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Abstract

Athletes exercising in temperate and warm conditions have elevated sweat rates, and ad-libitum fluid
intake is typically in-sufficient to adequately replace sweat losses, resulting in hypohydration.
Hypohydration of >2% body mass impairs aerobic exercise performance in temperate and warm
conditions, with the impairment in performance likely due to a combination of physiological and
perceptual mechanisms.
The methods used in previous research to induce hypohydration (i.e. fluid restriction, heat exposure,
diuretic use) have meant subjects were aware of manipulations to their hydration status. More recent
studies have aimed to blind subjects to manipulations in hydration status via intravenous infusion or
intragastric infusion of fluids. While these studies were successful in blinding subjects to
manipulations in hydration status, they could not ascertain whether knowledge of hydration status
contributed to the negative effect of hypohydration on exercise performance. Thus, the first aim of
this thesis was to determine whether knowledge of hypohydration influenced exercise performance
(Chapter 3). Changes typical of hypohydration (i.e. increased heart rate, rating of perceived exertion,
gastrointestinal temperature, serum osmolality and thirst, and decreased plasma volume) were
apparent with hypohydration at the end of 2 h of steady-state cycling and did not differ between
blinded and unblinded groups. Hypohydration of ~3% body mass similarly impaired cycling time trial
performance (-10% unblinded vs -11% blinded) in the heat in trained cyclists, regardless of knowledge
of hydration status.
There is a lack of research assessing exercise-induced hypohydration on running performance in a
temperate environment, a common scenario for intermittent games players and endurance athletes
that regularly exercise in temperate environments with insufficient fluid intake. Given the weightbearing nature of running, the negative effects of hypohydration might be offset by the positive effects
of body mass loss. Therefore, the purpose of Chapter 4 was to investigate the effect of hypohydration
on 3 km running performance in a temperate environment. Despite the body mass loss (~1.7 kg)
associated with a negative fluid balance, hypohydration of ~2% body mass impaired 3 km running time
trial performance by ~6%.
Although the negative consequences of hypohydration on exercise performance are well-known,
endurance athletes regularly finish training sessions/events with significant hypohydration, and field
studies have shown an inverse relationship between body mass loss and endurance performance (i.e.
the greater the exercise-induced body mass loss, the quicker the finishing time). This led to the
hypothesis that a familiarisation/adaptation to exercise-induced hypohydration is conceivable. Thus,
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the third research question of this thesis was proposed, can athletes familiarise to a limited number
of repeated exercise-induced dehydration exposures to reduce the negative effect of hypohydration
on performance (Chapter 5). Five repeated exposures to exercise-induced dehydration (~2% body
mass) did not reduce the negative effects of hypohydration on 3 km running performance in
intermittent games players.
Research assessing rehydration from exercise-induced dehydration is often poorly controlled.
Research typically informs subjects of the purpose of assessing rehydration, or influences behaviour
by providing fluids, thus influencing fluid intake behaviours. Therefore, the final aim of this thesis was
to determine if athletes rehydrate within 20 h of an intermittent exercise session, with subjects
unaware that hydration status was being assessed. Subjects were also permitted to drink ad-libitum
water during the exercise session and continue recording dietary intakes in a free-living environment
for 20 h post-exercise (Chapter 6). Intermittent games players lost ~2% body mass during an
intermittent running session when access to ad-libitum fluid was permitted. A small degree of
hypohydration likely remained present 20 h post-exercise, evidenced by decreased body mass and
increased urine osmolality (concentration) the morning post-exercise, suggesting specific rehydration
strategies may be required for intermittent games players.
From this thesis, it can be concluded that hypohydration (~3% body mass) impaired cycling
performance in the heat, regardless of knowledge of hydration status (Chapter 3). Despite the body
mass loss associated with a negative fluid balance, hypohydration of ~2% body mass impaired 3 km
running time trial performance in a temperate environment (Chapter 4). A small number of repeated
exposures to exercise-induced dehydration did not attenuate the performance decrement from
hypohydration on running time trial performance (Chapter 5). Rehydration from intermittent exercise
was likely not achieved within 20 h post-exercise, suggesting rehydration strategies may be required
in team sports where training is completed daily (Chapter 6).
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General Introduction & Literature Review
1.1 Total Body Water Content
For the average adult, total body water (TBW) represents ~60% body mass, with this value varying
depending on an individual’s body composition (Cheuvront & Kenefick, 2014). Lean body mass
typically consists of ~70% water, while fat body mass consists of ~10% water (Armstrong, 2005). Thus,
the greater lean mass an individual has, the greater proportion of total body water that individual will
have. On the contrary, the greater the fat mass an individual has, the lower proportion of total body
water that individual will have. Total body water is distributed between two main compartments,
intracellular fluid (ICF) and extracellular fluid (ECF) compartments (Armstrong, 2005). ECF can be
further divided into two compartments, interstitial fluid and intravascular fluid (i.e. plasma). ICF
represents ~60-70% of total body water, while ECF represents ~30-40% of total body water. The 3040% of ECF can be divided into ~5-10% of total body water for intravascular fluids and ~25-35% of
total body water for interstitial fluid (Figure 1-1.) (Sawka, Cheuvront, & Kenefick, 2015). Interstitial
fluid is defined as the fluid that surrounds the body’s organs, tissues and cells (Armstrong, 2007).
Bodily fluids are dynamic and move across cell membranes and capillary walls due to osmotic and
volumetric changes (Figure 1-1.).

Figure 1-1. Fluid compartments and distribution within the human body.
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1.2 Regulation of Body Water Content
Total body water is tightly regulated on a daily basis, and small deviations from euhydration can have
substantial effects on both health and performance outcomes (Bartoli et al., 1993). Euhydration is
defined as a normal state of total body water, but is a dynamic process rather than a static set-point
(Cheuvront & Sawka, 2005). A sinusoidal wave can represent euhydration on a daily basis, with total
body water content fluctuating narrowly around euhydration (Greenleaf, 1992). Hyperhydration and
hypohydration are defined as a state of increased or decreased total body water, respectively, outside
that of daily fluctuations. Dehydration is often mis-used and inter-changed with hypohydration;
however, dehydration is the process of losing body water. Thus, dehydration can be used to define
losing body water from hyperhydration to euhydration and from euhydration to hypohydration.
Rehydration is the process of gaining water from a hypohydrated state to euhydration, but cannot be
used to define the process of gaining water from a euhydrated state to hyperhydrated state (Figure
1-2.; Greenleaf, 1992).

Figure 1-2. The processes of changes in hydration status. Adapted from Greenleaf (1992).

Water gain derives from the water ingested through the consumption of food and fluids, and from the
metabolic production of water from substrate oxidation. Whereas water losses derive from
respiration, perspiration, and renal and faecal water losses. At rest, respiratory losses are typically
~250-350 mL∙day-1, while water gain through metabolic production is similar ~250-350 mL∙day-1, and
thus typically offset each other (Sawka, Cheuvront, & Kenefick, 2015). Urine losses are typically 1000-2-

2000 mL∙day-1 in healthy adults but can be greater depending on the volume of fluid intake. Fluid
losses from faecal samples are typically 100-200 mL∙day-1 in healthy adults (Sawka et al., 2015). Fluid
loss from sweat varies greatly, with reported values of 450-1900 mL∙day-1 for a sedentary lifestyle
(Sawka et al., 2015). Sweat losses depend upon the individuals physical activity level (i.e. metabolic
rate and internal heat production) and the ambient environmental conditions (i.e. temperature,
humidity, radiant heat gain) (Sawka et al., 2015). Sweat rates of >1 L∙h-1 are common during exercise
due to sustained greater metabolic heat production, micro-environments from clothing and
equipment, and elevated ambient temperatures and humidity.
As mentioned, water gain derives from metabolic water production (~250-350 mL∙day-1) and more
predominantly from fluid intake (Sawka et al., 2015) in foods and drinks. Once consumed, a small
amount of water absorption occurs in the stomach and the colon, with most of the water absorbed in
the proximal small intestine, specifically the duodenum and the jejunum (Leiper, 1998). Water
passively passes from the intestinal lumen into plasma by osmotic gradients (Leiper, 1998).
Intravascular fluid (i.e. plasma) is transported in the circulation and distributed into interstitial fluid
spaces (ECF) and cells (ICF). Water moves between compartments via osmotic gradients and
hydrostatic pressure; water molecules can move freely into the interstitial compartment via capillary
membranes, but moves across cell membranes via water specific channels (i.e. aquaporins).
Interestingly, Péronnet et al. (2012) estimated that ~99% of the body water pool is renewed within
~50 days when individuals consume ~2 L of water per day.
Water homeostasis is tightly regulated to maintain plasma osmolality within a narrow normal range
of 280-295 mOsm∙kg H2O-1 (Knepper et al., 2015). However, when total body water alters from
euhydration, the renal system and thirst mechanism act in sync to stimulate changes in water balance
to restore euhydration (Share & Claybaugh, 1972; Patel et al., 2017). An 2% increase in plasma
osmolality (6 mOsm∙kg H2O-1) is commonly referenced as an osmotic threshold for compensatory
renal water re-absorption/retention and the stimulation of thirst and consequent water acquisition
(Cheuvront & Kenefick, 2014). In healthy individuals water balance is tightly regulated and well
maintained, however, in certain circumstances and/or diseases, such as hypodipsia (inappropriately
decreased or absent feelings of thirst), water homeostasis can be disrupted.
The renal system primarily mediates water balance through the hormone arginine vasopressin (AVP),
also known as anti-diuretic hormone (ADH) (Share & Claybaugh, 1972). An increase in plasma
osmolality, potentially due to hypotonic sweat losses, activates osmoreceptors in the hypothalamus
(Figure 1-3). The activation of osmoreceptors stimulates AVP release from vasopressinergic nerve
endings in the neurohypophysis (i.e. posterior lobe of the pituitary gland). The increase in plasma AVP
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results in an increase in renal water re-absorption and a decrease in water excretion, and the
stimulation of thirst and potential associated fluid intake or at least an increase in fluid-seeking
behaviour. Both water retention and fluid intake reduce plasma osmolality, which is detected by the
osmoreceptors in the hypothalamus and AVP secretion is mediated; this process governs plasma
osmolality in a feedback loop system (Knepper et al., 2015).

Figure 1-3. The regulation of plasma osmolality via arginine vasopressin (AVP) secretion and thirst
sensation. Taken from Knepper, Kwon, & Nielsen (2015). SON = supraoptic nucleus and PVN =
paraventricular nucleus, both contain secretory cells that produce AVP.

The rate of water returned from the kidney into the blood can vary considerably in response to plasma
AVP levels without significant changes in solute excretion (Knepper et al., 2015). Therefore, as plasma
vasopressin concentration increases in response to increased plasma osmolality, water excretion
decreases, with little change in osmolar clearance. Hence, more concentrated urine is produced when
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there is elevated plasma vasopressin concentration, and more dilute urine at low vasopressin
concentrations (Knepper et al., 2015). In-conjunction with AVP release from the neurohypophysis,
copeptin is also released into the circulation. Quantification of AVP in blood is difficult as the molecule
is unstable and rapidly cleared from the circulation, while copeptin is more stable and can be
measured by ELISA. Plasma concentrations of copeptin and AVP in relation to serum osmolality are
highly correlated, and thus copeptin is commonly measured in plasma as a surrogate for AVP (ChristCrain & Fenske, 2016).
In addition to AVP, other hormones within the renal system are involved in the maintenance of fluid
balance. The Renin-Angiotensin-Aldosterone system (RAAS) is a hormonal cascade that plays an
important role in maintaining blood pressure, blood volume and fluid and electrolyte balance (Lavoie
& Sigmund, 2003; Patel et al., 2017). Renin is released primarily by the kidneys, after baroreceptors in
the kidney detect a decrease in blood pressure or volume. Renin stimulates the formation of
angiotensin I in the blood and liver, which is then converted into angiotensin II by angiotensinconverting enzyme (Lavoie & Sigmund, 2003). Angiotensin II is a potent vasoconstrictor, but also
stimulates the release of aldosterone from the adrenal cortex as well as AVP from the hypothalamus
(Patel et al., 2017). Aldosterone results in an increase in renal re-absorption of sodium and water and
stimulates the hypothalamus to initiate thirst. This process increases the volume of the extracellular
fluid in the body.

1.3 Measurement of Hydration Status
Identification of hydration status is vital in medical scenarios, as well as sports science
research/practice, and due to this many indices of varying accuracy, cost and level of invasiveness
have been developed to assess hydration status in humans (Armstrong, 2007; Kavouras, 2002).
Hydration status indices need to be sensitive to detect alterations in hydration status that are greater
than that of normal daily fluctuations (i.e. ~2% total body water; ~1% body mass) (Armstrong et al.,
2010). Hydration assessment techniques can be divided into different categories: (1) biomarkers that
measure body water or surrogate markers of total body water; (2) haematological biomarkers; (3)
urinary biomarkers; and (4) other markers, such as salivary flow or physical signs (Armstrong, 2005).
Total body water can be estimated by stable isotopes (Armstrong, 2005). With this method, a baseline
sample of bodily fluid (i.e. blood, saliva) is collected, before a known volume and concentration of
isotope (i.e. deuterium or tritium) is consumed or infused into the body. Once the isotope tracer has
been equally distributed throughout the body (typically within 3-4 h, tissue dependant), a second
sample of bodily fluid is collected. The concentration of the isotope tracer is determined, and total
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body water can be predicted (Cheuvront & Sawka, 2005). Although the error within this technique has
been reported to be <1% (Ritz, 1998), it is an expensive measure and requires significant time and
technical expertise. Total body water can also be estimated using bioelectrical impedance analysis
(BIA) (Armstrong, 2005). During this non-invasive method, a low current is conducted between skin
electrodes (typically placed on the hands and feet), and the current resistance (i.e. impedance) is
inversely related to tissue water content (Cheuvront & Sawka, 2005). BIA is well correlated with
isotope dilution in predicting total body water in euhydrated subjects, however, shifts in fluids
between compartments due to exercise, sweating and rehydration drastically alter the accuracy
(O’Brien et al., 2002). Both of these methods estimate total body water; they do not provide
information on hydration status, for this a baseline for an individual needs to be known.
Changes in body mass, typically presented as a percentage change from starting body mass, can be
used as a surrogate marker for total body water. For example, acute changes in body mass during
exercise typically reflect changes in body water. This is calculated by the difference in body mass from
pre- to post- exercise, adding the weight of fluid/food intake and subtracting the weight of
urine/faeces. It is assumed that 1 g of mass lost is equivalent to 1 mL of water lost (Cheuvront & Sawka,
2005). Changes in body mass can provide a sensitive measure for changes in total body water when
accurately measured, however, measurements should be taken nude after unevaporated sweat on
the skin has been removed. Changes in body mass can be confounded by carbon exchange in
metabolism, however, it is extremely difficult to quantify and would represent a small error
(Cheuvront & Sawka, 2005).
Haematological markers of hydration status include serum and/or plasma osmolality, and percentage
change in plasma and blood volume (Dill & Costill, 1974). Concentrations of hormones that regulate
body fluids (i.e. AVP, co-peptin, aldosterone etc.) can also be measured to provide additional
information on mechanistic and hormonal alterations to changes in hydration status. Haematological
markers can be influenced by changes in posture, exercise and diet in the short-term (Maughan &
Shirreffs, 2008), and thus adequate control over these factors needs to be considered in study design.
Urinary markers of hydration status include urine osmolality, specific gravity, colour (Armstrong, 2000)
and 24 h volume (Armstrong et al., 2010). Acute food and fluid intake need to be considered, for
example, large fluid intakes in a short time period can decrease serum osmolality and induce diuresis,
thus a subject may provide a urine sample that does not accurately represent hydration status
(Shirreffs & Maughan, 1998). Acute food intake or catabolic by-products from protein metabolism
associated with exercise can increase urine concentration without changes in hydration status due to
the addition of solute to urine (Cheuvront et al., 2013). Additionally, all urine concentration measures
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are subject to timing and uniformity concerns. For example, the time between urine samples will
provide information on the length of time urine production has occurred, and thus if the sample
provided accurately represents current hydration status or is confounded by urine production over
several hours. Urine measures are often poorly correlated to other superior measures of hydration
status, such as stable isotope dilution and serum osmolality (Kovacs et al., 1999). However, if collected
at appropriate timings and standardised properly (i.e. first morning void, 24 h urine collection), urine
markers can be valuable for determining hydration status.
The detection of hydration status through one individual measure may not truly represent an
individual’s hydration status, however, when several indices are used in combination, an accurate
validation of an individual’s hydration status may be possible. Changes in hydration status can be
determined once a known and stable baseline has been quantified. Selecting the measurement
technique to determine hydration status will depend on several factors, including the accuracy
needed, time available, technical expertise, financial resources and location (i.e. laboratory or field)
(Armstrong, 2005).

Table 1-1. Characteristics of different hydration biomarkers. Adapted from Armstrong (2007).
Hydration

Technical

Cost of Analysis

Time Required

Stable Isotope
Dilution

High

High

High

Not Portable

Bioelectrical
Impedance
Spectroscopy

Moderate

High

Moderate

Portable

Change in Body
Mass

Low

Low

Low

Portable

Plasma/Serum
Osmolality

High

Moderate

High

Not Portable

% Change in Blood
& Plasma Volume

High

Moderate

High

Not Portable

Urine Osmolality
(Osmometer)

High

Moderate

High

Not Portable

Urine Osmolality
(Refractive Index)

Low

Low

Low

Portable

Urine Specific
Gravity

Low

Low

Low

Portable

Urine Colour

Low

Low

Low

Portable

24 h Urine Volume

Low

Low

Low

Portable

Biomarker
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Expertise Required

Transportability

1.4 Defining Hypohydration
Hypohydration is defined as a deficit in total body water greater than daily fluctuations (1-2% total
body water; >1% body mass) (Cheuvront & Kenefick, 2014). Fluid compartments within the body
contain dissolved ions (for example, sodium, potassium and chloride), and the loss of these substances
can affect the re-distribution of water across cell membranes (Noriaki et al., 1979). The loss of body
fluids occurs in different manners and concentrations depending on different circumstances (for
example, exercise-induced dehydration, diuretic use, diarrhoea). When compared to plasma, if the
loss of body fluids is hypo-osmotic, an osmotic gradient occurs between the intracellular fluid and
extracellular fluid, and water loss derives from both compartments (Cheuvront & Kenefick, 2014).
Hypo-osmotic fluid loss is also known as intracellular dehydration, hyperosmotic hypovolemia and
hypohydration, due to the large losses of intracellular fluid and hyperosmotic characteristics of the
extracellular fluid (Cheuvront & Kenefick, 2014). A common scenario where intracellular dehydration
occurs is during exercise, when body water losses that derive from sweat exceed fluid intake
(Cheuvront & Kenefick, 2014); this will be discussed in more detail in the next section (1.5 ‘ExerciseInduced Hypohydration’). When the concentration of lost body fluids is iso-osmotic compared to
plasma, a larger loss of fluid from extracellular fluid occurs (i.e. extracellular dehydration), because
the osmotic gradient to draw fluid from the larger intracellular fluid is absent. A common scenario
where extracellular dehydration occurs is with the administration of certain diuretics, which promote
the clearance of fluid and electrolytes in iso-osmotic fashion to plasma to reduce blood pressure.

1.5 Exercise-Induced Hypohydration
There are two different scenarios in which athletic populations can exercise with hypohydration. The
first is if an athlete begins exercise in a hypohydrated state, i.e. pre-existing hypohydration. The
second is if an athlete develops hypohydration during exercise, i.e. exercise-induced hypohydration.
Although it is recommended that athletes begin exercise in a euhydrated state, this may not always
be the case or be possible (Volpe et al., 2009). Athletes may begin exercise in a hypohydrated state
for several reasons; there may have been insufficient time or fluid availability for rehydration to occur
from a previous bout of exercise, an athlete may have inadequate dietary fluid intake, or an athlete
may have a lack of awareness of hypohydration. For example, an athlete may train in the morning
after fluid loss over-night. Although an elevated urine concentration does not always mean an
individual is hypohydrated, the retention of water (i.e. a reduction in urine volume) and consequent
increase in urine concentration by the kidney is associated with hypohydration (Cheuvront et al., 2013)
(see Section 1.3 ‘Measurement of Hydration Status’). Athletes regularly begin exercise with raised
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urine concentration, which is indicative of pre-existing hypohydration. Volpe et al. (2009) assessed the
urine specific gravity of pre-training urine samples from 263 NCAA Division 1 University Level athletes
and found 13% of athletes appeared to be significantly hypohydrated prior to training, while 53% of
athletes appeared to be hypohydrated before training. It is important to note that pre-existing
hypohydration will in most cases be sub-optimal. As most athletes have insufficient fluid intake during
exercise (i.e. sweat losses exceed fluid intake) (Broad et al., 1996), exercise-induced hypohydration
occurs and will be superimposed on pre-existing hypoydration. This further increases the likelihood of
athletes developing significant levels of hypohydration quicker during exercise that may impair
exercise performance.
Exercise-induced hypohydration, also known as intracellular dehydration, hyperosmotic hypovolemia
and hypohydration, occurs when body water loss exceeds fluid intake during exercise (Cheuvront &
Kenefick, 2014). With sweating, plasma volume (i.e. intravascular fluid) decreases as it provides the
fluid for sweat (to facilitate evaporative cooling). Consequently, extracellular osmolality increases
because sweat is typically hypotonic relative to plasma. Sodium is the primary ion responsible for the
elevated plasma osmolality. The plasma hyperosmolality mobilises fluid from intracellular
compartments to extracellular compartments to defend against plasma volume reductions with
hypohydration. The volume of hypo-osmotic sweat lost during exercise is proportional to the body
heat gained by metabolism and the environment and can range from 0.5 to 4.0 L∙h-1 (Baker, 2017). An
2% increase in plasma osmolality (6 mOsm∙kg H2O-1) is commonly referenced as an osmotic
threshold for compensatory renal water re-absorption/retention and water acquisition (Cheuvront &
Kenefick, 2014). Increases in plasma osmolality strongly correlate to changes in hypo-osmotic body
water losses, for example, plasma osmolality increases by ~6 mOsm∙kg H2O-1 in response to an ~2%
loss in total body water via exercise-induced dehydration (Sawka et al., 2015). The physiological
responses to intracellular dehydration, which have been discussed in larger detail in section 1.2
‘Regulation of Body Water’, arise from the stimulation of osmoreceptors and baroreceptors (Knepper
et al., 2015). Although it is recommended that athletes drink fluids at a rate to prevent hypohydration
of >2% body mass during exercise, the prevalence of exercise-induced hypohydration is high in
intermittent games players and endurance athletes, especially when exercise is undertaken in warm
and humid environments (Greenleaf & Sargent, 1965; Maughan, Merson, Broad, & Shirreffs, 2004;
Passe, Horn, Stofan, Horswill, & Murray, 2007).
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1.6 Hypohydration & Aerobic Exercise Performance
A wealth of research over the past few decades has shown that hypohydration of >2% body mass (>3%
total body water loss) impairs aerobic exercise performance and capacity in temperate, warm and hot
environments (Walsh et al., 1994; Below et al., 1995; Fallowfield et al., 1996; Raman et al., 2006; Bardis
et al., 2013b, 2013a). In practical terms, this means that if an individual begins exercise in a euhydrated
state, hypohydration will only impair exercise that is longer than 1 hour in duration, as sweat rates
typically do not exceed 1.5-2 L∙h-1 unless in a very warm environment (Casa et al., 2019), thus
hypohydration of 2% body mass will not be achieved in exercise shorter than 1 hour. However, if
exercise begins with pre-existing hypohydration, hypohydration of >2% body mass can occur during
exercise less than 1 hour in duration (Bardis et al., 2013a), as exercise-induced hypohydration will be
super-imposed onto the pre-existing hypohydration. Nevertheless, several different methods have
been used to induce hypohydration, and several different exercise performance and capacity tests
have been employed to investigate the effect of hypohydration on aerobic exercise. The methods used
to induce hypohydration include, diuretics, fluid restriction before and/or during exercise, and heat
exposure, all of which are valid methods to induce hypohydration and have relevance to real-world
situations. The exercise modes and methods used to assess exercise performance and capacity
predominantly include, walking, running and cycling, and time to exhaustion, time trial and workload
challenges. Table 1-2 summarises the unblinded literature that has investigated hypohydration and
aerobic exercise performance and is categorised by method(s) used to induce hypohydration.
The initial classic work of hypohydration and exercise capacity dates back to 1947 titled ‘Physiology of
Man In The Desert’ (Adolph, 1947), where a vast amount of data was collected, not only investigating
hydration and exercise capacity, on army personnel in the Colorado desert. The authors reported that
the distance walked by army personnel was reduced and army personnel walked at a slower pace
when fluid was withheld. Since this initial research was conducted, a large body of literature assessing
hypohydration in well-controlled laboratory environments, as well as practical field-based
environments, has accrued.
Fallowfield et al. (1996) assessed fluid intake immediately before (3 mL∙kg body mass-1) and every 15
minutes (2 mL∙kg body mass-1) during continuous running time to exhaustion at 70% V̇ O2max. Running
time to exhaustion increased by ~34% in the fluid intake trial (~77 min without fluid to ~103 min with
fluid intake). Earlier research by Armstrong, Costill, & Fink (1985) used a diuretic (furosemide) to
induce pre-exercise hypohydration of ~2% body mass, a situation that is highly atypical of the
hypohydration experienced by runners. Nonetheless, both 5 km and 10 km running performance were
impaired by 6.7% and 6.3%, respectively. Fleming & James (2014) assessed ~2.4% hypohydration by a
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combination of 24 h fluid manipulation and exercise-induced dehydration, prior to a 5 km running
time trial in a temperate environment. Twenty-four h fluid restriction is an unfamiliar and
uncomfortable method of inducing hypohydration. Although fluid restriction may be implemented by
athletes in weight category sports (e.g. boxing, mixed martial arts etc.), this method of hypohydration
would rarely be experienced by intermittent games players and runners, and thus the unfamiliarity
and discomfort may have influenced the results. Nonetheless, a 5.8% decrement in 5 km running time
trial performance in a temperate environment was reported with ~2.4% hypohydration. The studies
mentioned are a few of the numerous conducted on hypohydration and exercise performance in
controlled environments (Table 1-2). They demonstrate hypohydration induced by different methods
(diuretics, fluid restriction prior to exercise and fluid restriction during exercise) impaired different
exercise performance tests (time trial and time to exhaustion protocols) when hypohydration
exceeded 2% body mass.
In addition to highly controlled laboratory based-studies, field-based studies demonstrate
impairments in exercise performance and capacity with hypohydration. Casa et al. (2010) examined
the impact of hypoyhdration on 12 km trail running. Seventeen volunteers began a 12-km trail run
euhydrated or hypohydrated (2% body mass loss). During the 12-km trail run, volunteers continued
to lose fluid and completed the race with 2% or ~4% body mass loss, respectively. Runners were
~5% slower when beginning hypohydrated (and finishing ~4% hypohydrated) compared to beginning
euhydrated (and finishing ~2% hypohydrated). Runners also reported significantly greater perception
of effort, thirst, and thermal sensation during the hypohydrated run. Performance has also been
shown to be impaired in outdoor cycling. In a study by Bardis et al. (2013a), subjects completed 1 h
steady-state cycling at 70-75% of maximal heart rate on their own bicycle in a laboratory with or
without drinking to achieve either euhydration or hypohydration equating to 1% body mass. Subjects
were then transported to a 5 km outdoor hill climb route with an average grade of 6.4%. Subjects
completed the outdoor hill climb 5.8% quicker in the euhydrated trial, with post hill climb body mass
loss of 1.4% in the euhydrated trial and 2.2% in the hypohydrated trial. Perceived exertion and core
temperature were greater immediately after the hill climb in the hypohydrated trial, while heart rate
did not differ between trials, despite the quicker finish time in the euhydrated trial.
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Table 1-2. Summary of research studies to investigate unblinded hypohydration and aerobic exercise performance categorised by method to induce
hypohydration (fluid restriction during exercise, prolonged fluid restriction, heat stress and diuretics).
Author(s)

Subjects

McConell et
al. (1999)

8 well-trained
males

McConell et
al. (1997)

7 well-trained
cyclists/
triathletes

Environmental
Conditions

21°C

21°C

Dehydration Method(s)

Exercise Protocol

Body Mass Loss

Performance Results

Fluid restriction during exercise

45 min steady-state cycling (80%
V̇ O2peak) followed by a 15 min
workload challenge

0% (EUH) vs 1.0%
(HYP50) vs 1.9%
(HYP) at start of
workload challenge

Similar work completed in
3 conditions (273 W [HYP];
267 W [HYP50]; 269 W
[EUH])

Fluid restriction during exercise

2 h steady-state cycling (69%
V̇ O2peak) followed by TTE at 90%
V̇ O2peak

0.1% (EUH) vs 1.8%
(HYP50) vs 3.2%
(HYP) at start of
TTE

TTE was greater in EUH
(~328 s) than HYP (~171 s)
but not HYP50 (~248 s)

2 h steady-state cycling followed
by TTE hill-climb in laboratory
(8% incline)

+0.3% (EUH) vs
2.5% (HYP) at start
of TTE

28.6% reduction in TTE
hypohydrated

50 min steady-state cycling (80%
V̇ O2peak) followed by ~10 min TT

0.5% (EUH) vs 2%
(HYP) at end of TT

6% quicker TT finishing
time euhydrated

No fluid or 3 ml/kg BM pre-ex
and 2ml/kg BM every 15 min

70% V̇ O2peak running TTE

2% (No Fluid Trial)
vs 2.7% (Fluid Trial)

28% greater TTE with Fluid
Replacement

Fluid restriction during exercise;

45 min preload (15 min
LSCT/Incremental Warm-Up and
30 min steady-state cycling at
50% Wmax) followed by a 40 km
TT

2.7% (EUH), 3.8%
(HYP) and 2.3%
(AD-LIB) at end of
trial

No difference in TT
completion time for 3
conditions (~70 min, EUH;
~71 min HYP; ~70 min ADLIB)

Fluid restriction during exercise.
Ebert et al.
(2007)

8 well-trained
male cyclists

30°C

Below et al.
(1995)

8 endurance
trained males

31°C

Fallowfield
et al. (1996)

4 males and 4
females;
physically
active

Berkulo et
al. (2016)

12 trained
male cyclists

2.4 L of 7% CHO drink (EUH) or
0.4 L water with gels to match
CHO (HYP)
Fluid restriction during exercise
Fluid restriction during exercise.

20°C

35°C

No fluid, ad-libitum or complete
fluid replacement during the
preload
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Author(s)

Subjects

Environmental
Conditions

Dehydration Method(s)

Exercise Protocol

Body Mass Loss

Performance Results

80 km cycling TT

~0.5% (100%)
~2% (66% and adlib)
~3% (33%)
~4% (0% and
mouth-rinse)

Quicker finishing times in
ad-lib, 66% and 100%
compared to mouth-rinse,
33% and 0%

2 h moderate intensity (jogging
and cycling) exercise followed by
TTE at 75% Wmax

3 conditions (all 2%
HYP): mouth-rinse
25 mL every 5 min,
ingest 25 mL every
5 min or no fluid

Greater TTE with Ingestion
(~22 min) compared to
Mouth-Rinse (~19 min)
and No Fluid (~18 min)

Fluid restriction during exercise;
Dugas et al.
(2009)

6 male cyclists

33°C

6 conditions: 0%, 33%, 66% and
100% fluid replacement, adlibitum and mouth-rinse (every
10 km)

Arnaoutis et
al. (2012)

10 trained
male cyclists

31°C

Fluid restriction during exercise
(assessing drinking behaviour
with hypohydration)

Bardis et al.
(2013b)

10 male
cyclists

32.5°C

Fluid restriction during exercise

1 h steady-state cycling followed
by 3 circuits of 5 km at 50% Wmax
and 5 km TT

0.5% (EUH) vs 1.4%
(HYP) at end of trial

3.9%, 5.7% and 4.2%
quicker euhydrated

Bardis et al.
(2013a)

10 trained
male
endurance
cyclists

~29°C

Fluid restriction during exercise

1 h steady-state cycling (70-75%
HRmax) followed by 5 km outdoor
hill-climb TT

1.4% (EUH) vs 2.2%
(HYP) at end of trial

5.8% quicker euhydrated

Walsh et al.
(1994)

6 trained male
cyclists/
triathletes

32°C

Fluid restriction during exercise

1 h steady-state cycling (70%
V̇ O2peak) followed by TTE at 90%
V̇ O2peak

0.2% (EUH) vs 1.8%
(HYP) at end of trial

Greater TTE euhydrated,
~9.8 min (EUH) vs ~6.8 min
(HYP)

18-25°C

Fluid restriction during exercise
(with 2 h rehydration period
between steady-state and TT)

2 h steady-state cycle in 37°C (5065% Wmax) to induce 4%
hypohydration followed by 2 h
rehydration period. Then 5 km TT
in 18-25°C

0.2% (EUH) vs 3.8%
(HYP) at beginning
of TT

7.3 min (HYP) vs 7.1 min
(EUH) – no difference in TT
performance

Stewart et
al. (2014)

7 active males
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Author(s)

Merry et al.
(2010)

Oliver et al.
(2007)

Casa et al.
(2010)
Stearns et
al. (2009)

Castellani et
al. (2010)

Logan‐
Sprenger et
al.

Subjects

6 trained and
6 untrained
males

Environmental
Conditions

Dehydration Method(s)

24°C

Fluid restriction during exercise
(evening before trial) followed
by overnight fluid restriction to
maintain ~1.2% BM loss in HYP
or replace 150% sweat losses in
EUH

Exercise Protocol
40 min steady-state cycling (70%
V̇ O2peak) followed by a 40-min
workload challenge.
Ad-libitum fluid permitted during
workload challenge

Body Mass Loss

Performance Results

0.2% (EUH) vs 1.5%
(HYP) at end of trial

13% (untrained) and 6%
(trained) reduction in
power output
hypohydrated

13
recreationally
active males

20°C

48 h fluid and/or energy
restriction
3 conditions: EUH (adequate
food and fluid), HYP (~200
ml/d) and HYP+ER (~200 ml/d
and ~300 kcal/d)

17 distance
runners; 9
males, 8
females

26.5°C

22 h fluid restriction and fluid
restriction during exercise

12 km outdoor running race (3 x
4 km loops)

2.1% (EUH) vs 4.3%
(HYP) at end of race

~53 min (EUH) vs ~56 min
(HYP) race finish time

7 males

27°C

Fluid restriction overnight and
during exercise.
Subjects hypohydrated (walk
and rest in 50°C) to 4% and
maintained hypohydration
over-night

30 min steady-state cycling (4662% V̇ O2peak) followed by a 30 min
workload challenge

-0.6% (EUH) vs 4%
(HYP) at beginning
of exercise

19% less work completed
hypohydrated

9 trained
males

23°C

Overnight fluid restriction and
fluid restriction during exercise

90 min steady-state cycling (65%
V̇ O2peak) followed by ~30 min TT

0.6% (EUH) vs 3.1%
(HYP) at end of TT

13% slower hypohydrated

30-min treadmill TT (run greatest
distance)

0.6% (EUH) vs 3.2%
(HYP) vs 3.6%
(HYP+ER) at start of
TT

2.8% (non-significant)
(HYP) and 15% (HYP+ER)
less distance covered than
EUH

(2015)
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Author(s)

Subjects

Fleming &
James
(2014)

10
recreationally
active males

Davis et al.
(2014)

13 welltrained
runners; 11
males, 2
females

Cheung &
McLellan
(1998)

7 moderately
fit and 8
highly fit
males

Environmental
Conditions

Dehydration Method(s)

22°C

24 h fluid restriction and fluid
restriction during exercise

24-29°C

40°C

Overnight fluid
restriction/insufficient
rehydration between bouts

Exercise Protocol
45 min steady-state running (75%
V̇ O2peak) followed by a 5 km TT
Before and after 4 dehydrated
familiarisation sessions
~75 min run evening before trials,
followed by 75% or 150% of
sweat losses replaced.
10 km running time trial the
following morning

Body Mass Loss

Performance Results

0.2% (EUH) vs 2.3%
(HYP)

5.8% slower hypohydrated
pre-familiarisation
1.2% slower hypohydrated
post-familiarisation

3% loss after
evening run, then
75% or 150%
replaced. 2% loss
during 10 km race

3% faster finishing time
with 150% replacement

Fluid restriction during exercise
and overnight fluid restriction

Walking heat tolerance test
wearing protective clothing

0% (EUH) vs 2.5%
(HYP) at start of
test

Tolerance time was less in
HYP both before and after
acclimation in moderately
and highly fit

0.4% (EUH) vs 3%
(HYP) at start of
exercise

-3% at 2°C (nonsignificant) and -8% at
20°C hypohydrated

6 males and 2
females;
physically
active

2°C and 20°C

Passive heat stress

3 h passive heat stress (45°C).
30 min steady-state cycling at
50% V̇ O2peak followed by 30 min
TT

Kenefick et
al. (2010)

32 males; four
matched
cohorts

10°C, 20°C, 30°C
and 40°C

Heat stress and fluid restriction
during exercise

3 h walk and rest in 50°C (to
induce 4% HYP) followed by 30
min preload and 15 min TT

0% (EUH) vs 4%
(HYP) at start of TT

-3% (10°C), -5% (20°C), 12% (30°C) and -23%
(40°C) hypohydrated

Armstrong
et al. (1985)

8 well-trained
male runners

Diuretic (furosemide)

1500m, 5000m and 10000m track
running

0% (EUH) vs 1.9%
(1500m), 1.6%
(5000m) and 2.1%
(10000m) (HYP)

3.1% (1500m), 6.7%
(5000m) and 6.3%
(10000m) slower
hypohydrated

Cheuvront
et al.
(2005)

16°C

EUH = euhydrated; HYP = hypohydrated; TT = time trial; TTE = time to exhaustion. Where multiple conditions have been investigated in one study (for example, altitude and
hypohydration) only the results of hyphoydration have been displayed.
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It is evident that despite the method used to induce hypohydration (fluid restriction before or during
exercise, heat exposure, diuretics), the mode of exercise used (continuous running, intermittent
running, cycling), and whether hypohydration is induced prior to and/or during exercise, hypoydration
of >2% body mass impairs aerobic exercise performance. Although several studies have been
discussed and tabulated in this section regarding hyphoydration and its performance effects, there
are review articles in this area if readers would like further literature (Cheuvront & Kenefick, 2014;
Goulet et al., 2012; Sawka et al., 2015).

1.7 Mechanisms of Exercise-Induced Hypohydration & Impaired Performance
From the literature discussed above it is evident that hypohydration of >2% body mass degrades
aerobic exercise performance and capacity in temperate, warm and hot environments. The
degradation of aerobic performance from hypohydration likely derives from a combination of
physiological and perceptual effects (Figure 1-4).
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Figure 1-4. Potential mechanisms contributing to impaired aerobic exercise performance with
hypohydration. ↑ = increase; ↓ = decrease. Adapted from Funnell, Mears, & James (2018).

1.7.1 Physiological Effects of Hypohydration
Hypohydration of ~3% body mass reduces plasma volume by up to 10% (González-Alonso et al., 1999),
this reduction in plasma volume decreases venous return and in turn reduces stroke volume and
cardiac output (Figure 1-5; Montain & Coyle, 1992), thus producing a significant challenge to meet
whole body blood flow requirements (Cheuvront, Kenefick, Montain, & Sawka, 2010). As a
consequence of this, heart rate increases in an attempt to maintain cardiac output (Montain & Coyle,
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1992). A decrease in the cardiovascular reserve requires greater relative exercise intensity and
perception of effect for any given exercise intensity (Montain & Coyle, 1992). In a well conducted
study by Montain & Coyle (1992), the consequences of varying degrees of hypohydration on several
physiological markers, including stroke volume, cardiac output and heart rate were evidenced. Cyclists
completed four trials consisting of 2 h of cycling at 62-67% V̇ O2max in 33°C and 50% relative humidity.
During the four trials, subjects either drank none (0 mL), a small (~600 mL), moderate (~1400 mL) or
large (~2400 mL) amount of fluid, which produced 4.2%, 3.4%, 2.3% and 1.1% body mass losses,
respectively, at the end of 2 h cycling. The decrement in stroke volume and consequent increase in
heart rate were graded in proportion to the degree of hypohydration, as shown in Figure 1-5.
The reduction in systemic blood volume and consequent stroke volume has implications on muscle
(González-Alonso, Calbet, & Nielsen, 1998) and cerebral (Trangmar et al., 2015) blood flow. Despite
reduced cerebral blood flow with hypohydration, cerebral metabolism does not appear to be impaired
due to compensatory increases in oxygen extraction across the brain, therefore, reduced cerebral
blood flow is unlikely to explain the degradation in aerobic exercise performance (Trangmar et al.,
2015), at least from a metabolic perspective. Additionally, González-Alonso et al. (1998) concluded
that the reduction in muscle blood flow with hypohydration did not affect substrate delivery or
metabolite removal from the working muscle. This does not exclude hypohydration-induced
decreased cerebral and muscle blood flow as a potential mechanism(s) that could contribute to
impaired aerobic exercise performance, more so that the consequences may not be metabolic but
may impact physiology and/or performance in a different manner (i.e. perceptual or
thermoregulatory).
While plasma volume expansion of ~10% has been shown to improve V̇ O2max by ~4% (Coyle, Hopper,
& Coggan, 1990), the contrary occurs with hypohydration; the decrease in plasma volume and
subsequent impact on stroke volume impairs V̇ O2peak (Nybo et al., 2001). The impairment in V̇ O2peak
with hypohydration has been well documented by Nybo et al. (2001). The researchers reported that
hypohydration equivalent to 4% body mass, reduced plasma volume by ~10%, and reduced V̇ O2peak by
~16% when beginning the V̇ O2peak test with an oesophageal temperature of 38.5°C and by ~5% when
beginning the V̇ O2peak test with an oesophageal temperature of 37.5°C. This was likely due to a shorter
time to fatigue with hypohydration.
As sweat is hypotonic relative to plasma, hyperosmolality occurs with exercise-induced
hypohydration. Hyperosmolality has been shown to delay thermoregulatory cutaneous vasodilation
and sweating by elevating thresholds for both to occur (Fortney et al., 1984; Kenney et al., 1990).
Therefore, some evidence suggests hypohydration reduces the sweating rate for any given body core
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temperature, decreasing evaporative heat loss, and thus increasing heat storage (Nadel et al., 1980;
Fortney et al., 1984), driving up core temperature and thermal strain. Montain & Coyle (1992)
demonstrated that rectal temperature directly correlated to the severity of hypohydration following
2 h of cycling exercise in the heat with differing levels of fluid intake (Figure 1-5). The delay in
cutaneous vasodilation and sweating response may be due to increased circulating levels of arginine
vasopressin. Nonetheless, body water is conserved at the expense of thermoregulation by elevating
the threshold for cutaneous vasodilation and sweating (Fortney et al., 1984).
Despite mechanistic studies demonstrating that hyperosmolality delays thermoregulatory cutaneous
vasodilation and sweating (Fortney et al., 1984; Kenney et al., 1990), this does not always occur in
hypohydration research and remains a topic for debate. For example, in the study mentioned above,
Montain & Coyle (1992), whole-body sweat rate was similar between euhydrated and three differing
severities of hypohydration when subjects cycled at a constant exercise intensity, but rectal
temperature was elevated in proportion to the level of hypohydration (Figure 1-5). The lack of
difference in sweat rate/volume despite higher core temperatures with hypohydration could be
interpreted as a reduced sweat rate for a given thermal drive. Equally, the use of body mass measures
to for measurements of whole body sweating may lack sensitivity to determine changes in sweat rate
(Montain & Coyle, 1992).
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Figure 1-5. Cardiac output, stroke volume, heart rate, rectal temperature and rating of perceived
exertion when none, a small, medium or large amount of fluid was consumed during 120 minutes of
indoor cycling exercise at 33°C. Adapted from Montain & Coyle (1992).

Greater total muscle glycogen use has been inferred as a potential mechanism for impaired exercise
performance with hyphoydration (Hargreaves et al., 1996; Logan-Sprenger et al., 2013a; Logan‐
Sprenger et al., 2015). In 2013, Logan-Sprenger et al. found muscle glycogen use was 24% greater
when subjects cycled for 2 h at 65% V̇ O2max with no fluid intake compared to fluid intake to replace
sweat losses, however, no performance measure was conducted. Therefore, in 2015, a similar study
(Logan‐Sprenger et al., 2015) was designed by the same research group assessing hypohydration,
substrate metabolism and time trial performance. In the hypohydrated trial subjects arrived at the
laboratory after consuming no fluid from the evening before and progressively dehydrated from 0.6%
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body mass loss (on arrival to the laboratory) to 2.3% body mass loss at the end of a 90 min preload.
While, in the euhydrated trial subjects arrived euhydrated and drank during the preload to maintain
euhydration. Following the preload, a cycling time trial of ~30 min of duration was completed. Along
with increased heart rate, core temperature and perceived exertion, carbohydrate oxidation and
muscle glycogen use, were greater during the 90 min preload with hypohydration, and subsequently
time trial performance was degraded by ~13%. Despite the increase in total muscle glycogen use,
Logan‐Sprenger and colleagues (2015) concluded that differences in muscle glycogenesis was not the
cause of the decrement in time trial performance as muscle glycogen levels were low in both trials at
the onset of the time trial and muscle glycogen use did not differ between conditions during the time
trial. However, the increase in muscle glycogenesis, along with several other forms of afferent
feedback, such as increased heart rate, core temperature, blood lactate, hyperosmolality,
hypovolemia, may have increased perception of effort and thus degraded time trial performance.

1.7.2 Perceptual Effects of Hypohydration
In addition to physiological mechanisms, there are several perceptual effects that may play a role in
the degradation of aerobic exercise performance with hypohydration (Cheuvront et al., 2010). The
central nervous system and other sensory inputs (for example, osmoreception, baroreception, O2
sensing in the muscle) provide afferent feedback to the brain and influence an individual’s
perceptual/subjective feelings (Montain & Tharion, 2010). There is likely complex interplay between
the physiological alterations that occur due to exercise-induced hypohydration (i.e. hyperosmolality,
hypovolemia, reduced stroke volume and muscle blood flow, increased core temperature, etc.),
sensory afferent feedback and perceptual responses (i.e. thirst, perception of effort, pain, fatigue,
vigour) (Figure 1-4) (Pandolf, 1978). As it remains extremely difficult to measure and interpret
somatosensory signals (Montain & Tharion, 2010), the most common methods employed to measure
perceptual responses in sports science research, such as rating of perceived exertion and thirst
sensation, use numbered or visual analogue scales (Appendices F-K).
It has been widely reported that hypohydration increases the perception of effort for a given exercise
intensity (Casa et al., 2010; James, Moss, Henry, Papadopoulou, & Mears, 2017; Montain & Coyle,
1992; Walsh et al., 1994). As shown in Figure 1-5 by Montain & Coyle (1992), large volumes of fluid
intake attenuated the increase in rating of perceived exertion shown with moderate, small and no
fluid intake. During 2 h of steady-state cycling in a hot environment, the increase in perceived exertion
was proportional to the level of hypohydration, with a higher degree of hyphoydration resulting in
larger increases in perceived exertion (Montain & Coyle, 1992). Similarly, Walsh et al. (1994) found
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that at low levels of hypohydration (~1.8% body mass induced during 1 h of steady-state cycling)
cycling time to exhaustion at 90% V̇ O2max was reduced from ~10 min to ~7 min in the heat. The authors
reported no differences in heart rate, RER or core temperature, but increased rating of perceived
exertion. In a more field-based setting, Casa et al. (2010) reported significantly slower 12 km trail
running performance and significantly elevated ratings of thirst sensation and perceived exertion
when runners performed hypohydrated compared to euhydrated.
Low levels of hypohydration have been shown to impair mood state, lower concentration, increase
the perception of the difficulty of a task and increase the sensation of pain (Armstrong et al., 2012;
Moyen et al., 2015; Gamage et al., 2016). Armstrong et al. (2012) found that hypohydration as low as
1.36% body mass loss induced by either exercise and fluid restriction, or exercise and diuretic use,
adversely affected mood, vigour and fatigue. Interestingly, the performance of cognitive function
tests, including psychomotor vigilance, reaction time and working memory, were not affected with
mild hypohydration, however, subjects perceived the tasks to be more difficult. Moyen et al. (2015)
assessed hydration status via urine specific gravity, and perceived exertion, sensations of thermal
comfort, thirst, and pain, as well as mood states before, half-way and at the end of a 161 km ultraendurance cycling event in 119 cyclists. Independent of time, hypohydrated cyclists reported
decreased vigour and increased fatigue, pain, thirst, and thermal sensations.
To conclude, hypohydration likely impairs performance through an array of both physiological and
perceptual mechanisms brought about by reduced plasma volume and increased plasma osmolality
(Figure 1-4). The physiological mechanisms include, increased cardiovascular and thermal strain
(Montain & Coyle, 1992), and delayed cutaneous vasodilation and sweating thresholds (Fortney et al.,
1984), while reduced muscle (González-Alonso et al., 1998) and cerebral (Trangmar et al., 2015) blood
flow, and increased muscle glycogenolysis (Logan-Sprenger et al., 2013b) may also negatively impact
exercise performance and capacity. The perceptual mechanisms include increased thirst sensation
(Casa et al., 2010), compromised mood state and pain sensation (Armstrong et al., 2012; Moyen et al.,
2015) and increased perception of effort (James et al., 2017).

1.8 Effect of Environmental Conditions & Hypohydration
The effect of environmental conditions and hypohydration on aerobic exercise performance have
been studied independently and in combination, however, it is important to first highlight the impact
of environmental conditions alone on aerobic performance. Exposure to warm environments elevates
skin temperature, while core temperature increases in response to exercise intensity and the
accompanying metabolic heat production, but is typically independent of the environment if the heat
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stress is compensable (Sawka et al., 2015). In a euhydrated state, increases in skin temperature from
31°C to 36°C, with no change in core temperature, have been shown to degrade aerobic performance
(Ely et al., 2010). The impairment in aerobic performance in warm environments is likely due to the
redistribution of blood flow from central circulation to the periphery to increase skin blood flow for
thermoregulatory effects (Nadel, Fortney, & Wenger, 1980). The elevation of blood flow to the
skin/periphery challenges the cardiovascular system to sustain the required cardiac output
(Cheuvront, Kenefick, Montain, & Sawka, 2010; Nadel et al., 1980). During cold stress (2-10°C) ambient
temperature alone does not impair aerobic performance (Trapasso & Cooper, 1989) unless the
temperature is sufficiently cold to impact on muscle function.
Cold stress in combination with hypohydration does not degrade aerobic exercise performance
(Cheuvront, Carter, Castellani, & Sawka, 2005) unless the level of hypohydration and/or the cold is
very severe, thus, the remainder of this section will focus on heat stress and hypohydration. The
relationship between temperate, warm and hot environments and hypohydration has been evidenced
by Kenefick and colleagues (2010). Subjects initially walked and rested in a warm environment for a 3
h period to induce 4% hypohydration, followed by a 90 min rest in thermoneutral conditions. Subjects
then completed 30 min of steady-state cycling followed by a 15-min time trial on a cycle ergometer.
Trials were performed in a euhydrated state or at ~4% hypohydration and at 10°C, 20°C, 30°C and 40°C
(all ~20% relative humidity). Hypohydration degraded time trial performance to a greater extent as
the level of heat stress increased (Figure 1-6).
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-3%
-5%

-12%

-23%
Figure 1-6. Effect of ambient temperature and hypohydration (4% body mass loss) on the decrement
in performance during endurance cycling performance. Adapted from Kenefick, Cheuvront, Palombo,
Ely, & Sawka (2010). EU = euhydration.

The physiological and perceptual consequences of the heat in conjunction with hypohydration are
numerous, as both heat stress and hyphoydration exacerbate the negative consequences of the other.
Heat stress in combination with hypohydration during exercise creates competition between the
central and peripheral circulation for a diminishing plasma volume (Kenefick et al., 2010). This
increases strain on the cardiovascular system to sustain cardiac output during exercise and further
exacerbates the physiological strain for a given exercise intensity. Ultimately, reductions in stroke
volume result in heart rate elevations to maintain cardiac output, this occurs until demand from the
periphery for thermoregulatory control cannot be met (González-Alonso, Mora-Rodríguez, & Coyle,
2017). This increases core temperature and degrades aerobic exercise performance (Kenefick et al.,
2010).
As discussed in the previous section (1.7 ‘Mechanisms of Exercise-Induced Hypohydration & Impaired
Performance’), thermoregulatory cutaneous vasodilation and sweating response are delayed with
hyperosmolality (which occurs with exercise-induced hypohydration) (Fortney et al., 1984; Kenney et
al., 1990), and this phenomenon does not appear to alter in the heat (González-Alonso et al., 2017).
The delay in thermoregulatory thresholds in combination with a warm ambient temperature drives
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up core temperature (González-Alonso et al., 2017) and sensations of thermal discomfort. All of these
physiological and perceptual consequences likely feedback to increase in perception of effort for any
given exercise intensity (James et al., 2019).

1.9 Methodological Limitations of Hydration Research
Despite the vast body of literature presented above indicting hypohydration of >2% body mass impairs
endurance exercise performance, there are two main methodological limitations that make the results
of studies investigating performance outcomes difficult to interpret. First, subjects are generally not
blinded to the intervention taking place (i.e. they know what their hydration status is), which may
introduce expectancy (nocebo) effects. Second, a number of the methods used to induce
hypohydration in the above-mentioned literature are atypical of subjects’ normal behaviour and are
likely to be uncomfortable, for example, prolonged fluid restriction, meaning that alterations in
performance may be caused or enlarged by discomfort, rather than hypohydration per se (James et
al., 2019). The following two sections of the literature review will discuss these two potential
methodological limitations in further detail.

1.10 Blinded Hypohydration & Exercise Performance
In the area of sports nutrition research, studies that examine the performance effects of a nutrition
strategy or supplement employ blinded (either single or double blind) experimental designs to remove
any potential associated placebo/nocebo effects. Until recently this was not the case with hydration
research.
The vast collection of research discussed above demonstrates that hypohydration of >2% body mass
impairs endurance exercise performance and capacity, however, the methods used to induce
hypohydration (i.e. fluid restriction before and/or during exercise, heat exposure and diuretic
administration) have meant that subjects are aware of their hydration status. When athletes have
been surveyed via questionnaire (Nichols et al., 2005; Sedek et al., 2015) a very high percentage
(91.4% and 82.5%, respectively) perceive hypohydration to negatively impact exercise performance.
Due to this, it cannot be excluded that a subject’s expectation (i.e. preconceived thoughts) of
hypohydration and exercise performance may have influenced the results of previous research
(McClung & Collins, 2007; Beedie & Foad, 2012), potentially invalidating large amounts of research.
To address this issue, more recent research has aimed to blind subjects to the manipulation of their
hydration status. To date, two different blinded methods have been used to manipulate hydration
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status while aiming to blind subjects to the process of doing so; (1) intravenous infusion of fluids
(Adams et al., 2019; Cheung et al., 2015; Wall et al., 2015) and (2) intragastric infusion of fluids via a
nasogastric feeding tube (James et al., 2017; Adams et al., 2018; Figure 1-7).

A

B

Figure 1-7. A) Front view and B) side view of the nasogastric tube inserted nasally. Note the fluid
infusion in (B) out of line of sight of the subject. Adapted from Funnell, Mears, & James (2018).
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Wall et al. (2015) dehydrated trained cyclists by 3% body mass through 2 h sub-maximal exercise
(walking and cycling), followed by intravenous rehydration with approximately isotonic fluid in the 2
h post-exercise, producing euhydration or hypohydration of ~2% and ~3% body mass at the start of a
25 km cycling time trial in 33°C. Time trial completion times, 40:38 ± 2:12, 40:35 ± 2:05 and 40:36 ±
2:06, were similar in the euhydrated, 2%, and 3% hypohydration trials, respectively. Using the same
method of blinding, Cheung et al. (2015) produced euhydration or hypohydration (~2.1% body mass)
via intravenous infusion of isotonic saline during a 90-minute cycling preload in trained cyclists.
Subjects then completed a 20 km cycling time trial in 35°C. Subjects completed two euhydrated and
two hypohydrated trials, with ad-libitum mouth rinsing of water in one trial of each to eliminate
sensations of thirst. Time trial performance was similar between all trials, suggesting that
hypohydration and thirst did not influence performance.
When the results of these studies are taken together, they suggest that when subjects are blinded to
their hydration status, hypohydration of 2-3% body mass does not impair cycling time trial
performance in the heat. This would suggest that the large volume of previous research indicating that
hypohydration of >2% body mass does impair performance was invalidated by a lack of study blinding.
However, the methodology used needs to be scrutinised as it could account for the results observed.
In both studies, subjects were rehydrated with approximately isotonic saline, meaning serum
osmolality remained elevated at concentrations consistent with hypohydration in both euhydrated
and hypohydrated trials. As serum osmolality was elevated, thirst incurred was similar during
euhydrated and hypohydrated conditions. Additionally, Wall et al. (2015) and Cheung et al. (2015) did
not provide oral fluid intake (i.e. the swallowing of fluid), which appears to play an important role in
fluid regulatory/perceptual (Figaro & Mack, 1997) and performance (Arnaoutis et al., 2012) responses
to rehydration. Arnaoutis et al. (2012) reported that exercise capacity in 31°C, when hypohydrated by
~1.9% body mass, was increased with the ingestion of, but not mouth rinsing, 25 mL of water, when
compared to a no water trial. The exercise capacity test lasted ~20 minutes, so the 100 mL ingested in
the ingestion trial was not meaningful for hydration status.
While the two studies mentioned above used intravenous infusion of fluid, James et al. (2017) and
Adams et al. (2018) used intragastric infusion of fluid directly into the stomach (Figure 1-7). In the
study by James et al. (2017), active subjects (non-cyclists) completed 8 blocks of 15 minutes cycling,
separated by 5 minutes rest, followed by a 15 minute workload challenge in 34°C. Infusion of water
through a nasogastric tube was used to either maintain euhydration or induce hypohydration of ~2.4%
body mass at the end of the 8 blocks of intermittent cycling. Additionally, a small volume of water
(~15 mL) was drunk every 10 minutes of the preload in both trials. Total work produced was 8.1%
greater in the euhydrated trial. In contrast to Wall et al. (2015) and Cheung et al. (2015), the
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physiological (i.e. hypovolemia, hyperosmolality, increased heart rate) and perceptual (i.e. increased
thirst and perceived exertion) consequences of hypohydration were replicated at the end of the 8
blocks of cycling. Adams et al. (2018) used nasogastric water infusion to blind subjects to
hypohydrated and euhydrated conditions, but blunted thirst in both conditions through the drinking
of 25 mL water every 5 min. The authors reported 5 km cycling performance at 35°C was decreased
by ~6% with hypohydration equivalent to ~2.2% body mass. These results do not demonstrate that
thirst is not involved in the performance impairment caused by hypohydration, but that the negative
effects of hypohydration on aerobic exercise performance are not fully mediated by thirst. These
results indicate the impairments in performance previously reported in the literature that have
assessed hypohydration and endurance exercise performance were caused by a true effect associated
with hypohydration. It is important to note that neither study included an unblinded cohort, thus it
cannot be determined if knowledge of being hypohydrated further degrades aerobic exercise
performance (i.e. a nocebo effect). James et al. (2017) recruited a recreationally active cohort that
may have been more likely to experience decrements in performance due to hypohydration (Cheung
& McLellan, 1998; Merry et al., 2010). Future research should investigate both blinded and unblinded
hypohdration on well-trained athletes due to the likelihood that they will have been exposed to
hypohydration

regularly

during

training

and

competition

(see

Section

1.11.2

‘Familiarisation/Adaptation to Hypohydration as a Stressor’). A table summarising the studies that
have blinded hypohydration and exercise performance can be seen below (Table 1-4).
It is important to consider the different methods used to blind manipulations in hydration status in
the studies detailed above, and the potential positives and limitations of each of these methods. With
regards to the manipulation of hydration status and the delivery of fluid, no methodology is exempt
from limitation, and therefore, there is no ‘gold standard’ methodology for manipulating hydration
status. Whilst drinking fluid is consistent with athlete practices, it does not allow a researcher to
manipulate hydration status without the subject being aware of it occurring, introducing a potential
nocebo/expectation effect (Nichols et al., 2005; Sedek et al., 2015). Both IV infusion and intragastric
infusion allow the blinding of manipulation status, however, these methods bypass the oral cavity and
act of swallowing (Arnaoutis et al., 2012; James et al., 2017; Adams et al., 2018), with IV infusion also
bypassing the GI tract (Cheung et al., 2015; Wall et al., 2015; Adams et al. 2019). Oropharyngeal and
gastric signals that occur due to oral fluid intake, i.e. fluid being present and passing through the oral
cavity and the process of swallowing fluid, appear to play a role in physiological fluid regulation (i.e.
AVP concentrations), and perceptual responses (i.e. thirst) (Figaro & Mack, 1997). These signals from
peripheral sensory nerve endings in the oral cavity and GI tract, as well as gastric distension, provide
information on fluid intake to the central nervous system (Figaro & Mack, 1997). The swallowing of
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fluid also appears to influence exercise capabilities (Arnaoutis et al., 2012). Arnaoutis et al. (2012)
reported that exercise capacity in 31°C, when hypohydrated by ~1.9% body mass, was increased with
the ingestion of, but not mouth rinsing, 25 mL of water, when compared to a no water trial. The
exercise capacity test lasted ~20 minutes, so the 100 mL ingested in the ingestion trial was not
meaningful for hydration status. A table summarising the potential positives and limitations of the
blinded methods, as well as ‘typical’ oral consumption (i.e. drinking), can be seen below (Table 1-3).

Table 1-3. The potential positives and limitations of different methods of fluid delivery.
Fluid Delivery
Method

Positive

Limitation

x Typical behaviour
x Easier to manipulate thirst
x Activation of oral cavity and act of
swallowing

x Unblinded to fluid intake
x Thermo-neutral fluid unpleasant
taste and could affect physiology

Intravenous
Infusion

x Blinds manipulations in hydration
status
x Can ‘dummy’ infuse fluid
x Can manipulate blood tonicity and
volume independently

x Dependant on tonicity of fluid infused
whether volume and osmolality
changes represent exercise-induced
hypohydration
x Bypasses oral cavity, act of
swallowing and GI tract
x Invasive

Nasogastric
Infusion

x Blinds manipulations in hydration
status
x Can ‘dummy’ infuse with ease
x Can withdraw tube quickly prior to a
performance measure
x Can accurately replicate exerciseinduced dehydration

x Invasive/can be uncomfortable for
subjects
x Should not be used during
performance measures
x Bypasses oral cavity and act of
swallowing

Oral Consumption
(Drinking)
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Table 1-4. Summary of research studies in chronological order to investigate blinded hypohydration and aerobic exercise performance.

Author(s)

Title

Wall et al.
(2015)

Current hydration
guidelines are
erroneous:
dehydration does not
impair exercise
performance in the
heat.

Cheung et
al. (2015)

James et al.
(2017)

Separate and
combined effects of
dehydration and
thirst sensation on
exercise performance
in the heat

Hypohydration
impairs endurance
performance: a
blinded study

Subjects &
Environmental
Conditions

10 trained cyclists
33°C, 50% RH,
32 km/h WS

11 trained cyclists
35°C, 10% RH,
3 m/s WS (~10
km/h WS)

Methods

2 h of sub-maximal exercise (cycling and
walking) to induce 3% BM loss.
90 min of seated rest with isotonic saline
infusion to fully rehydrate (0% BM loss),
rehydrate to 2% BM loss or maintain 3% BM
loss.
25 km TT during which starting hydration
status was maintained.

Body Mass
Loss

0%, 2% and
3%

No differences in
TT performance
between the three
conditions.

0.4% vs 3.2%

No differences in
TT performance
between hydration
or thirst
conditions.

4 trials: euhydrated thirsty, euhydrated notthirsty, dehydrated thirsty, dehydrated notthirsty.
90 min of cycling at 50% V̇ O2peak followed by
20 km TT.
Intravenous infusion of isotonic saline used to
maintain euhydration or dummy infused to
induce hypohydration.
Thirst manipulated by mouth rinse.

7 active males

8 x 15 min cycling with 5 min rest in-between
each block followed by a 15-min workload
performance test.

34°C, 50% RH,
no facing airflow

Water was infused into the stomach via a
nasogastric tube to replace sweat loss or
induce hypohydration.
Small sips of water (~15 mL) were provided
every 10 min during the preload.
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Performance
Results

0.1% vs 2.4%

8% more work
completed during
euhydrated trial.

Comments

Plasma osmolality was
not different between
the three conditions.
Significant increases in
blood volume in all
conditions before the
beginning of the TT.

Plasma osmolality was
not different between
euhydrated and
hypohydrated
conditions.

Physiological and
perceptual responses of
hypohydration
replicated.
No unblinded cohort.
Recreationally active
cohort recruited.

Author(s)

Adams et al.
(2018)

Adams et al.
(2019)

Title

Dehydration impairs
cycling performance,
independently of
thirst: a blinded study

Mild hypohydration
impairs cycle
ergometry
performance in the
heat: a blinded study

Subjects &
Environmental
Conditions

Methods

7 trained cyclists

2 h cycling at 55% V̇ O2peak followed by a 5 km
TT at 4% grade.

35°C, 30% RH, 4.5
m/s WS (~16 km/h)

Water was infused into the stomach via a
nasogastric tube to replace sweat loss.

Body Mass
Loss

Performance
Results

0.2% vs 2.2%

6% decrement in
power output
during 5 km TT.

0.1% vs 1.8%

Higher power
outputs in the
second and third
TT in the
euhydrated trial
(309 ± 52 and 306
± 55 W) compared
to the
hypohydrated trial
(287 ± 49 and 276
± 54 W

25 mL of water was drunk every 5 min in both
trials to match thirst.
3 sets of criterium‐like cycling: 20‐minute
steady‐state cycling (50% peak power
output), each followed by a 5‐km TT at 3%
grade

11 male trained
cyclists

Sweat losses were fully replaced via
intravenous infusion of isotonic saline in the
euhydrated trial, while in the hypohydration
trial, a sham IV was instrumented.
Subjects ingested 25 mL water every 5 min
during the steady‐state and every 1 km of the
5‐km TT
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Comments

No unblinded cohort.
Thirst was matched
between conditions.

Intravenous fluid
induced plasma volume
expansion in the
euhydrated trial.
Thirst remained similar
between conditions until
late into the third TT
with only small
differences. Likely due to
infusion method and
lack of change in plasma
osmolality.

1.11 Familiarisation to Exercise-Induced Hypohydration
1.11.1 Familiarisation to Unfamiliar and Uncomfortable Dehydration Methodologies
Another methodological issue with previous studies investigating hypohydration and exercise
performance is that subjects are typically not familiarised with the uncomfortable and unfamiliar
protocols used to induce hypohydration. Dehydration protocols include fluid restriction before or
during exercise, diuretics and heat stress, which can all be uncomfortable and certainly unfamiliar to
many subjects. Consequently, it cannot be excluded that a subject’s unfamiliarity and discomfort with
these methods used could account for part of the negative performance effects reported with
hypohydration in previous literature.
To our knowledge, only one study to date has investigated the effect of familiarisation to
hypohydration on endurance performance (Fleming & James, 2014). Active, but not endurance
trained, subjects completed euhydrated and hypohydrated trials both before and after four exposures
to the hypohydration stimulus. Euhydration or hypohydration (~2.4% body mass loss) were produced
by manipulating fluid intake in the 24 h before and during a 45-min steady-state run prior to a 5 km
treadmill time trial. Hypohydrated performance before the four hypohydration exposures was 5.8%
slower hypohydrated than when euhydrated, but only 1.2% slower after familiarisation. Thus, 5
repeated exposures to hypohydration reduced the decrement on running time trial performance with
hypohydration. However, it is important to note that the combination of fluid restriction within daily
living and exercise-induced dehydration is atypical of what athletes would experience. Nonetheless,
the results infer that previous hypohydration research, where uncomfortable and unfamiliar methods
have been used to induce hypohydration, might exaggerate the negative performance consequences
of hypohydration. The area of repeated familiarisation to hypohydration certainly warrants further
investigation.

1.11.2. Familiarisation/Adaptation to Exercise-Induced Hypohydration as a Stressor
It has been hypothesised that repeated exposure to hypohydration, as experienced with regular
endurance training, might attenuate the negative performance effects of hypohydration (Merry,
Ainslie, & Cotter, 2010). Since exposure to other stressors during training elicits adaptations and/or
performance benefits, such as heat acclimation and hypoxia, it could be suggested that repeated
exposure to exercise-induced dehydration could produce adaptations to lessen the negative effects
of hypohydration on exercise performance (Akerman, Tipton, Minson, & Cotter, 2016). A select few
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studies have assessed the effect of hydration status on short-term (5-11 d) heat acclimation (Garrett
et al., 2014; Neal et al., 2016a, 2016b; Pethick et al., 2019). When pooled together, the results suggest
that hydration status has little effect on the increase in plasma volume or improvement in
performance induced by heat acclimation (Neal et al., 2016b; Pethick et al., 2019). During these
studies, core temperature and/or training intensity (by percentage of heart rate maximum) were
clamped between groups. This is inconsistent with the physiological and potentially perceptual
consequences induced by hypohydration (see Section 1.7 ‘Mechanisms of Exercise-Induced
Hypohydration & Impaired Performance’). Although the heat acclimation studies provide some
information on repeated hypohydration and exercise performance, it is hard to decipher whether
repeated exposure to exercise-induced dehydration could produce adaptations to lessen the negative
effects of hypohydration on exercise performance (Akerman, Tipton, Minson, & Cotter, 2016). To the
authors knowledge, there is no data directly assessing this hypothesis, and thus this area warrants
further exploration.
Field studies have shown an inverse relationship between exercise-induced body mass loss and
aerobic exercise performance, i.e. the greater the exercise-induced body mass loss, the quicker the
finishing time. In 643 marathon runners at the 2009 Mont Saint-Michel Marathon, Zouhal et al. (2011)
showed a significant linear relationship between the degree of body mass loss and race finish time,
such that those with the greatest body mass loss had the quickest finishing times. Similarly, Sharwood
et al. (2004) found the same inverse relationship between body mass loss and finishing time at the
2000 and 2001 South African Ironman triathlon, i.e. the athletes that lost more body mass during the
race tended to finish in the faster times. Moreover, despite a 9.8% body mass loss, Haile Gebrselassie
won the 2009 Dubai marathon with a finishing time of 2:05:29 (Beis et al., 2012). These studies, as
well as others (Wharam et al., 2006; Kao et al., 2008; Lee et al., 2011), indicate that high-level athletes
can perform at intensities close to their optimal with significant levels of hypohydration, and
demonstrate that the maintenance of body mass loss to <2% may not be essential to performance
during endurance events (Goulet et al., 2012). It could be interpreted that exercise-induced body mass
loss is beneficial for performance, although this is likely not the case (due to a myriad of physiological
or perceptual consequences of fluid loss; see Section 1.7 ‘Mechanisms of Exercise-Induced
Hypohydration & Impaired Performance’), the body mass loss may off-set degradation in performance
during weight-bearing events, such as the marathons and ironman events. Armstrong et al. (2006)
assessed running economy at 70% and 85% V̇ O2max both euhydrated and ~5% hypohydrated in a
temperate environment. Despite increases in heart rate and rectal temperature, no differences in
running economy were found at either exercise intensity. However, the data may well be confounded
by a greater amount of carbohydrate intake (i.e. dietary intake not matched) following the dehydrative
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bout of exercise the day before the euhydrated trials (Armstrong et al., 2006), that could have
influenced carbohydrate availability, and consequently substrate use and VO2 (i.e. measurements of
running economy). A scarce amount of data is available on whether exercise-induced body mass loss
is beneficial for weight-bearing performance; this certainly warrants further investigation.
There is evidence that in certain medical scenarios (i.e. acute idiopathic polyneuritis and pregnancy),
osmoreceptors reset in response to disturbances in peripheral volume receptors (Penney et al., 1979;
Duvekot & Peeters, 1994; Iwasaki et al., 1995). This may also be the case in healthy individuals in
response to repeated or prolonged exposure to hypohydration. Johnson et al. (2016) found that thirst
responses were different in individuals with contrasting volumes of habitual fluid consumption when
daily fluid intake was manipulated away from typical intake (i.e. high to low fluid intake and
conversely). From this equivocal evidence, it is conceivable that repeated exposure to exerciseinduced hypohydration, like that experienced by athletes, may induce osmoreceptor resetting.
Osmoreceptor resetting could lessen the perceptual consequences of hypohydration, such as thirst
sensation and perceived exertion (Fleming & James, 2014), and could in part explain how endurance
trained athletes can perform at high levels with hypohydration (Sharwood et al., 2004; Zouhal et al.,
2011; Beis et al., 2012), and have less of a decrement in exercise performance than lesser-trained
individuals (i.e. those less exposed to repeated exercise-induced hypohydration) with hypohydration
(Merry et al., 2010; Cheung et al., 2015). This is speculative interpretation, but nonetheless
osmoreceptor resetting certainly warrants consideration as a possible adaptation to repeated
exercise-induced hypohydration.

1.12 Post-Exercise Rehydration
As most athletes have insufficient fluid intake during exercise (i.e. sweat losses exceed fluid intake),
water and electrolyte losses occur (see Section 1.5 ‘Exercise-Induced Hypohydration’), and thus
replacement of water and electrolytes in the post-exercise period is obligatory. Typically, rehydration
strategies adopted by athletes largely depend on the extent of the losses incurred during exercise and
the amount of time between exercise bouts (Maughan & Leiper, 1995), as access to food and fluid is
not ordinarily an issue. A large body of research exists assessing short-term rehydration (0-6 h) from
exercise that has focused on the composition of fluids (i.e. electrolyte, energy and macronutrient
contents), the volume of fluid, and the rate of fluid intake (Evans et al., 2017). However, less research
exists regarding long-term rehydration (>6-24 h), a typical time frame between exercise sessions for
many athletes. The following two sections of the literature review will discuss the literature available
on short-term and long-term rehydration in further detail.
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1.12.1 Short-Term Rehydration
Short-term rehydration (0-6 h) from exercise has been extensively researched, with studies focused
on the composition of fluids (i.e. electrolyte and macronutrient content) (Seifert et al., 2006; Evans et
al., 2009; James et al., 2012), volume (Shirreffs et al., 1996), rate of fluid intake (Jones et al., 2010),
and more recently the phase of menstrual cycle (Rodriguez-Giustiniani & Galloway, 2019). The
following sub-sections will discuss these aspects of short-term rehydration in further detail.
1.12.1.1 Fluid Volume
Fluid volume is likely the most critical factor with regards to restoring euhydration. Even in a
hypohydrated state, urine output persists to excrete metabolic waste products (Evans et al., 2017),
and, as such, the volume of fluid ingested must be in excess of losses to ensure complete rehydration.
Shirreffs and colleagues (1996) demonstrated that a fluid volume far greater than sweat loss during
exercise (i.e. 150-200% of sweat loss) was required to restore fluid balance following exercise-induced
dehydration to ~2% body mass loss (Figure 1-8). However, drinking large volumes of plain water after
exercise leads to a rapid expansion of plasma volume and an associated decrease in plasma osmolality
(Shirreffs & Maughan, 1998; Shirreffs et al., 2007). The decrease in plasma osmolality suppresses AVP
secretion and results in a large production of urine (i.e. diuresis) and lessens the stimulus to drink
(Shirreffs & Maughan, 1998), delaying the rehydration process. Therefore, altering the composition of
fluid, the rate at which fluid is consumed, or co-ingesting fluid alongside food have all been
investigated to determine the effects on fluid retention and rehydration.
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Figure 1-8. The effect of fluid volume and sodium content on rehydration post-exercise. Adapted from
Shirreffs et al. (1996). 23 mmol∙L-1 = approximate sodium content of sodium-containing sports
beverages.

1.12.1.2 Fluid Composition
The addition of sodium to fluid increases its retention, as the additional sodium prevents large
decreases in plasma osmolality and diuresis (Maughan & Leiper, 1995; Shirreffs & Maughan, 1998;
Shirreffs, Taylor, Leiper, & Maughan, 1996). This has been demonstrated by Maughan & Leiper (1995);
subjects were initially dehydrated by cycling in the heat to ~2% body mass loss. In the 30 min postexercise, subjects ingested fluid equivalent to 150% of sweat loss with sodium contents of 2, 26, 52
and 100 mmol∙L-1. The authors found an inverse relationship between urine production and the
amount of sodium ingested over a recovery period (Figure 1-9) (Maughan & Leiper, 1995). Sodium
ingestion is imperative for rehydration as it is the most abundant ion lost in sweat. Sodium helps to
maintain plasma osmolality, and consequently plasma AVP concentration, so diuresis does not occur
due to reductions in plasma osmolality and increases in plasma volume (Evans et al., 2009).
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Figure 1-9. Cumulative urine output over 5.5 h after consuming 150% of sweat loss with differing
sodium content beverages. Adapted from Maughan & Leiper (1995).

Increasing the macronutrient concentration of fluid also increases the retention (Seifert et al., 2006;
Evans et al., 2009; Clayton et al., 2014). Evans et al. (2009) used exercise-induced dehydration to
induce ~1.9% body mass loss. Following exercise, subjects drank 150% of sweat losses over a 1 h period
of 0%, 2% or 10% glucose solution. The 10% glucose solution was more effective at restoring and
maintaining euhydration than the 2% or 0% glucose solution; ~46%, ~40% and ~27% fluid retention
with the 10%, 2% and 0% glucose solutions, respectively. Clayton and colleagues (2014) went a step
further and measured gastric emptying for the first 2 h of a 4 h rehydration period with two different
glucose-electrolyte drinks. Subjects cycled in the heat to induce ~1.8% body mass loss and rehydrated
(150% of sweat loss during exercise) with a 2% or 10% glucose-electrolyte drink during the first hour
of a 4 h rehydration period. At the end of the 2 h gastric sampling period, ~0.3% of the 2% glucoseelectrolyte drink remained in the stomach, whereas, ~42% of the 10% glucose-electrolyte drink
remained in the stomach. At end of the 4 h rehydration period, ~52% of the 2% drink was retained,
while, ~64% of the 10% drink was retained. The authors suggest that the greater retention (and
decreased urine output) following ingestion of the hypertonic 10% glucose-electrolyte drink was likely
due to a slower rate of gastric emptying (Clayton et al., 2014).
Similar results have been found with different drink compositions (James et al., 2012) and the addition
of different macronutrients (Seifert et al., 2006; James et al., 2011). The addition of 1.5% protein to a
6% carbohydrate drink increased the retention of fluid by ~13% above the carbohydrate drink and
~40% above water (Seifert et al., 2006), with fluid retention values of ~88%, ~75% and ~53% for the
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protein-carbohydrate, carbohydrate and water drinks, respectively. Subjects drank 100% of sweat loss
over a 3 h period. Likewise, in a well-designed study by James et al. (2011), the energy and electrolyte
content of rehydration solutions were matched, with macronutrient amounts manipulated. Following
exercise-induced hypohydration of ~1.9% body mass, subjects ingested a rehydration solution of 65
g∙L-1 carbohydrate or 40 g∙L-1 carbohydrate and 25 g∙L-1 protein (volume equivalent to 150% of sweat
losses in both trials) in the first hour post-exercise. Fluid retention of the carbohydrate-protein
solution was greater (~55%) compared to the carbohydrate solution (43%).
The delay of fluid emptying from the gastro-intestinal tract was the likely cause for the increased fluid
retention with additional macronutrients (Clayton et al., 2014). The rate at which fluid enters the
circulation impacts on the decrease in plasma osmolality and thus the associated changes in AVP
concentration and urine production. As such, a slower rate of gastric emptying/slower rate of entry
into the circulation results in greater plasma osmolality and thus greater fluid retention.
1.12.1.3 Rate of Fluid Intake
The rate of fluid ingestion has been assessed as a potential factor that could affect fluid retention and
rehydration (Kovacs et al., 2002; Jones et al., 2010). In a study by Kovacs et al (2002), subjects ingested
a carbohydrate-electrolyte solution equivalent to 120% sweat losses during exercise at different rates.
Subjects ingested 60%, 40% and 20% of sweat losses in the first, second and third hours of rehydration
in the ‘fast’ rehydration trial, or 24% per hour for the five hours post-exercise in the ‘slow’ rehydration
trial. Although plasma volume and fluid balance increased more rapidly in the ‘fast’ rehydration trial,
after 6 hours post exercise fluid balance and cumulative urine output were similar between trials. Full
rehydration was not achieved in either trial, confirming the findings of Shirreffs et al. (1996) that 120%
of sweat losses was an insufficient amount of fluid to achieve rehydration.
Jones et al. (2010) also compared the effects of a rapid bolus and a slower metered fluid intake rate
on urine production and post-exercise rehydration. Following intermittent running and walking (in an
environmental chamber at 35°C) to induce ~2% body mass loss, subjects were provided with water
equivalent to 100% sweat loss from exercise. Subjects either consumed the water within 1 h postexercise (bolus), or 12.5% of the water every 30 min for 4 h (metered), and were provided a
standardised breakfast and lunch during an 8 h monitoring period. Urine output was lower in the
metered trial (~420 mL) compared to the bolus trial (~700 mL), and the total fluid retained was greater
in the metered trial compared to the bolus trial (~75% vs ~55%). It is important to consider that
subjects were prescribed fluid in the first hour or first 4 hours of the rehydration period only, with no
additional fluid consumed for the remainder of the 8 h, and thus subjects did not consume fluid for 7

- 38 -

and 4 hours in the bolus and metered trials, respectively. The lack of fluid intake during the prolonged
experimental period (8 h) was highly atypical of normal behaviours, likely confounding the results.
As with all short-term rehydration research, a lack of ad-libitum fluid intake during the rehydration
period likely invalidates a large portion of the findings, as individuals typically do not pause for long
periods without consuming fluids. Overall, this data suggests the rate of fluid ingestion may not be
important for fluid retention and rehydration, however, further research is needed assessing different
ingestion rates with different fluid compositions.
1.12.1.4 Fluid & Food Co-Ingestion
Although the above sub-sections highlight the importance of fluid composition on rehydration, in a
real-world scenario both fluid and food would likely be available and consumed simultaneously in the
recovery/rehydration period. Particularly as food may be required to maximise other aspects of
recovery, such as muscle glycogen resynthesis and muscle protein synthesis (Burke et al., 2006).
Despite this, few studies have investigated fluid and food co-ingestion on post-exercise rehydration
(Maughan et al., 1996; Evans et al., 2014).
In a study by Maughan et al. (1996), subjects initially cycled in the heat to induce ~2.1% body mass
loss. In the first hour post-exercise, subjects ingested a commercially available carbohydrateelectrolyte sports drink (sodium content of 21 mmol∙L-1) on two trials; or a standardised meal (63 kJ∙kg
body mass-1; 53% carbohydrate, 28% fat, 19% protein) co-ingested with a drink (sodium content of 1
mmol∙L-1). Water intake was identical in all three trials and was 150% of the sweat loss during exercise.
More fluid was retained when fluid was consumed alongside a standard meal (~67%), compared to
the two carbohydrate-electrolyte sports drinks trials (~51% and ~52%) (Figure 1-10). Evans et al.
(2014) found no difference in fluid retention between water and a sports drink (150% of sweat loss
from exercise drank across 1 h) when a standardised meal was ingested during the rehydration period.
The results of these studies indicate that water and low electrolyte drinks, when ingested alongside
food, can be effective for rehydration, likely due to delayed gastric emptying and the electrolytes
present in the foods.
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Figure 1-10. Net fluid balance and cumulative urine output following consumption of two identical
carbohydrate-electrolyte sports drinks (open and closed triangles) and a standard meal with fluid
(open circle) (all three conditions contained fluid equivalent to 150% sweat loss from exercise). Adapted
from Maughan et al. (1996).

1.12.1.5 Short-Term Rehydration: Summary
Minimising urine production (i.e. water loss) is pivotal in maximising fluid retention and achieving
rehydration (Seifert et al., 2006), and this is achieved by minimising the reduction in plasma osmolality
following beverage consumption. Therefore, it is evident from the vast amount of literature that has
investigated short-term rehydration post-exercise, that increasing the sodium and macronutrient
content of a rehydration fluid (Evans et al., 2009; Maughan & Leiper, 1995), drinking an equivalent of
150-200% of sweat losses during exercise (Shirreffs et al., 1996), co-ingesting fluid and food (Maughan
et al., 1996), and potentially ingesting the drink over a longer period of time (Jones et al., 2010), will
result in greater retention of the drink and greater rehydration (Figure 1-11).
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Figure 1-11. Major factors that contribute to the effectiveness of post-exercise rehydration. Adapted
from Evans et al. (2017). AVP = arginine vasopressin.

It is important to note that the majority of short-term rehydration studies have assessed a short period
of fluid intake (0.5-1 h) followed by a monitoring period (0-6 h). However, in a more practical situation
fluid and food would likely be available throughout the entire post-exercise period (Galloway, 1999),
and would be consumed ad-libitum. Additionally, athletes/exercisers would rarely partake in exercise
without consuming any fluid. When all of the short-term rehydration research is amassed together, it
does not provide definitive information for rehydration guidelines in a practical setting. Assessing fluid
volume, the rate of fluid intake, and fluid composition in isolation is atypical of normal behaviours in
real-world settings and although the data provides interesting initial findings, it does not allow specific
guidelines to be established.

1.12.2 Long-Term Rehydration
Although short-term rehydration from exercise has been extensively researched, research
investigating prolonged rehydration (6-24 h) from exercise is minimal. This is surprising given this is a
typical time frame between exercise sessions for many athletes, such as intermittent games players
and cyclists/runners. This is likely due to the complexities of assessing long-term rehydration.
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Assessing rehydration without notifying subjects of the purpose proves difficult, especially when
subjects are asked to collect urine and record fluid intake away from the laboratory environment. To
obtain an accurate representation of rehydration behaviours, subjects need to be in a free-living
environment (i.e. away from the laboratory). However, this means several repeat visits to the
laboratory in quick succession (within a 24 h period) to obtain hydration measures (i.e. urine and blood
indices, as well as surrogates of body water such as body mass). As subjects would be away from the
laboratory, the researcher has less control over certain factors, such as physical activity, lifestyle, and
the accuracy of recording dietary intake.
Rehydration guidelines, published by the ACSM (Sawka et al., 2007), state that if recovery time
exceeds 12 h, consumption of normal meals and snacks with a sufficient volume of plain water will
restore euhydration, provided the food contains sufficient sodium to replace sweat losses. There is
very little evidence to confirm this statement, and the limited studies that have assessed prolonged
rehydration have manipulated certain aspects of the diet during the recovery period, potentially
influencing behaviours and subsequently rehydration.
To the authors knowledge, only two studies have directly measured prolonged (23-24 h) rehydration
from exercise (Takamata et al., 1994; O’Neal et al., 2013). O’Neal et al. (2013) reported that trained
runners returned to a euhydrated state within 12 to 24 h post-exercise after a 1 h run during which
they were hypohydrated by ~1.9% body mass. However, runners had access to several bottles of
beverages post-exercise (i.e. sodas, diet sodas, sport beverages, non-caloric sport beverages, juices),
and were asked to take as many bottles of beverages as they believed they would consume before
reporting back to the laboratory the following morning. Subjects were instructed not to consume any
other beverages apart from the bottles they took from the laboratory, and were not permitted to
drink tea, coffee, alcohol or milk. These protocols likely indicated subjects to the purpose of the study,
drastically minimised the ecological validity and influenced fluid intake behaviours. The second study,
by Takamata et al. (1994), provided a sodium free diet and only permitted ad-libitum water intake.
Subjects also had to remain in the laboratory environment for the 23 h recovery period, therefore,
minimal conclusions can be drawn regarding athlete rehydration behaviour after exercise in a freeliving environment. It is of interest that subjects did not achieve full rehydration without sodium
replacement.
In a field-based study, the hydration status of 14 elite Kenyan endurance runners was monitored over
a 5 d training period 1 week before the Kenyan national trials (Fudge et al., 2008). Mean total body
water (measured by bioelectrical impedance) and pre-training body mass were well maintained dayto-day throughout the 5 d training period, additionally, urine osmolality and specific gravity measured
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by first void were not different between days (Fudge et al., 2008). This data was collected in elite
endurance runners only and may not represent the hydration practices of less knowledgeable or
supported (i.e. sports science support) athletes and individuals in different sporting settings and
environmental conditions.
There is a scarcity of data regarding prolonged rehydration after exercise-induced dehydration,
however, athletes that exercise daily have been reported to attend training with raised urine
concentration, which is indicative of a hypohydrate state (Volpe et al., 2009). This suggests rehydration
may be insufficient within 24 h. In the studies that have assessed prolonged rehydration, subjects
either knew that rehydration was being assessed, which likely had implications on drinking behaviour
and thus rehydration, and/or had several aspects of the rehydration period manipulated, therefore,
conclusions regarding prolonged rehydration from exercise cannot be made. It is evident that further
research is required to assess long term rehydration in a free-living environment, where individuals
are not aware that rehydration is being assessed.
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1.13 Aims and Hypotheses
The overall aims of the thesis are threefold:

1.13.1 Aims:
1. To investigate the effect of blinded and unblinded exercise-induced hypohydration on
exercise performance in well-trained athletes.

2. To determine if a limited number of familiarisation sessions to exercise-induced dehydration
attenuates the decrement in performance caused by hypohydration.

3. To document prolonged (20 h) rehydration after exercise in a free-living environment in
intermittent games players, while withholding the purpose of assessing rehydration (i.e. in a
blinded state).

1.13.2 Hypotheses:
1. Hypohydration of ~3% body mass would impair performance in both blinded and unblinded
groups, but the impairment in performance would be lesser in the blinded group.

2. Familiarisation to exercise-induced dehydration would attenuate, but not abolish, the
decrement in performance caused by hypohydration.

3. Intermittent games players would rehydrate within 20 h of an intermittent bout of exercise
inducing ~2% body mass loss, regardless of being unaware that rehydration was being
assessed.
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General Methods
This chapter provides an overview of the experimental methods employed throughout this thesis. As
the different experimental chapters in this thesis largely used different methodologies, only the overarching methodological principles are outlined, with more specific details included in the methods
sections of each individual chapter.

2.1 Ethical Approval
All experiments in this thesis were approved by the Loughborough University Ethics Approvals (Human
Participants) Sub Committee prior to data collection. Both verbal and written explanations of the
experimental protocols and time commitments of the studies were given to subjects. Subjects were
also informed of their right to withdraw at any time. All subjects provided written informed consent
(Appendix B) prior to participation in the research studies. For studies described in Chapters 3-6,
subjects gave their written consent prior to commencing each experimental trial through a Repeat
Visit Questionnaire.

2.2 Recruitment
General inclusion criteria for all studies were:
x Healthy according to a Health Screen Questionnaire (Appendix C)
x Non-smoker
x No known history of cardiovascular, metabolic, digestive or renal disease
x Male
x 18-45 years of age
More specific inclusion criteria, including training status, and descriptive characteristics are presented
in the methods section of each individual chapter. Subjects were recruited by a variety of methods
including posters placed both around the university campus and the local community, social media
adverts, word-of-mouth, cycling and running groups, intermittent games/sports teams and university
lectures.
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2.3 Pre-Trial Measures
2.3.1 Anthropometry
Body mass was measured in underwear or nude behind a private curtain/screen to the nearest 0.01
kg using a digital scale (Adam Equipment Co., AFW-120K, Milton Keynes, UK). Height was measured
to the nearest 1 mm (Seca, Birmingham, UK). Body mass index (BMI) was calculated as mass (in
kilograms) divided by the squared height (in metres). Skinfold caliper measurements (Harpenden,
West Sussex, UK) from four sites (biceps, triceps, sub-scapular and supra-iliac) were used to estimate
body density (Durnin & Womersley, 1974) and subsequently body fat percentage (Siri, 1956). All
measurements were made by an ISAK (The International Society for the Advancement of
Kinanthropometry) accredited anthropometrist and in accordance with ISAK guidelines.

2.4 Blood Collection and Analysis
Blood samples were collected in the studies described in Chapters 3-6. The methods section of each
chapter describes in detail the method of collection (i.e. venepuncture or cannulation), the frequency
and timing of sampling, and the volume of blood collected.
Prior to each blood sample in the studies described in Chapters 4-6 subjects assumed a seated position
for a minimum of 15 min to avoid any postural effects on blood measures (i.e. plasma and blood
volume) (Shirreffs & Maughan, 1994). For the study described in Chapter 3, subjects entered the
climatic chamber and sat stationary on a Lode ergometer for 15 min prior to the resting blood sample
to ensure there were no postural differences between the resting sample and all subsequent samples,
which were taken after a minimum of 15 min cycling on the Lode ergometer.

2.4.1 Haemoglobin and Haematocrit Concentrations
Whole blood was used for the determination of haemoglobin concentrations and haematocrit via the
cyanmethemoglobin method and microcentrifugation (Hawksley Microhematocrit Centrifuge,
Hawksley and Sons Ltd., Lancing, UK), respectively. Haemoglobin concentrations were performed in
duplicate, while haematocrit was performed in triplicate. Using the methods of Dill & Costill (1974),
the haemoglobin and haematocrit values were used to estimate changes in blood, red cell and plasma
volumes, relative to the resting sample in Chapters 3-6.
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2.4.2 Serum Osmolality
A sample of whole blood was aliquoted into a serum tube (4.5 mL Serum Tube, Sarstedt AG & Co.,
Germany) and centrifuged at 1700 g (3000 rpm) for 15 minutes at 4°C (Heraeus Clinifuge Centrifuge,
Thermo Scientific, UK). Serum was removed and stored at -80°C until analysis was performed. Serum
samples were analysed for osmolality via freezing-point depression (Gonotec Osmomat 030
Cryoscopic Osmometer, Gonotec) in all experimental chapters. Serum osmolality measures were
performed in duplicate.

2.5 Urine Collection and Analysis
Once the volume of each urine sample had been measured using a measuring cylinder, an Eppendorf
was retained for analysis. All urine samples were analysed for osmolality by a handheld portable
osmometer (Osmocheck Portable Osmometer, Vitech Scientific Ltd, UK). In Chapter 6, all urine
samples were analysed for sodium concentration by flame photometry (M410C Flame Photometer,
Sherwood Scientific Ltd, UK) in duplicate.

2.6 Sweat Collection and Analysis
In Chapter 6 sweat samples were collected for analysis of sweat sodium. Initially, the site was cleaned
before an absorbent sweat patch (Tegaderm Plus, 3M Health-care) was applied to the mid-thigh. Upon
cessation of exercise, the sweat patch was carefully removed with disposable plastic tweezers and
inserted into a centrifuge tube to be centrifuged (1700 g, 10 min, 4°C). The sweat was pipetted into
an Eppendorf and stored (4-8°C). All sweat samples were analysed for sodium concentration by flame
photometry (M410C Flame Photometer, Sherwood Scientific Ltd, UK) in duplicate.

2.7 Coefficient of Variation for Analytical Procedures
The table below (Table 2-1) displays the coefficient of variation (CV) for the analytical procedures used
throughout this thesis. CV was calculated for each analytical measure using a random sample of 30
measures. The following calculation was used:

CV (%) = (Standard deviation of the difference between duplicates / mean) x 100
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Table 2-1. Mean, SD and CV for the different analytical procedures used throughout this thesis.
Assay

Equipment/Method

n

Mean

SD

CV (%)

Haemoglobin
Concentration (g∙L-1)

Cyanmethaemoglobin Method

30

161

10

0.8

Haematocrit (%)

Hawksley Micro-Haematocrit
Centrifuge

30

46

2

0.7

Serum Osmolality
(mOsm∙kg H2O-1)

Gonotec Osmomat 030
Cryoscopic Osmometer

30

288

2

0.3

Urine Osmolality
(mOsm∙kg H2O-1)

Osmocheck Portable
Osmometer

30

508

270

2.5

Urine Sodium (mmol∙L-1)

Sherwood M410C Flame
Photometer

30

75

44

1.3

Sweat Sodium (mmol∙L-1)

Sherwood M410C Flame
Photometer

13

35

16

0.9

2.8 Ambient Correction of Douglas Bags Gas Collections
The Douglas bag technique is a common method employed in sports science and human
physiology/metabolism research for indirect calorimetry and was used in Chapters 3, 4 and 5.
Typically, researchers assume a constant ambient carbon dioxide content of 0.03% and oxygen
content of 20.93%. This does not appear to be the case in confined testing spaces such as
environmental chambers, where an exercising subject and researcher are both present.
Unfortunately, over-looking the ambient environmental conditions and adopting long-standing
assumptions (O2 = 20.93%; CO2 = 0.03%) has likely led to widespread error in in-direct calorimetry
(Betts & Thompson, 2012).
In Chapters 3, 4 and 5, subjects performed sub-maximal and maximal exercise tests within confined
environmental chambers. The Douglas bag method was used to obtain measures of VO2, VCO2 and
bag volume, which could later be used to calculate carbohydrate and fat oxidation rates using Frayn
(1983) equations. At time points when expired gas sample were collected, an ambient Douglas bag
was also collected to obtain ambient O2 and CO2 values inside the environmental chambers. The
ambient values were used to correct the inspired ambient air as accurately as possible, to minimise
errors in oxidation rates (Betts & Thompson, 2012).
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Blinded and unblinded hypohydration similarly impair cycling
performance in the heat in trained cyclists

3.1 Abstract
Knowledge of hydration status may contribute to hypohydration-induced exercise performance
decrements, therefore, this study compared blinded and unblinded hypohydration on cycling
performance. Fourteen trained, non-heat acclimated cyclists or triathletes (age 25 ± 5 y; V̇ O2peak 63.3
± 4.7 mL∙kg-1∙min-1; cycling experience 6 ± 3 y) were pair-matched to blinded (B) or unblinded (UB)
groups. After familiarisation, subjects completed euhydrated (B-EUH; UB-EUH) and hypohydrated (BHYP; UB-HYP) trials in the heat (31˚C); 120 min cycling preload (50% W peak) and a time trial (~15 min).
During the preload of all trials, 0.2 mL water∙kg body mass-1 was ingested every 10 min, with additional
water provided during EUH trials to match sweat losses. To blind the B group, a nasogastric tube was
inserted in both trials and used to provide water in B-EUH. The preload induced similar (P=0.895)
changes in body mass between groups (B-EUH -0.6 ± 0.5 %; B-HYP -3.0 ± 0. 5 %; UB-EUH -0.5 ± 0.3 %;
UB-HYP -3.0 ± 0.3 %). All variables responded similarly between B and UB groups (P≥0.558), except
thirst (P=0.004). Changes typical of hypohydration (increased heart rate, RPE, gastrointestinal
temperature, serum osmolality and thirst, decreased plasma volume; P≤0.017) were apparent in HYP
by 120 min. Time trial performance was similar between groups (P=0.710) and slower (P<0.001) with
HYP for B (B-EUH 903 ± 89 s; B-HYP 1008 ± 121 s; -11.4 %) and UB (UB-EUH 874 ± 108 s; UB-HYP 967 ±
170 s; -10.1 %). Hypohydration of ~3% body mass impairs time trial performance in the heat,
regardless of knowledge of hydration status.

3.1.1 Keywords: dehydration; perception; hydration; thirst; water
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3.2 Introduction
Evaporation of sweat from the skin is the primary mode of heat loss during endurance exercise in
temperate and warm environments, with hypohydration developing when sweat losses exceed fluid
intake. Previous research has clearly demonstrated endurance exercise performance and capacity are
impaired when hypohydration exceeds 2% of body mass (Cheuvront & Kenefick, 2014). Although the
body of literature demonstrating this is extensive, the methods used to explore the effects of
hypohydration on performance (e.g. fluid restriction, heat exposure, diuretic administration etc.)
potentially influence the outcomes. The overtness of these methods means subjects are aware of how
their hydration status has been manipulated. Given athletes perceive hypohydration to negatively
impact exercise performance (Nichols et al., 2005; Sedek et al., 2015), the ergolytic effects of
hypohydration in previous studies might, at least partially, be caused by subjects’ preconceived
thoughts (i.e. a placebo/nocebo effect; McClung & Collins, 2007) of how hypohydration influences
performance.
To address this issue, more recent research has blinded subjects from their hydration status (Adams
et al., 2018; Cheung et al., 2015; James et al., 2017; Wall et al., 2015). These studies have used two
different methods to manipulate hydration status; 1) intravenous delivery of isotonic fluids (Cheung
et al., 2015; Wall et al., 2015; Adams et al., 2019) and 2) intragastric delivery of water via a gastric
feeding tube (James et al., 2017; Adams et al., 2018). Interestingly, the different methods appear to
induce divergent physiological and performance responses. Studies using intragastric rehydration with
water, combined with standardised oral rehydration, report blinded hypohydration to impair
performance (James et al., 2017; Adams et al., 2018), whilst those using intravenous rehydration with
saline do not (Cheung et al., 2015; Wall et al., 2015), with the exception of (Adams et al., 2019). Adams
et al. (2019) reported increases in plasma volume in the euhydrated condition with IV infusion,
potentially accounting for the improvement in performance (Coyle et al., 1990). Importantly,
manipulating hydration status via isotonic intravenous rehydration with saline meant serum
osmolality (Cheung et al., 2015; Wall et al., 2015; Adams et al., 2019) and thirst sensation (Wall et al.,
2015) remained elevated at levels equivalent to hypohydration, irrespective of hydration status.
Whereas, manipulation of hydration status via intragastric rehydration with water replicated typical
physiological (i.e. hyperosmotic hypovolemia) and perceptual (i.e. increased thirst and RPE)
consequences of hypohydration (James et al., 2017), possibly accounting for the conflicting
performance responses between the two methodologies.
The results of the two studies using intragastric rehydration (James et al., 2017; Adams et al., 2018)
indicate a negative effect of hypohydration on aerobic exercise performance when the physiological
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and perceptual consequences of hypohydration are replicated. Thus, at least part of the negative
effect of hypohydration in the unblinded literature can be explained by the physiological
consequences of hypohydration. However, whether a subject’s negative expectations of
hypohydration on performance further exacerbates the decrement in the unblinded literature (i.e. a
nocebo effect) cannot be ascertained, as no research has directly compared the effect of blinded and
unblinded hypohydration on exercise performance. Given the size of this potentially confounded
literature, this is an important consideration that may be of substantial consequence for the
interpretation of this previous research.
Therefore, the purpose of the present study was to investigate the effect of moderate hypohydration
(~3% body mass) in both blinded and unblinded groups on cycling time trial performance in the heat
in trained cyclists via manipulation of hydration status by intragastric infusion of water. It was
hypothesised that hypohydration would impair cycling time trial performance in both blinded and
unblinded groups, but the impairment in performance would be greater in the unblinded group.
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3.3 Methods
3.3.1 Subjects
Fourteen trained, non-heat acclimated, male cyclists/triathletes completed this study, which received
institutional Ethics Committee approval. Before commencement of the study, subjects provided
written consent and completed a medical screening questionnaire. Subjects were pair-matched
according to V̇ O2peak and assigned to one of two groups, a blinded (B) or unblinded (UB) group of similar
physical characteristics (Table 3-1). Initially, subjects were allocated to the blinded group, with those
unable to insert the nasogastric tube (n=2) and those providing a pair-match allocated to the
unblinded group. Originally, 8 subjects were recruited for the blinded group, but one subject was
unable to complete the time trial of their final trial, which was the hypohydrated trial. Subjects
completed a preliminary trial, familiarisation trial and two experimental trials at the same time of day
(standardised within subjects between 08:00-09:30) in a randomised and counterbalanced order. All
trials were undertaken between November and May, and were separated by a minimum of 7 d and
maximum of 14 d.

Table 3-1. Subject characteristics for blinded and unblinded groups.
Blinded (B)
Age (y)
26 ± 5
Height (m)
1.82 ± 0.10
Body mass (kg)
73.6 ± 6.6
Body fat (%)
9.8 ± 1.8
-1
-1
V̇ O2peak (mL∙kg ∙min )
62.5 ± 5.2
Wpeak (W)
348 ± 43
Relative Wpeak (W∙kg-1)
4.7 ± 0.4
Training history
Cycling experience (y)
6±2
Training volume (h∙week-1)
8±4
Data are mean ± SD. n = 7 blinded; n = 7 unblinded.

26 ± 6
1.84 ± 0.06
75.2 ± 8.4
9.4 ± 1.9
64.1 ± 4.3
372 ± 54
4.9 ± 0.4

Unpaired t-test
(P Value)
0.586
0.772
0.690
0.651
0.471
0.379
0.336

6±3
9±4

0.774
0.665

Unblinded (UB)

3.3.2 Pre-Trial Standardisation
Subjects recorded their dietary intake and physical activity for the 24 h preceding their first
experimental trial, and replicated these patterns before the second experimental trial, with adherence
verbally checked. Strenuous exercise or alcohol intake were not permitted during this period. The day
before trials, subjects were provided with 40 mL∙kg body mass-1 of water and were instructed to
consume the water or the equivalent amount of fluid as a minimum. Any additional fluid was recorded
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and replicated before the second trial. Subjects consumed a standardised pre-trial breakfast providing
1 g carbohydrate∙kg body mass-1 and 8 mL water∙kg body mass-1 (consisting of cereal bars, orange juice
and water) 1.5 h before arrival at the laboratory.
3.3.3 Preliminary Testing
During the first visit, body mass (AFW-120K, Adam Equipment Co., UK), height and body fat (Skinfold
thickness at biceps, triceps, sub-scapula and supra-iliac; Durnin & Womersley, 1974) were measured.
Cycling peak oxygen uptake (V̇ O2peak) and power output (Wpeak) were determined (Lode Excalibur
Sport, Groningen, The Netherlands) using a progressive exercise test commencing at 95 W and
increasing by 35 W every 3 min until volitional exhaustion. After completion of the maximal exercise
test, subjects assigned to the blinded group were familiarised with the insertion of an 8 g nasogastric
tube (Figure 1-5; Sonde Gastro-Duodenal Type Levin, Vygon Ltd., UK). Subjects then cycled (31˚C, 40%
relative humidity) for 15 min at 50% Wpeak with nude, towel-dried body mass measured before and
after. A practice of the time trial was then completed. Body mass change in the 15 min was used to
determine water intake in the second preliminary visit.
During the second visit, subjects completed a familiarisation trial, identical to experimental trials, but
water was infused through the nasogastric tube (B group) or orally ingested (UB group) at a rate
estimated to induce ~1% hypohydration. This level of fluid intake/infusion was chosen to minimise the
risk of hypohydration/hyperhydration developing. This trial was used to determine water loss during
the 2 h preload from body mass change minus mass loss through expired CO2 (Mitchell et al., 1972),
and was used to determine the water volume provided in euhydrated experimental trials.
3.3.4 Experimental Trials
Refer to Figure 3-1 for a schematic of the experimental trial. Upon arrival, a flexible 20-gauge cannula
was inserted into an antecubital/forearm vein for subsequent blood sampling. The cannula was kept
patent by flushing with sterile saline following samples, as well as at 30 and 90 min of exercise.
Subjects in the blinded group then nasally inserted an 8 g nasogastric tube to a depth estimated to
reach the base of their stomach (Figure 1-5). Subjects then voided their bladder into a plastic
container, before nude body mass was recorded. The osmolality of this urine sample was immediately
determined (Osmocheck, Vitech Scientific, UK), with a urine osmolality of <900 mOsm∙kg H 2O-1
required for trial continuation (Armstrong et al., 2010). No subject produced a sample >650 mOsm∙kg
H2O-1. Thereafter, subjects entered a climatic chamber maintained at 31.1 ± 0.2 ˚C and 47.6 ± 3.8 %
relative humidity. After 15 min seated rest on the cycle ergometer a blood sample was taken. Subjects
then completed 120 min cycling at 50% Wpeak (preload). During the preload of all trials, subjects drank
0.2 mL water∙kg body mass-1 every 10 min, with additional water either infused through the
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nasogastric tube (B-EUH) or drank (UB-EUH) every 3 min in euhydrated trials in a volume estimated to
replace sweat losses. All water infused/drank in both groups was held in a water bath at ~37˚C. This
was required to prevent the detection of water infusion in the blinded group. During hypohydrated
trials, no additional fluid or a small amount of additional water was infused (B-HYP) or drank (UB-HYP)
so ~3% body mass loss developed. Additional blood samples were taken at 60 min and 120 min of the
preload. Subjects towel dried before nude body mass was recorded, and the nasogastric tube was
removed from the blinded group. Subjects then completed a ~15 min cycling time trial with the cycle
ergometer set to linear mode, a protocol with previous good test-retest reliability (CV of ~1-4%) in
trained cyclists (Hickey et al., 1992; Jeukendrup et al., 1996). The target amount of work for the time
trial was set so that if the subject cycled at 75% W peak the time trial would take 15 min. This was
calculated by the following formula:
Target amount of work [J] = 0.75 ∙ Wpeak ∙ 900
The linear mode was determined such that the subject’s preferred cadence would produce ~75% Wpeak
(Jeukendrup et al., 1996). The only information available to the subject was work completed and
target work. No encouragement was provided during the time trial, and a screen separated the subject
from the investigator to minimise peripheral distractions. The only interaction with subjects was to
notify them when each 25% of the time trial was completed. Facing wind (5.9 ± 0.2 m∙s -1) was provided
during the preload and time trial via two fans (50 cm diameter, one aimed at the lower and upper half
of the body). After the time trial, a blood sample was collected, and nude body mass recorded.
Heart rate (M400, Polar Electro, Finland) was recorded pre-exercise, every 15 min throughout the
preload, and every 25% of the time trial. Gastrointestinal (GI) discomfort, stomach fullness and thirst
sensation (all 10-point scale; James et al., 2017), as well as thermal sensation (-10 to +10 scale;
Kenefick et al., 2010) were recorded at pre-exercise, 60 min, 120 min and immediately post time trial.
Rating of perceived exertion (RPE; Borg, 1982) was recorded at 60 min, 120 min and post time trial.
Expired gas samples (1 min) were collected at 10 min, 60 min and 120 min using the Douglas bag
method, with O2 and CO2 content (Servomex 1400 Gas Analyzer, Servomex), volume (Harvard Dry Gas
Meter, Harvard Apparatus) and temperature determined. Ambient air was collected simultaneous
with expires gas samples to correct VO2 and VCO2 values (Betts & Thompson, 2012). Carbohydrate and
fat oxidation rates were determined using the method of Frayn (1983). Subjects ingested a radiotelemetry pill (CorTemp, HG Inc.) the evening (~10pm) before experimental trials; and gastrointestinal
temperature was recorded pre-exercise, every 15 min during the preload, and every 25% of the time
trial. Skin temperature (chest, tricep, thigh and calf) was measured using an infrared thermometer
(thermometer LS, Micro-Epsilon) and was recorded pre-exercise, every 30 min during the preload, and
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immediately post time trial, and was used to calculate mean weighted skin temperature (Ramanathan,
1964). Ambient temperature, relative humidity and facing wind speed (Kestrel 4400, NielsenKellerman Co.) were recorded pre-exercise, 60 min, 120 min and post time trial.
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Figure 3-1. Schematic of the study design. Questionnaires: RPE, Thirst Sensation, GI Discomfort, Stomach Fullness and Thermal Stress.
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3.3.5 Study Blinding
Subjects in the blinded group were informed that the purpose of the study was to investigate different
drink compositions on cycling performance, and that the nasogastric tube was to blind subjects from
the taste and texture of the drinks. The participant information sheet for the blinded cohort can be
viewed in Appendix D, to demonstrate how the purpose of hypohydration was disguised. The
nasogastric tube was positioned behind the ear and taped onto the upper back, so water was infused
out of sight of the subject. In the blinded hypohydration trials (B-HYP) the investigator dummy infused
water every 3 min in a manner identical to B-EUH trials. To determine the success of the blinding,
subjects in the blinded group were interviewed upon completion of the study. Subjects assigned to
the unblinded group were provided a different participant information sheet and informed consent
form informing them of the true purpose of the study.
3.3.6 Sample Analysis
From each blood sample, 1 mL was dispensed into tubes containing K 2 EDTA (1.75 mg·L–1). This was
used to determine haemoglobin concentration and haematocrit via the cyanmethemoglobin method
and microcentrifugation, respectively. These values were used to estimate changes in blood, red cell
and plasma volume, relative to pre-exercise (Dill & Costill, 1974). Additionally, 4.5 mL of blood was
dispensed into a serum tube and left to clot at room temperature, with serum separated by
centrifugation (1700 g, 10 min, 4°C), refrigerated and analysed for osmolality via freezing-point
depression (Gonotec Osmomat 030 Cryoscopic Osmometer; Gonotec, Germany).
3.3.7 Statistical Analysis
Data were analysed using SPSS (version 23, SPSS Inc.) and were initially checked for normality of
distribution using a Shapiro-Wilk test. Pre-trial measures, performance data, heart rate,
gastrointestinal temperature, expired gas data, blood parameters and subjective feelings
questionnaires were initially analysed using a two-way (Group*Trial) or three-way (Group*Trial*Time)
repeated measures ANOVA (group = blinded and unblinded cohorts; trial = euhydrated and
hypohydrated). Where Group effects were not present (i.e. no significant group interactions), group
data were collapsed together for further analysis using a two-way (Trial*Time) repeated measures
ANOVA or paired t-tests/Wilcoxon signed rank tests for normally and non-normally distributed data,
respectively. Where the assumption of sphericity was violated, the degrees of freedom were corrected
using the Greenhouse-Geisser estimate. Significant ANOVA interaction effects were followed-up by
post-hoc paired t-tests (within group) or independent samples t-tests (between groups) for normally
distributed data, and Wilcoxon signed rank tests (within group) or Mann-Whitney U tests (between
groups) for non-normally distributed data. The familywise error rate was controlled using the Holm- 57 -

Bonferroni correction. Using the data of James et al. (2017), an α of 0.05, and a statistical power of
0.80, it was estimated that 14 subjects (7 per group) would be required to reject the null hypothesis
for the primary outcome measure (i.e. time trial performance). The sample recruited (n=7 per group)
was in line with this power analysis and previous studies in this area using a similar parallel group
design (Kenefick et al., 2010), and of a size that has been shown adequate to detect differences
between hydration status in blinded studies (James et al., 2017; Adams et al., 2018). Data sets were
accepted as being significantly different when P≤0.05. All data are as mean ± SD, unless stated
otherwise.
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3.4 Results
3.4.1 Trial Conditions
No differences were present for relative humidity (P=0.623), ambient temperature (P=0.112) or facing
wind speed (P=0.560) between trials. There were no differences between trials for pre-trial body mass
(B-EUH 73.3 ± 6.4 kg, B-HYP 73.2 ± 6.4 kg; UB-EUH 75.1 ± 7.5 kg, UB-HYP 75.3 ± 8.2 kg; P=0.563), thirst
sensation (P=0.539; Figure 3-2C) or serum osmolality (P=0.895; Figure 3-2B), indicating subjects were
in a similar hydration state at the beginning of trials.
3.4.2 Hydration Status Measurements
Total fluid ingested or infused during the preload was similar between groups (B-EUH 2.0 ± 0.3 L, BHYP 0.2 ± 0.1 L; UB-EUH 2.1 ± 0.4 L, UB-HYP 0.2 ± 0.0 L; P=0.596). The preload induced similar changes
in body mass between groups (P=0.895), and changes in body mass were greater with hypohydration
(B-EUH -0.6 ± 0.5 %; B-HYP -3.0 ± 0.5 %; UB-EUH -0.5 ± 0.3 %; UB-HYP -3.0 ± 0.3 %; P<0.001). Sweat
loss during the preload was similar between groups and trials (B-EUH 2.2 ± 0.6 L, B-HYP 2.2 ± 0.4 L;
UB-EUH 2.3 ± 0.5 L, UB-HYP 2.3 ± 0.4 L; P≥0.633). Sweat loss during the time trial was similar between
groups (P=1.000), but was higher with euhydration (B-EUH 0.5 ± 0.1 L, B-HYP 0.4 ± 0.1 L; UB-EUH 0.6
± 0.1 L, UB-HYP 0.4 ± 0.1 L; P<0.001).
Changes in plasma volume (P=0.379), blood volume (P=0.919) and serum osmolality (P=0.783) were
similar between groups. Plasma volume (Figure 3-2A) and blood volume (data not displayed)
decreased throughout all trials (P<0.001) but decreased to a greater extent with hypohydration
(P≤0.017). Serum osmolality was greater at 60 min, 120 min and post time trial with hypohydration
(P≤0.012; Figure 3-2B). There was a trial by time by group interaction effect for thirst sensation
(P=0.004; Figure 3-2C). In the blinded group, thirst sensation was higher at 120 min and post time trial
with hypohydration (P≤0.034), whereas in the unblinded group, thirst sensation was higher at 60 min,
120 min and post time trial with hypohydration (P≤0.048). Post-hoc tests revealed no differences
within euhydrated or hypohydrated trials between groups for thirst sensation (P≥0.112; Figure 3-2C).
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Figure 3-2. (A) change in plasma volume, (B) serum osmolality and (C) thirst sensation for euhydrated
(EUH) and hypohydrated (HYP) in blinded (B) and unblinded (UB) groups. † indicates HYP significantly
different from EUH; # indicates HYP significantly different from EUH, blinded group; ‡ indicates HYP
significantly different from EUH, unblinded group.
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3.4.3 Preload Physiological Responses
Heart rate increased throughout the preload for all trials (P<0.001) and the response was similar
between groups (P=0.825; Figure 3-3A). Heart rate was higher with hypohydration from 30 min to the
end of the preload (P≤0.009). Gastrointestinal temperature response was similar between groups
(P=0.192; Figure 3-3B) and was higher with hypohydration at 105 min and 120 min of the preload
(P≤0.040). Skin temperature response was similar between groups (P=0.271). There was a trial by time
interaction effect for skin temperature (P=0.022), however, post-hoc tests revealed no differences
(P≥0.126; Figure 3-3C).
VO2 increased throughout the preload during all trials (P<0.001), but there were no group, trial or
interaction effects (P≥0.153; data not displayed). Carbohydrate oxidation decreased throughout the
preload in all trials (P<0.001) and was lower with euhydration (B-EUH 2.01 ± 0.67 g∙min-1; B-HYP 2.19
± 0.39 g∙min-1; UB-EUH 2.00 ± 0.41 g∙min-1; UB-HYP 2.31 ± 0.37 g∙min-1; P=0.004). Conversely, fat
oxidation increased throughout the preload in all trials (P<0.001) and was higher with euhydration (BEUH 0.66 ± 0.29 g∙min-1; B-HYP 0.58 ± 0.20 g∙min-1; UB-EUH 0.64 ± 0.27 g∙min-1; UB-HYP 0.55 ± 0.22
g∙min-1; P=0.007). Carbohydrate oxidation was lower with euhydration at 10 min (EUH 2.27 ± 0.54
g∙min-1; HYP 2.49 ± 0.38 g∙min-1; P=0.032) and 120 min (EUH 1.61 ± 0.62 g∙min-1; HYP 2.01 ± 0.35 g∙min1

; P=0.046), and tended to be lower at 60 min (EUH 2.05 ± 0.61 g∙min -1; HYP 2.23 ± 0.47 g∙min-1;

P=0.067). Fat oxidation was not different between trials at 10 min (EUH 0.48 ± 0.25 g∙min-1; HYP 0.42
± 0.19 g∙min-1; P=0.184) and 60 min (EUH 0.65 ± 0.30 g∙min-1; HYP 0.59 ± 0.23 g∙min-1; P=0.118), but
there was a trend to be greater at 120 min with euhydration (EUH 0.85 ± 0.30 g∙min-1; HYP 0.70 ± 0.19
g∙min-1; P=0.058).
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Figure 3-3. (A) heart rate, (B) gastrointestinal temperature and (C) skin temperature during the preload
and time trial for euhydrated (EUH) and hypohydrated (HYP) trials in blinded (B) and unblinded (UB)
groups. † indicates HYP significantly different from EUH.

- 62 -

3.4.4 Time Trial
Time trial performance was similar between groups (P=0.710) and was slower with hypohydration
(P≤0.001; Figure 3-4A). All subjects had a decrement in performance with hypohydration (range: -2.1%
to -18.0%; Figure 3-4A), and the decrement in performance was present within the blinded (-11.4 ±
4.2 %; P=0.001) and unblinded (-10.1 ± 6.8 %; P=0.013) groups. To determine the pacing strategy of
the time trial, the time taken to complete each 25% segment was recorded. Pacing was similar
between groups (P=0.790) and was slower with hypohydration for all four segments of the time trial
(P≤0.004; Figure 3-4B).

Figure 3-4. (A) group and individual completion times and (B) pacing in 25% segments for euhydrated
(EUH) and hypohydrated (HYP) time trials for blinded (B) and unblinded (UB) groups. † indicates HYP
significantly different from EUH.
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There was a trial by time interaction effect (P=0.001) for heart rate, with heart rate higher (P=0.016)
at the end of the time trial with euhydration (Figure 3-3A). There were no group, trial or other
interaction effects (P≥0.568) for heart rate during the time trial. Gastrointestinal temperature was
higher (P=0.031) with hypohydration throughout the time trial; there were no differences between
groups (P=0.742); or interaction effects (P≥0.526; Figure 3-3B).
3.4.5 Subjective Measures
RPE increased throughout all trials (P<0.001) and was similar between groups (P=0.716) and between
trials at 60 min and post time trial (P≥0.116), but was greater with hypohydration at 120 min (P=0.006;
Figure 3-5A). Thermal sensation increased (P<0.001) throughout all trials but was not different
between groups (P=0.862) or trials (P=0.212; Figure 3-5B). GI discomfort was not different between
groups (P=0.707) or trials (P=0.150; Figure 3-5C). There was a trend for a trial by time interaction effect
(P=0.056), with GI discomfort increasing marginally over the course of the preload of all trials and
more so post time trial with hypohydration, however, ratings of GI discomfort remained low
throughout all trials (Figure 3-5C). Stomach fullness was not different between trials (P≥0.223).
However, there was a trend for a group effect (P=0.053; Figure 3-5D), with stomach fullness tending
to be greater at all time points during blinded trials (5 ± 2) compared to unblinded trials (4 ± 2).
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Figure 3-5. (A) rating of perceived exertion, (B) thermal sensation, (C) GI discomfort and (D) stomach
fullness for euhydrated (EUH) and hypohydrated (HYP) trials in blinded (B) and unblinded (UB) groups.
†
indicates HYP significantly different from EUH.

3.4.6 Perception of Trials
Of the seven subjects, two thought hydration status might have been manipulated towards the end
of their second experimental trial, with one subject was thinking carbohydrate intake might have been
manipulated alongside hydration. However, neither of these subjects was certain that hydration
status was the intervention. Of the other five subjects, four believed the conditions were carbohydrate
vs. water/placebo, while one believed the conditions were caffeine vs. water. Removal of the two
subjects who thought hydration might have been manipulated did not influence the interpretation of
the time trial performance (group*trial interaction P=0.911), or meaningfully alter the performance
decrement in the B group (n=5; -10.9 ± 4.9 %; P=0.010).
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3.5 Discussion
The purpose of the present study was to investigate how knowledge of hydration status influences
the effect of hypohydration on cycling time trial performance in trained cyclists in the heat. The main
findings were that hypohydration equivalent to ~3% body mass impaired time trial performance in the
heat, and contrary to our hypothesis, the decrement in performance was similar between blinded
(~11%) and unblinded (~10%) groups. These findings yield new and important insight into how
hypohydration influences aerobic performance in the heat and for the first time demonstrates that
knowledge of hydration status does not exacerbate the negative performance consequences of
hypohydration. This is vital for the interpretation of the many previous studies that have not blinded
subjects and suggests these previous studies are not likely to be confounded by the overtness of the
methods used to induce hypohydration, at least with hypohydration of ~3% body mass.
These results agree with the findings of two other recent studies using a similar method to blind
subjects to their hydration status (James et al., 2017; Adams et al., 2018), providing further evidence
of a true negative effect of hypohydration on aerobic performance. On the other hand, the results of
the present study contrast the findings of two other studies that blinded subjects to their hydration
status using intravenous infusion of fluid (Cheung et al., 2015; Wall et al., 2015). These conflicting
findings among blinded hydration studies might be related to the methods used to induce changes in
hydration status.
Wall et al. (2015) manipulated rehydration in the 2 h after exercise-heat induced hypohydration (~3%
body mass loss) to produce hypohydration equivalent to 0% (i.e. euhydration), 2% or 3% body mass
loss. Subjects were rehydrated with approximately isotonic fluids only (i.e. no oral rehydration),
meaning serum osmolality and thirst sensation remained elevated at levels equivalent to ~3%
hypohydration, irrespective of hydration status. Furthermore, likely due to the infusion of fluids in all
trials, hypovolemia was not present in any of the hydration states post-rehydration. Similarly, Cheung
et al. (2015) used intravenous infusion of approximately isotonic saline (combined with mouth rinse
to manipulate thirst, but no oral rehydration) to replace sweat losses during a 90-min cycling preload,
inducing hypohydration equivalent to ~0.5% and ~2.2% body mass. Again, serum osmolality did not
differ between euhydrated and hypohydrated conditions. Both of these studies (Cheung et al., 2015;
Wall et al., 2015) reported cycling time trial performance in the heat was similar between trials. In
contrast, the present study, together with previous intragastric rehydration studies (James et al., 2017;
Adams et al., 2018) suggests that intragastric rehydration combined with a small amount of oral
rehydration, effectively blinds subjects to their hydration status and replicates typical hypohydrated
responses. These studies that have used intragastric rehydration have all observed decrements in
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aerobic performance in the heat with hypohydration. James et al. (James et al., 2017) reported work
completed in a 15 min cycling performance test was reduced by ~8% with hypohydration (~2.4% body
mass), while Adams et al. (2018) reported performance in a 5 km uphill cycling time trial was reduced
by ~6% with hypohydration (~2.2% body mass). The present study extends these previous findings by
confirming, in the same study, that blinding hydration status via manipulation of intragastric
rehydration replicates typical physiological, perceptual and performance responses observed when
hydration status is manipulated by overt oral rehydration. The finding that the decrement in
performance was similar between blinded and unblinded groups in the present study indicates that
previous unblinded research in this area conducted in the heat does not appear to be confounded by
a lack of study blinding. Additionally, the negative impact of hypohydration on aerobic performance
does not appear to be further exacerbated by a nocebo effect, at least at 3% hypohydration.
It is likely that hypohydration impairs aerobic performance by a combination of physiological and
perceptual effects. Consistent with the literature, hypohydration increased cardiovascular strain,
demonstrated by an increase in heart rate from 30 min onwards in the preload (Figure 3-3A) (Montain
& Coyle, 1992). Although cardiac output and stroke volume were not measured, the increased heart
rate was likely to compensate for a decreased stroke volume driven by the hypovolemia present (José
González-Alonso, Mora-Rodríguez, Below, & Coyle, 1997; Montain & Coyle, 1992). The typically
reported increase in core temperature with exercise-induced hypohydration (Montain & Coyle, 1992;
Sawka, Young, Francesconi, Muza, & Pandolf, 1985) was apparent in the present study towards the
end of the preload (Figure 3-3B). Previous research has demonstrated that hypovolemia influences
venous and arterial baroreception, causing peripheral vasoconstriction and reduced skin blood flow,
while hyperosmolality influences sudomotor drive and reduces sweat rate, both hindering
thermoregulation (Fortney, Nadel, Wenger, & Bove, 1981; Fortney et al., 1984; Montain, Latzka, &
Sawka, 1995; Sawka et al., 1985). The warm environment (~31°C) used in the present study likely
exacerbated the performance decrement caused by hypohydration (Kenefick et al., 2010). Previous
research assessing hypohydration in temperate conditions indicates the hypohydration-induced
decrement in performance remains (Cheuvront et al., 2005; Fallowfield et al., 1996; Logan‐Sprenger
et al., 2015). Given that heat exacerbates hypohydration-induced performance decrements (Kenefick
et al., 2010) it seems unlikely a nocebo effect would be present in temperate but not warm conditions.
While we provided facing airflow (~21 km∙h-1) to invoke a degree of convective cooling, it was less
than that expected if cycling outdoors at similar workloads, potentially influencing thermoregulation
(Saunders et al., 2005). Wall et al. (2015) used facing airflow similar to expected cycling speed (~32
km∙h-1), but still reported increased core temperature with hypohydration in the later stages of the
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time trial. This suggests provision of adequate convective cooling during exercise does not prevent the
negative thermoregulatory consequences of hypohydration.
The present study used unacclimated subjects, and given that heat acclimation increases plasma
volume (Périard et al., 2016), heat acclimation may, at least partially, protect against hypohydrationmediated decrements in aerobic performance. While this is a hypothesis that has not been explored
experimentally, previous research has reported performance decrements with hypohydration in
subjects who are acclimated/acclimatised (Stearns et al., 2009; Bardis et al., 2013a, 2013b) or not
(Armstrong et al., 1985; Walsh et al., 1994; James et al., 2017; Adams et al., 2018). Therefore, it seems
unlikely that the unacclimated status of the subjects in the present study influenced the results
observed, but this is something that certainly warrants further investigation. Furthermore,
hypohydration impairs performance in trained (Walsh et al., 1994; Ebert et al., 2007; Logan‐Sprenger
et al., 2015; Adams et al., 2018) and untrained (Castellani et al., 2010; Cheuvront et al., 2005; James
et al., 2017; Merry et al., 2010) subjects, suggesting training status per se does not mitigate the
performance effects of hypohydration. Interestingly, one study has suggested that habituation with
the protocol used to induce hypohydration attenuates the negative performance effects (Fleming &
James, 2014). These habituation effects were reported during running, where, given the weightbearing nature of the activity, the negative effects of hypohydration might be masked/off set by the
positive effects of body mass loss. Thus, whether these habituation effects translate to cycling, where
body mass has a lesser impact on performance (at least on the flat) is unknown and should be the
focus of future studies.
Carbohydrate oxidation was elevated with hypohydration during the preload (~2.25 g∙min -1 vs ~2.00
g∙min-1). This suggests, as previously reported (Hargreaves et al., 1996; Logan-Sprenger et al., 2013b;
Logan‐Sprenger et al., 2015), hypohydration increased glycogen utilisation, consequently reducing
glycogen availability at the onset of the time trial. This equates to ~30 g of glucose and potentially
contributed to the reduced self-selected exercise intensity during the time trial (Rauch et al., 2005).
Other mechanisms that may contribute to decreased performance with hypohydration include
reduced muscle (González-Alonso et al., 1998) and cerebral (Trangmar et al., 2015) blood flow,
increased perceived exertion and thirst (Casa et al., 2010). In the present study, RPE was greater at
the end of the preload in both blinded and unblinded groups with hypohydration (Figure 3-5A). The
factors that contribute to changes in RPE, not just with hypohydration, remain unclear and
multifactorial (Abbiss et al., 2015). However, afferent sensory feedback from elevated heart rate,
gastrointestinal temperature, serum osmolality, or thirst, as well as hypovolemia induced by
hypohydration, could have influenced RPE and consequently performance.
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Thirst is an important response to hypohydration as it prompts water acquisition (Figaro & Mack,
1997) and possibly influences exercise performance (Arnaoutis et al., 2012). At 60 min of the preload
(~1.5% body mass loss in hypohydrated trials) thirst was similar between trials in the blinded group,
but different between trials in the unblinded group. By 120 min thirst was significantly different
between trials in both blinded and unblinded groups (Figure 3-2C). This suggests that perceptual
responses (like thirst) might be susceptible to a nocebo/placebo effect when hypohydration is small,
meaning the performance responses reported here might not translate to lower levels of
hypohydration. Interestingly, Adams et al. (2018) assessed hypohydration independent of thirst by
providing 25 mL water every ~5 min in trials, reporting performance was impaired by ~6% with no
difference in thirst between hypohydrated and euhydrated trials. It is worth noting that the results of
Adams et al. (2018) do not demonstrate that thirst is not involved in the performance impairment
caused by hypohydration, but that the effects of hypohydration are not entirely mediated by thirst. It
is conceivable that thirst is one of several factors responsible for the decrement in performance with
hypohydration, something that future studies should elucidate.
Intragastric infusion of water bypasses steps in the normal fluid ingestion process, including the
activation of oropharyngeal receptors and the act of swallowing, which have potential associated
physiological effects. One such associated physiological effect is the modulation of sweating by
ingestion of fluid (Takamata et al., 1995). In the present study there were no differences in sweat rate
between the blinded and unblinded groups or euhydrated and hypohydrated conditions. This suggests
that the small amount of fluid (0.2 mL∙kg body mass-1) consumed every 10 min during the preload (in
both blinded conditions and hypohydrated unblinded condition) may have been sufficient to influence
sweat rate. It is unclear whether the detection of this fluid by the oropharyngeal receptors, the act of
swallowing, and/or receptors within the gastrointestinal region are responsible for the physiological
effects associated with fluid ingestion.

3.6 Conclusion
In conclusion, this study demonstrates that intragastric water infusion is an effective method to blind
subjects to manipulations in hydration status during exercise and produced the typical physiological
and perceptual responses to hypohydration. Hypohydration of ~3% body mass impaired cycling time
trial performance in the heat in trained cyclists, regardless of whether they were aware of their
hydration status. Thus, at least at ~3% body mass loss, there does not appear to be a nocebo effect
associated with hypohydration during exercise, suggesting previous unblinded research inducing a
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similar level of hypohydration during exercise in the heat is unlikely to be confounded by a lack of
study blinding.
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Exercise-induced hypohydration impairs 3 km running performance in
temperate conditions in intermittent games players

4.1 Abstract
There is a lack of research assessing exercise-induced hypohydration on running performance in a
temperate environment. Given the weight-bearing nature of running, the negative effects of
hypohydration might be offset by the positive effects of body mass loss. Therefore, the purpose of
this study was to investigate exercise-induced hypohydration on running performance in a temperate
environment. Seventeen male intermittent games players (age 22 ± 1 y; V̇ O2peak 52.5 ± 4.1 mL∙kg-1∙min1

; body mass 79.2 ± 10.1 kg; training sessions∙week -1 6 ± 2) completed a preliminary trial,

familiarisation trial, and two experimental trials. Experimental trials consisted of 12 blocks of 6 min of
running (65% V̇ O2peak; preload) with 1 min passive rest in-between, followed by a 3 km time trial (TT).
During the preload, subjects consumed minimal fluid (60 mL) to induce hypohydration (HYP) or were
provided water to replace 95% sweat losses (1622 ± 343 mL; EUH). The decrement in body mass at
the end of the preload was greater in HYP (EUH -0.5 ± 0.3 %; HYP -2.2 ± 0.4 %; P<0.001). Changes
typical of hypohydration, including increased serum osmolality, heart rate, thirst sensation and
thermal sensation, and decreased plasma volume and blood volume (P≤0.022), were apparent in HYP
by the end of the preload. TT performance was slower with HYP (EUH 900 ± 87 s; HYP 955 ± 110 s; 6.1 ± 5.0 %; P<0.001). Hypohydration of ~2% body mass impaired 3 km running TT performance in a
temperate environment, despite the body mass loss associated with negative fluid balance.

4.1.1 Keywords: dehydration; hydration; thirst; water; weight-bearing
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4.2 Introduction
Over the last few decades, a wealth of research has shown that hypohydration of >2% body mass
impairs aerobic exercise performance in temperate, warm and hot environments (Cheuvront &
Kenefick, 2014; Kenefick et al., 2010). Despite this, there is an absence of evidence assessing exerciseinduced hypohydration and running performance in temperate environments, a common scenario for
intermittent games players and endurance athletes that regularly exercise in temperate environments
with inadequate fluid intake (Greenleaf & Sargent, 1965; Maughan et al., 2004; Passe et al., 2007).
Given the weight-bearing nature of running, the negative effects of hypohydration could be off-set by
the positive effects of body mass loss, as the decreased body mass may increase power-to-weight
ratio and reduce the oxygen cost of running (Coyle, 2004). During ironman triathlons (Sharwood et al.,
2004) and marathon running (Zouhal et al., 2011) body mass loss has been shown to be negatively
correlated to finishing time. A quicker running pace requires an athlete to exercise at a higher
intensity, producing more metabolic heat and thus a higher sweat rate, resulting in greater
hypohydration. Increasing exercise intensity also reduces gastric emptying rate (Neufer et al., 1989;
Leiper et al., 2001) and may cause gastrointestinal distress, in turn reducing fluid intake. Therefore,
although quicker athletes are predisposed to accrue greater levels of hypohydration, the body mass
loss from the negative fluid balance may attenuate or abolish the negative effects of hypohydration
on exercise performance.
Among the studies that have investigated hypohydration on running performance in a temperate
environment (Armstrong, Costill, & Fink, 1985; Fallowfield, Williams, Booth, Choo, & Growns, 1996;
Fleming & James, 2014), hypohydration has consistently impaired performance. However, the
methodologies of these studies needs to be considered. Armstrong et al. (1985) used a diuretic to
induce hypohydration of ~2% body mass prior to 5 km and 10 km running performance, and found
completion times were 6.7% and 6.3% slower, respectively. Fleming & James (2014) employed a
combination of 24 h fluid manipulation and exercise-induced dehydration to induce hypohydration
prior to a running time trial. The methods of 24 h fluid manipulation would likely be uncomfortable
and unfamiliar for the athletes, potentially confounding the results. Moreover, Fallowfield et al.,
(1996) reported running time to exhaustion was ~34% longer with fluid intake (2 mL∙kg body mass-1)
every 15 min compared to complete fluid restriction. However, due to the greater time to exhaustion
in the fluid intake trial, body mass loss exceeded the fluid restriction trial (2.7% vs. 2.0%), therefore, it
cannot be concluded whether hypohydration as opposed to fluid intake influenced performance.
Therefore, the purpose of this study was to investigate exercise-induced hypohydration on 3 km
running performance in a temperate environment. Intermittent games players were recruited as they
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would be able to complete prolonged exercise, but would regularly drink during both training and
competition, minimising hypohydration. It was hypothesised that hypohydration would impair
running time trial performance, even with the body mass loss associated with hypohydration.
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4.3 Methods
4.3.1 Subjects
Seventeen male intermittent games players (age 22 ± 1 y; height 1.79 ± 0.04 m, body mass 79.2 ± 10.1
kg, BMI 24.7 ± 2.9 kg∙m2, V̇ O2peak 52.5 ± 4.1 mL∙kg-1∙min-1, training sessions∙week-1 6 ± 2, training
hours∙week-1 8 ± 3) completed this study, which received institutional Ethics Committee approval.
Before commencement of the study, subjects provided written consent and completed a medical
screening questionnaire. Subjects completed a preliminary trial, familiarisation trial and two
experimental trials (euhydrated and hypohydrated) at the same time of day (standardised within
subjects between 12:00-13:00) in a randomised and counterbalanced order, and separated by ≥5 d.
4.3.2 Pre-Trial Standardisation
Subjects recorded their dietary intake and physical activity the day preceding their first experimental
trial, and replicated these patterns before the second experimental trial, with adherence verbally
checked. Strenuous exercise and alcohol intake were not permitted during this period. The day before
trials, subjects were provided with 40 mL∙kg body mass-1 of water and were instructed to consume the
water or the equivalent amount of fluid as a minimum. Any additional fluid was recorded and
replicated before the second trial. Four hours before arrival to the laboratory, subjects consumed a
standardised pre-trial breakfast providing 1.5 g carbohydrate∙kg body mass-1 and 8 mL∙kg body mass1

of fluid (consisting of cereal bars, orange juice and water). One and a half hours before arrival to the

laboratory, subjects consumed a pre-trial snack providing 1 g carbohydrate∙kg body mass-1 and 7 mL∙kg
body mass-1 of water (consisting of Kellogg’s Squares Bars and water).
4.3.3 Preliminary Testing
During the first visit, body mass (AFW-120K, Adam Equipment Co., UK), height and body fat (Skinfold
thickness at biceps, triceps, sub-scapula and supra-iliac; Durnin & Womersley, 1974) were measured,
before running peak oxygen uptake (V̇ O2peak) was determined (h/p Cosmos, Nußdorf, Germany) by a
modified method of Taylor, Buskirk, & Henschel (1955). This involved four 4-min submaximal stages,
followed by an incremental exercise test to volitional exhaustion during which running speed
remained constant and the treadmill incline increased by 1% every min. A linear relationship between
oxygen uptake and treadmill speed was derived and used to determine treadmill speed at V̇ O2peak.
After the maximal exercise test, subjects completed a practice of the 3 km time trial (23.5˚C, 40%
relative humidity).
During the second preliminary visit, subjects completed a full practice trial, identical to experimental
trials; but water was permitted ad-libitum within the 1 min passive breaks in-between the preload
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blocks of running. This trial was used to calculate sweat loss during the preload from body mass change
and was used to determine the amount of water provided in the euhydrated experimental trial.
4.3.4 Experimental Trials
Upon arrival, subjects sat for 15 min before a blood sample was taken via venepuncture from a
forearm antecubital vein. Subjects then voided their bladder into a plastic container, before nude body
mass was recorded. The osmolality of this urine sample, and all subsequent samples, was determined
immediately (Osmocheck, Vitech Scientific, UK). Thereafter, subjects entered a climatic chamber
maintained at 23.9 ± 0.4 ˚C and 44.4 ± 4.6 % relative humidity. Subjects then completed 12 blocks of
6 min running at ~65% V̇ O2peak at 1% grade, with 1 min passive rest in-between each block (preload).
During the euhydrated trial (EUH) fluid was provided to replace 95% of sweat losses and was divided
into a bolus immediately pre-exercise (15%), with the remainder of the fluid (85%) provided in equal
amounts during the 1 min rest periods in-between the 12 blocks. During the hypohydrated trial (HYP),
20 mL of water was consumed immediately pre-exercise, and at the end of block 4 and 8 (i.e. a total
fluid intake of 60 mL). Upon completion of the preload, subjects sat for 15 min before a second blood
sample was taken. Subjects then voided their bladder into a plastic container, towel dried to remove
unevaporated sweat and nude body mass was measured. Subjects then completed a 3 km running
time trial. The treadmill was initially stationary, once the investigator counted down from 3 seconds,
the time trial began, and the subject was free to control the speed of the treadmill by a control panel
attached to the arm of the treadmill. The only information available to the subject was the distance
completed. No encouragement was provided during the time trial, and the investigator was positioned
behind the subject to minimise peripheral distractions. The only interaction with subjects was to notify
them when each 500 m of the time trial was completed. Facing wind (2.6 ± 0.3 m∙s-1; ~10 km∙h-1) was
provided during the preload and time trial (50 cm diameter fan aimed at the upper half of the body).
After the time trial, subjects sat for 15 min, a blood sample was collected, and nude body mass
recorded after towel drying.
Heart rate (M400, Polar Electro, Finland) was recorded at the end of each block and every 25% of the
time trial. Gastro-intestinal (GI) discomfort, stomach fullness and thirst sensation (all 10-point scale;
Jentjens & Jeukendrup, 2005), as well as thermal sensation (-10 to +10 scale; Lee, Maughan, &
Shirreffs, 2008) were recorded pre-trial (n=6 for SFQ collected at pre-trial time point; data collection
error corrected towards the end of data collection), pre-exercise, at the end of block 6 and 12, and
immediately post time trial. Rating of perceived exertion (RPE; Borg, 1982) was recorded at the end
of block 6 and 12, and immediately post time trial. Expired gas was collected for the final minute of
block 6 and 12 using the Douglas bag method, with O2 and CO2 content (Servomex 1400 Gas Analyzer,
- 75 -

Servomex), volume (Harvard Dry Gas Meter, Harvard Apparatus) and temperature determined.
Ambient air was collected simultaneous with expired gas samples to correct VO 2 and VCO2 values
(Betts & Thompson, 2012). Carbohydrate and fat oxidation rates were determined using the method
of Frayn (1983). Ambient temperature, relative humidity and facing wind speed (Kestrel 4400, NielsenKellerman Co.) were recorded pre-exercise, block 6 and 12 and at the end of the time trial.
4.3.5 Sample Analysis
From each blood sample, 1 mL was dispensed into tubes containing K 2 EDTA (1.75 mg·L–1). This was
used to determine haemoglobin concentration and haematocrit via the cyanmethemoglobin method
and microcentrifugation, respectively. These values were used to estimate changes in blood, red cell
and plasma volume, relative to pre-exercise (Dill & Costill, 1974). Additionally, 4.5 mL of blood was
dispensed into a serum tube and left to clot at room temperature, with serum separated by
centrifugation (1700 g, 10 min, 4°C), frozen (-80°C) and subsequently analysed for osmolality via
freezing-point depression (Gonotec Osmomat 030 Cryoscopic Osmometer; Gonotec, Germany).
4.3.6 Statistical Analysis
Data were analysed using SPSS (version 23, SPSS Inc.) and were initially checked for normality of
distribution using a Shapiro-Wilk test. Performance data, heart rate, expired gas data, blood
parameters and subjective feelings questionnaires were analysed using a two-way (Trial*Time)
repeated measures ANOVA. Where the assumption of sphericity was violated, the degrees of freedom
were corrected using the Greenhouse-Geisser estimate. Significant ANOVA interaction effects were
followed-up by post-hoc paired t-tests for normally distributed data, and Wilcoxon signed rank tests
for non-normally distributed data. The familywise error rate was controlled using the Holm-Bonferroni
correction. Pearson’s bivariate correlations between the percentage change in 3 km time trial
performance (i.e. from the euhydrated to hypohydrated trial) and certain variables (i.e. V̇ O2peak,
change in plasma volume at the end of the preload, and thirst sensation, thermal sensation and serum
osmolality at the end of the preload) were analysed, and the r values were interpreted as: poor, <0.3;
fair, 0.3–0.5; moderately strong, 0.6–0.8; and very strong, >0.8. Using the data of Fleming & James
(2014), an α of 0.05, and a statistical power of 0.80, it was estimated that 8 subjects would be required
to reject the null hypothesis for the primary outcome measure (i.e. 3 km time trial performance). Data
sets were accepted as being significantly different when P≤0.05. All data are as mean ± SD, unless
stated otherwise.
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4.4 Results
4.4.1 Trial Conditions
No differences were present between trials for relative humidity (P=0.896), ambient temperature
(P=0.601) or facing wind speed (P=0.934). There were no differences between trials for pre-trial body
mass (EUH 79.1 ± 10.4 kg, HYP 79.0 ± 10.1 kg; P=0.711), urine osmolality (EUH 277 ± 172 mOsm∙kgH2O1

, HYP 252 ± 138 mOsm∙kgH2O-1; P=0.535), thirst sensation (P=0.785; Figure 4-1C) or serum osmolality

(P=0.918; Figure 4-1B), indicating subjects were in a similar hydration state at the beginning of all
trials.
4.4.2 Hydration Status Measures
Fluid Intake during the preload was greater in EUH (EUH 1622 ± 343 mL, HYP 60 ± 0 mL; P<0.001). Fluid
intake during the familiarisation trial, during which ad-libitum fluid intake was permitted in-between
blocks, was 897 ± 513 mL, and was lower (P<0.001) than the EUH trial. Sixteen of the 17 subjects drank
less during the familiarisation trial than the EUH trial. Changes in body mass from the preload were
greater in HYP (EUH -0.5 ± 0.3 %, HYP -2.2 ± 0.4 %; P<0.001). Sweat loss during the preload was similar
between trials (EUH 1.7 ± 0.4 L, HYP 1.7 ± 0.4 L; P=0.798). Sweat loss during the time trial was greater
in EUH (EUH 0.5 ± 0.1 L, HYP 0.4 ± 0.1 L; P=0.022).
Changes in plasma volume, blood volume, serum osmolality and thirst sensation were different
between trials (all P<0.001). Plasma volume (Figure 4-1A) and blood volume (data not displayed)
decreased (P≤0.001) from pre-trial to the end of the preload and post time trial with HYP but were
similar to pre-trial with EUH (P≥0.116). Serum osmolality was greater at end of the preload and post
time trial with HYP (P<0.001; Figure 4-1B). Thirst sensation was greater with HYP pre-exercise, block
6, block 12 and post time trial (P≤0.022; Figure 4-1C). Thirst sensation increased from pre-exercise
throughout the preload and time trial with HYP (P<0.001). Thirst sensation initially decreased
(P<0.042) following consumption of the bolus in EUH but remained similar to pre-exercise throughout
the preload (P≥0.264), and increased post time trial (P<0.001).
There was a time by trial interaction effect (P=0.001) for urine osmolality, with urine osmolality
increasing from pre-trial (data displayed above) to the end of the preload (EUH 252 ± 138
mOsm∙kgH2O-1, HYP 543 ± 179 mOsm∙kgH2O-1) in HYP (P=0.002), but not EUH (P=0.454). Subjects
produced more urine at the end of the preload in EUH (EUH 332 ± 235 g, HYP 87 ± 73 g; P<0.001).
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Figure 4-1. (A) change in plasma volume, (B) serum osmolality and (C) thirst sensation for euhydrated
(EUH) and hypohydrated (HYP) trials. † indicates HYP significantly different from EUH.
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4.4.3 Physiological Responses
Changes in heart rate were different between trials (P<0.001). Heart rate was greater at the end of
blocks 6, 10, 11 and 12 of the preload in HYP (P≤0.023; Figure 4-2). Heart rate during the time trial was
not different between trials (P=0.076; Figure 4-2). VO2 increased throughout the preload during all
trials (P=0.014), but there were no trial (P=0.168) or interaction (P=0.839) effects (EUH: Block 6 3.25 ±
0.50 L∙min-1, Block 12 3.31 ± 0.46 L∙min-1; HYP: Block 6 3.22 ± 0.49 L∙min-1, Block 12 3.33 ± 0.47 L∙min1

). Carbohydrate oxidation decreased from block 6 to block 12 (P=0.004), but was similar (trial effect

P=0.549; interaction effect P=0.603) between trials at end of block 6 (EUH 3.16 ± 0.85 g∙min -1; HYP
3.24 ± 0.78 g∙min-1) and block 12 (EUH 2.96 ± 0.72 g∙min-1; HYP 2.99 ± 0.82 g∙min-1). Conversely, fat
oxidation increased throughout the preload in both trials (P=0.001), but was similar (trial effect
P=0.329; interaction effect P=0.495) between trials at the end of block 6 (EUH 0.37 ± 0.21 g∙min-1; HYP
0.32 ± 0.23 g∙min-1) and block 12 (EUH 0.47 ± 0.22 g∙min-1; HYP 0.44 ± 0.25 g∙min-1).

Figure 4-2. Heart rate during the preload and time trial for euhydrated (EUH) and hypohydrated (HYP)
trials. † indicates HYP significantly different from EUH.
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4.4.4 Time Trial
Time trial performance was slower with HYP (P<0.001; Figure 4-3A). Fifteen of the 17 subjects had a
decrement in performance with HYP (range: -19.4% to +1.7%; Figure 4-3A), with an average
decrement of -6.1 ± 5.0 %. To determine the pacing strategy of the time trial, the time taken to
complete each 25% segment was recorded. Pacing was slower (P≤0.009) with HYP during the 25-50%
and 50-75% segments, with a trend to be slower during the 0-25% (P=0.077) and 75-100% segments
(P=0.059; Figure 4-3B).

Figure 4-3. (A) group and individual completion times and (B) pacing in 25% segments for euhydrated
(EUH) and hypohydrated (HYP) time trials. † indicates HYP significantly different from EUH.
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4.4.5 Subjective Measures
RPE increased throughout both trials (P<0.001) and was similar between trials at block 6 and post time
trial (P≥0.126), but was greater with HYP at block 12 (P=0.008; Figure 4-4A). Thermal sensation
increased from pre-exercise (P<0.001) throughout both trials, but was greater with HYP at block 12
and post time trial (P≤0.037; Figure 4-4B). Stomach fullness decreased throughout both trials
(P=0.002), but was greater at blocks 6 and 12 (P≤0.024) with EUH (Figure 4-4C). GI discomfort was not
different between trials (P=0.593; Figure 4-4D) and remained low throughout both trials.

Figure 4-4. (A) rating of perceived exertion, (B) thermal Sensation, (C) stomach fullness and (D) GI
discomfort for euhydrated (EUH) and hypohydrated (HYP) trials. † indicates HYP significantly different
from EUH.

4.4.6 Correlations
The percentage change in performance from EUH to HYP was not correlated to subjects V̇ O2peak
(r=0.263 [poor], P=0.308), or the difference between HYP and EUH at block 12 for the decrement in
plasma volume (r=0.231 [poor], P=0.372), thirst sensation (r=0.129 [poor], P=0.623), thermal
sensation (r=-0.165 [poor], P=0.527), serum osmolality (r=0.308 [fair], P=0.229) or body mass (r=0.232
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[poor], P=0.371). There was a poor correlation between fluid intake during the ad-libitum
familiarisation trial and the decrement in performance in the hypohydrated trial (r=0.035, P=0.894).
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4.5 Discussion
There is a lack of research assessing exercise-induced hypohydration on running performance in a
temperate environment, a common scenario for intermittent games players and endurance athletes
that regularly exercise in temperate environments with insufficient fluid intake. Given the weightbearing nature of running, the negative effects of hypohydration might be offset by the positive effects
of body mass loss. Therefore, the purpose of this study was to investigate the effect of hypohydration
on 3 km running performance in a temperate environment in intermittent games players. The main
finding was that, despite the mass loss (1.7 ± 0.4 kg) associated with a negative fluid balance,
hypohydration of ~2% body mass impaired 3 km running time trial performance by ~6% in a temperate
environment.
To date, the studies that have investigated hypohydration on endurance running performance in a
temperate environment have found that hypohydration of ~2% body mass impaired performance
(Armstrong et al., 1985; Fleming & James, 2014). However, the methodologies of these studies make
it difficult to draw conclusions regarding exercise-induced hypohydration and the associated body
mass loss on running performance. Armstrong et al. (1985) found that 5 km and 10 km running
performance were impaired by 6.7% and 6.3%, respectively. A diuretic (furosemide) was used to
induce pre-exercise hypohydration of ~2% body mass, a situation that is highly atypical, almost nonexistent, of the hypohydration experienced by athletes. Furosemide produces extracellular
hypohydration by preventing sodium re-absorption in the kidney (Cheuvront & Kenefick, 2014), but
does not induce intracellular hypohydration, and is thus inconsistent with the changes in fluid
compartments induced by exercise-induced hypohydration. Nonetheless, like the finding in this study,
the data suggests that the body mass loss associated with hypohydration does not offset the negative
physiological consequences of hypohydration on exercise performance.
Although a different mode of exercise, the effect of mild hypohydration on uphill cycling performance,
an event during which mass is important for performance, has been investigated (Bardis et al. 2013a).
Subjects completed 1 h steady-state cycling in a laboratory with or without drinking to achieve either
euhydration or hypohydration of ~1% body mass. Subjects were then transported to a 5 km outdoor
hill climb route with an average grade of 6.4%. Subjects completed the outdoor hill climb 5.8% quicker
in the euhydrated trial, with post hill climb body mass loss of 1.4% in the euhydrated trial and 2.2% in
the hypohydrated trial.
Fallowfield et al. (1996) assessed fluid intake immediately before (3 mL∙kg body mass-1) and every 15
min (2 mL∙kg body mass-1) during continuous running time to exhaustion at 70% V̇ O2max. Running time
to exhaustion increased by ~34% in the fluid intake trial, but due to the increased exercise time,
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greater levels of hypohydration were induced in the fluid intake trial compared to the complete fluid
restriction trial (2.7% vs 2.0% body mass). Therefore, because of the body mass loss in both trials, the
body mass loss associated with hypohydration was present in both trials, and thus it cannot be
determined it the body mass loss associated with hypohydration influenced performance.
Additionally, it cannot be concluded if hypohydration was detrimental to running time to exhaustion
as the level of hypohydration was similar between groups.
In a study by Fleming & James (2014), ~2.4% hypohydration was induced by a combination of 24 h
fluid manipulation and exercise-induced dehydration, prior to a 5 km running time trial in a temperate
environment. Twenty-four h fluid restriction is an unfamiliar and likely uncomfortable method of
inducing hypohydration for recreationally active individuals (the cohort used by Fleming & James,
2014). Although dietary fluid restriction may be implemented by athletes in weight making sports (e.g.
boxing, mixed martial arts etc.), this method of hypohydration would rarely be experienced by other
athletes/exercisers, and thus the unfamiliarity and discomfort may have influenced the results.
Nonetheless, a 5.8% decrement in 5 km running time trial performance in a temperate environment
was reported with ~2.4% hypohydration. This is a very similar decrement to the 6.1% impairment in 3
km time trial performance in this study and has comparable levels of hyphoydration (~2.4% vs ~2.2%).
The data from the present study, in combination with these previous studies (Armstrong et al., 1985;
Fleming & James, 2014), indicate that body mass loss due to a negative fluid balance does not
attenuate the decrement in running performance from hypohydration in temperate environments. It
is extremely difficult to determine if the body mass loss from hypohydration has an ergogenic effect
on running performance, as the decrement in performance was highly varied between individuals
(range: -19.4% to +1.7%; 15 of 17 subjects were slower with hypohydration).
In order to minimise the negative physiological consequences of hypohydration, athletes should
consume fluid at a rate reasonably close to sweat rate to minimise hypohydration to <2% body mass
(Coyle, 2004; Sawka et al., 2007). However, during endurance events, such as marathon running, it
remains unclear whether the time lost as a result of drinking larger volumes of fluid will be
compensated by the physiological benefits of drinking (Beis et al., 2012; Dion et al., 2013), and
whether the large volumes of fluid can be tolerated at quicker running speeds. It should be noted that
at the 2009 Dubai Marathon, where a winning finishing time of 2:05:29 was recorded, the winner
reportedly lost 9.8% of body mass (Beis et al., 2012). Moreover, data from 10 elite male marathon
runners at 13 major marathon events indicated athletes drank fluids for less than 60 seconds per race,
at a rate of 0.55 ± 0.34 L∙h-1 (Beis et al., 2012). In the present study, where body mass losses were
relatively small (~2% body mass; ~1.7 kg) compared to those reported in elite distance runners, the
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negative consequences of hypohydration may far out-weigh the benefits from an increase in powerto-weight ratio. However, the quicker performance times of athletes that lose significant amounts of
body mass during competition (Zouhal et al., 2011; Beis et al., 2012) may be plausible through
repeated familiarisation to hypohydration (Fleming & James, 2014), and an attenuation in the negative
consequences of hypohydration through power-to-weight ratio. This is certainly an area that requires
further exploration.
Hypohydration increased cardiovascular strain, demonstrated by an increase in heart rate from block
10 onwards of the preload (Figure 4-2) (Montain & Coyle, 1992). Although no direct measure of stroke
volume was made, the elevated heart rate in the hypohydrated trial was likely to compensate for a
decreased stroke volume driven by the observed hypovolemia (González-Alonso et al., 1997; Montain
& Coyle, 1992). Hypohydration has been shown to increase core temperature (Montain & Coyle, 1992;
Sawka, Young, Francesconi, Muza, & Pandolf, 1985), and although core temperature was not
measured, thermal sensation was greater at the end of the preload and time trial in the hypohydrated
trial, despite slower 3 km performance times (Figure 4-3A). Hypovolemia has been shown to influence
baroreception, instigating peripheral vasoconstriction and reduced skin blood flow, while
hyperosmolality influences sudomotor drive, hindering thermoregulation (Fortney, Nadel, Wenger, &
Bove, 1981; Fortney, Wenger, Bove, & Nadel, 1984; Montain, Latzka, & Sawka, 1995; Sawka et al.,
1985). Additional mechanisms that may contribute to the decrement in performance with
hypohydration include reduced muscle and cerebral blood flow (González-Alonso, Calbet, & Nielsen,
1998; Trangmar et al., 2015), and elevated thirst sensation and RPE (Casa et al., 2010). RPE was greater
at the end of the preload with hypohydration, likewise, thirst sensation was greater at block 6, 12 and
post time trial with hypohydration. It was likely a combination of physiological and perceptual effects
were responsible for the decrement in performance displayed with hypohydration.
Despite drinking 95% of sweat losses (1622 ± 343 mL) during the euhydrated trial, stomach fullness
and GI discomfort remained low throughout the preload and time trial (Figure 4-4C & D). This volume
of fluid was substantially greater than that consumed during the familiarisation trial (897 ± 513 mL),
suggesting that subjects did not limit fluid intake during the familiarisation trial to minimise GI
discomfort, rather they may have regulated drinking through thirst, other sensory cues, or habitual
practices during intermittent games training. The nature of intermittent running reduces gastric
emptying (Leiper et al., 2001). Although stomach fullness was higher with euhydration at block 6 and
12 (Figure 4-4C), this did not influence GI discomfort, with both GI discomfort and stomach fullness
remaining low throughout both trials.
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It is a reasonable hypothesis that athletes that regularly consume large amounts of fluid during
exercise may be affected to a greater extent by hypohydration, compared to athletes that habitually
consume small amount of fluids during exercise (Johnson et al., 2016). However, there was no
correlation between fluid intake during the ad-libitum familiarisation trial and the decrement in
performance in the hypohydrated trial (r=0.035, P=0.894), indicating this hypothesis may not hold
true. More data is required to ascertain this hypothesis. It has been shown that aerobic fitness reduces
the negative consequences of hypohydration on physiological parameters (i.e. cardiovascular and
thermal strain) and aerobic exercise performance (Cheung & McLellan, 1998; Merry et al., 2010). The
range of aerobic fitness in the current study was reasonable, a V̇ O2peak of 44.2 mL∙kg-1∙min-1 to 59.2
mL∙kg-1∙min-1, despite this, there was no correlation between V̇ O2peak and the decrement in
performance with hypohydration (r=0.263, P=0.308). Merry et al. (2010), reported that higher aerobic
fitness attenuated the physiological consequences of hypohydration and tended to attenuate the
decrement in performance, however, the highly trained cohort in that study had a V̇ O2peak of >64
mL∙kg-1∙min-1, far greater than the subjects recruited in the present study. Trained athletes have a
larger cardiovascular and thermal reserve during exercise (Cheung & McLellan, 1998), however, if the
physiological and perceptual parameters of untrained and trained individuals were equally affected
by hypohydration, it could be speculated that both cohorts may be equally susceptible to a decrement
in performance with hypohydration (Merry et al., 2010).
As running velocity was fixed during the preload and expired gas was collected, it is possible to
estimate running economy. Running economy (calculated by O2 consumption in the final minute of
block 12 divided by body mass at the end of block 12) was worse at the end of the preload in the
hypohydrated trial (EUH 42.22 ± 4.00 mL∙kg-1∙min-1; HYP 43.17 ± 4.25 mL∙kg-1∙min-1; P=0.017). This may
be due to one, or several, of the physiological consequences of hypohydration, such as, increased
cardiovascular and thermal strain (Barnes & Kilding, 2015), or potentially an alteration in running
technique. This finding is contradictory to the findings of Armstrong et al. (2006) that reported no
differences in running economy between euhydration and ~5% hypoyhdration when running at both
70% and 85% V̇ O2max. However, it is important to highlight that this is an estimate of running economy
where body mass has been manipulated by fluid restriction, future research could measure running
economy across several running speeds and with differing levels of hypohydration.

4.6 Conclusion
In summary, hypohydration of ~2% body mass impaired 3 km running time trial performance in a
temperate environment, despite the mass loss associated with a negative fluid balance. Runners
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participating in prolonged sessions in temperate environments should adopt fluid intake strategies
with the aim to avoid hypohydration of >2% body mass.
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Effect of familiarisation to exercise-induced dehydration on exercise
performance

5.1 Abstract
This study investigated the effect of repeated familiarisation to exercise-induced dehydration on
running performance. After a practice trial, 12 intermittent games players (age 21 ± 1 y; body mass
79.3 ± 10.9 kg; V̇ O2peak 52.5 ± 3.7 mL∙kg-1∙min-1) completed euhydrated (EUHpre) and hypohydrated
(HYPpre) trials, consisting of 12 blocks of 6 min running (65% V̇ O2peak) interspersed with 1 min rest
(preload), followed by a 3 km time trial (TT). During the preload subjects either consumed water to
replace 95% of sweat losses (EUH) or minimal water (60 mL; HYP). Subjects were then pair-matched
to a Euhydrated or Dehydrated Training Group and completed 4 familiarisation sessions consisting of
the preload of the experimental trials, before repeating euhydrated (EUHpost) and hypohydrated
(HYPpost) experimental trials. Body mass loss at the end of the preload was greater in HYPpre and
HYPpost (EUHpre -0.4 ± 0.2 %, HYPpre -2.2 ± 0.4 %, EUHpost -0.4 ± 0.1 %, HYPpost -2.3 ± 0.4 %;
P<0.001), but was not different between groups (P=0.797). Changes indicative of hypohydration,
including increased heart rate, RPE, serum osmolality and thirst, and decreased plasma volume
(P≤0.048), were apparent by the end of the preload in both HYPpre and HYPpost. After dehydrated
familiarisation, RPE was lower at block 6 of the preload (P=0.002) in HYPpost compared to HYPpre. TT
performance was slower with hypohydration before and after familiarisation (EUHpre 927 ± 75 s,
HYPpre 976 ± 89 s, EUHpost 876 ± 66 s, HYPpost 921 ± 85 s; P≤0.007), but was similar between groups
(P=0.783). In conclusion, a small number of familiarisation sessions to exercise-induced dehydration
statistically did not attenuate the decrement in performance from hypohydration, however, 4 of 6
subjects displayed a lessening of the negative effects of hypohydration, and 1 of 6 subjects in the
Dehydrated Training Group displayed an improvement in exercise performance after familiarisation.

5.1.1 Keywords: hydration; thirst; water; training; habituation
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5.2 Introduction
Exercise-induced dehydration occurs when sweat losses exceed fluid intake during exercise, while preexisting hypohydration occurs when there is either insufficient rehydration between exercise bouts or
inadequate fluid intake during daily living. Previous studies that have employed protocols of exerciseinduced dehydration (James et al., 2017) and/or pre-existing hypohydration, such as fluid restriction
with passive heat stress (Cheuvront, Carter, Castellani, & Sawka, 2005), and diuretic use (Armstrong
et al., 1985), consistently demonstrate an impairment in performance when hypohydration exceeds
2% body mass (Cheuvront & Kenefick, 2014).
One methodological issue with previous studies investigating hypohydration and exercise
performance is that subjects are typically not familiarised with the uncomfortable and unfamiliar
protocols used to induce hypohydration (i.e. fluid restriction before or during exercise, diuretic use,
heat stress). Consequently, it cannot be omitted that a subject’s unfamiliarity and discomfort with
these methods could account for some of the negative performance effects reported in previous
studies. Moreover, it has been hypothesised that repeated exposure to hypohydration, as experienced
with regular endurance training, might attenuate the negative performance effects of hypohydration
(Merry et al., 2010). Since exposure to other stressors during training elicits adaptations and/or
performance benefits, such as heat acclimation and hypoxia, it may be that repeated exposure to
hypohydration could elicit adaptations to attenuate the performance decrement with hypohydration
(Akerman et al., 2016).
Only one study to date has investigated the effect of familiarisation to hypohydration on endurance
performance (Fleming & James, 2014). Despite observing an attenuation in performance, the
researchers employed a combination of 24 h fluid restriction within daily living and exercise-induced
dehydration, which is not typical of what athlete’s experience or previous studies methodologies have
used.
Therefore, the aim of the current study was to investigate the effect of repeated familiarisation to
exercise-induced dehydration on aerobic exercise performance. It was hypothesised that
familiarisation with exercise-induced dehydration would attenuate, but not abolish, the performance
decrement frequently observed by hypohydration.
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5.3 Methods
5.3.1 Study Design
The study consisted of 10 visits to the laboratory; 2 preliminary trials, 2 experimental trials
(euhydrated [EUHpre] and hypohydrated [HYPpre]), 4 familiarisation sessions, before repeating the 2
experimental trials (EUHpost and HYPpost). Subjects started all experimental trials at the same time
of day (standardised within subjects between 11:00-13:00) in a randomised and counterbalanced
order, separated by ≥5 d. Familiarisation sessions were separated by ≥2 d, and were completed within
3 weeks. Subjects were pair-matched for the difference in performance between the first euhydrated
and hypohydrated experimental trials and assigned to one of two groups, a Euhydrated or Dehydrated
Training Group. Physical characteristics were similar between groups (Table 5-1). Using the data of
Cheung & McLellan (1998), an α of 0.05, and a statistical power of 0.80, it was estimated that 16
subjects (8 in each group) would be required to reject the null hypothesis for the primary outcome
measure (i.e. 3 km time trial performance). Therefore, after ethical approval, 17 male intermittent
games players completed a health screen questionnaire and provided written consent to participate.
The subject group within this chapter is the same subject group recruited for the previous chapter
(Chapter 4), however, only 12 of the 17 subjects recruited managed to complete the 10 experimental
visits. Five subjects withdrew from the study due to musculoskeletal injury (possible reasons
considered in section 5.5 ‘Discussion’).

Table 5-1. Subject characteristics for Euhydrated and Dehydrated Training groups.
Euhydrated
Age (y)
22 ± 1
Height (m)
1.80 ± 0.04
Body mass (kg)
81.2 ± 7.3
Body fat (%)
14.1 ± 3.8
-1
-1
V̇ O2peak (mL∙kg ∙min )
53.3 ± 3.5
Training details
Training sessions per week
6±1
-1
Training volume (h∙week )
7±2
Data are mean ± SD. n = 6 euhydrated; n = 6 dehydrated.

21 ± 1
1.79 ± 0.06
77.5 ± 14.2
12.5 ± 3.0
51.7 ± 4.0

Unpaired t-test
(P value)
0.235
0.727
0.587
0.432
0.472

5±2
7±3

0.318
0.919

Dehydrated

5.3.2 Standardisation Before Experimental Trials
Subjects recorded their dietary intake and physical activity the day preceding their first experimental
trial, and replicated these patterns before all subsequent experimental trials, with adherence verbally
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checked. Strenuous exercise and alcohol intake were not permitted for this period. Subjects were
provided with 40 mL∙kg body mass-1 of water and were instructed to consume the water or the
equivalent amount of fluid as a minimum the day before experimental trials. Four hours before arrival
to the laboratory, subjects consumed a standardised pre-trial breakfast providing 1.5 g
carbohydrate∙kg body mass-1 and 8 mL∙kg body mass-1 of fluid (consisting of cereal bars, orange juice
and water). One and a half hours before arrival to the laboratory, subjects consumed a pre-trial snack
providing 1 g carbohydrate∙kg body mass-1 and 7 mL∙kg body mass-1 of water (consisting of Kellogg’s
Squares Bars and water).
5.3.3 Preliminary Testing
During the first visit, body mass (AFW-120K, Adam Equipment Co., UK), height and body fat (Durnin &
Womersley, 1974) were measured, before running peak oxygen uptake (V̇ O2peak) was determined (h/p
Cosmos, Nußdorf, Germany) by a modified method of Taylor, Buskirk, & Henschel (1955). This involved
four 4-min submaximal stages, followed by an incremental exercise test to volitional exhaustion during
which running speed remained constant and the treadmill incline increased by 1% every min. A linear
relationship between oxygen uptake and treadmill speed was derived and used to determine treadmill
speed at V̇ O2peak. After completion of the maximal exercise test, subjects completed a practice of the
3 km time trial protocol (23.5˚C, 40% relative humidity).
During the second preliminary visit, subjects completed a full practice trial, identical to experimental
trials; but water was permitted ad-libitum. This trial was used to determine water loss during the
preload from body mass change, and was used to determine the amount of water provided during
euhydrated experimental trials (EUHpre and EUHpost).
5.3.4 Experimental Trials
Upon arrival, subjects sat for 15 min before a blood sample was taken via venepuncture from a
forearm antecubital vein. Subjects then voided their bladder into a plastic container, before nude body
mass was recorded. The osmolality of this urine sample, and all subsequent samples, was immediately
determined (Osmocheck, Vitech Scientific, UK). Thereafter, subjects entered a climatic chamber
maintained at 23.9 ± 0.4 ˚C and 43.8 ± 4.6 % relative humidity. Subjects completed 12 blocks of 6 min
running at ~65% V̇ O2peak at 1% grade, with 1 min passive rest in-between each block (preload). During
euhydrated trials (EUHpre and EUHpost) fluid was provided to replace 95% of sweat losses, and was
divided into a bolus immediately pre-exercise (15%), with the remainder of the fluid (85%) provided
equally during the 1 min rest in-between blocks. During hypohydrated trials (HYPpre and HYPpost), 20
mL of water was consumed immediately before the preload, and at the end of block 4 and 8 (i.e. total
fluid intake of 60 mL). Upon completion of the preload, subjects sat for 15 min before a second blood
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sample was taken. Subjects then voided their bladder into a plastic container, towel dried to remove
unevaporated sweat and nude body mass was recorded. Subjects then completed a 3 km running time
trial. The treadmill was initially stationary, once the investigator counted down from 3 seconds, the
time trial began, and the subject was free to control the speed of the treadmill by a control panel
attached to the arm of the treadmill. The only information available to the subject was the distance
completed. No encouragement was provided during the time trial, and the investigator was positioned
behind the subject to minimise peripheral distractions. The only interaction with subjects was to notify
them when each 500 m of the time trial was completed. Facing wind (2.6 ± 0.3 m∙s-1) was provided
during the preload and time trial (50 cm diameter fan aimed at the upper half of the body). After the
time trial, subjects sat for 15 min, a blood sample was collected, and nude body mass recorded after
towel drying.
Heart rate (M400, Polar Electro, Finland) was recorded at the end of each block and every 25% of the
time trial. Gastro-intestinal (GI) discomfort, stomach fullness and thirst sensation (all 10-point scale;
Jentjens & Jeukendrup, 2005), as well as thermal sensation (-10 to +10 scale; Lee, Maughan, &
Shirreffs, 2008) were recorded after the bolus, at the end of block 6 and 12, and immediately post
time trial. Rating of perceived exertion (RPE; Borg, 1982) was recorded at the end of block 6 and 12,
and immediately post time trial. Expired gas was collected for the final min of block 6 and 12 using the
Douglas bag method, with O2 and CO2 content (Servomex 1400 Gas Analyzer, Servomex), volume
(Harvard Dry Gas Meter, Harvard Apparatus) and temperature determined. Ambient air was collected
simultaneous with expired gas samples to correct VO 2 and VCO2 values (Betts & Thompson, 2012).
Carbohydrate and fat oxidation rates were determined using the method of Frayn (1983). Ambient
temperature, relative humidity and facing wind speed (Kestrel 4400, Nielsen-Kellerman Co.) were
recorded pre-exercise, block 6 and 12 and at the end of the time trial. Figure 5-1 outlays a detailed
schematic of the study design.
5.3.5 Familiarisation Sessions
Subjects completed 4 familiarisation sessions within a 3-week period between the pre- and postexperimental trials. The familiarisation sessions involved replication of the preload of the
experimental trials, i.e. 12 blocks of 6 min running (65% V̇ O2peak at 1% grade) with 1 min passive rest
in-between each block. Subjects assigned to the Euhydrated Training Group drank fluids identical to
the euhydrated experimental trials (i.e. to replace 95% of fluid losses) in all four sessions. While
subjects assigned to the Dehydrated Training Group drank 20 mL at rest, block 4 and block 8 (i.e. 60
mL total) in all four sessions. Identical to the experimental trials, for the 24 h before, strenuous
exercise and alcohol intake were not permitted, and subjects were provided with 40 mL∙kg body mass- 92 -

1

of water and were instructed to consume the water or the equivalent amount of fluid as a minimum

the day before. As the familiarisation sessions were completed at any time of day there were no
specific dietary guidelines, however, 1.5 h before, subjects consumed the identical pre-trial snack to
the experimental trials, providing 1 g carbohydrate∙kg body mass-1 and 7 mL∙kg body mass-1 (consisting
of Kellogg’s Squares Bars and water). A urine sample and nude body mass were taken immediately
before and after each familiarisation session.
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Figure 5-1. Schematic of the study design. Questionnaires: RPE, Thirst Sensation, GI Discomfort, Stomach Fullness and Thermal Sensation. White numbered
blocks indicate 6 min running at 65% V̇ O2peak. Dark grey boxes indicate 1 min passive rest.
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5.3.6 Sample Analysis
Each blood sample was ~10.5 mL; 1 mL was dispensed into tubes containing K 2 EDTA (1.75 mg·L–1).
Haemoglobin concentration and haematocrit were determined via the cyanmethemoglobin method
and microcentrifugation, respectively, and were used to estimate changes in blood, red cell and
plasma volumes, relative to pre-exercise (Dill & Costill, 1974). The remaining blood was dispensed into
a serum tube and left to clot at room temperature, with serum separated by centrifugation (1700 g,
10 min, 4°C), frozen (-80°C), and subsequently analysed for osmolality via freezing-point depression
(Gonotec Osmomat 030 Cryoscopic Osmometer; Gonotec, Germany).
5.3.7 Statistical Analysis
Data were analysed using SPSS (version 23, SPSS Inc.) and were initially checked for normality of
distribution using a Shapiro-Wilk test. Pre-trial measures, performance data, heart rate, expired gas
data, blood parameters and subjective feelings questionnaires were initially analysed using a two-way
(Group*Trial) or three-way (Group*Trial*Time) repeated measures ANOVA (group = dehydrated or
euhydrated training cohorts; trial = euhydrated and hypohydrated). Where Group effects were not
present (i.e. no significant group interactions), group data were collapsed together for further analysis
using a two-way (Trial*Time) repeated measures ANOVA or paired t-tests/Wilcoxon signed rank tests
for normally and non-normally distributed data, respectively. Where the assumption of sphericity was
violated, the degrees of freedom were corrected using the Greenhouse-Geisser estimate. Significant
ANOVA interaction effects were followed-up by post-hoc paired t-tests (within group) or independent
samples t-tests (between groups) for normally distributed data, and Wilcoxon signed rank tests (within
group) or Mann-Whitney U tests (between groups) for non-normally distributed data. The familywise
error rate was controlled using the Holm-Bonferroni correction. Data sets were accepted as being
significantly different when P≤0.05. All data are as mean ± SD, unless stated otherwise.
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5.4 Results
5.4.1 Trial Conditions
No differences were present for ambient temperature (P=0.710), relative humidity (P=0.912), or facing
wind speed (P=0.495) between trials. There were no differences between trials for pre-trial body mass
(EUHpre 79.2 ± 11.4 kg, HYPpre 79.3 ± 11.1 kg, EUHpost 79.1 ± 10.6 kg, HYPpost 79.4 ± 10.6 kg;
P=0.192), urine osmolality (EUHpre 235 ± 153 mOsm∙kgH2O-1, HYPpre 227 ± 142 mOsm∙kgH2O-1,
EUHpost 256 ± 132 mOsm∙kgH2O-1, HYPpost 196 ± 131 mOsm∙kgH2O-1; P=0.803) or serum osmolality
(P=0.106; Figure 5-2B), indicating subjects were in a similar hydration state at the beginning of trials.
5.4.2 Hydration Status Measurements
Total fluid ingested during the preload was similar between groups (Euhydrated Training Group:
EUHpre & EUHpost 1753 ± 277 mL, HYPpre & HYPpost 60 ± 0 mL; Dehydrated Training Group: EUHpre
& EUHpost 1572 ± 397 mL, HYPpre & HYPpost 60 ± 0 mL; P=0.381). The preload induced similar
changes in body mass between groups (P=0.797), and changes in body mass were greater with
hypohydration both before and after familiarisation (P<0.001; Figure 5-2A). Sweat loss during the
preload was similar between groups and trials (Euhydrated Training Group: EUHpre 1.8 ± 0.3 L, HYPpre
1.8 ± 0.3 L, EUHpost 1.8 ± 0.3 L, HYPpost 1.9 ± 0.4 L; Dehydrated Training Group: EUHpre 1.6 ± 0.5 L,
HYPpre 1.6 ± 0.4 L, EUHpost 1.6 ± 0.4 L, HYPpost 1.6 ± 0.4 L; P≥0.232). Sweat loss during the time trial
was similar between groups (P=0.413) and between EUHpre, EUHpost and HYPpre (P≥0.132), but was
higher (P≤0.049) during EUHpre and EUHpost than HYPpost (EUHpre 0.5 ± 0.1 L, HYPpre 0.4 ± 0.1 L,
EUHpost 0.5 ± 0.1 L, HYPpost 0.4 ± 0.1 L).
Changes in plasma volume (P=0.899) and blood volume (P=0.881) were similar between groups.
Plasma volume (Figure 5-2C) and blood volume (data not displayed) decreased from pre-trial to block
12 and post time trial with hypohydration both before and after familiarisation (P≤0.024). Plasma
volume and blood volume remained similar to pre-trial at block 12 and post time trial with euhydration
both before and after familiarisation (P≥0.120). There was a trial by time by group interaction effect
(P=0.011) for serum osmolality. Serum osmolality was greater at block 12 and post time trial with
hypohydration both before and after familiarisation (P≤0.038; Figure 5-2B). Post-hoc tests revealed no
other differences within euhydrated or hypohydrated trials between groups for serum osmolality
(P≥0.231). Changes in thirst sensation (P=0.558) were similar between groups. Thirst sensation was
higher at block 6, block 12 and post time trial with hypohydration both before and after familiarisation
(P≤0.008; Figure 5-2D). There was a trend for thirst sensation to be lower after familiarisation at block
6 (P=0.062) and block 12 (P=0.075) with hypohydration in the Dehydrated Training Group (Figure 52D; i.e. HYPpost lower than HYPpre at block 6 and 12 in Dehydrated Training Group).
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Figure 5-2. (A) change in body mass, (B) serum osmolality, (C) change in plasma volume and (D) thirst
sensation for euhydrated (EUH; solid symbols) and hypohydrated (HYP; open symbols) trials before
(pre; circles) and after (post; triangles) four familiarisation sessions in Euhydrated and Dehydrated
Training groups. † indicates HYP significantly different from EUH, collapsed groups.
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5.4.3 Physiological Responses
There were main effects of time (P<0.001) and trial (P<0.001), and a trial by time interaction effect
(P<0.001) for heart rate during the preload (Figure 5-3A & B). Heart rate was greater (P≤0.021) at block
6 and from block 9 to block 12 of the preload during HYPpre compared to EUHpre. Heart rate was
greater (P≤0.048) from block 4 to block 12 of the preload during HYPpost compared to EUHpost. Heart
rate responses were not different between groups (P=0.381; Figure 5-3A & B). There was a trend for
heart rate to be lower (P=0.052 to P=0.072) during the preload during EUHpost compared to EUHpre.
Heart rate was not different during the preload between HYPpre and HYPpost (P≥0.318). Heart rate
increased (P<0.001) throughout the time trial during all trials, but was not different between trials or
groups (P≥0.142).
Thermal sensation increased (P<0.001) throughout all trials (Figure 5-3C). There was a time by group
interaction effect (P=0.012), with thermal sensation higher (P≤0.047) at block 12 and post time trial in
the Dehydrated Training Group, but no other group (P=0.335) or group interaction effects (P≥0.564).
There was a trial by time interaction effect (P<0.001); thermal sensation was lower (P≤0.008) at block
6 and block 12 with hypohydration after familiarisation (i.e. HYPpost was greater than EUHpost,
collapsed groups). Thermal sensation was lower (P=0.042) at block 12 with euhydration after
familiarisation (i.e. lower during EUHpost compared to EUHpre, collapsed groups).
Carbohydrate oxidation decreased from block 6 to block 12 in all trials (EUHpre Block 6: 3.39 ± 0.75
g∙min-1, Block 12: 3.04 ± 0.59 g∙min-1; HYPpre Block 6: 3.41 ± 0.58 g∙min-1, Block 12: 3.09 ± 0.72 g∙min1

; EUHpost Block 6: 3.47 ± 1.02 g∙min-1, Block 12: 3.25 ± 0.98 g∙min-1; HYPpost Block 6: 3.62 ± 0.75

g∙min-1, Block 12: 3.38 ± 0.69 g∙min-1; P=0.002), but was not different between trials or groups
(P≥0.164). Conversely, fat oxidation increased from block 6 to block 12 in all trials (EUHpre Block 6:
0.39 ± 0.15 g∙min-1, Block 12: 0.52 ± 0.16 g∙min-1; HYPpre Block 6: 0.35 ± 0.18 g∙min-1, Block 12: 0.52 ±
0.24 g∙min-1; EUHpost Block 6: 0.34 ± 0.19 g∙min-1, Block 12: 0.44 ± 0.20 g∙min-1; HYPpost Block 6: 0.28
± 0.24 g∙min-1, Block 12: 0.38 ± 0.25 g∙min-1; P<0.001), but was not different between trials or groups
(P≥0.291).
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Figure 5-3. (A & B) heart rate and (C) thermal sensation for euhydrated (EUH; solid symbols) and
hypohydrated (HYP; open symbols) trials before (pre; circles) and after (post; triangles) four
familiarisation sessions in Euhydrated and Dehydrated Training groups. * indicates HYPpre
significantly different from EUHpre, collapsed groups; # indicates HYPpost significantly different from
EUHpost, collapsed groups; ‡ indicates EUHpre significantly different from EUHpost, collapsed groups.

5.4.4 Time Trial
There were main effects of time (P=0.001) and trial (P<0.001), but no interaction effects (P≥0.135), for
time trial completion times (Figure 5-4A). Time trial completion times were slower (P≤0.043) with
hypohydration before and after familiarisation within both groups, but were similar between groups
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(P=0.783). Both euhydrated and hypohydrated time trial completion times were quicker after
familiarisation (P≤0.004; i.e. a training effect). The percentage change in performance from the
euhydrated trial from pre-familiarisation (Euhydrated Training Group -4.7 ± 3.8 %; Dehydrated
Training Group -5.9 ± 5.0 %) to post-familiarisation (Euhydrated Training Group -6.3 ± 4.5 %;
Dehydrated Training Group -3.9 ± 4.7 %; Figure 5-4B) was similar between groups (P=0.286). Four of
the 6 subjects in the Dehydrated Training Group displayed an attenuation in the decrement in
performance after familiarisation, and 1 of the 6 subjects in the Dehydrated Training Group displayed
an improvement in exercise performance with hypohydration after familiarisation. In the Euhydrated
Training Group, 3 subjects had less of a decrement, while 3 had a larger decrement with hypohydration
after familiarisation (Figure 5-4B).

Figure 5-4. (A) time trial completion times and (B) individual subject percentage change in time trial
performance from the euhydrated trial before (Pre) and after (Post) four familiarisation sessions for
Euhydrated and Dehydrated Training groups. † indicates HYP significantly different from EUH, within
group.
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5.4.5 Subjective Feelings Questionnaires
RPE increased throughout all trials (P<0.001). There was a main effect of trial (P<0.001), and trial by
time (P=0.001) and trial by group interaction effects (P=0.045; Figure 5-5A) for RPE. In the Dehydrated
Training Group, RPE was lower at block 6 (P=0.002) and tended to be lower at block 12 (P=0.089) with
hypohydration after familiarisation (i.e. during HYPpost compared to HYPpre). In the Dehydrated
Training Group, RPE was lower at block 12 (P=0.021) of the preload with euhydration after
familiarisation (i.e. during EUHpost compared to EUHpre). In the Euhydrated Training Group, there
were no differences (P≥0.235) in RPE with euhydration or hypohydration after familiarisation. GI
discomfort increased from post-bolus to the preload and post time trial (P<0.001), but was not
different between groups or trials (P≥0.114; Figure 5-5B) and remained low throughout all trials.
Stomach fullness decreased throughout all trials (P<0.001), and was lower with hypohydration before
and after familiarisation (P≤0.036; Figure 5-5C). There was a trial by group effect (P=0.036) for stomach
fullness, with a trend for stomach fullness to increase after familiarisation with euhydration in the
Dehydrated Training Group and decrease in the Euhydrated Training Group, however, post-hoc tests
revealed no differences (P≥0.111).
5.4.6 Familiarisation Sessions
There were no differences between the four familiarisation sessions for ambient temperature
(P=0.545), relative humidity (P=0.383), facing wind speed (P=0.108), pre-familiarisation body mass
(P=0.183) or pre-familiarisation urine osmolality (P=0.215). Changes in body mass were greater in the
Dehydrated Training Group for the four familiarisation sessions (F1: Euhydrated Training Group 0.29
± 0.26 %, Dehydrated Training Group 2.22 ± 0.28 %; F2: Euhydrated Training Group 0.42 ± 0.30 %,
Dehydrated Training Group 2.15 ± 0.39 %; F3: Euhydrated Training Group 0.34 ± 0.26 %, Dehydrated
Training Group 2.14 ± 0.36 %; F4: Euhydrated Training Group 0.35 ± 0.29 %, Dehydrated Training
Group 2.23 ± 0.42 %; P<0.001).
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Figure 5-5. (A) rating of perceived exertion, (B) GI discomfort and (C) stomach fullness for euhydrated
(EUH; solid symbols) and hypohydrated (HYP; open symbols) trials before (pre; circles) and after (post;
triangles) four familiarisation sessions in Euhydrated and Dehydrated Training groups. § indicates
HYPpre significantly different to HYPpost, within group. ‡ indicates EUHpre significantly different from
EUHpost, within group. † indicates HYP significantly different from EUH, collapsed groups.
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5.5 Discussion
It cannot be discounted that a subject’s unfamiliarity and discomfort to the protocols used to induce
hypohydration could account for some of the negative performance effects reported in previous
literature (Cheuvront & Kenefick, 2014). Moreover, it has been hypothesised that repeated exposure
to hypohydration, as experienced with regular endurance training (Fudge et al., 2008), might
attenuate the negative performance effects of hypohydration (Merry et al., 2010). Thus, the purpose
of this study was to investigate the effect of repeated familiarisation to exercise-induced dehydration
on aerobic exercise performance. Contrary to the hypothesis, a small number of familiarisation
sessions to exercise-induced dehydration statistically did not attenuate the decrement in performance
from hypohydration. However, 4 of the 6 subjects in the Dehydrated Training Group displayed an
attenuation in the decrement in performance with hypohydration after familiarisation, and 1 of the 6
subjects in the Dehydrated Training Group displayed an improvement in exercise performance with
hypohydration after familiarisation.
To the authors knowledge, one other study has assessed repeated familiarisation to hypohydration
on exercise performance (Fleming & James, 2014). Fleming & James (2014) employed a combination
of 24 h fluid restriction and exercise-induced dehydration to induce ~2.4% body mass loss over five
familiarisation sessions to hypohydration. They found that repeated familiarisation to hypohydration
attenuated, but did not abolish, the decrement in performance from hypohydration. The prefamiliarisation decrement in 5 km running time trial performance was ~6% with hypohydration, and
this was reduced to ~1% post-familiarisation. The 24 h fluid restriction resulted in subjects arriving to
the laboratory hypohydrated, as demonstrated by a ~1.4% body mass loss upon arrival. Therefore,
subjects were exposed to the additional stressor of fluid restriction, as well as a small degree of
hypohydration, for several hours before beginning exercise. This methodological difference may
explain the differing results between the present study and the results of Fleming & James (2014).
Although there is no other research that has directly assessed repeated familiarisation to
hypohydration, the body mass loss and fluid intake strategies of endurance trained runners have been
documented. Body mass loss has been shown to be negatively correlated with finishing time during
ironman triathlon (Sharwood et al., 2004) and marathon running (Zouhal et al., 2011). This may appear
to be an obvious correlation, as quicker runners are predisposed to accrue greater levels of
hypohydration due to higher exercise intensities and thus greater metabolic heat production, and
typically lower fluid intakes due to reduced gastric intensity and less time to drink (Leiper et al., 2001).
Data from 10 elite male marathon runners at 13 major marathon events indicated the runners on
average drank fluids for less than 60 seconds per race, at a rate of ~0.5 L∙h-1 (Beis et al., 2012), inducing
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significant levels of hypohydration. This relationship was demonstrated in a laboratory environment
by Dion et al. (2013), the authors reported that endurance runners completed two half-marathons in
similar times, but drank far less when drinking to thirst as opposed to prescribed drinking, inducing
3.1% vs 1.3% of body mass loss, respectively. At the 2009 Dubai Marathon, a winning finishing time of
2:05:29 was recorded, the winner reportedly lost 9.8% of body mass (Beis et al., 2012). This data
suggests three things; 1) that some athletes may be able to tolerate severe levels of hypohydration
and perform at high exercise intensities (James et al., 2019); 2) a certain degree of
familiarisation/adaptation to exercise-induced dehydration may occur (Fleming & James, 2014); 3)
baseline body mass may not represent a typical euhydrated state (potentially due to hyperhydration
or glycogen loading/supercompensation prior to an event) (Burke et al., 2006).
As previously mentioned, no other studies to date have investigated the effect of repeated
familiarisation to hypohydration, however, a few studies have investigated the effect of hydration
status (i.e. fluid replacement or no fluid replacement during heat acclimation sessions) on short-term
(5-11 d) heat acclimation (Garrett et al., 2014; Neal et al., 2016a, 2016b; Pethick et al., 2019). When
the results of these heat acclimation studies are taken together, they suggest that hydration status
has little effect on the improvement in performance in both warm and temperate conditions, or the
increase in plasma volume, induced by heat acclimation. This could be interpreted as repeated
exposure to hypohydration did not improve performance above that of euhydration during a period
of heat acclimation. However, heat stress tests were not conducted in both euhydrated and
hypohydrat conditions pre and post acclimation period, and during the acclimation studies
mentioned, the exercise intensity of acclimation sessions was clamped by certain physiological
parameters, such as core temperature (Garrett et al., 2014; Neal et al., 2016b) or percentage of
maximal heart rate (Pethick et al., 2019), between groups. This is inconsistent with the physiological
and potentially perceptual consequences of hypohydration (Montain & Coyle, 1992; Cheuvront et al.,
2010; Figure 1-4). Therefore, it is difficult to draw comparisons to the present study and to decipher
whether repeated familiarisation to hypohydration incurs adaptations that lessen the negative effects
of hypohydration on exercise performance.
The number of subjects in the present study (n=6 per group) may have influenced the outcome.
Despite no statistical difference being reported, of the 6 subjects that trained with minimal fluid
intake, inducing ~2.2% hypohydration at the end of the four familiarisation sessions, 4 displayed an
attenuation in the decrement in performance with hypohydration, and 1 displayed an improvement
in exercise performance with hypohydration after familiarisation. Thus, it could be speculated that a
trend for an attenuation in the decrement in performance elicited by hypohydration was present, but
needs to be further explored with a larger sample size. As mentioned in Section 5.3.1, it was estimated
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that 16 subjects (8 in each group) would be required to reject the null hypothesis for the primary
outcome measure (i.e. 3 km time trial performance).
There are a couple of other plausible explanations as to why a familiarisation effect was not present.
The first is that, endurance runners typically exercise numerous times per week with insufficient fluid
intake (Fudge et al., 2008), exposing themselves to exercise-induced dehydration multiple times on a
weekly basis. Thus, 5 exposures (1 hypohydration trial and 4 familiarisation sessions) may have been
an insufficient number of exposures to induce familiarisation/adaptations to exercise-induced
dehydration. Secondly, the exposure time to significant dehydration during the familiarisation
sessions may have been insufficient. The ~2.2% body mass loss was induced by the end of the
familiarisation sessions and accrued over the 84-minute period, thus the time exposed to significant
hypohydration would have been minimal. Fleming & James (2014) found an attenuation in
performance after 5 exposures to hypohydration, but exposed subjects to dehydration with fluid
restriction for the day before exercise, as well as exercise-induced dehydration. Therefore, it may not
be the number of exposures, rather the time with hypohydration that induces an adaptation/
familiarisation effect.
There was a trend for reduced thirst sensation during the preload of the hypohydrated trial after four
familiarisations to exercise-induced dehydration (i.e. in the Dehydrated Training Group). Thirst has
been proposed as one mechanism that may contribute to the impairment in performance with
hypohydration (Casa et al., 2010). There were also reductions in RPE during the preload of the
hypohydration trial after familiarisation to dehydration. This is in alignment with Fleming & James
(2014), who reported significant reductions in RPE during the hypohydrated trial from pre- to postfamiliarisation. The reductions in RPE and thirst sensation could provide an indication towards a
mechanism as to how athletes familiarise to exercise-induced hypohydration. With an apparent lack
of changes in physiological parameters, i.e. plasma volume, serum osmolality and heart rate, following
dehydrated familiarisation, this could indicate the familiarisation to exercise-induced dehydration
may derive from psychological rather than physiological factors. However, this is initial speculative
interpretations and further research is required to ascertain if the attenuation of the decrement in
performance observed by Fleming & James (2014) derives solely from psychological or physiological
adaptations, or a combination of the two.
GI discomfort appeared to improve in the Euhydrated Training Group following four familiarisation
sessions with consumption of 95% of sweat losses (1753 ± 277 mL). Stomach fullness was also lower
during the euhydrated trial after familiarisation in the Euhydrated Training Group. This may be due to
an increase in gastric emptying, or simply an acquaintance to the feeling of stomach fullness during
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exercise. Unpublished data from our laboratory has demonstrated an increase in gastric emptying
after consumption of 1280 mL of fluid during 12 bouts of 100 minutes of cycling (50% V̇ O2peak).
Nonetheless, both stomach fullness and GI discomfort were relatively low throughout all trials,
indicating GI complications were not an issue with the high fluid intakes (95% of sweat losses)
prescribed in this study. However, the low running intensity in this study (65% V̇ O2peak at 1% grade)
needs to be considered with regards to gastric emptying (Neufer et al., 1989; Leiper et al., 2001).
The mode of exercise and level of training status evoked difficult methodological challenges for the
design of this study. While running was chosen as the exercise mode, it induces a significant
physiological load on the body, and considerably increases the risk of injury, as demonstrated by 5
subjects withdrawing from the study due to musculoskeletal injuries. Additionally, intermittent games
players were recruited, a cohort that typically would not run ~15 km and ~12 km, the distances that
were required for the experimental and familiarisation trials, respectively, in a single exercise bout,
again increasing the likelihood of over-training and injury. While a solution to this would be to recruit
endurance runners, this population would likely have been exposed to repeated bouts of exercise with
significant hypohydration from prolonged running with minimal fluid intake (Fudge et al., 2008).
Future research could compare trained endurance runners, that would habitually be exposed to
hypohydration during training, against athletes that typically consume fluids regularly throughout
exercise (i.e. habitual vs non-habitual drinkers during exercise). Cycling could be used with the aim to
minimise the risk of injury in lesser trained subjects, however, if subjects are not habitual cyclists a
number of familiarisation sessions to the protocol, and more specifically the performance test, may
be required.

5.6 Conclusion
In summary, there was an inclination for a small number of familiarisation sessions to exercise-induced
dehydration to attenuate the decrement in 3 km running performance induced by hypohydration,
however, a larger cohort is required to confirm this. As mentioned in Section 5.3.1, it was estimated
that 16 subjects (8 in each group) would be required to reject the null hypothesis for 3 km time trial
performance. Future research should explore the mechanisms behind the familiarisation to
hypohydration reported in Fleming & James (2014) and the trend for a familiarisation to exerciseinduced dehydration found in the present study.
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Documenting 20 h rehydration from an intermittent exercise session
in a temperate environment in intermittent games players

6.1 Abstract
This study documented 20 h rehydration from an intermittent running session while concealing the
primary outcome of rehydration. Twenty-eight male intermittent games players (age 25 ± 3 y;
predicted V̇ O2max 54 ± 3 mL∙kg-1∙min-1; training sessions∙week-1 6 ± 3) were pair-matched to an exercise
(EX) or rest (RE) group. Body mass, urine and blood samples were collected at 8am, pre-intervention,
post-intervention, 3 h post-intervention and 8am the following morning, to determine hydration
status. The intervention in EX was a 110-min intermittent running session, whereas in RE subjects
rested for the identical period, with ad-libitum fluid provided. Subjects completed a diet record and
urine collection for the 24 h period. Changes typical of hypohydration were apparent in EX following
the intervention period (body mass: EX -2.0 ± 0.5 %; RE -0.2 ± 0.3 %; serum osmolality: EX 293 ± 4
mOsm∙kgH2O-1; RE 287 ± 6 mOsm∙kgH2O-1; P≤0.022). Fluid intake during the intervention period (EX
704 ± 286 mL, RE 343 ± 230 mL) and fluid intake within the first 3 h post-intervention (EX 1081 ± 460
mL, RE 662 ± 230 mL) were greater (P≤0.004) in EX, while 24 h urine excretion was lower in EX (EX
1697 ± 824 mL, RE 2370 ± 842 mL; P=0.039). Twenty h post-exercise in EX, body mass remained lower
(8am Day 2 -0.6 ± 0.5 %; P=0.030) and urine osmolality elevated (8am Day 2 844 ± 197 mOsm∙kgH2O1

, 8am Day 1 698 ± 200 mOsm∙kgH2O-1; P=0.004). When games players were permitted to drink fluid

ad-libitum during exercise, and had access to fluid in a free-living environment, a small degree of
hypohydration remained 20 h post-exercise.

6.1.1 Keywords: Recovery; Water; Fluid Balance; Hydration; Team Sports
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6.2 Introduction
Evaporation of sweat provides a significant avenue of heat loss during exercise in temperate and warm
conditions (Havenith, 1999). Intermittent sports, such as soccer and rugby, have reported particularly
high sweat losses, due to the repeated high-intensity nature and prolonged durations (~1-2 h) of both
training and competition (Nuccio et al., 2017). Moreover, garments and protecting clothing worn in
certain intermittent sports (i.e. helmets and pads during American football and cricket etc.), the larger
body size of particular athletes (i.e. rugby and American football etc.), and high ambient temperatures
(i.e. cricket, 2016 Olympic Games etc.) can contribute to increased sweat losses (Burke & Hawley,
1997). The fluid requirements of exercising individuals are rarely met through voluntary fluid intake
(Greenleaf & Sargent, 1965; Maughan et al., 2004). This can be attributable to several factors,
including fluid availability, a lack of opportunity to drink, gastro-intestinal discomfort, palatability of
the fluid, an athlete’s knowledge of the need for fluid, and awareness of sweat losses (Broad et al.,
1996; Burke & Hawley, 1997).
The potential for significant levels of hypohydration after intermittent exercise, and the regularity of
exercise sessions for intermittent games players, may prevent adequate rehydration between bouts.
Research indicates that a large number of intermittent games players commence exercise with raised
urine osmolality, which is indicative of a pre-existing fluid deficit (Bergeron et al., 2006; Stover et al.,
2006; Volpe et al., 2009; Williams & Blackwell, 2012). Thus, exercise-induced hypohydration may be
superimposed on pre-existing hypohydration, further increasing the likelihood of athletes developing
significant levels of hypohydration post-exercise. There is also the potential for hypohydration to
accrue over several exercise sessions and/or days. With the negative effects of hypohydration of >2%
body mass on aerobic exercise performance (James et al., 2017; Chapter 3 & 4) and cognitive
performance (Wittbrodt & Millard-Stafford, 2018) well documented, adequate rehydration between
exercise bouts is imperative.
The majority of rehydration research has focused on the composition (Evans et al., 2009), volume
(Shirreffs et al., 1996; Wong et al., 1998), and timing (Kovacs et al., 2002) of fluid, in an involuntary
manner, within a short time period (0-6 h) post-exercise. Little is known regarding prolonged
rehydration (6-24 h) and extended fluid turnover from exercise (Leiper, 1996), a typical time frame
between exercise sessions for intermittent games players. Research that has aimed to monitor
prolonged post-exercise rehydration has controlled certain aspects of the diet or informed subjects of
the purpose (O’Neal et al., 2013; Takamata, Mack, Gillen, & Nadel, 1994), potentially influencing
subjects fluid intake and invalidating the research. The current ACSM position stand guidelines state
that if recovery time exceeds 12 h consumption of normal meals and snacks with a sufficient volume
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of plain water will restore euhydration, provided the food contains sufficient sodium to replace sweat
losses (Sawka et al., 2007); however, there is very little data to support this statement.
Therefore, the purpose of the present study was to document hydration status for a 24 h period, which
included a short period before and a 20 h period following an intermittent running session typical of
team sport training. Subjects were not informed that the primary purpose of the study was to assess
rehydration but were informed the purpose was to assess appetite and recovery from an exercise
session. It was hypothesised that subjects would have returned to a state of euhydration by 20 h post
exercise.
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6.3 Methods
6.3.1 Subjects
After ethical approval, twenty-eight male intermittent games players provided written informed
consent and completed a health screening questionnaire. Subjects were pair-matched according to
predicted V̇ O2max and assigned to one of two groups, an exercise (EX) or rest (RE) group. The groups
had similar physical characteristics (Table 6-1). All subjects completed a preliminary trial and
experimental trial separated by ≥3 d. All trials took place in Loughborough, United Kingdom, between
May and September to minimise differences in outdoor environmental conditions between subjects.
To disguise the primary purpose of the study, subjects were informed the purpose was to assess
appetite and recovery from an exercise session. The participant information sheet can be viewed in
Appendix E, to demonstrate how the purpose of hypohydration was disguised.

Table 6-1. Subject characteristics for Exercise (EX) and Rest (RE) groups.
Exercise (EX)
26 ± 2
Age (y)
1.82
± 0.08
Height (m)
80.2 ± 9.1
Body mass (kg)
-2
24.2 ± 2.7
BMI (kg∙m )
12.8 ± 3.3
Body fat (%)
-1
-1
54.7 ± 2.5
Predicted V̇ O2max (mL∙kg ∙min )
Training profile
5±2
Training sessions per week
7±3
Training volume (h∙week-1)
Data are mean ± SD. n = 14 exercise; n = 14 rest.

25 ± 4
1.79 ± 0.08
80.5 ± 11.7
25.2 ± 3.0
13.9 ± 3.9
53.4 ± 3.4

Unpaired t-test
(P Value)
0.858
0.225
0.934
0.354
0.426
0.282

6±3
8±6

0.273
0.404

Rest (RE)

6.3.2 Preliminary Trial
During the first visit, body mass (AFW-120K, Adam Equipment Co.) and height (Model 285, Seca Scales)
were recorded, and body fat percentage was estimated using skinfold caliper measurements (i.e.
biceps, triceps, sub-scapular and supra-iliac; Durnin & Womersley, 1974). Each subject’s V̇ O2max and
velocity at V̇ O2max were predicted using a progressive multistage shuttle run test (Ramsbottom et al.,
1988). All preliminary and exercise trials were completed on an indoor 20 m running track.
6.3.3 Pre-Trial Standardisation
After oral and written instructions, subjects completed a detailed weighed dietary record (i.e. weight,
brand, cooking method, time of day etc.) of all food and drink consumed the day before the
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experimental trial. Subjects refrained from exercise and alcohol intake the day before the
experimental trial, with adherence verbally checked. Subjects stopped eating and drinking at 00:00
(midnight) to ensure an ≥8 h fast before the first sample of the experiment trial.
6.3.4 Experimental Trial
Upon arrival at 07:45, subjects sat for 20 min before a venous blood sample (~10 mL) was taken via
venepuncture. Subjects then voided their bladder into a plastic container. This urine sample, and all
subsequent urine samples, were analysed for osmolality (Osmocheck, Vitech Scientific), the volume
was recorded, and a sample (~1.5 mL) retained. Nude body mass was then recorded, and subjective
appetite questionnaires (SAQ) were completed in the form of 100 mm visual analogue scales. The SAQ
were used to measure hunger “How hungry do you feel?”, fullness “How full do you feel?”, thirst “How
thirsty are you?” and gastro-intestinal (GI) discomfort “Do you have GI discomfort?”. Verbal anchors
were placed at 0 mm and 100 mm and these were “not at all” and “extremely” for hunger, fullness,
and thirst, and “none at all” and “a lot” for GI discomfort. Subjects then consumed a standardised
breakfast meal providing 1 g carbohydrate∙kg body mass-1 and 5 mL∙kg body mass-1 of fluid (consisting
of Nutri-grain cereal bars, orange juice and water) within a 10 min period. Thereafter, subjects rested
for 60 min, 40 min of which was rest with minimal activity (i.e. work, listen to music, etc.), followed by
20 min of seated rest. A second blood sample was taken, a urine sample was collected, nude body
mass was recorded, and SAQ completed. Subjects in the exercise group (EX) then undertook an
exercise protocol, while, subjects in the rest group (RE) rested, for an identical period.
Exercise Group (EX): Before the start of exercise, an absorbent sweat patch (Tegaderm Plus, 3M
Health-care) was applied to the mid-thigh. Subjects then completed a standardised 10 min warm-up
consisting of jogging and sprinting. Thereafter, subjects began a modified version of the Loughborough
Intermittent Shuttle Test (LIST; Nicholas, Nuttall, & Williams, 2000). During the modified LIST subjects
were required to walk and run back and forth between two lines 20 m apart. Each block of the
modified LIST was 15 min in duration and consisted of ~11 repeated cycles of walking (3 shuttles at
1.5 m∙s-1), cruising (1 shuttle at 95% predicted V̇ O2max ), jogging (3 shuttles at 55% predicted V̇ O2max)
and cruising (3 shuttles at 95% predicted V̇ O2max). Subjects completed six blocks of the LIST, totalling
90 min of intermittent running, with a 2-min passive recovery period in-between each block. The
exercise intensities throughout the LIST were dictated by audio cues (Nicholas et al., 2000). During the
2 min recovery periods subjects were permitted to consume water ad-libitum, with the volume of
water quantified. Upon completion of the LIST, subjects completed a standardised 10 min cool down
consisting of jogging and static stretching. Average heart rate (M400, Polar Electro, Kempele, Finland)

- 111 -

was recorded during each block of the LIST and rating of perceived exertion (RPE; Borg, 1982) was
recorded after every block.
Rest Group (RE): Subjects in the resting group spent the same period resting, during which subjects
could use their computer, work, watch tv, listen to music etc. Subjects were permitted to drink water
ad-libitum, with the volume consumed quantified.
If subjects voided their bladder during the intervention period, the urine sample was weighed and
retained for subsequent analysis. Once the intervention period was finished, subjects sat for 20 min
before a third blood sample was taken, a urine sample was collected, nude body mass was recorded,
and SAQ completed. Thereafter, subjects were free to leave the laboratory. Subjects completed a
detailed weighed diet record for the remainder of the day, and were not permitted to exercise or
consume alcohol for the remainder of the day. Subjects also completed a urine record for the
remainder of the day and following morning, prior to arrival at 07:45. The urine record consisted of
voiding the bladder into a measuring cylinder, recording the volume, time of day, and retaining an
aliquot into pots provided (30 mL Container, Sterilin Ltd.). Two hours and 40 min after the postexercise blood sample was taken, subjects returned to the laboratory and sat for 20 min before a
fourth blood sample was taken (i.e. blood collection was 3 h after the post-exercise sample). A urine
sample was then collected, nude body mass was recorded, and SAQ completed. This visit to the
laboratory was ~30 min in duration. After this, subjects left the laboratory and continued the weighed
diet and urine record for the remainder of the day. Subjects stopped eating and drinking at 00:00
(midnight) and arrived at 07:45 the following morning. Identical to the previous morning, no food or
fluid was permitted before arrival. After 20 min of seated rest, a venous blood sample was taken, a
urine sample was collected, nude body mass was recorded, and SAQ completed.
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Figure 6-1. Schematic of the study design. Questionnaires: Hunger, Stomach Fullness, Thirst Sensation, GI Discomfort.
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6.3.5 Sample and Dietary Analysis
Of each blood sample, 1 mL was dispensed into tubes containing K 2 EDTA (1.75 mg·L–1) to prevent
clotting. Haemoglobin concentration and haematocrit were determined via the cyanmethemoglobin
method and microcentrifugation, respectively, and were used to estimate changes in blood, red cell
and plasma volumes, relative to the first resting sample (Dill & Costill, 1974). The remaining blood was
dispensed into a serum tube and left to clot at room temperature. Serum was separated by
centrifugation (1700 g, 15 min, 4°C), frozen (-20°C), and subsequently analysed for osmolality via
freezing-point depression (Gonotec Osmomat 030 Cryoscopic Osmometer, Gonotec). Sweat patches
were removed immediately post-exercise, centrifuged (1700 g, 10 min, 4°C), and the resulting sweat
was frozen (-20°C). Urine and sweat sodium concentrations were analysed by flame photometry
(M410C Flame Photometer, Sherwood Scientific Ltd.). Thigh sweat sodium concentrations were
converted to whole body sweat sodium concentrations (Baker, Stofan, Hamilton, & Horswill, 2009).
Total fluid, energy, macronutrient and sodium intakes were estimated by analysis of weighed diet
records using Nutritics Nutrition Analysis Software (Version 5.0, Nutritics). When certain foods or
drinks were not available on the software, the product was manually entered from original packaging
returned by the subject or searching the product nutritional information online.
6.3.6 Statistical Analysis
Data were analysed using SPSS (version 23, SPSS Inc). Body mass, blood and urine measures, dietary
intakes and SAQ were analysed using a two-way (Group*Time) or one-way (Group) ANOVA. Where
the assumption of sphericity was violated, the degrees of freedom were corrected using the
Greenhouse-Geisser estimate. Significant ANOVA interaction effects were followed-up by post-hoc
paired t-tests (within group) or independent samples t-tests (between groups) for normally distributed
data, and Wilcoxon signed rank tests (within group) or Mann-Whitney U tests (between groups) for
non-normally distributed data, and the familywise error rate was controlled using the HolmBonferroni adjustment. The relationship between certain variables was assessed by Pearson’s
correlation coefficient. Using serum osmolality data from Chapters 3 and 4 (i.e. a change in serum
osmolality equivalent to 2% hypohydration), an α of 0.05, and a statistical power of 0.80, it was
estimated that 24 subjects (12 in each group) would be required to reject the null hypothesis for the
primary outcome measure (i.e. serum osmolality). Data sets were accepted as being significantly
different when P≤0.05. Data are mean ± SD unless stated otherwise.
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6.4 Results
6.4.1 Intervention Period
Changes in body mass from pre- to post- intervention were greater in EX (EX -2.0 ± 0.5 %, RE -0.2 ± 0.3
%; P<0.001). Sweat loss (EX 2.2 ± 0.4 L, RE 0.1 ± 0.0 L; P<0.001), ad-libitum fluid intake (EX 704 ± 286
mL, RE 343 ± 230 mL; P=0.001) and heart rate (EX 158 ± 14 beat∙min-1, RE 61 ± 6 beat∙min-1; P<0.001)
during the intervention period were greater in EX. In EX, average RPE during the LIST was 14 ± 1; and
RPE increased (P<0.001) throughout the LIST (Block 1: 13 ± 1, Block 6: 16 ± 2).
6.4.2 Body Mass Parameters
There were time, group and interaction effects (P<0.001) for percentage change in body mass from
8am (Day 1) (Figure 6-2A). In both groups, body mass increased (P<0.001) pre-intervention following
breakfast consumption compared to 8am (Day 1). In EX, body mass was lower (P≤0.001) postintervention and 8am (Day 2) compared to 8am (Day 1). In RE, body mass was greater (P<0.001) 3 h
post-intervention compared to 8am (Day 1). Body mass was different (P<0.001) between groups postintervention and 3 h post-intervention. Subjects reported the number of faeces passed over the 24 h
trial day was similar between groups (EX 1 ± 1, RE 1 ± 0), and the form of the faeces passed (measured
by Bristol Stool Chart, Lewis & Heaton, 1997) was similar between groups (EX 4 ± 1, RE 4 ± 1). Faecal
samples were not quantified.
6.4.3 Blood Parameters
There were main effects of time and interaction effects for blood volume, plasma volume and serum
osmolality (P≤0.041), but no group effects (P≥0.176). Plasma volume decreased (P=0.010) postintervention in EX relative to 8am (Day 1). Plasma volume was similar (P≥0.102) to 8am (Day 1) at all
other time points in EX and RE (Figure 6-2B). Blood volume decreased (P≤0.002) pre- and postintervention in EX compared to 8am (Day 1). There was a trend (P=0.077) for blood volume to increase
at 8am (Day 2) compared to 8am (Day 1) in EX. Blood volume was similar (P≥0.196) to 8am (Day 1) at
all time points in RE (data not displayed). Serum osmolality increased (P≤0.002) post-intervention and
remained elevated 3 h post-intervention relative to 8am (Day 1), but returned to levels similar to 8am
(Day 1) by 8am (Day 2) in EX. In RE, serum osmolality initially increased pre-intervention (P=0.007),
but decreased post-intervention (P=0.035). Serum osmolality was different (P=0.022) between groups
post-intervention (Figure 6-2C).
6.4.4 Urine Parameters
Total 24 h urine volume was lower in EX (EX 1697 ± 824 mL, RE 2370 ± 842 mL; P=0.039). There were
time, group and interaction effects (P≤0.038) for urine osmolality (Figure 6-2D). Urine osmolality was
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similar (P≥0.223) between groups at 8am (Day 1), pre-intervention and 8am (Day 2), but, was greater
(P≤0.002) post-intervention and 3 h post-intervention in EX. In EX, urine osmolality was greater
(P≤0.004) post-intervention, 3 h post-intervention and 8am (Day 2) compared to 8am (Day 1). In RE,
urine osmolality was lower (P≥0.021) post-intervention and 3 h post-intervention compared to 8am
(Day 1).
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Figure 6-2. (A) % change in body mass from 8am (Day 1), (B) % change in plasma volume, (C) serum
osmolality and (D) urine osmolality for Exercise (EX) and Rest (RE) groups. Data are mean ± SD. *
indicates significant differences between groups. # indicates significantly different from 8am (Day 1),
within EX group. ‡ indicates significantly different from 8am (Day 1), within RE group.
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6.4.5 Dietary Intake
Fluid and dietary intakes for the day before the trial and trial day for EX and RE are displayed in Table
6-2. There were main effects of time and interaction effects for total fluid intake and fluid from drinks
(P≤0.021), but no groups effects (P≥0.508). Total fluid intake and fluid intake from drinks were similar
(P≥0.201) between groups the day before the trial. Total fluid intake and fluid from drinks were similar
the day before the trial and trial day in RE (P≥0.510), but increased on the trial day in EX (P≤0.038).
Total fluid intake and fluid from drinks were greater (P≤0.042) from post-intervention to 3 h postintervention in EX, however, were similar (P≥0.571) between groups from 3 h post-intervention to
8am (Day 2).
There was a main effect (P=0.011) of time for energy intake, with energy intake greater on the trial
day, but no group or interaction effects (P≥0.440). Energy intake was similar between groups the day
before the trial (P=0.823). Energy intake from post-intervention to 3 h post-intervention and from 3 h
post-intervention to 8am (Day 2) were similar between groups (P≥0.445). There was a main effect of
time (P=0.001) for carbohydrate intake, with carbohydrate intake greater on the trial day compared
to the day before the trial, but there were no group or interaction effects (P≥0.393). Protein, fat and
fibre intakes were similar (P≥0.169) between and within groups the day before the trial and trial day.
There was a trend (P=0.092) for a time effect for sodium intake, but no group or interaction effects
(P≥0.203). Carbohydrate, protein, fat and sodium intakes were similar (P≥0.247) between groups for
the first 3 h post-intervention, but there was a trend (P=0.069) for fibre intake to be greater in EX.
Carbohydrate, protein, fat, fibre and sodium intakes were similar (P≥0.271) between groups from 3 h
post-intervention to 8am (Day 2).
6.4.6 Sodium Balance
In EX, sweat sodium concentration was 38 ± 12 mmol∙L-1, equating to sodium losses of 1861 ± 647 mg
during the exercise period. Total 24 h urine sodium losses were greater in RE (EX 1557 ± 834 mg, RE
2606 ± 828 mg; P=0.003). Total sodium intake was similar (P=0.801) between groups for the trial day
(Table 6-2). Sodium balance on the trial day was different between groups (EX -383 ± 1178 mg, RE 524
± 726 mg; P=0.022).
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Table 6-2. Dietary intakes for the day before the trial and trial day for Exercise (EX) and Rest (RE)
groups.
Day Before Trial:
24 h

Trial Day:
24 h

Trial Day:
First 3 h Post-Int

Trial Day:
3 h Post-Int to
8am (Day 2)

Total Fluid
Intake (mL)

EX

3330 ± 1540

4039 ± 1328 †

1081 ± 460 *

1853 ± 941

RE

3345 ± 718

3296 ± 934

662 ± 230

1887 ± 921

Fluid Intake
from Drinks
(mL)

EX

2317 ± 1369

3165 ± 1221 †

791 ± 376 *

1269 ± 884

RE

2646 ± 627

2689 ± 913

662 ± 230

1421 ± 847

EX

11701 ± 2512

13238 ± 1440

4352 ± 1426

7237 ± 1393

RE

12104 ± 2842

12958 ± 2905

4016 ± 767

7281 ± 2329

EX

322 ± 131

396 ± 46

122 ± 42

193 ± 55

RE

303 ± 86

363 ± 89

106 ± 30

177 ± 60

EX

128 ± 34

123 ± 34

42 ± 20

76 ± 24

RE

139 ± 86

134 ± 27

41 ± 10

87 ± 19

EX

94 ± 42

105 ± 28

37 ± 21

62 ± 22

RE

112 ± 46

111 ± 44

38 ± 13

67 ± 39

EX

34 ± 14

35 ± 17

10 ± 5

22 ± 15

RE

28 ± 12

27 ± 8

8±2

17 ± 7

EX

2424 ± 707

3035 ± 1019

1169 ± 461

1643 ± 932

RE

3041 ± 1222

3130 ± 943

1062 ± 341

1843 ± 855

Energy (kJ)

Carbohydrate
(g)
Protein (g)

Fat (g)

Fibre (g)

Sodium (mg)

Data are mean ± SD. Post-Int = Post-Intervention. * indicates significant differences to RE group.
indicates significant differences between the day before the trial and trial day, within group.

6.4.7 Subjective Feeling Questionnaires
There were main effects of time (P<0.001) for hunger, thirst sensation and stomach fullness, but not
for GI discomfort (P=0.200; Figure 6-3). There were no group or interaction effects (P≥0.221) for
hunger, stomach fullness or GI discomfort. There was an interaction effect (P=0.003) for thirst
sensation; thirst sensation increased (P<0.001) from pre- to post- intervention in EX, but was similar
in RE (P=0.529). Thirst sensation was lower (P<0.001) at 10pm compared to pre-intervention in RE,
but was similar in EX (P=0.353).
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†

Figure 6-3. (A) hunger, (B) thirst sensation, (C) stomach fullness and (D) GI discomfort for Exercise (EX)
and Rest (RE) groups. Data are mean ± SD. # indicates significantly different from Pre-Intervention,
within EX group. ‡ indicates significantly different from Pre-Intervention, within RE group.
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6.5 Discussion
Although there is a vast amount of research assessing short-term rehydration post exercise, little is
known regarding prolonged rehydration (20 h) from exercise, a typical time frame between exercise
bouts for intermittent games players. Research that has assessed prolonged rehydration has informed
subjects of the purpose of monitoring rehydration or manipulated aspects of the diet, potentially
confounding the results. Thus, the purpose of the present study was to document prolonged
rehydration from an intermittent running session, while concealing the primary purpose of assessing
rehydration. The main finding was that, when intermittent games players were permitted to drink
fluid ad-libitum during exercise and had access to food and fluid in a free-living environment, there
was an inclination that a small degree of hypohydration remained 20 h post-exercise (as shown by a
lower body mass and increased urine osmolality on the morning post-exercise). This suggests that fluid
intake strategies may be required in intermittent games environments when exercise sessions occur
within 20 h.
The protocol in the current study was chosen to simulate a valid scenario for intermittent games
players. The Loughborough Intermittent Shuttle Test mimics the physiological demands of
intermittent soccer performance, and has been shown to induce dehydration, without alerting
subjects to the fact of hypohydration occurring (Nicholas et al., 2000). Ad-libitum fluid breaks were
permitted regularly during exercise, in a manner like intermittent games training, and subjects were
permitted to consume food and fluid in a free-living environment outside of the laboratory postexercise. Moreover, subjects were informed that the study was assessing 24 h appetite and recovery
from exercise, with no mention of rehydration, to prevent deviations from typical fluid intake
behaviours.
Despite ad-libitum fluid intake being permitted at regular intervals throughout exercise, subjects lost
~2% of body mass from pre- to post- exercise. This degree of hypohydration occurs regularly in
intermittent games players and runners, even when athletes have access to fluid during exercise
(Greenleaf & Sargent, 1965; Maughan et al., 2004; Passe et al., 2007). Subjects consumed ~700 mL
(range 248-1289 mL) during the exercise session, which was equivalent to replacing ~32% (range 1253%) of sweat losses. This is similar to the 35-44% of sweat losses replaced by fluid intake during a
typical training session in male soccer players observed by Broad et al. (1996). There is evidence
showing that intermittent high-intensity running reduces gastric emptying (Leiper et al., 2001).
Therefore, athletes may limit fluid intake during intermittent exercise to avoid gastro-intestinal
discomfort or may simply under-estimate sweat losses (O’Neal et al., 2013). It is important to highlight
the range of fluid intake during the exercise period (248 to 1289 mL), indicating fluid intake may largely
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be individual (Broad et al., 1996; Maughan et al., 2004; Zouhal et al., 2011), but was not correlated to
body mass (r=0.448, P=0.108) or sweat rate (r=0.343, P=0.230).
In addition to greater ad-libitum fluid intake during the intervention period, the additional fluid
consumed by the exercise group was within the first 3 h post-exercise (EX ~1.1 L, RE ~0.7 L; Table 62). This additional fluid intake was coupled with a higher retention of fluid, demonstrated by higher
fluid intake and lower urine output in the exercise group. Despite this, subjects in the exercise group
displayed a negative body mass (-0.6%) and elevated urine osmolality at 8am (Day 2) [Figure 6-2],
suggesting a degree of hypohydration remained the following morning. Urine values obtained during
periods when fluid intake was permitted or overnight without a void may provide misleading
information regarding hydration status. However, 21 of the 28 subjects voided prior to 8am (and after
5am) on the morning of day 2, therefore, the 8am (Day 2) sample likely provided an accurate
representation of hydration status. With emerging evidence investigating the effect of dehydration
during exercise on kidney function and damage (Bongers et al., 2018), it is currently unclear if the
elevated urine osmolality shown post-exercise and the following morning impacted kidney function.
Similar to the additional fluid consumed by the exercise group within the first 3 h post-exercise,
previous research that has monitored prolonged post-exercise rehydration has found greater fluid
intake in the initial hours post-exercise (0-6 h) (Takamata et al., 1994; O’Neal et al., 2013). However,
this research has controlled certain aspects of the diet and informed subjects of the purpose
(Takamata et al., 1994; O’Neal et al., 2013), potentially influencing subjects behaviours and making it
difficult to draw clear conclusions. O’Neal et al., (2013) reported that trained runners returned to a
euhydrated state within 12 to 24 h after a 1 h run. However, runners had access to several bottles of
beverages post-exercise (i.e. sodas, diet sodas, sport beverages, non-caloric sport beverages, juices),
and were asked to take as many bottles of beverages as they believed they would consume before
reporting back to the laboratory the following morning. Subjects were instructed not to consume any
other beverages apart from the bottles they took from the laboratory. These protocols likely indicated
subjects to the purpose of the study and minimised the ecological validity. In the present study, total
fluid intake in the first 3 h post-exercise did not correlate (r=-0.257, P=0.624) to body mass at 8am
(Day 2) in the exercise group.
The recovery of body mass was almost complete (-0.3%) within 3 hours post-exercise in the exercise
group. When considering short-term rehydration studies, this could lead to speculation that subjects
may have completely recovered body mass relatively quickly after the 3 h post-exercise sample.
However, body mass was significantly lower than 8am (Day 1) at 8am (Day 2) in the exercise group,
indicating there was possibly a degree of hypohydration. This finding, along with the elevated urine
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osmolality observed at 8am (Day 2), indicates that the ACSM position stand guidelines of
“consumption of normal meals and snacks with a sufficient volume of plain water will restore
euhydration, provided the food contains sufficient sodium to replace sweat losses” if recovery exceeds
12 h (Sawka et al., 2007) may not hold true in some exercise scenarios. The unblinded nature of the
limited rehydration research to date (O’Neal et al., 2013), and the lack of prolonged rehydration
studies mean the ACSM guidelines cannot be fully discounted, and further data is required to fully
inform prolonged rehydration guidelines.
Although plasma volume and serum osmolality were both restored by 8am (Day 2) in the exercise
group, this does not necessarily indicate euhydration had been achieved. Studies have demonstrated
that the recovery of plasma volume can precede that of total body water (Shirreffs et al., 2007),
potentially due electrolyte consumption (from food or fluids) affecting the distribution of fluid
between fluid compartments (Shirreffs et al., 2007). It could be suggested that the decrement in body
mass at 8am (Day 2) in the exercise group may derive from incomplete glycogen repletion. During the
3 h post-exercise period, carbohydrate intake was 1.5 ± 0.5 g∙kg body mass -1, and total carbohydrate
intake for the trial day was 5.0 ± 0.7 g∙kg body mass-1 in the exercise group. This was at the lower end,
but within carbohydrate intake guidelines (5-7 g∙kg body mass-1∙d-1) for intermittent games players
(Burke et al., 2006, 2011).
Previous investigations assessing glycogen repletion from exhaustive bouts of soccer match simulation
with similar levels of carbohydrate intake indicate the amount of carbohydrate intake consumed in
the exercise group would likely be sufficient to replenish glycogen stores within 24 h (Zehnder et al.,
2001). In the exercise group, the amount of carbohydrate consumed on the intervention day or within
the first 3 h post-intervention did not correlate (P≥0.234) to the negative body mass on the morning
of day 2. Further suggesting that glycogen stores were not responsible for the decrement in body mass
at 8am (Day 2) and were likely replenished. However, data from Krustrup et al. (2011) contrasts that
of Zehnder et al. (2001), and demonstrates that with an even greater carbohydrate diet (9.5 g∙kg body
mass-1 day-1) than Zehnder et al. (2001) and that of the present study, muscle glycogen content was
27% lower 24 h after a high-level soccer match (Danish First and Second Division). There is a suggestion
that muscle damage (i.e. myofibrillar lysis, disruption to the sarcoplasmic reticulum and/or GLUT4
function) induced by the nature of a soccer match may impair muscle glycogen resynthesis (Zehnder
et al., 2004). Muscle glycogen content immediately post-exercise was ~60% of baseline in Zehnder et
al.(2001), and ~43% of baseline in Krustrup et al.(2011), potentially highlighting differences (i.e.
muscle glycogen usage and potentially muscle damage) between soccer-match simulation and that of
a high level soccer match. The soccer simulation in the present study likely incurred less glycogen
depletion (and potentially less muscle damage) than that of the previous studies mentioned as the 15
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m sprint during each loop (~66 loops completed in the 110 min exercise trial) was removed and
replaced with a fast ‘cruise’. Therefore, it is likely that muscle glycogen stores were not responsible
for the decrement in body mass at 8am (Day 2) and were likely replenished. However, without
measuring muscle glycogen content this cannot be fully discounted.
Though the increased sweat sodium losses during exercise (~1850 mg) were partially compensated
for by a reduction in urine sodium losses (EX ~1600 mg, RE ~2600 mg), subjects in the exercise group
were in a negative sodium balance (~-400 mg) at 8am (Day 2). When factoring in sodium losses
through faeces and sweat throughout the day (not quantified) it is fair to assume that subjects in the
rest group would be close to sodium balance, and subjects in the exercise group would have a
marginally greater negative sodium balance than calculated. The negative sodium balance in the
exercise group may have contributed to a decrease in extracellular osmolality, masking a true
difference in hydration status, and potentially explaining the lack of difference in serum osmolality at
8am (Day 2) between groups. The difference in sodium balance between groups (~1 g) when
expressed relative to extracellular osmolality may have resulted in a ~3 mOsm∙kgH2O-1 difference at
8am (Day 2). This estimation of osmolality excludes the balance of other electrolytes (i.e. chloride)
that were not measured but could further influence extracellular osmolality. Data from short-term
rehydration studies (see Section 1.12.1 ‘Short-Term Rehydration’), has demonstrated the importance
of replacing sodium losses in fluid retention and achieving full rehydration (Shirreffs et al., 1996;
Shirreffs & Maughan, 1998). Therefore, the difference in sodium balance could account for the lower
body mass in the exercise group (by lessening fluid retention), and the lack of difference in serum
osmolality between groups at 8am (Day 2). However, further research is needed to investigate this
hypothesis.
The small degree of hypohydration present at 8am (Day 2) would be unlikely to impair exercise
performance in isolation (Cheuvront & Kenefick, 2014). However, if an athlete participated in an
intermittent training session the following day, the athlete would likely exceed 2% body mass loss
during exercise, the threshold for impaired aerobic exercise performance (Cheuvront & Kenefick,
2014; Sawka et al., 2007). In other terms, exercise-induced hypohydration would be superimposed on
pre-existing hypohydration, further increasing the likelihood of athletes developing significant levels
of hypohydration both during and post-exercise. If this pattern of exercise-induced dehydration with
insufficient rehydration were to occur over several days of training/exercise, there is the potential for
hypohydration to accrue over several exercise sessions and/or days in a gradual manner. This
hypothesis of gradual hypohydration accruing over multiple days requires further investigation.
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Energy (EX 168 ± 22 kJ∙kg body mass-1, RE 163 ± 32 kJ∙kg body mass-1), carbohydrate (EX 5.0 ± 0.7 g∙kg
body mass-1, RE 4.6 ± 1.3 g∙kg body mass-1), protein (EX 1.6 ± 0.4 g∙kg body mass-1, RE 1.7 ± 0.5 g∙kg
body mass-1) and fat (EX 1.3 ± 0.4 g∙kg body mass-1, RE 1.4 ± 0.5 g∙kg body mass-1) intake were not
different between groups on the trial day. It could be suggested that due of the regularity of exercise
sessions for intermittent games players (i.e. 5-6 sessions per week for this study cohort), dietary intake
may not alter considerably from day to day, but may equilibrate across the week. Further research is
required to confirm this hypothesis. Nevertheless, dietary intakes were all within the guidelines for
intermittent games players that participate in training once daily (Lemon, 1994; Burke et al., 2006).

6.6 Conclusion
In summary, when intermittent games players were permitted to drink fluid ad-libitum during exercise
and had access to food and fluid in a free-living environment, there was an inclination that a small
degree of hypohydration remained 20 h post-exercise (evidenced by a lower body mass and increased
urine osmolality on the morning post-exercise). This suggests rehydration strategies may be required
in intermittent games environments when exercise sessions occur within 20 h, however, further
research is required, during which athletes are unaware that rehydration is being monitored, to
confirm this.
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General Discussion, Future Directions and Conclusions
The purpose of this thesis was threefold: 1) to investigate the effect of blinded and unblinded exerciseinduced hypohydration on exercise performance, 2) to determine if a limited number of familiarisation
sessions to exercise-induced dehydration attenuates the decrement in performance caused by
hypohydration, and 3) to document 20 h rehydration from an intermittent bout of exercise in a freeliving environment in intermittent games players.

7.1 The effect of blinded and unblinded exercise-induced hypohydration on exercise
performance
With hydration and exercise performance research, no methodology is exempt from limitation, and
thus there is no ‘gold standard’ methodology for manipulating hydration status. Whilst drinking fluid
is coherent with typical athlete practices, it does not allow the researcher to manipulate hydration
status without the subject being aware of hydration manipulation occurring; introducing potential
expectation effects (Nichols et al., 2005; Sedek et al., 2015). Intravenous infusion of fluids bypasses
the oral cavity and GI tract and can alter plasma volume and osmolality in a manner dissimilar to
exercise-induced hypohydration (Cheung et al., 2015; Wall et al., 2015). Intragastric infusion bypasses
the oral cavity and the act of swallowing (Arnaoutis et al., 2012; James et al., 2017). Oropharyngeal
and gastric signals that occur due to oral fluid intake, i.e. fluid being present and passing through the
oral cavity and GI tract, and the process of swallowing, play a role in fluid regulation and perceptual
responses (e.g. AVP concentrations and thirst responses) (Figaro & Mack, 1997), and potentially
exercise performance (Arnaoutis et al., 2012). The signals from peripheral sensory nerve endings in
the oral cavity and GI tract, as well as gastric distension, provide information on fluid intake to the
central nervous system (Figaro & Mack, 1997).
The association between oropharyngeal sensing and thirst has been evidenced by studies assessing IV
and oral rehydration following exercise (Figaro & Mack, 1997; Mack, 1998; van Rosendal et al., 2010),
however, there is minimal data assessing the impact of oropharyngeal sensing and thirst during
exercise (Cheung et al., 2015; Adams et al., 2018). Data from Chapter 3 show that thirst sensation was
not significantly different between blinded (i.e. intragastric fluid infusion, bypassing of the oral cavity)
and unblinded (i.e. oral fluid intake, activation of oropharyngeal and GI tract receptors, act of
swallowing) groups at the end of the preload and time trial. However, this comparison can only be
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made during the euhydrated trial, and thus thirst would likely not be elevated in either group as
hypohydration was not present, making conclusions difficult to draw. It could be inferred that signals
from the oral cavity and the act of swallowing may not influence exercise performance, as there was
no difference in time trial performance between blinded and unblinded groups. However, fluid was
only delivered during the preload (including a small amount in the hypohydrated trials) and not during
the time trial, and the consequences of facing airflow need to be considered. The fan directed at
subjects likely caused a degree of mouth dryness, which could be relayed as thirst. Dry mouth would
be induced externally by the facing airflow, rather than by physiological inputs (i.e. minimal fluid
through the oral cavity and/or elevated serum osmolality), potentially influencing thirst in a fabricated
manner. Therefore, from the data in this thesis, and the current literature available (Arnaoutis et al.,
2012; Cheung et al., 2015; Wall et al., 2015; James et al., 2017; Adams et al., 2018), it is difficult to
interpret the importance of oropharyngeal sensing on measures of thirst sensation during exercise.
The use of intragastric infusion, in combination with IV infusion, oral fluid intake and extraction of
fluids from the stomach after consumption, allows future research to investigate the importance of
different signals and mechanisms that drive thirst and fluid acquisition by isolating the oral cavity, GI
tract and intravascular fluid compartment.

It is evident from the results of Chapter 3, James et al. (2017), and (Adams et al., 2018) that blinding
manipulations in hydration status, while replicating the physiological consequences of hyphoydration
(i.e. hypovolemia, hyperosmolality, increased cardiovascular and thermal strain) is possible with
intragastric infusion of fluid. This is evident as only one subject from the blinded cohort in Chapter 3
correctly indicated that they thought hydration status might have been manipulated following
intragastric infusion of fluid, and even then, it was a guess. Adams et al. (2018) stated that all subjects
could not differentiate between euhydrated and hypohydrated conditions, while James et al. (2017)
reported that no subject thought hydration status had been manipulated in the exit questionnaire.
There are some methodological factors that need to be considered when implementing this method;
in the following paragraph some best-practice guidelines will be discussed.
Controlling the temperature of the fluid infused via a nasogastric tube is fundamental in aiding the
blinding of fluid infusion and is vital in maintaining scientific rigour between conditions as fluid cooler
than core temperature can act as a heat sink and alter thermoregulation. However, fluids ingested in
many athletic environments (e.g. team sports, professional road cycling with a support vehicle) are
likely to be cooler than those infused in experimental trials (Chapter 3; James et al., 2017; Adams et
al., 2018) and thus may influence perceptual (i.e. thirst, thermal sensation) and physiological (i.e. core
- 127 -

temperature) responses in a manner different to the experimental data. When considering nasogastric
fluid infusion, fluid should be infused regularly and in small doses, as larger volume infusions will
increase gastric distention, and potentially feelings of stomach fullness/bloating, and may be detected
by subjects (James et al., 2019). A realistic cover story should also be used to remove any preconceived thoughts, this requires prior planning with potential drink bottles placed strategically within
the testing environment and details carefully considered within the participant information sheet and
verbal explanations provided to subjects (James et al., 2019). The nasogastric tube should be fixed in
position, by application of tape on the cheek, behind the ear, and onto the upper back (i.e. out of line
of sight of the subjects), and dummy infusions must occur in hypohydrated conditions (James et al.,
2019). If different drink compositions are being investigated it may be plausible to introduce a doubleblind study design, however, when fluid volume is manipulated the investigator responsible for fluid
infusion cannot be blinded (an additional investigator could be included solely for fluid infusion).
Completing an exit questionnaire at the end of the study is advised to determine if the blinding has
been successful. Finally, this method of blinded fluid delivery is not limited to hydration research;
intragastric infusion may become more widespread in sports nutrition research as a method to deliver
fluid of different compositions (i.e. carbohydrate or protein beverages) to remove palatability, volume
consumed and flavour, or to isolate the effect of receptors in the oral/pharyngeal region.
Ambient temperature also provides another challenge to conducting hydration and performance
research, as the complex interaction between ambient temperature and hydration status is everpresent during endurance exercise (González-Alonso et al., 2017; Kenefick et al., 2010). All research
that has adopted blinded manipulation of hydration status has been conducted in warm/hot
environments (30-35°C; Adams et al., 2019; Cheung et al., 2015; Wall et al., 2015), including the
research in Chapter 3 in this thesis. Previous unblinded literature (González-Alonso et al., 2017;
Kenefick et al., 2010; see Section 1.8 'Effect of Environmental Conditions & Hypohydration')
demonstrates that impairments in endurance performance would be expected at higher ambient
temperatures, as heat stress in combination with hypohydration during exercise creates competition
between the central and peripheral circulation for a diminishing plasma volume (Kenefick et al., 2010).
As thermoregulatory complications are not the sole mechanism responsible for the negative effects
of hypohydration on endurance performance in warm/hot environments, decrements in performance
with hypoyhdration in temperate environments (as commonly evidenced in the unblinded literature,
and as shown in Chapters 4 & 5) may well occur in blinded studies. Therefore, future work should
conduct blinded hydration research in temperate and cool environments.
All blinded manipulation of hydration research has been conducted on cycling performance
(specifically ergometry) (Cheung et al., 2015; Wall et al., 2015; James et al., 2017; Adams et al., 2018,
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2019), therefore, future research should use different modalities of exercise. Body mass is not being
carried when cycling on a stationary bike, therefore, reductions in body mass due to hypohydration
are unlikely to attenuate or abolish the negative effects of hypohydration on exercise performance
(James et al., 2019). Although the data from Chapter 4 suggests low levels of hypohydration (~2% body
mass loss) and the associated body mass loss may not influence hypohydrated running performance,
future research using different exercise modalities is certainly warranted. Until a nocebo effect of
hypohydration is eliminated at a range of ambient temperatures and severities of hypohydration, and
during different modes of exercise, the blinding of hydration status manipulation should be used for
hydration research where feasible, otherwise the validity of the findings has to be questioned.
The studies in this thesis extend the current literature surrounding hypohydration and exercise
performance (Cheuvront & Kenefick, 2014; Goulet et al., 2012). Chapter 3 demonstrated that at ~3%
hypohydration, regardless of whether subjects were blinded or unblinded to the manipulation of
hydration status, time trial performance was impaired, and the physiological and perceptual
responses were similar. This is an important addition to the literature, as it suggests that the results
of previous studies achieving hypohydration of >3% body mass are unlikely to be confounded by a lack
of blinding to manipulations in hydration status. Whilst hypohydration of 2-3% body mass evidently
impairs performance (James et al., 2017; Adams et al., 2018), whether the results of previous studies
where hypohydration was <3% were exaggerated by a negative expectation effect (from unblinded
methods) of hypohydration is currently unclear and should be investigated.

7.2 To determine if a limited number of familiarisation sessions to exercise-induced
dehydration attenuates the decrement in performance caused by hypohydration
From the previous body of hydration research it cannot be omitted that a subject’s unfamiliarity to
and/or discomfort with the protocols used to induce hypohydration might account for some of the
negative performance effects reported in the literature (Cheuvront & Kenefick, 2014). Moreover, it
has been speculated that repeated exposure to hypohydration, as experienced with regular
endurance training (Fudge et al., 2008), might attenuate the negative performance effects of
hypohydration (Merry et al., 2010). Due to this, the study in Chapter 5 was designed to examine the
effect of a limited number of familiarisation sessions to exercise-induced dehydration on running
performance. We hypothesised that familiarisation to exercise-induced dehydration would attenuate,
but not abolish, the performance decrement frequently observed by hypohydration, and
demonstrated in Chapters 3 and 4.
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The design of this study evoked various methodological challenges. Firstly, the study population had
to be physically able to complete prolonged endurance exercise (to induce >2% body mass loss in a
temperate environment). The environmental conditions were temperature to avoid the complicating
effects of heat acclimation that would occur over 10 repeated visits in the heat. Despite being able to
complete prolonged endurance exercise, subjects had to historically not regularly expose themselves
to bouts of exercise with significant hypohydration. Unfortunately, endurance runners would not be
able to be used as they would typically expose themselves to exercise-induced dehydration multiple
times on a weekly basis by regularly training and competing with minimal fluid. Therefore, we decided
to recruit intermittent games players, a population group that we hoped would be able to complete
prolonged exercise, but would regularly drink during both training and competition, minimising
familiarity with hypohydration. The second methodological challenge was the mode of exercise.
Cycling was the most preferable exercise mode, however, individuals that do not regularly cycle would
likely have a large learning/efficiency effect over the course of a study spanning 10 visits. Therefore,
it would have been difficult to compare the pre-familiarisation and post-familiarisation trials. While
running was chosen as the exercise mode, it induced a significant physiological load on the body, and
considerably increased the risk of injury, as demonstrated by 5 subjects withdrawing from the study
due to musculoskeletal injuries.
The data from Chapter 5 demonstrates that there was an inclination for a small number of
familiarisation sessions to exercise-induced dehydration to attenuate the decrement in performance
induced by hypohydration. However, a larger cohort is required to confirm this and to obtain statistical
significance. As mentioned in Chapter 4, 17 subjects were initially recruited for the study, however, 5
withdrew due to musculoskeletal injury prior to completing the 10 laboratory visits. The trend for a
familiarisation to exercise-induced dehydration found in the present study adds to the familiarisation
to hypohydration reported in Fleming & James, (2014) and increases the notion that a
familiarisation/adaptation to exercise-induced hypohydration is conceivable.
Ascertaining the mechanism(s) responsible for an attenuation in performance impairment with
hypohydration proves difficult. There were no alterations in physiological parameters, i.e. plasma
volume, serum osmolality and heart rate, following the 5 dehydrated familiarisation sessions. This
could indicate the familiarisation to exercise-induced dehydration may derive from psychological
rather than physiological factors. There were reductions in RPE and thirst sensation during the preload
of the hypohydration trial after familiarisation to dehydration. This is in alignment with Fleming &
James (2014), who reported significant reductions in RPE during the hypohydrated trial from pre- to
post- familiarisation (5 sessions, hypohydration induced by fluid restriction and exercise). In certain
medical scenarios (i.e. acute idiopathic polyneuritis and pregnancy), osmoreceptors reset in response
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to disturbances in peripheral volume receptors (Penney et al., 1979; Duvekot & Peeters, 1994; Iwasaki
et al., 1995); this may also occur in response to repeated exposure to hypohydration. Data from
Chapter 6 indicate that intermittent games players do not consume adequate fluid to replace losses
during exercise, even when ad-libitum fluid is available, and that athletes may not rehydrate from
exercise within 20 h. Therefore, athletes are not only exposed to hypohydration during exercise and a
short period after, but also for prolonged (>20 h) periods after exercise. If exercise is completed daily,
like it is by many athletes, this will lead to repeated exercise-induced hypohydration and chronic
exposure to hypohydration. Due to this, it is conceivable that osmoreceptor resetting may occur in
athletes, and this could lessen the negative perceptual consequences of hypohydration.
Osmoreceptor resetting could be partially responsible for the reduced thirst sensation and perceived
exertion following 5 exposures to hypohydration evidenced in Chapter 5 of this thesis and Fleming &
James (2014). Additionally, osmoreceptor resetting may in part explain how endurance trained
athletes can perform at high levels with hypohydration (Sharwood et al., 2004; Zouhal et al., 2011;
Beis et al., 2012), and have less of a decrement in exercise performance than lesser-trained individuals
(i.e. those less exposed to repeated exercise-induced hypohydration) with hypohydration (Merry et
al., 2010; Cheung et al., 2015). This is speculative interpretation and further research is required to
determine if the attenuation of the decrement in performance with hypohydration observed by
Fleming & James (2014) and inclination for an attenuation in Chapter 5 derives solely from
psychological or physiological adaptations, or a combination of the two.
Future research could compare trained endurance runners, that would habitually be exposed to
hypohydration during training, against athletes that typically consume fluids regularly throughout
exercise (i.e. habitual vs non-habitual drinkers during exercise). The data collected at the 2009 Dubai
Marathon (a winning finishing time of 2:05:29, and the winner reportedly lost 9.8% of body mass; Beis
et al., 2012) along with data from 10 elite male marathon runners showing that the runners on average
drank fluids for less than 60 seconds per race, at a rate of ~0.5 L∙h -1 (Beis et al., 2012), demonstrates
that high-level athletes can perform at intensities close to their optimal with significant levels of
hypohydration. The data from Chapter 5 complements this small but intriguing area of the literature
assessing familiarisation/adaptation to exercise-induced hypohydration. Taken together, there is a
suggestion that athletes can tolerate differing severities of hypohydration and perform at high
exercise intensities, indicating a degree of familiarisation/adaptation to exercise-induced dehydration.
Nonetheless, the area of familiarisation/adaptation to exercise-induced hypohydration is in its infancy
and is an exciting avenue of research to pursue.
The data from Chapters 3, 4 and 5 shed light on the potential mechanisms involved in the decrement
in performance seen with hypohydration in different environmental conditions and in individuals with
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differing levels of training status. There were no significant correlations (r≤0.334; P≥0.190) between
body mass, change in body mass, training volume (h∙week-1), V̇ O2peak and the decrement in
performance from hypohydration in Chapter 4 (study details: ~2% body mass loss, 3 km time trial,
24°C, team sport players), suggesting that hypohydration of ~2% may well be interpreted/perceived
differently by each subject. There was, however, a moderate positive correlation (r=0.578; P=0.031)
between absolute VO2 and decrement in performance with hypohydration in Chapter 3 (study details:
~3% body mass loss, ~15 min time trial, 31°C, trained cyclists/triathletes), such that the higher the
absolute VO2 the lower the decrement in performance with hypohydration. Likewise, there was a
moderate positive correlation (r=0.669; P=0.009) between training volume (h∙week-1) and the
decrement in performance with hypohydration. This aligns with the data of both Cheung & McLellan
(1998) and Merry et al. (2010) that found a smaller decrement in performance with hypohydration in
individuals with higher aerobic fitness. Although it is speculation, the positive correlations from
Chapter 3 may be due to a familiarisation effect of regular training rides with small amounts of fluid,
and thus inducing hypohydration regularly during training. It may also be due to greater thermal and
cardiovascular reserves due to greater blood volume in trained individuals (Merry et al., 2010). When
amassed together with the findings of Beis et al. (2012) on elite marathon runners, and other papers
showing an inverse relationship between endurance event finishing time and body mass (Sharwood
et al., 2004; Zouhal et al., 2011; Dion et al., 2013), there is a strong suggestion that athletes of higher
training status perceive/withstand/protect against hypohydration or familiarise to the negative
consequences to a greater extent than lesser trained individuals.
The mechanism(s) or principle mechanism that contribute to an impairment in performance with
hypoyhydration likely change as environmental conditions change (Cheuvront et al., 2005; Kenefick et
al., 2010). Heat stress in combination with hypohydration during exercise creates competition
between the central and peripheral circulation for a diminishing plasma volume (Kenefick et al., 2010),
thus as temperature increases from temperate to warm/hot environments, a reduction in cardiac
output and increase in core temperature may well be the main contributors to a performance
decrement (Chapter 3; Montain & Coyle, 1992). While in temperate conditions, an increase in heart
rate and thirst sensation may feedback into RPE and contribute to a decrement in performance
(Chapter 4 & 5). As mentioned previously, each individual may interpret/perceive hypohydration
differently, therefore the mechanism(s) contributing to the decrement in performance may well be
different, especially at lower severities of hypohydration and in temperature environments. As
displayed in Figure 1-4 (see Section 1.7 ‘Mechanisms of Exercise-Induced Hypohydration & Impaired
Performance’), the mechanisms are numerous and vary at different environmental conditions and
severities of hypohydration. It is unlikely one sole mechanism is responsible for the decrement in
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performance due to hypohydration at a given ambient temperature, but several mechanisms
feedback into the CNS, changing the perception of effort, and in turn selection of exercise intensity
(i.e. performance).

7.3 To document 20 h rehydration from an intermittent bout of exercise in a free-living
environment in intermittent games players.
It was vital that the primary purpose of assessing rehydration was concealed from the subjects as this
would likely have influenced fluid intake behaviours. Firstly, the fluid intake behaviour during the
intermittent exercise period provides some interesting findings. Subjects consumed ~700 mL during
the exercise session (110 min of intermittent exercise), which was equivalent to replacing ~32% of
sweat losses. This is of interest, as ad-libitum fluid intake was permitted at regular intervals
throughout exercise, yet subjects lost ~2% of body mass. This degree of hypohydration occurs
regularly in intermittent games players and runners, even when athletes have access to fluid during
exercise (Greenleaf & Sargent, 1965; Maughan et al., 2004; Passe et al., 2007). Whether
subjects/athletes limited fluid intake during exercise to avoid gastro-intestinal discomfort, underestimated their sweat losses, did not have ample opportunities to drink, or did not consider
hypohydration an issue, remains unknown. Subjects reported significantly greater thirst sensation
post-exercise compared to pre-exercise; this may suggest that drinking every 15 minutes was an
insufficient number of opportunities to drink. It has been hypothesised in previous work that underestimation of sweat losses is likely a reason for low fluid intake in runners (O’Neal et al., 2013).
However, runners are likely not the best cohort to assess this hypothesis as typically runners do not
drink during training, but may drink during races/events where fluid is available on the day. The range
of fluid intake during the exercise period (248 to 1289 mL) is also of interest, as it indicates that fluid
intake is largely individual in athletes (Zouhal et al., 2011).
The results of Chapter 6 suggest that when intermittent games players were permitted to drink fluid
during exercise and had access to food and fluid in a free-living environment, there was an inclination
that a small degree of hypohydration remained 20 h post-exercise. Four primary markers of hydration
status were measured in Chapter 6; body mass, urine osmolality, serum osmolality and plasma
volume. The inclination that hypohydration persisted on the morning post-exercise derived from two
of these markers, a lower body mass and increased urine osmolality on the morning post-exercise.
The four primary markers of hydration status used in Chapter 6 will be briefly discussed below.
It could be suggested that body mass was lower the morning post-exercise due to insufficient glycogen
resynthesis. However, previous investigations assessing glycogen repletion from exhaustive bouts of
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soccer match simulation, with similar levels of carbohydrate intake, indicate the amount of
carbohydrate intake consumed in the exercise group in Chapter 6 would likely be sufficient to
replenish glycogen stores within 24 h (Zehnder et al., 2001). Data from Krustrup et al. (2011) contrasts
that of Zehnder et al. (2001), and found that with greater carbohydrate intakes (9.5 g∙kg body mass-1
day-1) than Zehnder et al. (2001) and the subjects in Chapter 6, muscle glycogen content remained
~27% lower 24 h after a high-level soccer match (Danish First and Second Division). Muscle glycogen
content immediately post-exercise was ~60% of baseline in Zehnder et al. (2001), and ~43% of baseline
in Krustrup et al. (2011), potentially highlighting differences (i.e. muscle glycogen usage and
potentially muscle damage) between soccer-match simulation and that of a high level soccer match.
There is some evidence to suggest that muscle damage (i.e. myofibrillar lysis, disruption to the
sarcoplasmic reticulum and/or GLUT4 function) impairs muscle glycogen resynthesis (Zehnder et al.,
2004). The soccer simulation in Chapter 6 likely incurred less glycogen depletion than both studies
mentioned, as the 15 m sprint during each loop was removed and replaced with a ‘cruise’.
Additionally, the soccer simulation in the present study (without sprints) may have incurred less
muscle damage than that of the real soccer match in Krustrup et al. (2011). However, the mixture of
intermittent games players recruited (i.e. soccer, rugby, field hockey) may have meant some subjects
were unfamiliar with the simulated soccer exercise, thus making it more difficult to predict muscle
damage. Nonetheless, when considering the data of Zehnder et al. (2001) (the most similar exercise
protocol and carbohydrate intake to Chapter 6), it is likely that muscle glycogen stores were not
responsible for the decrement in body mass at 8am (Day 2) and were likely replenished. However,
without measuring muscle glycogen content during prolonged rehydration studies, muscle glycogen
content cannot be fully discounted when discussing changes in body mass. In future research, if body
mass is to be used as a surrogate of total body water and changes in total body water, it is optimal
that muscle glycogen content is measured to eliminate this as a confounder, however, the feasibility
of this provides its own challenge. Other confounders of body mass measurements, such as urine and
faecal excretions, were either quantified or recorded (and controlled for in the resting/non-exercise
group) in Chapter 6.
It is well known that urine values obtained during periods when fluid intake was permitted or
overnight without a void may provide misleading information regarding hydration status (Cheuvront
et al., 2013). However, in Chapter 6, 21 of the 28 subjects voided prior to 8am (and after 5am) on the
morning post-exercise, therefore, the laboratory morning sample likely provided a fairly accurate
representation of hydration status. The elevated urine osmolality (i.e. urine concentration) on the
morning post-exercise likely indicated hypohydration and that the kidney was retaining fluid.
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However, with no difference in serum osmolality the stimulus for the retention of fluid and increased
urine concentration is unclear.
The negative sodium balance in the exercise group may have contributed to a decrease in extracellular
osmolality, masking a true difference in hydration status, and potentially explaining the lack of
difference in serum osmolality between the rest and exercise group the morning post-exercise. Shortterm rehydration studies (see Section 1.12.1 ‘Short-Term Rehydration’), have demonstrated the
importance of replacing sodium losses in fluid retention and achieving full rehydration (Shirreffs et al.,
1996; Shirreffs & Maughan, 1998). Therefore, the difference in sodium balance could account for the
lower body mass in the exercise group (by reducing fluid retention), and the lack of difference in serum
osmolality between groups the morning post-exercise. Finally, studies have demonstrated that the
recovery of plasma volume can precede that of total body water and are influenced by exercise
(Shirreffs et al., 2007).
When the four primary markers of hydration status were considered (i.e. body mass, urine osmolality,
serum osmolality and plasma volume), we believe it was a fair conclusion that a small degree of
hypohydration remained 20 h post-exercise. This conclusion infers that the ACSM position stand
guidelines of consumption of normal meals and snacks with a sufficient volume of plain water will
restore euhydration, provided the food contains sufficient sodium to replace sweat losses if recovery
exceeds 12 h (Sawka et al., 2007) may not hold true and needs to be further challenged. In Chapter 6,
although sodium intake (~3000 mg) was sufficient (estimated by weighed diet record) to replace
sodium losses in sweat (~1900 mg), when urine sodium losses (~1600 mg) are factored in, the exercise
group had a net negative sodium balance the morning post exercise. Although the ACSM position
stand guidelines highlight the need to sufficiently replace sodium losses from exercise, this does not
appear to be sufficient to achieve sodium balance, and further sodium intake to replace urine losses
is required. It is an interesting observation that despite consumption of a normal diet in a free-living
environment, and sodium intake that exceeded losses from exercise, sodium balance was not
achieved. Urine sodium losses were less in the exercise group (~1600 mg) compared to the rest group
(~2600 mg), indicating greater retention of the sodium consumed, however, this greater retention
was not sufficient to maintain/re-establish sodium balance. This is an area for potential future
research with regards to prolonged rehydration. Nonetheless, further data is required to inform
prolonged rehydration guidelines and to further challenge the ACSM position stand guidelines (Sawka
et al., 2007).
The data from Chapter 6 adds to the limited literature (Takamata et al., 1994; O’Neal et al., 2013) on
prolonged rehydration from exercise and suggests that when the recovery time between exercise
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bouts is <20 hours, a specific rehydration strategy may be prudent to achieve complete rehydration.
A specific hydration strategy should ensure athletes begin the subsequent exercise session
euhydrated, which as evidenced in Chapters 3 and 4 is fundamental to prevent decrements in
performance from hypohydration of >2% body mass loss.
If an athlete exercises daily, which is typical of intermittent games players and endurance athletes,
and induces hypohydration without sufficient rehydration, it could be hypothesised that
hypohydration would continue to accrue over several days in a stepwise manner. This is very likely not
the case, as athletes would continue to accrue greater and greater levels of hypohydration until major
negative health consequences occur. However, it is unclear whether athletes regularly partake in
exercise with pre-existing hypohydration (Volpe et al., 2009), or potentially live in a state of suboptimal hydration status/hypohydration. With emerging evidence assessing hypohdration and kidney
function (Bongers et al., 2018), this area of research may develop.
The recovery of body mass was almost complete (-0.3%) within 3 hours post-exercise in Chapter 6.
When considering short-term rehydration studies, this could lead to speculation that subjects may
have completely recovered body mass relatively quickly after the 3 h post-exercise sample. However,
body mass was significantly lower the morning post-exercise, indicating there was possibly a degree
of hypohydration, especially when paired with the elevated urine osmolality the morning postexercise. Although Chapter 6 predominantly assessed prolonged (20 h) rehydration from an exercise
bout, it is important to critique and discuss the short-term (0-6 h) rehydration literature. Despite a
relatively large body of literature existing in this area, the majority of studies have methodological
limitations that confound the applicability of the results. Typically, short-term rehydration studies
have assessed a short period of fluid intake (0.5-1 h), with specific fluid compositions, followed by a
monitoring period (0-6 h). In a real-world scenario, fluid and food would likely be available throughout
the entire post-exercise period (Galloway, 1999), and would be co-ingested and consumed ad-libitum.
Studies typically do not allow subjects to drink during exercise; however, athletes/exercisers would
rarely partake in exercise without consuming any fluid. When all of the short-term rehydration
research is amassed together, it does not provide much definitive information for rehydration
guidelines in a practical setting. Future short-term rehydration research should assess realistic refeeding and rehydration scenarios with different rates of fluid intake and different fluid compositions.
Recent research has identified and investigated the physiological and perceptual differences of
habitually consuming high or low volumes of fluid, and the manipulation of fluid intake in these
population groups (Perrier et al., 2013b, 2013c, 2013a; Johnson et al., 2016). Data from Johnson et al.
(2016), demonstrates that both high and low habitual drinkers maintain fluid balance and exhibit
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similar changes in hormonal profiles (i.e. AVP and aldosterone), however, have distinct differences in
thirst and urine indices, when fluid intake is manipulated away from habitual daily intake. The
standardisation procedures employed in the experimental chapters in this thesis, as well as other
hydration research (Fleming & James, 2014; James et al., 2017), prescribed consumption of a
minimum amount of fluid the day before trials and in some chapters also the morning of trials. In
Chapters 3, 4 and 5, 40 mL∙kg body mass-1 of fluid was prescribed as a minimum amount of fluid to
consume the day before experimental trials. For some subjects this may exceed habitual fluid intake,
whereas for others it may be less than normal fluid intake. It is conceivable that the standardisation
procedures used during the experimental chapters in this thesis, as well as other hydration research,
may have influenced hydration markers (i.e. thirst sensation or urine osmolality) (Johnson et al., 2016)
upon arrival to the laboratory. It is vital that subjects arrive in a euhydrated state (and in a similar state
to other trials during a crossover intervention) prior to undertaking experimental trials involving the
manipulation of hydration status. Therefore, pre-trial fluid standardisation needs to be carefully
considered, and likely investigated, to determine if prescribing a certain amount of fluid, or allowing
subjects to consume a habitual amount of fluid, the day before and/or morning of trials, is optimal for
obtaining a typical euhydrated condition in subjects (both physiologically and perceptually) prior to
experimental trials.
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7.4 Conclusions
The studies documented in this thesis extend the current literature surrounding hypohydration and
exercise performance and rehydration from prolonged exercise. The main conclusions from this thesis
are summarised below:

1. Hypohydration of >2% body mass impairs aerobic exercise performance in temperate and
warm environmental conditions. There does not appear to be a nocebo effect of
hypohydration on performance when body moss loss exceeds 3%. This is likely explained by a
combination of physiological and psychological mechanisms (Chapter 3 & 4). Until a nocebo
effect of hypohydration is eliminated at a range of ambient temperatures and severities of
hypohydration, and during different modes of exercise, the blinding of manipulation of
hydration status should be used for hydration research where feasible.

2. There is an inclination that the decrement in performance from hypohydration may be
attenuated, but not abolished, when individuals are familiarised to exercise-induced
dehydration on five occasions, however, more statistical power and further research is
required (Chapter 5). Although this area of research is in its infancy, this increases the notion
that a familiarisation/adaptation to exercise-induced dehydration is conceivable. The
familiarisation to exercise-induced hypohydration may derive from reductions in ratings of
perceived exertion and thirst sensation (Chapter 5 and Fleming & James, 2014).

3. Intermittent games players do not fully rehydrate within 20 hours of an intermittent bout of
exercise inducing ~2% body mass loss, demonstrated by elevated urine osmolality and a
decrease in body mass 20 h post-exercise (Chapter 6). Intermittent games players did not fully
rehydrate despite free-living conditions with normal access to food and fluids, this
hypohydration may have negative effects on subsequent exercise bouts (Chapter 3 & 4).
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7.5 Practical Applications
The results in this thesis infer some practical guidelines in relation to hypohydration and exercise
performance and rehydration from prolonged exercise. The main practical applications from this
thesis are as follows:

1. Athletes performing endurance exercise should ensure they are adequately euhydrated prior
to undertaking exercise and should consume fluid at a rate that prevents body mass losses of
>2%, especially in temperate and warm environments.

2. In athletic settings where hypohydration is unavoidable, athletes may benefit from training
under hypohydrated conditions similar to the severity of hypohydration they will likely
experience during competition to potentially induce familiarisation effects to hypohydration.
However, the safety of the athlete and the intensity of training sessions (due to impairments
in performance due to hypohydration) should be carefully considered.

3. If an athlete has completed a bout of exercise that has induced hypohydration of ≥2% body
mass loss and the recovery time between exercise bouts is <20 hours, a specific rehydration
strategy might be a prudent approach to achieve complete rehydration, and to ensure the
athlete begins the subsequent exercise session euhydrated.
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7.6 Future Research
To summarise the areas of future work around hypohydration and exercise performance and
rehydration from prolonged exercise that have derived from this thesis:

1. Assess blinded hypohydration of varying degrees (>1% body mass loss) on endurance exercise
performance in temperate and cool environmental conditions and in other exercise modalities
apart from stationary cycling. Realistic facing air flow should be considered as it can have
significant effects on thermoregulation.

2. Assess the familiarisation/adaptation effect to repeated sessions of exercise-induced
hypohydration in a larger number of exposures to exercise-induced hypohydration (>5
exposures) or between distinct fluid intake athlete populations. This could be achieved by
comparing trained endurance runners, that would habitually be exposed to hypohydration
during training, against athletes that typically consume fluids regularly throughout exercise
(i.e. habitual vs non-habitual drinkers during exercise). This could also be achieved by more
hypohydration exposures; however, this would be difficult to conduct in a controlled
laboratory environment.

3. It has been hypothesised in this thesis that hypohydration could be used as a method to
facilitate training adaptation, similar to training with low carbohydrate availability, a method
that was once considered poor nutritional practice. Future research may look to assess the
impact of exercise-induced hypohydration and endurance exercise on signalling and
adaptation pathways at a cellular level.

4. Females have been under-studied with regards to exercise-induced hypohydration. Females
typically have a lower relative body water content, due to a higher body fat content. Total
body water fluctuates over the course of the menstrual cycle, as does body temperature, and
both these factors may have implications for hypohydration and performance. Therefore,
future research should perform hypohydration and exercise performance research in females.
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Appendix A: Ecologically valid carbohydrate intake during soccer-specific exercise does not
affect running performance in a fed state

This experimental chapter is a stand-alone manuscript investigating the effect of ecologically valid
carbohydrate intake on soccer-specific performance. As a source of funding, this research project was
completed as part of the PhD. Although it is not coherent with the theme of this thesis, due to the
time taken to complete the study, it has been included in the appendix.
Manuscript: Funnell MP, Dykes NR, Owen EJ, Mears SA, Rollo I & James LJ (2017). Ecologically valid
carbohydrate intake during soccer-specific exercise does not affect running performance in a fed
state. Nutrients 9(1), 39-51.

Abstract
This study assessed the effect of carbohydrate intake on self-selected soccer-specific running
performance. Sixteen male soccer players (age 23 ± 4 y; body mass 76.9 ± 7.2 kg; predicted V̇ O2max =
54.2 ± 2.9 mL∙kg-1∙min-1; soccer experience 13 ± 4 y) completed a progressive multistage fitness test,
familiarisation trial and two experimental trials, involving a modified version of the Loughborough
Intermittent Shuttle Test (LIST) to simulate a soccer match in a fed state. Subjects completed six 15
min blocks (two halves of 45 min) of intermittent shuttle running, with a 15-min half-time. Blocks 3
and 6 allowed self-selection of running speeds and sprint times were assessed throughout. Subjects
consumed 250 mL of either a 12% carbohydrate solution (CHO) or a non-caloric taste matched placebo
(PLA) before and at half-time of the LIST. Sprint times were not different between trials (CHO 2.71 ±
0.15 s, PLA 2.70 ± 0.14 s; P=0.202). Total distance covered in self-selected blocks (block 3: CHO 2.07 ±
0.06 km; PLA 2.09 ± 0.08 km; block 6: CHO 2.04 ± 0.09 km; PLA 2.06 ± 0.08 km; P=0.122) was not
different between trials. There was no difference between trials for distance covered (P≥0.297) or
mean speed (P≥0.172) for jogging or cruising. Blood glucose concentration was greater (P<0.001) at
the end of half-time during the CHO trial. In conclusion, consumption of 250 mL of 12% CHO solution
before and at half-time of a simulated soccer match did not affect self-selected running or sprint
performance in a fed state.

Keywords: Endurance, LIST, Sports Drink, Ecological Valid, Sprinting
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Introduction
With sporting events being won and lost by the finest margins, athletes are constantly striving for
ways to improve training and performance, and gain a competitive edge. One well-known method by
which athletes can achieve this is through carbohydrate ingestion during prolonged (>1 hour) bouts
of exercise (Coyle et al. 1983; Coyle et al. 1986; McConell et al. 1999).
Fatigue during prolonged exercise is coupled with the depletion of glycogen stores (Tsintzas et al.
1996), a decrease in blood glucose concentration (McConell et al. 1999), and a reduction in the rate
of carbohydrate oxidation in the later stages of exercise (Coggan & Coyle, 1987). Exogenous
carbohydrate intake provides a method to significantly alter carbohydrate availability during exercise
(Coggan & Coyle, 1991) and potentially offset the proposed factors that cause fatigue. The
mechanisms include the prevention or reversal of hypoglycemia, a decrease in hepatic glucose output,
and the maintenance of high rates of carbohydrate oxidation, especially in the later stages of exercise
when endogenous glycogen stores are reduced (Coyle et al. 1983; Coyle et al. 1986; Coggan & Coyle,
1987).
A number of studies have reported a performance improvement of carbohydrate ingestion during
prolonged continuous cycling (Coyle et al. 1983; McConell et al. 1999) and running (Tsintzas et al.
1993; Tsintzas et al. 1995), as well as discontinuous, intermittent running (Foskett et al. 2008;
Patterson & Gray, 2007; Welsh et al. 2002). More specifically, several studies have examined the effect
of carbohydrate intake during simulated soccer or games performance, many implementing the
Loughborough Intermittent Shuttle Test (LIST), a protocol specifically designed to replicate the
demands of a soccer match (Nicholas et al. 2000). Overall, these studies demonstrate that
carbohydrate ingestion during exercise improves intermittent running capacity (Nicholas et al. 1995;
Welsh et al. 2002; Patterson & Gray, 2007), and/or induces physiological alterations that promote
improvements in performance (Nicholas et al. 1999; Ali et al. 2007; Ali & Williams, 2009). Nicholas et
al. (1995) reported a 33% improvement in time to fatigue (alternating between 20 m shuttles of
jogging and cruising) following 75 minutes of the LIST when subjects consumed a 6.9% carbohydrate
solution before and every 15 minutes throughout exercise. Similarly, Davis et al. (2000) found a 32%
increase in intermittent running time to fatigue when a 6% carbohydrate solution was consumed was
consumed before and every 15 minutes throughout the LIST.
Despite a number of studies reporting improvements on simulated soccer performance, many have
methodological limitations that restrict their application to real-world soccer match performance.
Several studies have not used ecologically valid feeding strategies, for example testing subjects in a
fasted state (Nicholas et al. 1995; Ali et al. 2007; Davis et al. 2000), or providing carbohydrate drinks
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regularly throughout exercise (Nicholas et al. 1995; Goedecke et al. 2013; Patterson & Gray, 2007).
Typically players would not begin a soccer match in a fasted state, and apart from extenuating
circumstances (i.e. a severe injury or excessively hot environmental conditions) would not be able to
drink during each 45 minute half of soccer. Additionally, the validity of adopting an exhaustive protocol
at the end of simulated soccer match (Nicholas et al. 1995; Patterson & Gray, 2007; Davis et al. 2000)
needs to be questioned, as soccer players are rarely required to run until exhaustion at the end of
competition.
Therefore, the purpose of this study was to investigate the effect of carbohydrate intake in a fed state,
using an ecologically valid feeding strategy (i.e. before and at half-time of a simulated soccer match),
on sprint and self-selected soccer-specific running performance in competitive soccer players.
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Methods
Subjects
Sixteen male soccer players (age 23 ± 4 y; body mass 76.9 ± 7.2 kg; height 1.81 ± 0.06 m; BMI 23.5 ±
1.9 kg∙m-2; predicted V̇ O2max 54.2 ± 2.9 mL∙kg-1∙min-1; body fat 11.8 ± 3.0 %) volunteered for this study,
which was approved by the Loughborough University Ethics Approvals (Human Participants) Sub
Committee (reference number: R15-P159). Before commencement of the study, subjects provided
written informed consent and completed a medical screening questionnaire. Subjects were nonsmokers, had a soccer playing history of 13 ± 4 y, and participated in soccer training and/or matches
3 ± 1 times per week. All subjects completed a preliminary trial, familiarisation trial and two
experimental trials, separated by a minimum of 3 d.
Pre-Trial Standardisation
To ensure similar metabolic conditions prior to each experimental trial, all subjects recorded their
dietary intake and habitual physical activity for the day preceding and day of their first experimental
trial. These diet and activity patterns were replicated prior to the second experimental trial and
adherence to these requirements was verbally checked. Subjects also refrained from any strenuous
exercise or alcohol intake during this period. The specific time of trials was standardised for each
subject to prevent any diurnal effects. Subjects consumed a standardised pre-trial meal providing 2 g
carbohydrate∙kg-1 body mass (BM) (consisting of Nutri-grain cereal bars and semi-skimmed milk at a
ratio of 30 g cereal bar to 125 g milk) 2.5 h before arrival at the laboratory, and consumed 500 mL of
water 1.5 h before arrival to the laboratory (i.e. ~3 h and ~2 h pre-exercise, respectively).
Preliminary Testing
During the first visit, body mass and height (Model 285, Seca Scales, Birmingham, UK) were recorded,
and body fat percentage was estimated using skinfold caliper measurements at four sites (i.e. biceps,
triceps, sub-scapular and supra-iliac; Durnin & Womersley, 1974). Each subject’s V̇ O2max and velocity
at V̇ O2max were predicted using a progressive multistage shuttle run test (Ramsbottom et al. 1988),
and these data were used to determine the timing intervals for jogging (55% V̇ O2max) and cruising (95%
V̇ O2max) during the experimental trials. All trials were completed on an indoor 20 m running track, with
only one subject completing the test at a time.
Experimental Trials
Timing of trials was standardised within subjects. Upon arrival at the laboratory, subjects voided their
bladder into a plastic container, and nude body mass was recorded. This urine sample was analysed
for osmolality (Osmocheck, Vitech Scientific, UK) to assess hydration status, and a urine osmolality of
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<900 mOsm∙kgH2O-1 was taken to indicate the absence of hypohydration (Armstrong et al. 2010). No
subject produced a urine sample above this value. After 10 min of seated rest, heart rate was recorded
and a finger-prick capillary blood sample was taken. Subjects then completed a 10 min self-selected
warm-up. Thereafter, subjects drank 250 mL of test drink over a 5 min period before resting for a
further 5 min. Subjects then began a modified version of the LIST (Figure 1).
During the modified LIST subjects were required to walk and run back and forth between two lines 20
m apart. Each block of the LIST was 15 min in duration and consisted of ~11 repeated cycles of walking
(3 shuttles at 1.5 m∙s-1), sprinting (15 m), rest (4 s), jogging (3 shuttles at 55% predicted V̇ O2max) and
cruising (3 shuttles at 95% predicted V̇ O2max). Subjects completed six blocks of the LIST totalling 90 min
of simulated soccer performance. A 15 min passive recovery period (i.e. half-time) separated the six
blocks of the LIST into two 45 min halves. The exercise intensities throughout the first two blocks of
both halves (blocks 1-2 & 4-5; 0-30 min) were dictated by audio cues (Nicholas et al. 2000), whereas
the third block in each half (blocks 3 & 6; 30-45 min) was “self-selected” without audio cues (Ali et al.
2014). During the self-selected blocks subjects were instructed to replicate the patterns and intensities
of the audio cue dictated blocks, but were provided with no cues or other verbal instructions (Ali et
al. 2014). Subjects were video recorded during the self-selected blocks, and analysis of the video
provided a record of the time and distance spent in each activity. Sprint times were recorded during
all six blocks of the LIST over 15 m using infrared timing gates (Brower Training Systems, USA), with
the timing gate height standardised at 24.5 cm. Subjects drank a further 250 mL of test drink during
the first five min of half-time, with water consumed ad-libitum for the remainder of the half-time
break of the familiarisation trial (i.e. 5-15 min). Subjects replicated this water ingestion during
experimental trials for standardisation purposes. Upon completion of the LIST, subjects had a 10-min
period to cool down, before nude body mass was measured to determine change in body mass.
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Figure 1. Schematic of the study design.

Heart rate (M400, Polar Electro, Kempele, Finland) was recorded continuously throughout exercise
and averaged for each 15 min block of the LIST. Finger-prick capillary blood samples (20 µL) were taken
at rest, immediately before and after each self-selected block, and at the end of half-time, and were
analysed for blood glucose and lactate (Biosen EKF Diagnostic, HaB Direct, Warwickshire, UK). Arousal
(Felt Arousal Scale; Svebak & Murgatroyd, 1985), GI discomfort, bloated feeling, stomach fullness and
thirst sensation were recorded at rest and every 15 min throughout exercise. GI discomfort, bloated
feeling, stomach fullness and thirst sensation were scored on a 10-point scale (1 = not at all, 10 = very,
very much; Jentjens & Jeukendrup, 2005). Rating of perceived exertion (RPE; Borg, 1982) was recorded
every 15 min throughout exercise.
Test Drinks
Subjects were given either a carbohydrate (CHO) or placebo (PLA) drink in a double-blind, randomised,
counter-balanced design. The CHO drink was 12% solution delivering 60 g per 500 mL bottle of a blend
of sucrose, maltodextrin and isomaltulose, whilst the PLA drink was non-caloric and taste matched to
the CHO drink using artificial sweeteners (sucralose and acesulfame potassium). Both drinks contained
matched amounts of sodium (18 mmol∙L-1) and potassium (4 mmol∙L-1).
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Statistical Analysis
Data were analysed using SPSS (version 22, SPSS Inc, Chicago, IL) and were initially checked for
normality of distribution using a Shapiro-Wilk test. Pre-trial measures were analysed using paired ttests or Wilcoxon Signed Rank tests, as appropriate. Running performance data, blood glucose, blood
lactate, heart rate, mean sprint times and subjective feelings questionnaires were analysed using a
two-way (time x drink) repeated measures ANOVA. Where the assumption of sphericity was violated,
the degrees of freedom were corrected using the Greenhouse-Geisser estimate. Significant results
were followed-up by post-hoc paired t-tests or Wilcoxon Signed Rank tests, as appropriate, and the
familywise error rate was controlled using the Holm-Bonferroni adjustment. Data sets were accepted
as being significantly different when P≤0.05. All data are presented as mean ± SD, unless stated
otherwise.
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Results
Pre-Trial Measures
Pre-trial urine osmolality (CHO 400 ± 240 mOsm∙kgH2O-1, PLA 386 ± 257 mOsm∙kgH2O-1; P=0.828) and
body mass (CHO 76.4 ± 7.0 kg, PLA 76.7 ± 6.9 kg; P=0.195) were not different between trials.
Running Performance
There was no trial order effect, with similar distances completed for block 3 (trial 1: 2.09 ± 0.07 km,
trial 2: 2.07 ± 0.07 km; P=0.305) and block 6 (trial 1: 2.06 ± 0.09 km, trial 2: 2.04 ± 0.07 km, P=0.114)
and mean running speeds for block 3 (trial 1: 8.3 ± 0.3 km∙h-1, trial 2: 8.3 ± 0.3 km∙h-1; P=0.305) and
block 6 (trial 1: 8.3 ± 0.4 km∙h-1, trial 2: 8.1 ± 0.3 km∙h-1; P=0.114) during the first and second
experimental trials.
There was no difference (P=0.202) in 15 m sprint times between CHO and PLA trials during any of the
six blocks of the LIST (Figure 2). There was a main effect of time (P=0.013), with faster 15 m sprint
times (P<0.001) during the first three blocks (2.68 ± 0.13 s) compared to the second three blocks of
the LIST (2.73 ± 0.16 s). There was no time by trial interaction effect (P=0.337) for 15 m sprint times.
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Figure 2. Mean sprint times for the six blocks of the LIST during CHO (Ŷ) and PLA (□) trials.
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Block 6

The self-selected distance covered and mean speed for blocks 3 and 6 of the LIST during the CHO and
PLA trials are displayed in Table 1. There were no differences in total distance covered (P=0.122) or
mean speed (P=0.070) between CHO or PLA trials. There was a main effect of time for total distance
covered (P=0.011) and mean speed (P=0.005), with more distance covered and faster mean speeds in
block 3 (distance 2.08 ± 0.07 km; speed 8.3 ± 0.3 km∙h-1) than block 6 (distance 2.05 ± 0.08 km; speed
8.2 ± 0.3 km∙h-1). There were no differences in distance covered (P≥0.297) or mean speed (P≥0.172)
for jogging and cruising between CHO and PLA trials. There was a main effect of trial for both distance
covered (P=0.030) and mean speed (P=0.045) for walking, however, post-hoc tests revealed no
differences during block 3 (distance P=0.232; mean speed P=0.246) or block 6 (distance P=0.370; mean
speed P=0.098). There were no interaction effects (P≥0.343) for total distance covered or mean speed,
or distance covered and mean speed for walking, jogging or cruising. There were also no time
(P≥0.497), trial (P≥0.131) or interaction (P≥0.905) effects for total recovery time or mean recovery
time per lap of the LIST.
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Table 1. Self-selected running performance for blocks 3 and 6 of the LIST during CHO and PLA trials.
Block 3

Block 6

Variable
CHO

PLA

CHO

PLA

2.07 ± 0.06

2.09 ± 0.08

2.04 ± 0.09

2.06 ± 0.08

8.3 ± 0.3

8.3 ± 0.3

8.1 ± 0.3

8.2 ± 0.3

0.66 ± 0.02

0.67 ± 0.02

0.65 ± 0.02

0.66 ± 0.03

5.6 ± 0.2

5.7 ± 0.2

5.5 ± 0.2

5.6 ± 0.2

Distance Covered (m)

161 ± 7

161 ± 7

160 ± 7

160 ± 7

Mean Sprint Time (s)

2.69 ± 0.13

2.67 ± 0.14

2.73 ± 0.18

2.71 ± 0.17

20.1 ± 1.0

20.3 ± 1.1

19.9 ± 1.3

20.0 ± 1.2

Distance Covered (km)

0.63 ± 0.03

0.63 ± 0.03

0.62 ± 0.04

0.63 ± 0.03

Mean Speed (kmÂ
h-1)

10.9 ± 0.6

11.0 ± 0.7

10.7 ± 0.8

10.8 ± 0.7

Distance Covered (km)

0.62 ± 0.03

0.62 ± 0.03

0.60 ± 0.03

0.61 ± 0.03

Mean Speed (kmÂ
h-1)

12.7 ± 0.4

12.9 ± 0.5

12.7 ± 0.4

12.7 ± 0.6

Total (s)

40 ± 5

38 ± 7

41 ± 7

39 ± 7

Mean Per Lap (s)

4±0

4±1

4±1

4±1

Total
Distance Covered (km)
Mean Speed (kmÂ
h-1)
Walking
Distance Covered (km)
Mean Speed (kmÂ
h-1)
15 m Sprint

-1

Mean Speed (kmÂ
h )
Jogging

Cruising

Recovery Time

Data are mean ± SD.
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Subjective Feelings Questionnaires
Data from the subjective feelings questionnaires are displayed in Figures 3 and 4. There were main
effects of time for thirst sensation (P<0.001) and GI discomfort (P=0.026), but not for arousal
(P=0.198), stomach fullness (P=0.409) or bloating feeling (P=0.248). There was a main effect of trial
for stomach fullness (P=0.001); with subjects reporting higher levels of stomach fullness during the
CHO trial (3.2 ± 1.9) compared to the PLA trial (2.6 ± 1.7), but no interaction effect (P=0.759). There
were no main effects of trial (GI discomfort P=0.091; bloated feeling P=0.235; arousal P=0.805; thirst
sensation P=0.520) or interaction effects (GI discomfort P=0.477; bloated feeling P=0.547; arousal
P=0.831; thirst sensation P=0.337) for any of the other subjective feelings questionnaires.

Figure 3. Subjective feelings questionnaires for (A) arousal (1 = low arousal; 6 = high arousal) and (B) thirst
sensation (1 = not at all; 10 = very, very much) during CHO (●) and PLA (○) trials. Data are mean ± SE.
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Figure 4. Subjective feelings questionnaires for (A) GI discomfort, (B) bloated feeling and (C) stomach fullness
(A, B, C: 1 = not at all; 10 = very, very much) during CHO (●) and PLA (○) trials. Data are mean ± SE.
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Physiological Measures
Due to problems with blood collection during two experimental trials, the blood glucose and lactate
analysis only includes 14 subjects. There were main effects of time for both blood glucose and lactate
concentration (P<0.001; Table 2). There was an interaction effect for blood glucose concentration
(P<0.001), with greater blood glucose concentration at the end of half-time during the CHO trial (CHO
6.6 ± 0.7 mmol∙L-1; PLA 5.0 ± 0.7 mmol∙L-1; P<0.001). There were no main effects of trial for blood
glucose (P=0.265) or lactate (P=0.637) concentrations and no interaction effect for blood lactate
concentration (P=0.399).

Table 2. Blood glucose and lactate concentrations (mmolÂ
L-1) during CHO and PLA trials.


Indicates significantly (P<0.05) different between trials.
Rest

30 min

45 min

End of
half-time

90 min

105 min

CHO

4.8 ± 0.8

5.0 ± 0.6

5.1 ± 0.6

6.6 ± 0.7

4.1 ± 0.6

4.7 ± 0.6

PLA

5.2 ± 0.5

4.8 ± 0.6

5.1 ± 0.4

5.0 ± 0.7

4.6 ± 0.5

4.8 ± 0.6

CHO

1.3 ± 0.2

3.5 ± 1.5

3.6 ±1.5

2.4 ± 0.9

3.4 ± 1.5

3.4 ± 1.4

PLA

1.3 ± 0.4

3.8 ± 1.6

3.7 ± 1.6

2.2 ± 0.9

3.1 ± 1.4

3.1 ± 1.4

Blood glucose
-1
(PPROÂ/
)

Blood lactate
-1
(PPROÂ/
)

Data are mean ± SD; n = 14.

Ad-libitum fluid intake during half-time of the familiarisation trial was 238 ± 162 mL and all subjects
replicated this volume of fluid intake in the experimental trials. There was no difference in the
percentage of body mass lost between trials (CHO 1.67 ± 0.49 %, PLA 1.76 ± 0.66 %; P=0.109), or total
sweat loss between trials (CHO 1.94 ± 0.32 L, PLA 1.99 ± 0.40 L; P=0.310).
There were no trial (heart rate P=0.626; RPE P=0.503) or interaction (heart rate P=0.228; RPE P=0.511)
effects for heart rate or RPE (Table 3). There was a main effect of time (P<0.001) for heart rate and
RPE. Heart rate increased from rest to block 1 of the LIST and remained elevated throughout exercise,
while RPE increased gradually throughout exercise.
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-1
Table 3. Heart rate (EHDWÂPLQ
) and RPE (6-20) during the LIST for CHO and PLA trials.

Rest

Block 1

Block 2

Block 3

Block 4

Block 5

Block 6

Heart rate
-1
(EHDWÂPLQ
)
CHO

63 ± 10

154 ± 11

166 ± 11

164 ± 10

157 ± 10

167 ± 11

162 ± 13

PLA

62 ± 10

154 ± 10

166 ± 11

165 ± 10

156 ± 10

164 ± 10

163 ± 11

CHO

-

13 ± 2

14 ± 2

14 ± 2

14 ± 2

15 ± 2

16 ± 2

PLA

-

13 ± 2

14 ± 2

15 ± 2

14 ± 2

15 ± 2

16 ± 2

RPE (6-20)

Data are mean ± SD.

Perception of Test Drinks
Upon completion of the second experimental trial subjects were asked if they could distinguish
between the test drinks, and if so, which of the trials they believed was the CHO drink. Of the 16
subjects recruited, 10 believed they could distinguish between the two test drinks; with 7 of these
subjects correctly identifying the CHO drink.
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Discussion
The purpose of the present study was to assess the effect of carbohydrate intake using an ecologically
valid feeding strategy (i.e. before and at half-time) on sprint and self-selected soccer-specific running
performance in a fed state. The main finding was that consumption of 250 mL of a 12% carbohydrate
solution (40 g∙h-1) before and at half-time of a simulated soccer match did not improve self-selected
running performance or sprint speed.
This finding is in contrast to a number of similar studies that have examined the effect of carbohydrate
intake on simulated soccer performance (Nicholas et al. 1995; Davis et al. 2000; Patterson & Gray,
2007; Ali et al. 2007). Nicholas et al. (1995) reported a 33% improvement in running time to fatigue
(alternating between 20 m shuttles of jogging and cruising) following 75 minutes of the LIST when
subjects consumed a 6.9% carbohydrate solution before (5 mL∙kg-1 BM) and every 15 minutes
throughout exercise (2 mL∙kg-1 BM). Likewise, Davis et al. (2000) reported a 32% increase in
intermittent running time to fatigue when a 6% carbohydrate solution was consumed before (5 mL∙kg1

BM) and every 15 minutes throughout the LIST (2 mL∙kg-1 BM). Both of these studies, like several

others that have found beneficial effects of carbohydrate ingestion on intermittent running
performance (Patterson & Gray, 2007; Phillips et al 2010; Welsh et al. 2002), implemented a time to
fatigue protocol at the end of a prolonged period of intermittent running. The time to fatigue protocol
used in the above mentioned studies consisted of subjects alternating between 20 m jogging and
cruising until volitional fatigue. The validity of implementing an exhaustive protocol needs to be
questioned, as soccer players are rarely required to run until fatigue at the end of a match. In this
study, the self-paced block at the end of each half, which followed two prescribed blocks of
intermittent exercise, allowed quantification of intermittent running performance when fatigue is
normally present during a soccer match (Ali et al. 2014), and did so in a more ecologically valid manner
(Phillips et al. 2011).
Moreover, in the present study subjects consumed a pre-trial meal consistent with pre-exercise
guidelines; i.e. 1-4 g carbohydrate∙kg-1 BM in the 4 hours before exercise (Burke et al. 2011). The
majority of studies that have found a positive effect of carbohydrate ingestion on intermittent running
performance required subjects to arrive at the laboratory after an overnight fast (8-10 h) (Nicholas et
al. 1995; Davis et al. 2000; Welsh et al. 2002). Conversely, one study (Goedecke et al. 2013) did require
subjects to mimic their normal pre-match nutrition practices, and found no benefit of ingestion of a
7% carbohydrate solution on intermittent running time to fatigue following 75 minutes of the LIST. It
is important to note that a lower rate of carbohydrate ingestion of 33 g∙h-1 was used by Goedecke et
al. (2013), which is towards the lower end of the recommended amount of 30-60 g∙h-1 for prolonged
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exercise (Jeukendrup, 2004). In other exercise modes the importance of a pre-trial meal has been
shown. Sherman et al. (1991) found ~45 minute cycling time trial performance after a 2 h preload was
improved following a low- (1.1 g∙kg-1 BM) and high- (2.2 g∙kg-1 BM) carbohydrate pre-trial beverage
compared to a non-caloric placebo following an overnight fast. The pre-trial meal implemented in the
present study may have negated the beneficial effects of carbohydrate ingestion during exercise,
potentially explaining the absence of an effect of carbohydrate ingestion on self-paced running or
sprint performance. It could also explain the presence of a beneficial effect of carbohydrate intake in
other studies that required subjects to exercise under fasted conditions (Nicholas et al. 1995; Davis et
al. 2000).
Another possible reason for the different outcome in the present study compared to other studies
that have investigated carbohydrate intake on intermittent running performance could be the
regularity of carbohydrate ingestion throughout exercise. Typically players would not be able to
consume fluids or food during each 45 minute half of soccer unless extenuating circumstances (i.e. a
severe injury or excessively hot environmental conditions) permitted. In this study, subjects consumed
250 mL of carbohydrate solution before and at half-time, whereas in other similar studies (Nicholas et
al. 1995; Patterson & Gray, 2007; Goedecke et al. 2013; Davis et al. 2000) subjects ingested
carbohydrate before, every 15 minutes throughout exercise, and at half-time. Despite the less
frequent ingestion in this study, subjects consumed a total of 60 g of carbohydrate, 30 g before
exercise and 30 g at half-time, equating to an ingestion rate of 40 g∙h-1. Although this rate of
carbohydrate ingestion is in alignment with the recommended amount for prolonged (1-2
h) exercise of 30-60 g∙h-1 (Jeukendrup, 2004), no differences in sprint or self-paced running
performance were found between trials.
Evidence is inconsistent with regards to the effect of carbohydrate ingestion on sprint performance
during intermittent running exercise (Baker et al. 2015; Phillips et al. 2011). Nicholas et al. (1995)
found no difference in 15 m sprint times with ingestion of a 6.9% carbohydrate solution compared to
a placebo solution during 75 minutes of the LIST. Likewise, Foskett et al. (2008) reported no
improvement in 15 m sprint times when a 6.4% carbohydrate solution was consumed at a high rate of
90 g∙h-1, compared to a placebo, during 90 minutes of the LIST. Interestingly, Foskett et al. (2008)
found no glycogen sparing effect of carbohydrate ingestion during 90 minutes of the LIST when
subjects began exercise with high pre-exercise muscle glycogen concentrations. The results of the
present study demonstrate that ingestion of a 12% carbohydrate solution had no effect on 15 m sprint
times during any of the six blocks of the LIST. This finding is in agreement with several studies that
have used similar protocols to replicate the demands of soccer (Nicholas et al. 1995; Nicholas et al.
1999; Foskett et al. 2008; Ali & Williams, 2009).
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Conversely, there are a few studies that have reported an improvement in sprint performance (Ali et
al. 2007; Welsh et al. 2002). Welsh et al. (2002) investigated the effect of a high rate of carbohydrate
ingestion before (5 mL∙kg-1 BM of a 6% carbohydrate solution), inbetween quarters (3 mL∙kg-1 BM of a
6% carbohydrate solution) and at half-time (5 mL∙kg-1 BM of a 18% carbohydrate solution) on 20 m
sprint times during an intermittent high-intensity shuttle running protocol consisting of 15-minute
quarters. Sprint times were ~14% faster in the fourth quarter when subjects consumed carbohydrate.
Ali et al. (2007) found 15 m sprint times were 1.2% faster during 90 minutes of the LIST when subjects
consumed a 6.4% carbohydrate solution compared to a placebo solution. However, a glycogen
depleting bout of exercise was completed the day before experimental trials and subjects began trials
after an overnight fast. Therefore, endogenous glycogen stores would have been sub-optimal, and it
is likely the effects of carbohydrate ingestion on exercise performance would be augmented in this
state. As muscle glycogen is an important substrate for high-intensity efforts during intermittent
running exercise (Baker et al. 2015), it could be speculated that the effectiveness of carbohydrate
ingestion on sprint performance may largely depend on endogenous muscle glycogen concentrations
(Phillips et al. 2011).
Nicholas et al. (1999) found ingestion of a 6.9% carbohydrate solution during 90 minutes of the LIST
resulted in a 22% reduction in muscle glycogen utilisation compared to a placebo solution. Similarly,
a 24% reduction in muscle glycogen utilisation was observed by Tsintzas et al. (1996) at the point of
exhaustion during a placebo trial compared to a carbohydrate trial (5.5% carbohydrate solution before
and every 20 minutes during exercise), when subjects were required to run until exhaustion at 70%
V̇ O2max. While muscle glycogen content was not measured in the present study, if the ingestion of
carbohydrate before and at half-time did reduce the utilisation of muscle glycogen, the absence of an
effect on self-selected running or sprint performance between trials suggests the duration and/or
nature of the exercise did not deplete glycogen stores significantly enough to impact on performance.
However, both Nicholas et al. (1999) and Tsintzas et al. (1996), performed trials after an overnight
fast, meaning liver glycogen would have been sub-optimal compared to a fed state (Taylor et al. 1996).
Consumption of a high carbohydrate breakfast (2.5 g carbohydrate∙kg-1 BM) has been shown to
increase muscle glycogen concentrations by 11% three hours post ingestion (Chryssanthopoulos et al.
2004). The pre-trial meal, consisting of 2 g carbohydrate∙kg-1 BM, consumed ~3 h before exercise in
the present study may have replenished liver glycogen and elevated muscle glycogen concentrations,
potentially negating a beneficial effect of carbohydrate ingestion during exercise.
It is well known that carbohydrate ingestion during exercise alters blood glucose concentration either
intermittently or throughout exercise (Nicholas et al. 1995; Ali et al. 2007; Coyle et al. 1983; Coyle et
al. 1986; Foskett et al. 2008). The only observed difference in blood metabolites in this study was an
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elevated blood glucose concentration at the end of half-time during the CHO trial (Table 2). Despite
this difference, self-selected running and sprint performance were similar between trials. Importantly,
blood glucose concentration did not reach hypoglycemia in either trial, indicating that the endogenous
glycogen stores and the pre-trial meal consumed were sufficient to maintain blood glucose
concentration throughout 90 minutes of the LIST protocol (Burke et al. 2011).
The carbohydrate concentration (12%) of the solution administered in the present study was
considerably greater than the 6-7% carbohydrate concentration adopted by many other similar
studies (Nicholas et al. 1995; Davis et al. 2000; Goedecke et al. 2013). Despite this, there were very
few incidences of gastro-intestinal (GI) discomfort, or adverse subjective ratings of bloated feeling or
stomach fullness in either trial (Figure 4), with only one subject reporting GI distress. It is important to
note that this subject reported relatively high GI distress in the PLA trial (GI discomfort: 4 ± 1; bloated
feeling: 5 ± 2; stomach fullness: 5 ± 2) as well as the CHO trial (GI discomfort: 6 ± 3; bloated feeling: 6
± 3; stomach fullness: 6 ± 3), suggesting that the ingestion of fluid, and not the carbohydrate content
may have been the cause. The low volume of fluid consumed (250 mL before and at half-time) and
the fact that the subjects were familiar with consuming fluid and/or commercially available
carbohydrate-electrolyte drinks throughout soccer training and matches may help to explain the low
incidence of subjective ratings of GI discomfort, bloated feeling or stomach fullness.

Conclusion
In conclusion, consumption of 250 mL of a 12% carbohydrate solution before and at half-time of a
simulated soccer match did not affect self-selected running performance or sprint times in a fed state.
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Appendix B: Example Informed Consent Form

EFFECT OF DRINK COMPOSITION DURING EXERCISE ON CYCLING TIME TRIAL
PERFORMANCE
INFORMED CONSENT FORM
(to be completed after Participant Information Sheet has been read)
The purpose and details of this study have been explained to me. I
understand that this study is designed to further scientific knowledge and
that all procedures have been approved by the Loughborough University Yes 
Ethics Approvals (Human Participants) Sub-Committee.

No 

I have read and understood the information sheet and this consent form.

Yes 

No 

I have had an opportunity to ask questions about my participation.

Yes 

No 

I understand that I am under no obligation to take part in the study.

Yes 

No 

I understand that I have the right to withdraw from this study at any stage for
any reason, and that I will not be required to explain my reasons for
withdrawing.

Yes 

No 

I understand that all the information I provide will be treated in strict
confidence and will be kept anonymous and confidential to the researchers
unless (under the statutory obligations of the agencies which the researchers
are working with), it is judged that confidentiality will have to be breached
for the safety of the participant or others.

Yes 

I agree to participate in this study.

Yes 

Your name

________________________________

Your signature

________________________________

Signature of investigator

________________________________

Date

________________________________
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No 
No 

Appendix C: Example Health Screen Questionnaire

Health Screen Questionnaire for Study Volunteers
As a volunteer participating in a research study, it is important that you are currently in good health
and have had no significant medical problems in the past. This is (i) to ensure your own continuing
well-being and (ii) to avoid the possibility of individual health issues confounding study outcomes.
Please complete this brief questionnaire to confirm your fitness to participate:
1.

2.

3.

At present, do you have any health problem for which you are:
(a) on medication, prescribed or otherwise ...........

Yes

No

(b)

attending your general practitioner ..................

Yes

No

(c)

on a hospital waiting list ...................................

Yes

No

In the past two years, have you had any illness or injury which required you to:
Yes
(a) consult your GP ...............................................

No

(b)

attend a hospital outpatient department ...........

Yes

No

(c)

be admitted to hospital ...................................

Yes

No

Yes

No

Have you ever had any of the following:
(a) Convulsions/epilepsy .......................................
(b)

Asthma ............................................................

Yes

No

(c)

Eczema ...........................................................

Yes

No

(d)

Diabetes ..........................................................

Yes

No

(e)

A blood disorder ..............................................

Yes

No

(f)

Head injury ......................................................

Yes

No

(g)

Digestive problems ..........................................

Yes

No

(h)
(i)

No
+HDUWSUREOHPVFKHVWSDLQV««««««
« Yes
No
Problems with muscles, bones or joints ........ Yes

(j)

Disturbance of balance/coordination ................

Yes

No

(k)

Numbness in hands or feet ..............................

Yes

No

(l)

Disturbance of vision .......................................

Yes

No

(m) Ear/hearing problems ......................................

Yes

No

(n)

Thyroid problems .............................................

Yes

No

(o)

Kidney or liver problems ..................................

Yes

No
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(p)

Problems with blood pressure ..........................

Yes

No

If YES to any question, please describe briefly if you wish (eg to confirm problem was/is short-lived,
insignificant or well controlled.)
.......................................................................................................................................................
4.

5.

Smoking, physical activity and family history
(a)

Are you a current or recent (within the last six
months) smoker?

Yes

No

(b)

Are you physically active (30 minutes of moderate Yes
intensity, physical activity on at least 3 days each
week for at least 3 months)?

No

(c)

Has any, otherwise healthy, member of your family Yes
under the age of 35 died suddenly during or soon
after exercise?

No

Allergy Information
(a)

Are you allergic to any food products?

Yes

No

(b)

Are you allergic to any medicines?

Yes

No

(c)

Are you allergic to plasters?

Yes

No

(d)

Are you allergic to latex?

Yes

No

If YES to any of the above, please provide additional information on the allergy
………………………………………………………………………………………………………………………………..
6.

Are you currently involved in any other research studies at the University or elsewhere?
Yes

No

If yes, please provide details.
………………………………………………………………………………………………………………
7.

Please provide contact details of a suitable person for us to contact in the event of any incident or
emergency.
Name: ……………………………………………………………………………………………………………….
Telephone Number: ……………………………………………………………………………………………………………….
Work

Home

Mobile

Relationship to Participant: …………………………………………………………………………………………...........
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Appendix D: Participant Information Sheet titled ‘Effect of drink composition during
exercise on cycling time trial performance’. This facilitates the blinding of subjects to the
manipulation of hydration status.

Effect of drink composition during exercise on cycling time trial performance
Participant Information Sheet
What is the purpose of the study?
Numerous studies have examined the effect of manipulating the composition of drinks ingested during
exercise, but many of these drink manipulations dramatically alter the taste profile of the ingested
drink making it virtually impossible to truly blind volunteers to the drink contents. Most of these
studies have examined different drink compositions ingested during exercise in a temperate
environment and very little is known about how the different drinks influence exercise performance/
responses during exercise in warm environments.
This study will use a gastric feeding tube to deliver the drink directly to the stomach during exercise
and therefore allow the effects of two different drink compositions to be examined in a completely
blinded manner for the first time.
Who is doing this research and why?
Mr Mark Funnell is conducting this study as part of his PhD, and the study is being supervised by Dr
Lewis James. This study is part of a student research project supported by Loughborough University.
Are there any exclusion criteria?
You must be:
Aged between 18 to 45 years old
A training cyclist or triathlete
Non-smoker
Have no known history of gastric, digestive, cardiovascular or renal disease
Once I take part, can I change my mind?
Yes! After you have read this information sheet and asked any questions you will complete an
Informed Consent Form, however if at any time before, during or after the sessions you wish to
withdraw from the study please just contact the main investigator. You can withdraw at any time, for
any reason and you will not be asked to explain your reasons for withdrawing.
Will I be required to attend any sessions and where will these be?
Yes. All trials will all be held in the Clyde Williams building, Loughborough University.
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How long will it take?
Two preliminary trials: one ~90 minutes and one ~4 hours
Two experimental trials lasting ~4 hour
Is there anything I need to do before the sessions?
You will need to adhere to certain dietary guidelines before some of the sessions. These will be
explained to you by an experimenter.
Is there anything I need to bring with me?
Clothing appropriate for cycling exercise e.g. cycling shorts, t-shirt, vest, training shoes.
What will I be asked to do?
You will complete two preliminary sessions and two experimental trials.
During the first preliminary session, your baseline physical characteristics (height, weight and body
fat) will be measured. You will complete an incremental exercise test to volitional fatigue on a cycle
ergometer (VO2 peak test) (~30 min). You will also complete 15 min of steady state cycling and a
portion of the performance test at this visit. In total, this visit should last approximately 90 min. During
the second preliminary trial you will be familiarised with the entire protocol used in the experimental
trials (see below), this visit will last approximately 4 hours.
You will then complete two experimental trials in a randomised order. You will arrive at the laboratory
at 9am after consuming the standardised breakfast provided. Your body mass will be measured and a
plastic cannula will be inserted into an antecubital vein. You will then insert the gastric tube after being
provided full instructions and watching a video on how to insert it.
Following this, you will enter an environmental chamber maintained at ~33°C and 50% relative
humidity and rest on the bike for 15 min before the first blood sample will be collected. Then at
approximately 9:30am you will complete 120 min cycling exercise at 50-60% V̇ O2peak. During exercise
the following measurements will be made:
Questionnaires related to perceived exertion, thermal comfort etc. every 60 min.
A 2 min expired air sample will be collected into a Douglas bag at 58-60 min and 118-120 min.
You will drink a small volume of plain water every 10 min.
A set volume of the experimental drinks will be inserted into your stomach through the feeding tube
every 3-5 min.
Core temperature (measured using an ingestible capsule) will be measured every 15 min.
A blood sample will be taken after 60 min and 120 min exercise.
Your body mass will be measured at 120 min and after the cycling performance test.
You will then complete a cycling performance test, during which you will complete a set amount of
work as quickly as possible. A total of four 15 ml blood samples will be taken during each experimental
trial.
What personal information will be required from me?
Your weight, height, age, body composition and dietary intake will be recorded.
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Are there any risks in participating?
If you have any food allergies or intolerances then you should let the investigators know before
starting the study.
Will my taking part in this study be kept confidential?
All names of participants and trials will be coded and anonymity maintained. The only person to hold
a list of participants will be the primary investigator and this list will be destroyed once the study is
over. Participants’ will be recorded to as a number not a name.
What will happen to the results of the study?
The results will be published in a journal/ conference proceedings and in a PhD thesis.
What do I get for participating?
You will gain information about your VO2 max. You will receive a £50 Amazon Gift Voucher to
compensate you for the time taken to complete the study.
I have some more questions who should I contact?
Mr Mark Funnell:
email: M.Funnell2@lboro.ac.uk
Dr Lewis James:
email: L.James@lboro.ac.uk

Tel: 01509 226352

What if I am not happy with how the research was conducted?
If you are not happy with how the research was conducted, please contact Ms Jackie Green, the
Secretary for the University’s Ethics Approvals (Human Participants) Sub-Committee:
Ms J Green, Research Office, Hazlerigg Building, Loughborough University, Epinal Way, Loughborough,
LE11 3TU. Tel: 01509 222423. Email: J.A.Green@lboro.ac.uk
The University also has a policy relating to Research Misconduct and Whistle Blowing which is available
online
at
http://www.lboro.ac.uk/committees/ethics-approvals-humanparticipants/additionalinformation/codesofpractice/
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Appendix E: Participant Information Sheet titled ‘Effect of fluid intake during exercise on
post-exercise recovery’. This facilitates the blinding of subjects to the primary purpose of
assessing rehydration.

Effect of fluid intake during exercise on post-exercise recovery
Participant Information Sheet
Main Investigator:
Mr. Mark Funnell (Postgraduate Research Student)
School of Sport, Exercise and Health Sciences, Loughborough University, Loughborough,
Leicestershire, LE11 3TU
Email: M.Funnell2@lboro.ac.uk
What is the purpose of the study?
Post-exercise recovery encompasses several factors, including food intake and appetite responses.
Currently there is only minimal data on athletes recovery practices in the field, particularly in relation
to different drinking strategies used during exercise. Therefore this study will track recovery responses
following intermittent running for ~24 h post-exercise.
Who is doing this research and why?
Mr. Mark Funnell is conducting this study in order to assess the effect of different drinking strategies
during exercise on 24 h post-exercise recovery and appetite responses.
Are there any exclusion criteria?
To take part in this study you must be:
-

Male
Aged between 18-45
Have no known history of metabolic, digestive, cardiovascular or renal disease
Non-smoker
Recreationally active or intermittent sport/games player

What will I be asked to do?
Upon agreement to take part in this study, you will be required to complete a preliminary trial and
one main trial.
Preliminary Trial
During this session, your eligibility will be assessed by completion of a health screen questionnaire,
and your physical characteristics will be recorded; including weight, height, body fat and age. Maximal
oxygen uptake will then be estimated using the multistage fitness test (MSFT), and the final level
completed will be used to determine the exercise intensities of different activities in the main trials.
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In brief, this will comprise of a warm up and stretching period, before running between 2 markers
placed 20 m apart. You will run between the markers keeping pace with an audible beep. The speed
required to complete the 20 m shuttles will increase progressively throughout the test, until you are
no longer able to keep pace with the beep.
Before Main Trial
You will be asked to complete a weighed diet record for the 24 h before the main trial. You will be
asked not to consume alcohol or take part in strenuous exercise during this 24 h period. You will be
asked to arrive for trials at 7.50am having not consumed any food or fluids from the night (~11pm)
before. You will be provided with a breakfast at the laboratory after resting measures are collected.
Main Trial
You will arrive for trials at 7.50am after an overnight fast. Upon arrival to the laboratory we will record
your body weight and ask you to void your bladder into a urine collection pot. After a short period of
rest we will collect a blood sample via venepuncture from an antecubital vein. We will then provide
you with a breakfast snack (consisting of cereal bars and fruit juice) and allow you to rest for 60 min.
You will then complete six 15 min blocks of intermittent running, with 2 min rest in-between each
block. Each block will consist of ten to twelve repeated cycles of three 20 m walks, a 20 m stride, three
20 m jogs, and three 20 m strides. You will be allowed to drink water ad-libitum during the 2 min rest
in-between blocks. Once the exercise period has finished we will take a blood sample, record your
body mass, and collect a urine sample. You will be provided with a diet record sheet and small
weighing scales and asked to weigh and record all of the food and drink you consume for the rest of
the day. You will also be provided with urine containers and asked to collect aliquots of urine for the
rest of the day and the morning of the next day (before arrival to the laboratory). You will return to
the laboratory at 3pm for 20 min for a blood sample. The total time in the laboratory for this day
should be no longer than 5 hours.
You will come into the laboratory the following morning at 7.50am after an overnight fast. You will
void your bladder into a urine collection pot, and we will record your body mass. After a 15 min period
of rest we will collect a blood sample, and ask you to fill in some questionnaires. You will also return
your weighed diet record from day 1 and urine containers. In total this visit on the second morning
should take no longer than 30 min. At regular intervals throughout the trials we will ask you some
questions regarding your stomach fullness, bloating, thirst and desire to eat.
All urine and blood samples will be stored and analysed at a later date, but will be disposed of within
3 years.
How long will it take?
- Preliminary trial: ~ 1 hour
- Main trials: ~ 5 hours (including day 2 morning blood sample)
Total time commitment for the study: ~ 7 hours
Once I take part, can I change my mind?
Yes! After you have read this information and asked any questions you will be asked to complete an
Informed Consent Form, however if at any time, before, during or after the sessions you wish to
withdraw from the study please just contact the main investigator. You can withdraw at any time, for
any reason and you will not be asked to explain your reasons for withdrawing. You can request that
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your data is withdrawn from the study and destroyed at any time unless the data has been aggregated
for analysis, after which the data cannot be withdrawn.
Will I be required to attend any sessions and where will these be?
You will be required to visit the research laboratories of the Clyde Williams Building, Loughborough
University on 2 separate occasions.
What personal information will be required from me?
You will be asked to complete a health screen questionnaire requiring information about your medical
history. You will also complete a food diary, and we will collect some physical characteristics from you,
including height, weight, body fat and age. This and all other study information will be stored in a
locked file cabinet, with access only granted to the main experimenter.
Are there any risks in participating?
There are no risks expected in regard to this study, however the exercise protocol will undoubtedly
cause some discomfort and fatigue. These effects will be no more than those experienced during a
normal training session.
Is there anything I need to do before the sessions?
You will be asked to complete a weighed diet record for the 24 h before the main trial. You will be
asked not to consume alcohol or take part in strenuous exercise during this 24 h period. You will be
asked to arrive for trials at 7.50am having not consumed any food or fluids from the night (~11pm)
before.
Is there anything I need to bring with me?
Clothing appropriate for running exercise, e.g. shorts, t-shirt and trainers. We will provide a towel if
you wish to shower afterwards.
What do I get for participating?
You will receive a £10 Amazon Voucher to compensate you for your time upon completing the study.
You will also gain information on your fitness level (VO2 peak).
Will my taking part in this study be kept confidential?
All data will be handled in line with the Data Protection Act (1988). All participants will be assigned a
number to ensure anonymity. All data will be coded and stored in a locked file cabinet within the
School of Sport, Exercise and Health Sciences, and retained for 6 years. All urine and blood samples
will be disposed of within 3 years of collection.
I have some more questions; who should I contact?
If you have further questions or concerns about this study, please feel free to contact either of the
investigators and they will be happy to answer these. The investigators can be contacted on:
Mr. Mark Funnell
Email: M.Funnell2@lboro.ac.uk
Tel: 01509 226324
Dr. Lewis James
Email: L.James@lboro.ac.uk
Tel: 01509 226352
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What will happen to the results of the study?
Results from the study will be used in conference and university presentations, and published in a
scientific journal. In all cases data will be presented as group means and participants will remain
anonymous.
What if I am not happy with how the research was conducted?
If you are not happy with how the research was conducted, please contact Ms Jackie Green, the
Secretary for the University’s Ethics Approvals (Human Participants) Sub-Committee:
Ms J. Green
Email: J.A.Green@lboro.ac.uk
Tel: 01509 222423
Research Office, Hazlerigg Building, Loughborough University, Epinal Way, Loughborough, LE11 3TU.
The University also has a policy relating to Research Misconduct and Whistle Blowing which is available
online
at:
http://www.lboro.ac.uk/committees/ethics-approvals-humanparticipants/additionalinformation/codesofpractice/.
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Appendix F: Rating of Perceived Exertion Scale (6-20; Borg, 1972)

RATING OF PERCEIVED EXERTION

6

No exertion at all

7

Extremely light

8
9

Very light

10
11

Light

12
13

Somewhat hard

14
15

Hard

16
17

Very hard

18
19

Extremely hard

20

Maximal exertion
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Appendix G: Thermal Sensation Scale (-10 to +10; Kenefick et al. 2010)

THERMAL SENSATION SCALE
-10

Cold impossible to bear

-9
-8

Very cold, shivering hard

-7
-6

Cold, light shivering

-5
-4

Most areas of the body feel cold

-3
-2

Some areas of the body feel cold

-1
0

Neutral

1
2

Some areas of the body feel warm

3
4

Most areas of the body feel hot

5
6

Very hot, uncomfortable

7
8

Extremely hot, close to limit

9
10

Heat impossible to bear
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Appendix H: Stomach Fullness Scale (1-10)

STOMACH FULLNESS

1

NOT AT ALL

2

3

4

5

6

7

8

9

10

VERY, VERY MUCH
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Appendix I: GI Discomfort Scale (1-10)

GI DISCOMFORT

1

NOT AT ALL

2

3

4

5

6

7

8

9

10

VERY, VERY MUCH
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Appendix J: Thirst Sensation Scale (1-10)

THIRST SENSATION

1

NOT AT ALL

2

3

4

5

6

7

8

9

10

VERY, VERY MUCH
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Appendix K: Visual Analogue Scales (0-100mm)

Subject:__________

Time:_____________

Date:______________________

Subjective Feeling Questionnaire

How hungry do you feel?
Not at all hungry

Extremely hungry

How full do you feel?
Not full at all

Extremely full

How thirsty are you?
Not at all thirsty

Extremely thirsty

Do you have GI discomfort?
A lot

None at all
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