtained during 

the VO2max test (Wpeak) interspersed with five 60 seconds sprints at Wpeak at minutes 

20, 40, 60, 80, and 100 followed by 1 minute recovery spin at 0 W. These sprints aimed to 

depleted glycogen in type 2 muscle fibres. Thereafter, cyclists completed a one hour time 

trial. Subjects ingested 600 ml of a 10% glucose polymer solution per hour in the first two 

hours in order to prevent hypoglycaemia. Thereafter, ad libitum water intake was allowed 

during the one hour time trial. 
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Figure 5.2. Overview of the glycogen depletion protocol. 

 

5.3.7 Experimental trial 

Twenty-four hours after the glycogen depletion protocol (i.e. 7:00 a.m. to 9:00 a.m.), 

participants reported to the laboratory having fasted since the consumption of their last 

meal the day before at 8:00 p.m. Ñ 1 hour and avoided any physical activity. The 

experimental trial consisted of steady state cycling at 70% of VO2max until exhaustion. 

The overview of the experiment is found in Figure 5.3. During the test, no external 

information was available to participants (e.g. distance, time or heart rate) except for 

pedal rate. Participants were told that all physiological measures will be taken randomly 

during the trial. One or two fake measures were taken randomly during the experiment in 

order not to give any clues about time elapsed to participants. For example, some 

participants might compare the number of measurements taken during the test and 

compare it to the previous trial. Participants were not allowed to listen to music or watch 

videos during the test. They were warned when the pedalling rate dropped below 60 rpm 

and the test was terminated when they could not increase it above 60 rpm within 10 

seconds of a warning. The time from the start of the experiment until the point of 

exhaustion, expressed in minutes and seconds, was the measure of endurance capacity. 

Participants were not given any feedback after the end of the trial in order not to affect the 

performance of the following trial. Participants received their VO2max and time to 

exhaustion values when all the trials were completed. 

Two minute expired air collections using collection bags were obtained every 15 minutes 

starting at minute 13 until the end of the test. This enabled us to complete gas collection 

before the blood sample measurement. The size of collection bag was chosen carefully for 
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each participant in order to reduce the error associated with the residual volume of bags. 

In addition, participants ñflushedò the bag with their expired air before the start of the trial 

by breathing inside the bag for 3-4 minutes in order to reduce the contamination of the 

bags with the ambient air (Hopker et al., 2012). Oxygen and CO2 concentrations were 

determined using a gas analyser (Servoflex MiniMP, Servomex, Houston, USA) and 

calibrated using calibration gases. Expired ventilatory volume was measured using a 

Harvard dry gas meter (Harvard Apparatus, Massachusetts, USA). Blood glucose and 

lactate concentrations were measured at baseline and then every 30 minutes until the end 

of the test. Blood samples were collected from the fingertip and mixed for one minute in 

capillary tubes. The amounts required for analysis were 10 Õl of whole blood for glucose 

and 7 Õl for lactate and were analysed using an Analox GM7 analyser (Analox 

Instruments, London, UK). Heart rate was measured continuously throughout the test via 

telemetry (Polar Electro OY, Kempele, Finland). Participants were asked to rate their 

perceived exertion using the 6- to 20-point Borg scale every 30 minutes until the end of 

the test (Borg 1982). 

 

  Figure 5.3. Overview of the experimental and familiarisation trials protocol. 
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5.3.8 Dietary intervention 

In a crossover design, participants were randomly allocated to consume either a diet 

containing 4.7 g.kg BM-1 of carbohydrate (LowerCarb) or an energy-matched diet 

containing 5.4 g.kg BM-1 of carbohydrate (HigherCarb). The mean energy and 

macronutrient intakes of both dietary interventions are presented in Table 5.1. The 

average difference in carbohydrate intake between conditions was 50 g (15%). The diets 

were prepared according to participantsô daily energy requirements (Rodriguez et al. 

2009) and accounted for individual food preferences. A sample diet is provided in Table 

5.2. The first meal was consumed with at least 250 ml of water 15 to 30 minutes after the 

end of the glycogen depletion test (~ 11:00 a.m.),whereas, the other two meals were 

consumed at 5:00 p.m. (Ñ 1 h) and 8:00 p.m. (Ñ 1 h) during the same day. Participants 

were instructed to return any unconsumed food to measure compliance before they were 

cleared to start. The average CV% for energy intake between trials was 0.7%. 

 

 

Table 5.1. Diet composition of the experimental conditions (N = 10) 

 LowerCarb  HigherCarb  

Energy (Kcal) 3061 Ñ 384 3048 Ñ 398 

Carbohydrate (g) 326 Ñ 35 379 Ñ 40 

Protein (g) 114 Ñ 12 114 Ñ 15 

Fat (g) 139 Ñ 31 115 Ñ 34 

Mean Ñ SD; HigherCarb: 5.4 g.kg BM-1 of carbohydrate; LowerCarb: 4.7 g.kg BM-1 of 

carbohydrate 
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Table 5.2. Sample HigherCarb diet for a 84 kg subject training 6 days per week 

 Food Amount 

  HigherCarb LowerCarb 

Meal 1 Chicken pasta salad 380 g 380 g 

    

Meal 2 Cornflakes 

Whole milk 

White bread 

Cheese 

Butter 

70 g 

568 ml 

99 g 

100 g 

40 g 

 

70 g 

568 ml 

99 g 

100 g 

43 g 

Meal 3 Pasta 

Tomato sauce 

166 g 

170 g 

120 g 

170 g 

Snacks Apple 

Banana 

Mixed nuts 

180 g 

215 g 

70 g 

0 g 

160 g 

110 g 

Energy (kcal)  3 485 3 486 

Carbohydrate (g)  392 332 

Protein (g)  125 126 

Fat (g)  154 179 

 
 

5.3.9 Statistical analyses 

Statistical analyses were performed using SPSS v.22 (IBM corp., Armonk, NY, USA). 

All data were analysed for normality. All samples were normally distributed and 

subsequently a paired-sample t test was used to compare the mean time to completion in 

the two experimental tests. A two-way ANOVA for repeated measures followed by 

Bonferroni post hoc tests were used to assess interaction between the two conditions and 

time for blood lactate, blood glucose, RPE, and RER. All data are reported as means Ñ 
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SD. Statistical significance was set at p < .05. The sample size was chosen on the basis of 

previous studies of a similar nature (Brewer et al., 1988; Muoio et al., 1994; Roltsch et 

al., 2002; Venkatraman et al., 2001). 

 

 5.4 Results 

Time to exhaustion at 70% VO2max was not significantly altered by a 15% difference in 

carbohydrate intake (LowerCarb: 88.6 Ñ 15.7 vs. HigherCarb: 88.4 Ñ 17.7 minutes, p = 

.96; Figure 5.4). Individual data revealed that five participants improved their time to 

completion while the other five had their performance impaired (Figure 5.5). Table 5.3 

compares blood lactate and glucose concentrations between LowerCarb and HigherCarb 

at baseline, during, and exhaustion. There were no significant differences between the two 

conditions at any time point. The rating of perceived exertion (Table 5.3) was not 

significantly different at any point (p > .05). Table 5.4 shows the RER and HR values 

during the capacity test between LowerCarb and HigherCarb. No significant changes 

were observed between the two conditions (p > .05). 
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Figure 5.4. Paired data of the time to exhaustion for each athlete between LowerCarb and 

HigherCarb conditions. Open circles represent the time to completion of participants. 

Closed circles represent the mean time to completion of the group.  
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Figure 5.5. Median and individual differences in time to completion between the two 

carbohydrate conditions. 
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 5.5 Discussion 

It is good practice to inform participants to replicate their diet for at least 24-hours before 

starting an experimental procedure in order to control dietary intake. However, subjects 

can vary their energy and macronutrient intakes even when they are informed to replicate 

their 24-hour diet (see section 3.4). It is therefore important to understand the impact of 

this variation on the outcomes of a research study. This study examined the effect of a 

15% difference in carbohydrate intake on endurance capacity and physiological 

responses. 

The main challenge of this study was to reduce the amount of noise from all measured 

parameters to a minimum in order to increase the likelihood of observing a possible effect 

of the diet manipulation. For this reason, many measures were taken before the start of the 

study. For example, our research group conducted two pilot studies that contributed to the 

design of the experiment (see section 5.3.2). Collection bags in the experimental trials 

were used instead of breath-by-breath technique as it has been shown to be a more 

reliable technique (Hopker et al. 2012). We spent many hours practicing on collection 

bags in order to detect signals with accuracy. We used the recommendation by Hopker 

and colleagues (2012) to reduce the noise in our analysis to as low as possible. The 

Analox GM7 analyser was used to measure blood glucose and lactate concentrations 

instead of the handheld machines which have been shown to have less precision (van 

Someren et al., 2005). Another challenge was to make sure that all participants reached 

the 50 g (15%) difference in carbohydrate intake. This was why participants were given 

pre-packaged meals and informed to return all leftovers so they could be weighed before 

the researcher decided whether to pursue with the trial or to repeat the diet. Ideally, a 

percutaneous muscle biopsy should have been performed to measure muscle glycogen 

levels at the end of the glycogen depletion protocols. However, there are many practical 

difficulties associated with this method. The technique requires specialised equipment and 

expertise. In addition, due to its invasive nature, it can cause discomfort in participants 

and affect the number of athletes willing to participate (Dengler et al. 2014). The 

glycogen depletion protocol used in the current study is a reliable procedure that resulted 

in similar end exercise muscle glycogen levels, independent of pre-exercise levels (Rauch 

et al. 2005). 
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Assuming our intervention was successful, there was no reason to think that subjects 

would do worse on HigherCarb compared to LowerCarb. Exercising until exhaustion at 

70-75% VO2max has been shown to be limited by glycogen availability (Hermansen et 

al., 1967; Karlsson & Saltin, 1971), independently of blood glucose concentrations 

(MÞhlum & Hermansen 1978). Therefore, a 50 g increase in carbohydrate intake should 

extend time to completion. There is a well-established linear relation between glycogen 

storage and time to exhaustion at an intensity ~65% VO2max (Gollnick et al., 1974). So if 

we were to consider a hypothetical scenario where participants are tested in ideal 

conditions, participants should have extended their time to exhaustion from 88 minutes in 

LowerCarb to 101 minutes in HigherCarb. However, one of the reasons why in real world 

experiment participants will not get 13 minutes improvements is due to the day-to-day 

variability in endurance capacity. The five subjects, in the current study, whose endurance 

capacity was reduced in HigherCarb may be explained by the reproducibility of the time 

to exhaustion test.  

 

Jeukendrup and colleagues (1996) measured the reproducibility of continuous cycling at 

75% VO2max until exhaustion in ten well-trained or recreational athletes who completed 

the test six times and reported a CV% of 26.6%. Although time to exhaustion has a poor 

reproducibility, it is likely to lead to muscle glycogen depletion at moderate to high 

intensity in about 90 minutes (Burke, 2002) which we believe was the most appropriate 

protocol for detecting differences due to a small difference in carbohydrate intake. We 

also compromised on time to exhaustion in order to measure physiological markers which 

are used by many researchers. Furthermore, the inability to reach complete glycogen 

depletion is an additional reason why in real world experiment participants will not get 13 

minutes improvements. In an ideal scenario, participants will cycle until they reach 

complete glycogen depletion. This will enable us to measure accurately the effect of 50 g 

difference in carbohydrate intake that was stored as glycogen in the body. In reality, 

fatigue occurs when muscle glycogen reaches very low levels, ~25 mmol.kg-1 wet weight 

(Rauch et al. 2005; Widrick et al. 1993). Consequently, participants stop exercising 

before they reach critically low levels. For example, muscle glycogen levels of 

participants in Rauchôs study were ~22 mmol.kg-1 wet weight at the end of a three hour 

exercise protocol. Finally, other possible reasons include differences in daily physical 

activity level (e.g. spend the day at home after the glycogen depletion test vs. 

outdoor/working), shift in participantôs motivation during exercise between trials 
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(Hopkins et al., 2001), the quality of sleep the night before each trial, and other 

uncontrollable environmental factors.  

 

In the current study, the average difference in time to completion between the two 

conditions was a non-significant value of -0.3%. To our knowledge, no one has ever 

conducted a study investigating the effect of a small difference in carbohydrate intake on 

endurance performance. Yet some studies were found to contain a control group (e.g. 

receiving a carbohydrate matched diet) so it can be compared to other experimental 

groups (Brewer et al., 1988; Muoio et al., 1994; Roltsch et al., 2002; Venkatraman et al., 

2001). The differences in the carbohydrate content between the control and intervention 

groups in these studies were 2 to 16%. Some of these studies possess methodological 

weaknesses in dietary standardisation. For example, total energy intake was not controlled 

between the two dietary interventions and varied by approximately 700 kcal in two of 

these studies (Brewer et al. 1988; Muoio et al. 1994). This makes it difficult to distinguish 

whether the effect observed was due to the difference in carbohydrate or total caloric 

intake.  

The closest study to our protocol was conducted by Brewer et al. (1988). The study 

compared the effect of two carbohydrate rich diets and an energy match diet with 13 % 

difference in carbohydrate intake on treadmill run to exhaustion at 70% VO2max in 

highly trained runners. The researchers reported similar findings to ours demonstrating a 

non-statistically significant difference of 2.8% as a result of a 13% (39 g) difference in 

carbohydrate intake between trials. 

The current study did not find any significant differences in blood lactate and glucose 

concentrations between the two dietary interventions. The expected difference is near the 

precision of the equipment typical in sports science and this could be the reason for our 

failure to find significant differences. Blood lactate values varied between 2.0 and 2.5 

mmol.L-1. These values were expected as the mean work rate for the time to exhaustion 

(206 Ñ 30 W) was just above the lactate threshold of 2.0 mmol.L-1 (191 Ñ 41 W). These 

findings are in line with those of previous studies (Williams et al. 1992; Roltsch et al. 

2002; Muoio et al. 1994). The average lactate concentrations observed during exercise in 

the current study were lower compared to Brewer et al. (1988) who used a similar 

exercise intensity. In the current study, carbohydrate was the primary energy source used 
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during the steady-state submaximal exercise until exhaustion in both HigherCarb and 

LowerCarb conditions (RER Ó 0.90). However, no significant differences were found in 

RER between the conditions. Similar findings were obtained by Roltsch and colleagues 

(2002) who investigated the effect of 16% difference in carbohydrate intake on RER 

during a 40 minute submaximal test at 73% VO2max. These results seem to be consistent 

with other research (Williams et al. 1992; Muoio et al. 1994).  

 

 

 5.6 Conclusion 

The main outcome of this study was that at a group level, a 15% average difference in 

carbohydrate intake did not alter endurance performance or selected physiological 

response. However, at the level of the individual subject, there may still be a potential 

effect of carbohydrate intake, but such an effect may beyond the technical precision of the 

measurement. Furthermore, 50% of participants who used Drecall to standardise dietary 

intake in the study presented in Chapter 3, had a larger variability than 15%. The impact 

of a difference in carbohydrate higher than 15% and lower than what have been tested has 

yet to be studied. 
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6.1 Summary 

Many researchers limit their pre-trial hydration strategies to simply encouraging 

participants to stay well hydrated without providing any instructions on how to do so. It is 

still not known whether this encouragement can be successful in minimising the risk of 

starting an exercise test in a hypohydrated state. Therefore, the main aim of this study was 

to measure the incidence of participants who were hypohydrated on their arrival to the 

laboratory after receiving encouragement to stay well-hydrated. Fourty-five normally 

active or moderately trained men provided a first morning urine sample at home soon 

after waking up. Approximetaly one hour after, they provided a second urine sample at 

the laboratory. Participants were instructed to fast overnight for 10 hours from all food 

and drinks except from water, which they were verbally encouraged to drink to stay well 

hydrated. The results indicated that 35% of participants were significantly hypohydrated, 

30% were likely hypohydrated, and 35% euhydrated on their arrival to the laboratory. 

First morning urine osmolality values were (mean Ñ SD): 1043 Ñ 108, 801 Ñ 44, and 538 

Ñ 107 mOsmol.kg-1, respectively. Urine osmolality of the first void was not significantly 

different between athletes and non-athletes (780 Ñ 222 and 808 Ñ 251 mOsmol.kg-1, 

respectively; p = .69) nor the second void (825 Ñ 182 and 849 Ñ 235 mOsmol.kg-1, 

respectively; p = .71). These results indicated that encouraging participants to drink water 

in the pre-trial preparation period is not enough to achieve euhydration in all subjects. 

 

6.2 Introduction 

The effect of hypohydration (terms defined in Table 6.2) on endurance performance is 

widely known and extensively studied (Sawka et al. 2007). It has been demonstrated that 

water loss of more than 2% of BM can diminish aerobic performance in temperate, warm 

and hot environments (Cheuvront et al. 2003; Armstrong et al. 1985; Kenefick et al. 2010; 

Cheuvront et al. 2005; Cheuvront, Kenefick, et al. 2010). For example, Cheuvront et al. 

(2005) examined the effect of hypohydration on endurance performance in a temperate 

environment. Participants were passively hypohydrated by sitting in a hot room (45ÁC) 

for 3 hours in the morning with or without fluid replacement. The former condition led to 

weight maintenance, whereas the latter condition led to a 3% loss of BM. Then, in the 

afternoon, subjects exercised for 30 minutes at 50% VO2peak on a cycling ergometer 
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followed by a 30 minute time trial. The researchers found that time trial performance was 

significantly decreased by ~ 8% while hypohydration compared to euhydration. 

Therefore, hypohydration should be controlled for in study protocols and researchers 

should make sure that participants are starting each experimental trial in a euhydrated 

state to avoid noise in their results.  

Researchers cannot rely on participants to turn up to experimental trials well-hydrated if 

they do not provide clear instructions that should be followed during the pre-trial 

preparation period. Shirreffs and Maughan (1998) analysed the day-to-day variability in 

hydration levels for five consecutive days in 11 sedentary  individuals without restricting 

their dietary intake or daily physical activity. The researchers showed that urine 

osmolality (UOsm) of the first morning void varied between 429 and 1014 mOsmol.kg-1 

within-subjects; whereas, between-subjects variability was between 231 and 1157 

mOsmol.kg-1. Shirreffs and Maughan also revealed that 50% of subjects were 

significantly hypohydrated (> 900 mOsmol.kg-1) on at least one of the five testing days. 

This demonstrates that if subjects are left with no hydration strategy, they might begin 

testing hypohydrated.  

It has been demonstrated that hypohydration is more common amongst athletes than 

previously thought. For example, Phillips et al. (2014) measured urine specific gravity 

(cut-off value used for hypohydration > 1.020 which equate to > 700 mOsmol.kg-1) of 

thirteen elite European youth soccer players by collecting their first morning urine void 

for three consecutive training days. The researchers reported that 77% of athletes were 

likely hypohydrated on day 1 and 3, whereas 62% were likely hypohydrated on day 2.  

Volpe et al. (2009) conducted a study similar to Phillips and colleagues but on a larger 

scale including 263 male and female student athletes. Volpe and colleagues collected one 

spontaneously voided urine sample before training and assessed urine specific gravity and 

reported that 66% of athletes were likely hypohydrated before training (cut-off > 1.020). 

It should be noted that it has been suggested that urine samples taken spontaneously 

should not be used to assess hydration levels as it could be affected by fluid intake, diet, 

and exercise during the day (Cheuvront et al. 2015). First morning urine void has been 

shown to be a better indicator of UOsm especially as its thresholds have already been 

validated (Armstrong et al. 1998; Popowski et al. 2001; Shirreffs & Maughan 1998). 

However, to our knowledge, there are still no clear guidelines on whether there is a 
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significant difference between the first and second urine void. The second morning void 

can be practical especially if the experiment is not on early morning (Armstrong et al. 

1994). 

A considerable number of research studies do not implement any hydration strategy nor 

check the hydration status of participants prior to the experiment (Campbell et al. 2008; 

Rollo et al. 2008; Moncada-Jimenez et al. 2009; Beelen et al. 2009; Spence et al. 2013; 

Peserico & Machado 2014). Some of these studies limit their instructions to simply 

encouraging participants to stay well hydrated 24-hours before every trial without giving 

clear instructions on how to achieve it (Campbell et al. 2008; Peserico & Machado 2014). 

The encouragement may result in participants to start in varying states of hydration across 

multiple test occasions. They might be well-hydrated on one occasion and hypohydrated 

on another. As a consequence, researchers may fail to find significant effects associated 

with the intervention due to the noise introduced by hypohydrated participants. However, 

it is still not known to what extent encouragements can affect hydration status. Therefore, 

the main aim of this study was to measure the incidence of participants who were 

hypohydrated on their arrival to the laboratory after receiving encouragement to stay 

well-hydrated. The secondary aims were to compare UOsm of athletes versus non-

athletes and first versus second morning void. 

 

6.3 Materials and methods 

6.3.1 Participants 

Forty-five sedentary or moderately trained men participated in the present study. 

Recruitment of participants was made through posters placed around campus at Oxford 

Brookes University. The physical characteristics of the participants are presented in Table 

6.1. Eligibility criteria included men aged between 18-40 years and free of metabolic 

disorders (e.g. diabetes, cardiovascular disease, or hypertension). Participants were not 

told about the real aim of the study and that their compliance was being monitored to pre-

test encouragement. The aim of the deception was to prevent subjects from modifying 

their behaviour (e.g. drink a large quantity of fluid only because the aim of the study was 

about their ability to follow instructions on hydration) which could make the results 

invalid. However, once they had completed the study, they were debriefed about the real 
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aim (Appendix D) and were given the opportunity to refuse the use of their information 

by the investigators. None of the participants refused. This complies with the good 

practice recommendations of the NHS research governance guide (National Research 

Ethics Service 2009) and the World Health Organisation (World Health Organization 

2013). This study was conducted according to the guidelines laid down in the Declaration 

of Helsinki and all procedures involving human subjects were approved by the University 

Research and Ethics Committee (UREC) at Oxford Brookes University (Appendix D). 

Written informed consent was obtained from all participants prior to them commencing 

the study. 

 

Table 6.1. The physical characteristics of the participants 

 All (N = 43) 
Athletes 
(n = 22) 

Non-athletes 
(n = 21) 

p value* 

Age, yrs 27 Ñ 6 27 Ñ 7 27 Ñ 5 .93 

Height, cm 179 Ñ 6 180 Ñ 7 178 Ñ 6 .32 

Body mass, kg 74.8 Ñ 8.7 75.5 Ñ 8.6 74.6 Ñ 9.7 .75 

*p value between athletes and non-athletes 

 

6.3.2 Experimental design 

Participants visited the laboratory twice during the study. On visit 1, participants gave 

their written consent followed by weighing them to 0.1 kg near precision in light clothing 

and barefoot using a calibrated electronic scale (Tanita UK Ltd., Yiewsley, Middlesex, 

UK). Height was also measured without shoes with an accuracy of 0.5 cm using a 

stadiometer (Seca Ltd., Birmingham, UK). Then they were instructed to fast for ten hours 

overnight from all food and drinks (except from water) prior to the first urine collection 

on visit 2. Subjects were verbally encouraged to keep themselves well-hydrated 

throughout the day before visit 2, especially during the evening. The verbal 

encouragement given to participants was as follow: ókeep yourself well-hydrated 

throughout the day, especially in the evening, before the urine collection. You can 

achieve that by drinking additional amount of water than your usual intakeô. They were 
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also informed to abstain from any unaccustomed strenuous physical activity, taking any 

nutritional supplements (e.g. vitamins and minerals), drinking alcohol and caffeine 24-

hours before visit 2. On the day of visit 2, participants collected the first morning urine 

sample (Void1) at home soon after waking up. They collected 20 ml of urine midstream 

in a marked sterile container. The second morning urine sample (Void2) was collected 

approximately an hour after Void1 at the laboratory. No food or drinks (including water) 

were permitted between Void1 and Void2. In case the collection of Void2 was 

unsuccessful on the first attempt, participants rested for 30 minutes before they were 

asked to try again. In case the second attempt was unsuccessful as well, the participant 

was asked to repeat the protocol on another day. All urine samples were collected 

between 8:00 a.m. and 10:00 a.m. 

 

6.3.3 Urine Osmolality 

A sample volume of 50 ɛl was used to analyse its osmolality using freezing point 

depression (Osmomat 030, Gonotec, Berlin, Germany). Samples were analysed in 

triplicates to improve accuracy. The reported CV% of the triplicate measurements was 

0.8%. The different hydration statuses and their cut-off used to classify subjects are 

defined in Table 6.2. 

Amongst the available hydration assessment methods, UOsm was chosen for several 

reasons. Urine osmolality and urine specific gravity are considered valid and reliable tools 

to assess hydration status and chronic changes in total body water (Armstrong et al. 1998; 

Shirreffs & Maughan 1998; Armstrong et al. 1994). However, they are less sensitive than 

plasma osmolality when used to measure acute changes in total body water (Popowski et 

al. 2001). Plasma osmolality has been claimed to be the ñgold standardò for hydration 

assessment (Institute of Medicine 2005); however, this has been debated (Armstrong 

2007). One of the main limitations can be demonstrated in Armstrong et al. (2013) who 

reported no significant difference in mean plasma osmolality between low fluid drinkers 

(1.6 L per day; n = 14) and high drinkers (3.2 L per day; n = 14) despite 24-hour UOsm 

clearly showing that low drinkers were likely dehydrated (804 Ñ 213 mOsmol.kg-1) and 

high drinkers were euhydrated (387 Ñ 129 mOsmol.kg-1). When both groups swapped 

their fluid intake, plasma osmolality stayed the same. This is mainly because plasma 
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osmolality is closely regulated by the homeostatic system within a very narrow range 

(280 ï 290 mOsmol.kg-1; Institute of Medicine 2005). Other limitations of this method 

include the invasive nature of the technique and its high cost compared to the other 

available techniques. Therefore, the best two choices for the current study were UOsm 

and urine specific gravity. These two methods have been shown to be highly correlated 

and are interchangeable (r = .97; Armstrong et al. 1994). Yet, UOsm is considered the 

gold-standard for estimating urine concentrations (Chadha et al. 2001). Therefore, UOsm 

was measured in this study. 

 

Table 6.2. The cut-off values for the different hydration statuses 

Hydration status Urine osmolality (mOsmol.kg-1) 

Euhydrated <700  

Likely hypohydrated > 700 and < 900  

Significantly hypohydrated > 900  

Based on Sawka et al. (2007) and Shirreffs & Maughan (1998) 

 

6.3.4 Statistics 

Statistical analyses were performed using SPSS v.22 (IBM corp., Armonk, NY, USA). 

Urine osmolality at V1 and V2 were normally distributed. Therefore, paired-sample t test 

was used to compare the mean UOsm values of Void1 versus Void2 and athletes versus 

non-athletes. Pearson r correlation was used to measure the correlation between Void1 

and Void2. All data are reported as means Ñ SD. Statistical significance was set at p < .05. 

In addition, the CV% (CV = 100 x mean/SD) reported for UOsm represented the 

variability between the two urine voids. The sample size was calculated based on 95% 

power at a 5% level of significance and using results from Phillips et al. (2014). The 

calculation suggested the recruitment of 40 participants; however, five more participants 

were recruited in case of outliers. 
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6.4 Results 

The first question examined the effect of encouragement to stay well-hydrated on the 

hydration status of participants. The frequency distribution of hydration status based on 

first morning urine samples are shown in Figure 6.1. The results indicate that 35% of 

participants were significantly hypohydrated, 30% were likely hypohydrated, and 35% 

euhydrated with mean Ñ SD values of 1043 Ñ 108, 801 Ñ 44, and 538 Ñ 107 mOsmol.kg-1, 

respectively. When second morning void was used to classify participants, 42% of 

participants were significantly hypohydrated, 33% were likely hypohydrated, and 26% 

euhydrated. Using the second morning void, the mean Ñ SD values were 1038 Ñ 102, 800 

Ñ 47, and 555 Ñ 62 mOsmol.kg-1, respectively. 

 

  

Figure 6.1. Frequency distribution of hydration status based on first morning urine 

samples 

 

The results of UOsm obtained from the analysis of Void1 and Void2 for all three groups 

(total participants, athletes, and non-athletes) are summarised in Table 6.3. As can be seen 

in the table, the mean UOsm obtained from both first and second voids were all above the 

700 mOsmol.kg-1 cut-off. Urine osmolality of Void1 and Void2 were not significantly 

different within the three groups and between athletes and non-athletes (p > .05). 

Euhydrated
Likely

hypohydrated
Significantly

hypohydrated

Total participants 15 13 15

Athletes 7 8 7

Non-athletes 8 5 8
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However, variability in UOsm between Void1 and Void2 was apparent in some 

participants with an average within-subject CV% of 14%. Figure 2 presents the individual 

differences in UOsm between Void1 and Void2. As Figure 6.2 shows, UOsm decreased 

in 37% and increased in 63% of participants in Void2 compared to Void1. The median 

difference was 46 mOsmol.kg-1. The results showed strong correlation (r = .61) between 

Void1 and Void2 with a p <.001. 

 

Table 6.3. Mean first and second morning urine osmolality of athletes, non-athletes, and 

total participants 

 
First morning urine sample Second morning urine sample p 

value* 
 

Mean SD Min Max Mean SD Min Max 
 

Total  
(N = 43) 794 232 357 1258 837 211 459 1232 .12 

Athletes  
(n = 22) 780 222 357 1155 825 182 459 1108 .28 

Non-athletes  
(n = 21) 808 2551 378 1258 849 235 461 1232 .26 

Values are mean, standard deviation (SD), minimum (Min), and maximum (Max). *p 

values of Void1 vs. Void2. 
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Figure 6.2. The difference in first and second morning urine osmolality values. 

 

6.5 Discussion 

A key strength of the present study was the deception of participants about the outcomes 

being examined. It was essential not to offer unnecessary cues in the participant 

information sheet as to the way that the data were going to be ultimately used since this 

would invalidate the premise of the study. Deception is often used in research studies 

monitoring the compliance of subjects with the protocol in order not to modify their 

behaviour (National Research Ethics Service 2009). Therefore, we believe that the results 

obtained were the real reflection of participantôs behaviour toward encouragement to stay 

well-hydrated prior to experimental trials. 

The key finding of this study was that one in three participants was significantly 

hypohydrated with a UOsm above 900 mOsmol.kg-1. These participants were 

hypohydrated by at least 2% of their body mass at the time they arrived to the laboratory 

(Shirreffs & Maughan 1998). Furthermore, a UOsm above 1050 mOsmol.kg-1 was 
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observed in 16% of participants which has been reported to correspond to a water loss of 

4-5% BM (Casa, Armstrong, et al. 2000; Armstrong et al. 1998). The current ACSM 

guidelines (2007) concerning exercise and fluid replacement concluded that dehydration 

of more than 2% BM diminishes aerobic exercise performance in temperate, warm, and 

hot environments. Exercise performance is further decreased with increasing level of 

water loss (Casa, Maresh, et al. 2000). Participants with a UOsm above 900 mOsmol.kg-1 

have the potential to alter the results of studies with varying exercise protocols. 

Cheuvront and colleagues (2003) published a review examining the effect of 

hypohydration on endurance performance. The review concluded that endurance 

performance is impaired when water loss exceeds 2% of BM, especially when exercise 

lasts around or longer than 90 minutes. Examples of this include long distance time trials 

such as 100-km time trial (Hunter et al. 2002), pre-loaded time trials (Rauch et al. 2005) 

and time to exhaustion tests lasting around or longer than 90 minutes (Gollnick et al. 

1974). In contrast, some studies suggest that mild hypohydration (~ 2% BM) can reduce 

aerobic performance in shorter duration exercises. Armstrong et al. (1985) showed that 

athletes performed significantly worse in 5000- and 10000-m running events (6% slower) 

when they were hypohydrated by 2% of their body mass. Two percent hypohydration has 

also been shown to reduce pre-loaded time trial performance lasting 40 minutes by 13 and 

7% in untrained and trained subjects, respectively (Merry et al. 2010). Furthermore, 

Bardis et al. (2013) demonstrated that 5-km hill climbing time trial performance was 

reduced by 5.8% in well-trained athletes while hypohydrated by 1% compared to 

euhydrated . 

Many well controlled studies implement hydration strategies in the period prior to the 

experimental trials but forget to implement the same strategies prior to the preliminary 

test that usually include the VO2max test and/or lactate testing. These two tests generate 

important information such as work rate that is used to set the intensity of the exercise. 

Close attention should be paid here especially since hypohydration > 2% of BM has been 

shown to reduce VO2max (Pichan et al. 1988; Nybo et al. 2001). Pichan et al. showed that 

VO2max can be reduced by 3% following 3% hypohydration of BM, whereas, a water 

loss of 4% BM can lead to a 6% reduction in VO2max (Nybo et al. 2001). A simple 

example using the data of one of the participants from the study in Chapter 5 shows that a 

6% reduction will change the real VO2max value of 4.1 to 3.8 l.min-1. In a hypothetical 

scenario involving cycling until exhaustion at 70% VO2max, participantôs new work rate 
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will be 180 W instead of 200 W. This is likely to be caused by a combination of factors 

including reduced maximal cardiac output (Gonz§lez-Alonso et al. 1995; Montain et al. 

2007) and/or heat stress (Sawka et al. 1985).  

Another reason why researchers should pay close attention to hypohydration before a 

VO2max test is because its impact on blood lactate concentrations. Moquin and Mazzeo 

(2000) examined the effect of 2.5% hypohydration of BM on lactate concentration during 

an incremental test until exhaustion in seven moderately-trained female athletes. Results 

showed a shift in the lactate curve upward. Mean group work rate at lactate threshold was 

reduced when subjects were hypohydrated (128 Ñ 6 W) compared to euhydrated (146 Ñ 5 

W). Oxygen uptake was also reduced by 9% at lactate threshold when subjects were 

hypohydrated. Moquin and Mazzeo concluded that the increase in epinephrine 

concentration in the hypohydrated state played an important role in the shift of the lactate 

curve. 

The results of this study indicate that 65% of subjects were above the euhydration cut-off 

on visit 2 and it did not matter whether subjects were athletes or non-athletes. The 

percentage of athletes above the cut-off was similar to non-athletes (71% and 62%, 

respectively). These results are consistent with the data obtained by Phillips et al. (2014) 

and Volpe et al. (2009) who found that 77% and 66%, respectively, of athletes arrived to 

the training session likely hypohydrated. This reflects that these athletes have failed to 

implement rehydration strategies after training sessions. This could be caused by the lack 

of sports nutritional knowledge in collegiate athletes who scored 9% on a sports nutrition 

knowledge questionnaire compared to 83% in Strength and conditioning specialists 

(Torres-McGehee et al. 2012). Such large number of participants who are likely 

hypohydrated at the beginning of an exercise test can have a noticeable impact on study 

outcomes, especially aerobic performance. Consequently, researchers should pay closer 

attention when athletes pursue with their training routine while taking part in the study.  

So what can explain the high number of athletes and non-athletes who turned up to the 

laboratory significantly dehydrated in the current study? Perrier and colleagues (2013) 

identified two groups of individuals based on the volume of fluid consumed per day: low 

drinkers (Ò 1.2 litres) and high drinkers (2 ï 4 litres). The median Ñ SE first morning 

UOsm of the low and high drinkers were 794 Ñ 40 mOsmol.kg-1 and 590 Ñ 47 

mOsmol.kg-1, respectively. Furthermore, Armstrong et al. (2013) examined 24-hr UOsm 
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of low (1.6 L per day) versus high (3.2 L per day) drinkers for two days. The study 

revealed that UOsm was significantly higher on day 1 of low drinkers (804 Ñ 213 

mOsmol.kg-1) compared to high drinkers (387 Ñ 129 mOsmol.kg-1). Next, low drinkers 

were prescribed 3.5 L of water and high drinkers < 2 L per day for four days. As a result, 

the UOsm of low drinkers was decreased to ~ 274 mOsmol.kg-1 and high drinkers 

increased to ~ 592 mOsmol.kg-1. Therefore, hypohydration could be reversed if water is 

prescribed. It is likely that participants of the current study whom UOsm was above 900 

mOsmol.kg-1 are low drinkers (Ò 1.2 litres) or did not consume enough water for different 

reasons. The best solution to minimise the likelihood of these participants to begin 

experimental trials hypohydrated is to implement a pre-trial hydration strategy.  

Two main strategies have been shown to be successful. The first strategy consists of 

instructing participants to drink a specific amount of fluid 24-hours prior to trials and 

measure compliance next day. For example, Cheuvront et al. (2010) examined the 

importance of implementing a hydration strategy the day before an experimental trial on 

hydration status. Participants were given 3 L of fluid to consume over the day until 10 

p.m. and instructed to consume their habitual diet and to drink additional fluid if they 

wanted to. Their total fluid intake reached ~3.6 L. Participants were also informed to fast 

from 10 p.m. until 6 a.m. before providing a urine sample to measure urine osmolality 

(UOsm). The results indicate that most participants were euhydrated with an average 

UOsm of 614 mmol.kg-1 (range: 205-1091) using the 700 mmol.kg-1 cutoff for 

hypohydration.  

Some researchers prefer to reduce risking hypohydration on the morning of the test by 

providing a specific amount (250-500 ml) of fluid shortly (40-120 minutes) before the 

start of the experiment (Shirreffs et al. 2004; Popowski et al. 2001; Oppliger et al. 2005). 

The effectiveness of these strategies have been reported assessing plasma osmolality 

which is a biomarker used in the assessment of hydration status. A subject with a plasma 

osmolality above 290 mOsm.kg-1 is likely to be hypohydrated (Sawka et al. 2007). The 

consumption of a specified amount of water the day before trials followed by overnight 

fasting resulted in plasma osmolality between 287 and 293 mOsm.kg-1 (Bartok et al. 

2004; Kenefick et al. 2010; Freund et al. 1995; Oliver et al. 2008; Walsh et al. 2004), 

whereas, studies who only informed participants to consume water few hours before trials 

reported plasma osmolality levels between 281 and 288 mOsm.kg-1 (Mack et al. 1994; 
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Oppliger et al. 2005; Popowski et al. 2001; Stachenfeld et al. 1996; Stachenfeld et al. 

2000; Shirreffs et al. 2004).  

Although Fischbach (2004) reported that Void1 is the most concentrated sample of the 

day, someone might argue that Void2 might be more concentrated due to ongoing fluid 

losses with no additional source of fluid input. The findings of the current study showed a 

large variation in the difference between first and second morning UOsm values with no 

clear trend towards a reduction in concentration in Void2 as argued by Fischbach (2004). 

In fact, our findings showed that 63% of participants had a UOsm higher in Void2 than 

Void1. This variation in UOsm between Void1 and Void2 had a small impact on the 

classification of participants in the different hydration categories. Based on Void2, fewer 

participants were classified as euhydrated and more as significantly hypohydrated. The 

collection of Void2 could be practical in situations where an exercise test will be 

completed on the first visit (e.g. VO2max test during the preliminary test). In this case, 

researchers will not have the opportunity to give participants the urine container prior to 

the test. 

 

6.6 Conclusion 

The results of this study indicate that encouraging participants to drink water in the pre-

trial preparation period is not sufficient to reach euhydration in all subjects. The fact that 

they are athletes or non-athletes did not make a difference to the hydration status on the 

morning of the test. Based on the results of other studies, it may be reasonable to advice 

athletes and non-athletes to drink to a specified strategy before they come in to the 

laboratory. Researchers that run trials where hydration status is important to outcomes 

should consider measuring urine osmolality before the start of the trial to measure the 

compliance of participants to the hydration strategy.  
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7.1 Summary 

The effect of moderate intensity exercise, such as that used as a mode of transport, on 

glycaemic index (GI) testing is unclear. The aim of this study was to investigate the effect 

of acute exercise (walking and cycling) prior to GI testing on the within-subject 

variability of blood glucose and insulin responses. Eleven sedentary or recreationally 

active men visited the laboratory four times. They undertook a preliminary test at visit 1, 

then rest (25 min), cycling (14 min at 50% VO2max) and walking (1 h at 37% VO2max) 

tests for the three subsequent visits given in random order followed by a five minute rest 

and a two hour glucose test. During the glucose test, blood samples were taken at minute -

5, 0, 15, 30, 45, 60, 90, and 120 following the glucose drink containing 50 g of available 

carbohydrate. Blood samples were subsequently analysed for glucose and insulin. The 

highest mean CV% of glucose area under the curve (GAUC) was observed between Rest 

and Walking (30%) followed by Walking and Cycling (26%), while the highest mean 

CV% of the insulin AUC (IAUC) was observed between Walking and Cycling (28%) 

followed by Rest and Walking (24%). The lowest GAUC and IAUC were observed 

between Rest and Cycling (25% and 14%, respectively). No statistically significant effect 

was detected between all conditions. The findings of this study suggest that participants 

should avoid changing the mode of transport between visits especially walking to the 

laboratory on the morning of a test if another mode of transport was used on the other 

testing days. 

 

 7.2 Introduction 

In 2010, the International Organisation for Standardisation (ISO) published its first 

edition of the guidelines for standardising the determination of GI of foods for practice 

and research purposes (International Standards Office 2010). According to the report, 

subjects should avoid vigorous exercise on the morning of the test, as it has been shown 

to raise whole body glucose uptake and GAUC (Rose et al. 2001). This will result in an 

increase in CV% between trials and possibly exceed the acceptable level of variability for 

reference food of 30% (International Standards Office 2010). The large within-subject 

variability for the reference food can decrease the accuracy, precision, and reproducibility 

of GI (Brouns et al. 2005). It is possible that people will avoid exercise in the morning 
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before the test but will not consider their form of transport as exercise and may use 

walking and cycling as a mode of transport in order to commute to these research studies. 

There has been little agreement on the effect of low to moderate intensity exercise on GI 

testing. Some studies have shown no effect on glycaemic response after aerobic exercise 

(Roberts et al. 2013; Ben-Ezra et al. 1995). Whereas, others have observed a decrease 

(Bonen et al. 1998) or an increase in GAUC (Rose et al. 2001; Knudsen et al. 2014). 

Either way, whether it is an increase or a decrease, the CV% of the measurement will be 

affected by this change. Regardless of whether this change leads to a CV% above 30% or 

not, researchers should always aim to minimise it in order to improve precision. It should 

be noted that none of the abovementioned studies reported the CV% between trials. 

Understanding the effect of walking and cycling at an average pace of commuting, on 

blood glucose and insulin levels is particularly important. Subjects may come by bus 

(rest) to one visit and cycle or walk to another visit. Any alteration in the type, duration or 

intensity of the activity may add noise to the results and hence reduce their 

reproducibility. Therefore, the aim of this study was to investigate the effect of acute 

exercise (walking and cycling) prior to GI testing on the within-subject variability of 

blood glucose and insulin responses.  

 

 7.3 Materials and methods 

7.3.1 Participants 

Eleven men participated in the present study at Oxford Brookes University. Recruitment 

of participants was made through posters placed around campus at Oxford Brookes 

University. Physical characteristics of these participants are listed in Table 7.1. Eligibility 

criteria included: 

 Sedentary or recreationally active males 

 Exercising less than or equal to three times a week 

 Aged between 18-40 years 

 BMI between 18.5 and 25 

 Free of metabolic disorders (e.g. diabetes, cardiovascular disease, or hypertension) 
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 Not taking any medication known to affect glucose tolerance (e.g. steroids, 

antipsychotic) 

 Not intolerant or allergic to any of the food provided 

This study was conducted according to the guidelines laid down in the Declaration of 

Helsinki and all procedures involving human subjects were approved by the University 

Research and Ethics Committee (UREC) at Oxford Brookes University (Appendix E). 

Written informed consent was obtained from all participants prior to them commencing 

the study. 

 

Table 7.1. Characteristics of the participants at baseline 

 

Values are mean Ñ SD. 

 

7.3.2 Experimental overview 

Participants visited the laboratory four times during the study. They undertook a 

preliminary test at visit 1, then rest, cycling and walking tests followed by a five minute 

rest and a two hour glucose test for the three subsequent visits given in random order. 

Participants were allocated using a computer-generated list of random numbers 

(Microsoft Excel, Redmond, Washington, USA). The GI was measured using the protocol 

adapted by Brouns and colleagues (Brouns et al. 2005) and by following the ISO 

guidelines (International Standards Office 2010).  

Characteristic Value 

Age (year) 26 Ñ 4 

Body mass (kg) 74.1 Ñ 8.1 

Height (cm) 177 Ñ 7 

VO2max (ml.kg-1.min-1) 40.6 Ñ 6.6 

Workload at 50% VO2max (W) 96 Ñ 31 

Walking intensity (%VO2max) 37 Ñ 8 
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7.3.3 Preliminary testing 

Participants arrived at the laboratory after fasting for the last three hours, avoiding 

caffeine consumption for the last 10 hours, having avoided the consumption of alcohol 

and refrained from any strenuous physical activity for the last 24 hours. Their height was 

taken using a stadiometer (Seca Ltd., Birmingham, UK), their body mass and body 

composition were measured using Tanita BC-418 MA (Tanita UK Ltd., Yiewsley, 

Middlesex, UK) body composition analysis. 

Then participants completed two submaximal exercise tests followed by a VO2max test. 

The first submaximal test consisted of walking at a steady pace of 5 km.h-1 and 1% 

gradient for ten minutes while taking gas measurements to determine VO2 using an 

automated gas analysis system (Metalyzer 3B, Cortex, Germany). This test was used to 

determine the intensity of walking as a percentage of VO2max. Subjects rested for 10 

minutes before they completed the second submaximal test which consisted of five stages 

of cycling exercise. The work load started at 40 Watt (W) and progressively increased by 

15 W every 4 minutes till it reached 100 W at stage 5. This test was used to determine the 

work load of the cycling condition. Following the submaximal tests, subjects took a 15 

minute rest and then performed an incremental ramp exercise test (i.e. VO2max test) on 

an electromagnetically braked cycle ergometer (Corival, Lode, The Netherlands). Gas 

analysis was performed throughout the test using the automated gas analyser mention 

earlier. The incrementation rate was 5 W every 15 seconds corresponding to ramp slope 

of 20 W per minute from a baseline of 20 W. The test was terminated and VO2max was 

considered reached when two of the following criteria were met: 1) the participant could 

no longer sustain a pedalling cadence of at least 60 rpm, 2) a respiratory exchange ratio Ó 

1.1, 3) an increase in oxygen uptake < 0.2 l.min-1 (Howley et al. 1995). For this study, the 

maximal test was preceded by a submaximal test for practical reasons. It has been shown 

that maximal oxygen uptake is not affected by varying stages of exhaustion at the 

beginning of the test (Stamford et al. 1978). 

 

7.3.4 Experimental protocol 

Participants arrived at the laboratory after 10-hours overnight fasting, having avoided the 

consumption of alcohol and caffeine and refrained from any strenuous physical activity 
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for the last 24 hours. They were asked to come to the laboratory by bus or driving to 

avoid any type of exercise prior to testing in order to standardise physical activity. They 

were also asked to take the lift instead of the stairs. Participants were randomised to one 

of the three following conditions:  

1) Rest on a chair for 25 min (Rest) 

2) Cycle 5 km at 50% VO2max (Cycling) 

3) Walk 5 km at a speed of 5 km.h-1 with 1% inclination equivalent to 37 Ñ 7 % 

VO2max (Walking) 

All conditions were followed by 5 min rest and by a two hour glucose test. The overview 

of the three protocols is presented in Figure 7.1. 
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Figure 7.1. Overview of the three different protocols a, b, and c. *X Watt: intensity based 
on the VO2 found during the submaximal test on visit 1. 

The chosen distance for Walking and Cycling was set at 5 km which was based on two 

criteria: 1) the average distance travelled to work by trip length and mode in Great Britain 

(Department for Transport 2013)  and 2) the distance required to apply for a parking 

permit at Oxford Brookes University (Oxford Brookes University 2014). According to the 

national travel survey conducted in 2012, the highest percentage of people (24%) who 

used walking, cycling, or taking the bus as mode of transport commuted an average 

distance of 5.6 km (How people travel, 2013). However, as the distance required to apply 

for a parking permit at Oxford Brookes University is >5 km (Parking permit order form, 

2014), 5 km was set as the average distance where most people will most likely use the 

bus, bicycle, or walking as mode of transport. The speed of 5 km.h-1 was set based on the 

preferred walking speed of normal weight adults (Browning et al. 2006).  
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7.3.5 Blood samples 

Capillary finger-prick blood samples were taken using a single-use lancing system 

(Unistick 3, Owen Munford, Woodstock, UK). Blood glucose was immediately measured 

using an automatic blood glucose analyser (Glucose 201+, Hemocue AB, Sweden). The 

accuracy of the analyser was checked daily using a controlled solution. Following the 

measurement of blood glucose, 300 Õl of blood was collected in a microtainer and held on 

ice until centrifuged at 4000 rpm for 10 minutes. Blood plasma was pipetted and stored at 

-40ÁC where plasma insulin was later analysed using electrochemiluminescence 

immunoassay using an automated analyzer (Cobas E 411, Roche Diagnostics, USA). 

Blood samples were taken at minute -5, 0, 15, 30, 45, 60, 90, and 120 following the 

glucose drink. The glucose drink was ingested within ten minutes at minute 0 and 

consisted of 250 ml of water mixed with 50 g of available carbohydrate of dextrose 

powder (Myprotein, Cheshire, UK). 

 

7.3.6 Dietary standardisation 

In order to standardise food intake, participants received pre-packaged meals that were 

consumed on the day before each trial with an unlimited access to water. The diet given 

was subject-specific, covering their daily energy and nutrient requirements (The Nutrition 

Society 2009). The pre-packaged meals consisted of cornflakes, whole milk, white bread, 

cheese, butter, tomato, pasta, tomato sauce, apple, and banana. The total energy 

requirement for each participant was calculated using the Harris and Benedict equation 

(Harris & Benedict 1918) and the short form of the International Physical Activity 

Questionnaire (Committee 2005) to determine their estimated basal metabolic rate and 

physical activity level, respectively. Participants were asked to bring all the leftovers the 

following day in order to measure their compliance to the diet given before they were 

cleared to start. 
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7.3.7 Statistics 

Statistical analyses were performed using SPSS v.22 (IBM corp., Armonk, NY, USA). 

The incremental areas under the glucose and insulin curves (GAUC and IAUC, 

respectively) were calculated using the trapezoidal model (Food and Agriculture 

Organization/World Health Organization, 1998). All data were normally distributed. 

Repeated measure ANOVA with Bonferroni correction was performed to test statistical 

significant differences in GAUC and IAUC between the three conditions. Statistical 

significance was set at p < .05. In addition, the CV% of the AUC values obtained for each 

condition were calculated (CV = 100 x mean/SD). Sample size was calculated based on 

95% power at a 5% level of significance and using results from Roberts et al. (2013). The 

calculation suggested the recruitment of nine participants; however, three more 

participants were recruited in case of outliers. 

 

 7.4 Results 

The highest mean CV% of GAUC at 120 minutes was observed between Rest and 

Walking (30%) followed by Walking and Cycling conditions (26%), while the variability 

between Rest and Cycling was the lowest (25%). On the other hand, the highest mean 

CV% of the plasma IAUC was observed between Walking and Cycling (28%) followed 

by Rest and Walking (24%), while the variability between Rest and Cycling was the 

lowest (14%). 

The time course of blood glucose and plasma insulin during the glucose test under all 

conditions is presented in Figure 7.2 and 7.3, respectively. The GAUC and IAUC at 60 

and 120 minutes for all conditions can be seen in Table 7.2. No statistically significant 

effect was detected between all conditions. However, a trend was observed in both GAUC 

and IAUC after Walking. The GAUC and IAUC were reduced by 20% after 120 minute 

compared to Rest.  
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Figure 7.2. Time course of blood glucose concentration during the glucose test under rest, 

walking, and cycling conditions. Values are mean Ñ SEM. 

 

 

 

Figure 7.3. Time course of plasma insulin concentration during the glucose test under 

rest, walking, and cycling conditions. Values are mean Ñ SEM. 
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Table 7.2. Plasma glucose and insulin areas under the curve during 60 min and 120 min 
of the 2-hour glucose test following either rest, walking or running 

 GAUC (mmol.L-1) IAUC (ÕU.mL-1) 

 60min 120min 60min 120min 

Rest 102.7 Ñ 57.1 158.1 Ñ 105.4 2152 Ñ 970 3197 Ñ 1541 

Walking 84.5 Ñ 43.2 126.8 Ñ 71.7 1677 Ñ 858 2547 Ñ 1385 

Cycling 104.2 Ñ 38.3 153.1 Ñ 75.3 2028 Ñ 893 2932 Ñ 1562 

GAUC: glucose area under the curve; IAUC: insulin area under the curve. Values are 
mean Ñ SD. p >.05 for GAUC and IAUC at 60 min and 120 min between conditions. 

 

 

Figure 7.4 presents the paired data between all three conditions. In panel A and C, no 

trends were observed between the two conditions, whereas, panel B shows that GAUC is 

lower in the Walking compared to Cycling for all participants except two. 

 

 

 

Figure 7.4. Paired data of the incremental blood glucose area under the curve between all 

conditions. (a) Rest vs. cycling. (b) Cycling vs. walking. (c) Walking vs. rest. 
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 7.5 Discussion 

As part of the pre-test preparation period, subjects participating in GI studies are asked to 

avoid strenuous exercise in the 24 hours before the test. However, it is not known whether 

the mode of transport, for example coming by bus (rest) to one visit and cycling or 

walking to another visit, has any effect on blood glucose or insulin levels and hence GI. 

The present study was therefore designed to determine the effect of acute exercise 

(walking and cycling) prior to GI testing on the within-subject variability of blood 

glucose and insulin responses.  

The current study found that the CV% of GAUC between Rest and Cycling was 26% 

while the CV% between Cycling and Walking was 25%. These results are within the day-

to-day variability of GAUC observed in earlier studies with a CV% of 22-29% (Williams 

et al., 2008; Wolever et al., 1985, 2003). However, the CV% between Rest and Walking 

exceeded the acceptable level of variability for reference food of 30% (International 

Standards Office 2010). The reference food, usually glucose or white bread, serves as a 

reference point where other foods (test food) are measured against it. The large within-

subject variability for the reference food can decrease the accuracy, precision, and 

reproducibility of GI (Brouns et al. 2005). In this situation, researchers will either 1) need 

to perform a third test of the reference food in case only two were completed, 2) repeat 

the test that is inconsistent with the other two tests in case three were completed, or 3) 

exclude subjects with large variability (International Standards Office 2010). The 

practical implication of this is the increase in the amount of testing or participants 

required to get more accurate GI values. 

The GI value of the test food could also be affected by this large variability in a situation 

where walking is used as a mode of transport during the test food and the bus during the 

reference food testing. Foster-Powell and colleagues (Foster-Powell et al. 2002) presented 

an example from a study where the standard error of the GI of carrots was 20. Many 

factors contribute to this wide margin of error including poor standardisation and its effect 

becomes even more pronounced when a small number of subjects are included in GI 

studies (n= 8-12) (Brouns et al., 2005; Wolever, Jenkins, Ocana, Rao, & Collier, 1988; 

Wolever et al., 2003). 
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Mean GAUC and IAUC were approximately 20% lower after Walking compared to Rest, 

although this difference was not statistically different. These results therefore need to be 

interpreted with caution. A bigger sample size might be needed. Nevertheless, Bonen and 

colleagues (Bonen et al. 1998) showed similar reduction of 16% in GAUC but no 

difference in IAUC after low intensity exercise compared to rest. These findings are 

supported by previous studies who showed that a single bout of exercise improves insulin 

sensitivity in muscles (Young et al. 1989; Hayashi et al. 2005) leading to a reduced 

insulin response (Young et al. 1989; Ben-Ezra et al. 1995) and improved glucose 

tolerance (Bonen et al. 1998; Hayashi et al. 2005). However, other studies have also 

shown contradictory results mainly after high intensity exercise (Rose et al. 2001; Nazar 

et al. 1987; King et al. 1995). One interesting finding from the current study was that 

subjects with a GAUC above 140 mmol.L-1 during Rest contributed to the largest 

differences in GAUC between Rest and Walking conditions amongst all subjects. It seems 

possible that the rest of the subjects (except one) who had a low GAUC at Rest (below 80 

mmol.L-1) had little room for improvement in glucose tolerance. On the other hand, the 

differences in GAUC for the same subjects were less pronounced between Cycling and 

Rest. A possible explanation for this might be that although cycling had a slightly higher 

intensity than walking (50% VO2max vs. 37 Ñ 8% VO2max, respectively), it was 

significantly shorter (60min for walking and 14min for cycling). It could be argued that 

the total energy expenditure which was higher during Walking compared to Cycling led 

to the pronounced effect of Walking. It has been shown that energy expenditure rather 

than intensity has more impact on insulin sensitivity (Braun et al. 1995). Yet, one possible 

explanation as to why no statistically significant difference between Walking and the two 

other conditions was reached might be the large standard deviation which reduces the 

experimental power of the study.  

 

 7.6 Conclusion 

Despite not finding any statistically significant differences between the three conditions, 

the findings of this study suggest that participants should avoid changing the mode of 

transport between visits especially walking to the laboratory on the morning of the test if 

any other mode of transport was used on the other testing days. Ideally, subjects should be 

asked to use the same mode of transport in order to reduce the within-subject variability 
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between GI tests. In order to insure compliance, research participants can be asked to 

come by bus and reimbursed upon showing the bus ticket. 
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8.1 General conclusion 

Research studies in sport science often have a small sample size which makes it more 

difficult to detect small significant changes in exercise performance, physiological and 

biological parameters. Ideally, all extraneous variables should be eliminated or minimised 

in order to reduce their impact on the results of the study. This is achieved by 

implementing standardisation protocols such as testing at the same time of the day, 

participants consuming the same amount of food and performing the same training 24-

hours prior to every trial. Dietary variability in subjectôs preparation is a potential source 

of error in research studies that may influence primary measurements by increasing signal 

noise and reducing experimental power (Braun & Brooks 2008; Jeacocke & Burke 2010). 

Many dietary components require dietary standardisation as they have been shown to alter 

exercise performance and physiological responses. Therefore, the presence of outliers and 

participants with poor compliance to the diet given can affect researcherôs ability to detect 

statistically significant changes. However, it can be concluded from the literature that 

there is no sufficient information in the area of dietary standardisation to guide 

researchers in their study design. Even the dietary standardisation methods currently used 

have not been well studied yet. For example, the reproducibility of these methods and the 

compliance rate of participants to the instructions given by researchers still need to be 

examined. 

This thesis began by identifying the dietary standardisation approaches currently used to 

control dietary intake pre-experimental trials. This review examined all published studies 

that implemented an acute intervention protocol in two sports nutrition journals from 

2008 until 2014. The review provided an idea about the number of researchers who are 

putting effort into implementing high quality dietary standardisation techniques instead of 

more practical but low quality techniques. It was surprising to find that 45% of studies 

failed to standardise dietary intake (or to report it) in the pre-trials preparation period. 

This could be due to the small number of reviews discussing the importance of dietary 

standardisation and studies that investigate the consequences of poor standardisation 

when standardisation was reported. Food record was found to be researcherôs preferred 

approach and this is more likely to be due to its low burden on both participants and 

researchers. Whereas, the best approach (standardised diet) was only used in a small 

number of studies. This review will help future studies to identify the areas that require 

further investigation such as the dietary assessment techniques that are frequently used 
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but not yet fully explored by researchers. This review also highlighted the need to start 

checking for compliance in order to make sure that the difference in energy and 

macronutrient intakes between trials is minimal.   

Researchers may have been taking dietary standardisation for granted, assuming that the 

methods currently used are providing an acceptable level of control over the dietary 

components. This could be due to the lack of studies on the reproducibility of dietary 

standardisation methods available. Therefore, the reproducibility of three dietary 

standardisation techniques (Drecall, Frecord, and standardised diet) was examined in athletes. 

The study revealed that important within-subject differences was apparent with a CV% 

for energy and macronutrient intakes between 3-6% for standardised diet, 10-19% for 

Frecord, and 7-12% for Drecall. It was concluded that the standardised diet is the best 

approach to control dietary intake and must be used when diet has a great influence on the 

intervention or performance and an enhanced reliability is required due to the small 

expected effect. This study provided guidance to future research studies on which method 

could be suitable for the design of the study. For example, the standardised diet must be 

used when diet has a great influence on the intervention or performance. In addition, 

when the expected effect is small and an enhanced reliability is required. Whereas, Drecall 

and Frecord techniques should be used when large effect is expected and the diet has low 

impact on the intervention. 

The real challenge was to propose a method that not only has lower variability but also 

fewer disadvantages than the best technique that is currently available. There was two 

options, either come up with a totally new concept or improve a current method. It is a 

better decision to improve what has already been shown to be the best and make it even 

better. Therefore, the decision was taken to propose and assesse the reproducibility of 

liquid instead of solid pre-packaged meals in athletes. The liquid diet was found to be an 

effective technique to standardise dietary intake with a slightly better reproducibility than 

the Sodiet. The reduced cost and time of preparation made the liquid pre-packaged meals 

technique more research friendly than the traditional solid diet that put high burden on 

researchers. In their verbal feedback, participants reported that the liquid diet was an 

unusual experience; however, they would not mind following such diet for 1-2 days in a 

research study. Therefore, liquid pre-packaged meals could also be used when diet has a 

great influence on the intervention or performance and when the expected effect is small 

and an enhanced reliability is required. 
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Based on the results of the first study (Chapter 2), the typical subject was found to likely 

vary their carbohydrate intake by 15% or more between two experimental trials. What we 

believed to be an essential question to answer was whether a 15% difference in the 

carbohydrate intake has any effect on endurance performance and physiological response 

or not. The main outcome of this study was that a 15% difference in 24-hour carbohydrate 

intake did not significantly affect endurance capacity, nutrient oxidation and blood 

glucose/lactate levels in trained cyclists. However, at the level of the individual subject, 

there may still be a potential effect of carbohydrate intake but such an effect may beyond 

the technical precision of the measurement. It is important to note that 50% of participants 

who used Drecall to standardise dietary intake had a larger variability than 15%. The 

smallest difference in carbohydrate that could have an impact on endurance performance 

and physiological responses has yet to be identified. 

The fourth study was designed to measure the incidence of participants who were 

hypohydrated on their arrival to the laboratory after receiving encouragement to stay 

well-hydrated. Most importantly, participants were not told about the real aim of the study 

and that their compliance was being monitored. The most important finding was that one 

third of participants were significantly hypohydrated on their arrival to the laboratory. 

This confirms that encouraging participants to drink water in the pre-trial preparation 

period is not enough to achieve euhydration before exercise tests. Researchers are 

recommended to implement hydration strategies and test subjects on their arrival to 

measure compliance. 

In an ideal scenario, participants will receive pre-packaged meals, replicate the training 

session, receive a hydration strategy and avoid alcohol and caffeine 24-hours prior to 

every trial. This will have a significant contribution to minimising the noise in the results. 

However, no one has yet considered investigating whether the mode of transport is a 

potential extraneous variable altering blood biomarkers. The final study, therefore, 

examined the effect of the mode of transport (taking the bus, walking, and cycling) prior 

to glycaemic index testing on the within-subject variability of blood glucose and insulin 

responses. The study concluded that participants should avoid changing the mode of 

transport between visits especially walking to the laboratory on the morning of the test if 

any other mode of transport was used on the other testing days. Ideally, subjects should be 

asked to use the same mode of transport in order to reduce the within-subject variability 

between glycaemic index tests. 
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This PhD adds essential information to the area of dietary standardisation. The studies 

reported in this thesis provide evidence that some dietary standardisation techniques can 

lead to considerable variability in energy and macronutrient intake. The thesis also 

proposed an improved method to control dietary intake which was shown to have more 

advantages than the current gold standard. Overall, the findings obtained will help 

improve the quality of future research projects by reducing the noise in the results. 

Although the preparation of LIdiet and implementation of hydration strategies might put 

extra burden on researchers, we believe that the benefits outweigh the burdens. By using 

the LIdiet, researchers will only need to spend three hours in total to prepare food for ten 

participants and costs approximately Ã100.00 pounds which is feasible for the majority of 

research studies. Finally, researchers can provide participants with a 500 ml bottle of 

water to consume before coming to the laboratory and then test their urine osmolality for 

compliance on their arrival which insure that all participants are euhydrated. 

 

8.2 Strengths and limitations 

It was apparent that the types of studies conducted in this thesis require a higher level of 

accuracy in order to measure accurately the reproducibility of different dietary 

standardisation approaches and increase the likelihood of observing a possible effect. 

Therefore, it was essential to reduce the amount of noise from all measured parameters to 

a minimum. For this reason, many measures were taken during the pre-testing period. In 

some cases, pilot studies were conducted contributing to the final design of the 

experiment. Equipment was rigorously tested and many hours were spent practicing in 

order to improve the detection of signals with accuracy. As a result, for example, the 

CV% of the Analox GM7 obtained after intensive practice was 0.7% for blood glucose 

and 0.2% for blood lactate which are considered low levels of variations.  

Dietary intake was highly controlled between experimental trials which was achieved by 

providing pre-packaged meals to participants during the pre-trial period. For example, the 

average CV% for energy intake between trials in the study described in chapter 5 was 

only 0.7%. In the study described in chapter 6, participants were not told about the real 

aim of the study and that their compliance was being monitored to pre-test encouragement 

to stay well-hydrated. This is considered a key strength compared to other similar studies 
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where participants knew that their compliance is being monitored (Phillips et al. 2014; 

Volpe et al. 2009). 

The main weaknesses include not being able to perform percutaneous muscle biopsy to 

measure muscle glycogen levels at the end of the glycogen depletion protocols (Chapter 

5) and participants being aware of the aim of the study (Chapter 3 and 4) which enhanced 

the likelihood of better adherence to the diet. Despite being considered one of the most 

accurate techniques to measure muscle glycogen, muscle biopsy is an invasive method. 

As an alternative, a reliable and standardised exercise protocol was used to make sure that 

muscle glycogen levels were similar at the end of each glycogen depletion protocol. 

Concerning the awareness of the aim of the study, the solution depends on whether the 

ethics committee approve such studies or not. A common limitation of studies described 

in chapters 3 and 4 is related to energy expenditure on the day preceding each visit which 

was not measured in order to examine whether there was an association between dietary 

intake and physical activity. However, participants were asked to keep their physical 

activity level as close as possible prior to each trial to eliminate significant changes. 

Finally, several days of urine sample collection could have been performed to assess the 

repeatability of the test. 

 

8.3 Recommendations for future work 

 This thesis only discussed three dietary standardisation methods Drecall, Frecord, 

and standardised diet. However, as reported in Chapter 2, there are other 

methods used by researchers (e.g. dietary prescription) that need to be examined 

as well. This will provide better understanding of each method and guide 

researchers on the best technique for their study protocol and research question. 

Future studies should also compare the variability of energy and macronutrient 

intakes when participants are asked to replicate their diet to when they are not 

(e.g when diet is only monitored rather than standardised). 

 According to the review in Chapter 2, the weighed Frecord technique was used by 

a considerable number of studies. Therefore, there is a need to measure the 

reproducibility of this method to see if it is an effective method to control dietary 

intake or not. 
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 The study in Chapter 3 highlighted many questions in need of further 

investigation. More research is needed to assess the ability of other population 

groups such as female, sedentary, overweight and obese people to replicate a 

diet. Other population groups might behave differently when asked to replicate a 

diet compared to athletes, especially with the difference in dietary and physical 

activity lifestyle. There is likelihood that researchers will face new and/or 

additional challenges than the ones faced with athletes. The most important 

being the considerable underestimation of energy intake when obese and 

overweight people are asked to keep a food record or recall food consumed. This 

will have an impact on the results obtained when measuring the amount of food 

and fluid consumed at each visit.  

 Further work should also be done to improve the current dietary standardisation 

techniques (similar to what was done in the study in Chapter 4) in order to 

enhance reproducibility. 

 Future studies should examine the compliance of research subjects to the 

instructions given about avoiding alcohol and caffeine intake 24-hours prior to 

their visit to the laboratory as they have been both shown to alter exercise 

performance and physiological responses. For example, future studies should 

inform participants to avoid alcohol and caffeine intake for 24-hours followed by 

the measurements of alcohol and caffeine metabolites in urine to check 

compliance. Based on the findings obtained, future studies should investigate 

whether alcohol consumption in the evening have an influence on next day 

exercise performance and physiological responses. 
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Yours sincerely 
 
 
 
Hazel Abbott 
Chair of the University Research Ethics Committee 
 

 

  

 



 

XXI 
 

 

 

 

 

 

 

 

 

 

 

Appendix C 
  



 

XXII 
 

Ethics approval of the study presented in Chapter 5. 
 
 
7 August 2013 
 
Dear Dr Simpson 
 
UREC Registration No: 130759 
The effect of two different diets on performance, nutrient oxidation and blood biomarkers 
 
Thank you for the email of 6 August 2013 outlining the response to the points raised in my 
previous letter about the PhD study of your research student Alaaddine El-Chab, and attaching 
the revised documents. I am pleased to inform you that, on this basis, I have given Chair’s 
Approval for the study to begin.   
 
The UREC approval period for this study is two years from the date of this letter, so 7 August 
2015. If you need the approval to be extended please do contact me nearer the time of expiry. 
 
In order to monitor studies approved by the University Research Ethics Committee, we will ask 
you to provide a (very brief) report on the conduct and conclusions of the study in a year’s time.  If 
the study is completed in less than a year, could you please contact me and I will send you the 
appropriate guidelines for the report. 
 
Yours sincerely 
 
 
 
Hazel Abbott 
Chair of the University Research Ethics Committee 
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Ethics approval of the study presented in Chapter 6. 
 
 
10 April 2015  
 
Dear Dr Lightowler 
 
UREC Registration No: 150903 
The hydration status of untrained subjects participating in an experimental trial 

 
Thank you for the email of 11 March 2015 outlining the response to the points raised in my 
previous letter, and for the follow up email on 30 March requesting the addition of an extra urine 
sample on the second visit, this refers to the PhD study of your research student Alaaddine El-
Chab. I am pleased to inform you that, on this basis, I have given Chair’s Approval for the study to 
begin.   
 
The UREC approval period for this study is two years from the date of this letter, so 10 April 2017. 
If you need the approval to be extended please do contact me nearer the time of expiry. 
 
Should the recruitment, methodology or data storage change from your original plans, or should 
any study participants experience adverse physical, psychological, social, legal or economic 
effects from the research, please inform me with full details as soon as possible. 
 
Yours sincerely 
 
 
 
 
Hazel Abbott 
Chair of the University Research Ethics Committee 
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The debriefing form given to participants at the end of the study presented in Chapter 6. 
 

Debriefing Form for Participation in a Research Study 
Oxford Brookes University 

 
 
 
Thank you for your participation in our study!  Your participation is greatly appreciated. 
  
Purpose of the Study: 
 
A feature of good quality research is that experimenters control all variables known to 
have an influence on the experiment so the changes observed are solely associated with 
the intervention. In sport science, the most often controlled variables prior to 
experimental trials are physical activity, dietary intake, hydration status, alcohol 
consumption, and caffeine intake. Other than hydration studies, very few control the 
hydration level of their subjects and researchers frequently fail to give participants clear 
instructions about such fluid intake recommendations. It is still unknown whether the 
provision of minimal dietary instructions is effective. Therefore, the aim of this study is to 
measure the incidence of participants who show up poorly hydrated to the experiment, 
having drunk alcohol and caffeine after receiving standardised instructions. 
 
Withholding information from participants: 
 
Subjects in clinical trials are often not told the purpose of tests performed to monitor their 
compliance with the protocol, since if they knew their compliance was being monitored 
they might modify their behaviour and hence invalidate results.  
 
Confidentiality: 
 
You may decide that you do not want your data to be used in this research.  You will be 
given the opportunity to refuse to allow the investigator to use information thus obtained. 
The urine sample(s) will be therefore destroyed immediately. 
 
Useful Contact Information: 
 
If you have any questions or concerns regarding this study, its purpose or procedures, or if 
you have a research-related problem, please feel free to contact the principal investigator. 
 
Mr Alaaddine El-Chab 
PhD Researcher 
Department of Sport & Health Sciences 
Oxford Brookes University 
 
12106698@brookes.ac.uk   
Phone: 01865483283 
 
 
Please keep a copy of this form for your future reference. Once again, thank you for 

your participation in this study. 
 

mailto:12106698@brookes.ac.uk
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Ethics approval of the study presented in Chapter 7. 
 

 

29 May 2014 

 

Dear Dr Clegg 

 
UREC Registration No: 140827 
The effect of acute exercise prior to glycaemic index testing on blood glucose and insulin 
levels 
 
Thank you for the email of 28 May 2014 outlining the response to the points raised in my previous 
letter about the PhD study of your research student Alaaddine El-Chab and attaching the revised 
documents. I am pleased to inform you that, on this basis, I have given Chair’s Approval for the 
study to begin.   
 
The UREC approval period for this study is two years from the date of this letter, so 29 May 2016. 
If you need the approval to be extended please do contact me nearer the time of expiry. 
 
In order to monitor studies approved by the University Research Ethics Committee, we will ask 
you to provide a (very brief) report on the conduct and conclusions of the study in a year’s time.  If 
the study is completed in less than a year, could you please contact me and I will send you the 
appropriate guidelines for the report. 

 

Yours sincerely 

 

 

 

Hazel Abbott 

Chair of the University Research Ethics Committee 

 

 

 

 

 

 

 




