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6.1	 �Introduction

During most types of exercise, the evaporation of sweat plays a substantial role in 
the dissipation of excess heat produced by the working muscle or absorbed from 
the environment (see Chap. 2). Although this activity is a foundation of the ther-
moregulatory response to exercise, its side-effect is to reduce body water stores. 
Athletes and other people who exercise can counter sweat losses by consuming 
fluid during the session or, in a lesser contribution, by hyperhydrating prior to the 
exercise bout. However, in the majority of situations, the opportunity or desire to 
drink cannot keep pace with sweat losses, leading to a body fluid deficit. 
Furthermore, some athletes may commence the session with pre-existing hypohy-
dration, due to the failure to replace daily environmental sweat losses and/or 
reverse the fluid deficit from a prior exercise bout. The goal of this chapter is to 
summarise the current status of our knowledge around hydration and exercise, 
with a focus on practical strategies to assess and address fluid deficits associated 
with exercise. Consideration of hydration and sport requires additional context, 
since it must address the real-world significance of the effects of hypohydration 
on performance as well as the effect of the rules and logistics of organised events/
activities on the practicality of fluid intake.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93515-7_6&domain=pdf
https://doi.org/10.1007/978-3-319-93515-7_6
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6.2	 �Terminology and Physiology  
of Hypohydration/Dehydration

In brief, the fluid content of the human body (total body water; TBW) typically 
fluctuates by ~1% of body mass (BM) each day, according to changes in the intake 
of water (food and fluids), metabolic water production and fluid loss (sweat, urine, 
faeces and respiratory fluid losses) [1, 2]. Figure 6.1 summarises the components 
involved in daily fluid balance in a sedentary individual, noting that the higher water 
losses of athletes can create a large imbalance unless water intake from fluids and 
foods is increased appropriately. Although exercise changes TBW balance by 
increasing metabolic water production and insensible losses via respiration, its prin-
ciple effect is to increase total sweat loss. The reduction of body fluids by 2% BM 
(~3% TBW) from levels of euhydration, to clear the threshold of daily biological 
variation [2], is termed “hypohydration”, and although the strict definition of “dehy-
dration” is the process of reaching a fluid deficit, these terms are often used 
interchangeably.

Consumption of fluid to (temporarily) increase TBW above the normal daily 
variation is termed hyperhydration. In the context of exercise, this strategy may be 
deliberately undertaken by athletes prior to events in which a large fluid deficit is 
expected to occur due to the inability to drink sufficient volumes of fluid in relation 
to large sweat losses. Here, the athlete may drink large amounts of fluids in the 
hours prior to the event, often in conjunction with an osmotically active agent such 
as glycerol or sodium, with the goal of producing a temporary increase in total body 
water to offset sweat losses and delay the progression of absolute hypohydration 
from becoming physiologically significant [3]. However, it may also occur 

Water in Water out

Water content of fluids: ~1200 ml*
(e.g. water, juice, tea/coffee, milk)

Water content of foods: ~1000 ml*
(e.g. fruit, vegetables, yoghurt,
soup)

Metabolic water production: ~300 ml
(e.g. glucose + O2 = CO2  + H2O)

Daily Fluid Balance in athletes (ml/day)

Urine: ~1500 ml*

Feces: ~100 ml

Insensible loss from lungs/breath:
~400 ml

Insensible loss from skin/
sweat loss:  ~500 ml*

Fig. 6.1  Daily water balance in an athlete. Figures are approximate and represent baseline values 
for a sedentary person. * An athlete’s sweat losses are likely to be substantially increased and must 
be balanced by greater intake of fluids, as well as greater intake of water from foods

L. M. Burke
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unintentionally during exercise if an athlete consumes fluid in excess of their actual 
sweat losses: this practice has been identified as an outcome of flawed fluid intake 
guidelines for sport (or, flawed understanding of these guidelines) and when carried 
out to extremes may lead to the serious consequences associated with water intoxi-
cation/hyponatremia [4].

6.2.1	 �Sweat Losses in Exercise and Sport

Sweat rates during exercise vary markedly according to the type and intensity of the 
activity, the environmental conditions in which it occurs (temperature, humidity, 
wind speed, altitude, etc.), the size and body composition of the athlete, their cloth-
ing or other protective gear and their degree of training status and acclimatisation 
[5–7]. Prediction equations have been established to estimate sweat losses associ-
ated with many of these variables [6]. Although these estimates are valuable in 
providing general advice around education guidelines or fluid provision to popula-
tions who exercise purposefully or within their daily occupation (e.g. the military or 
manual labourers) [6], it is acknowledged that they are generally unable to account 
for the complexity of the interaction of these factors in real life [7]. Measurements 
of sweat losses associated with various types of exercise and sporting pursuits show 
that the typical sweat rates of athletes can vary from 300 to 2000  L/h [8, 9]. 
Tables 6.1 and 6.2 summarise some of the published observations of fluid balance 
during competitive sports events, noting sweat rates, typical fluid intakes and the 
degree of BM loss (i.e. proxy for fluid mismatch) encountered during a variety of 
different types of activities.

6.2.2	 �Brief Summary of the Physiological Effects 
of Hypohydration

Dehydration causes loss of intracellular and extracellular (plasma and interstitial) 
fluid in proportion to the loss of water and solutes. Typically, sweat is hypotonic (i.e. 
lower in electrolyte concentration) with respect to plasma; therefore, exercise-
associated sweat losses lead to a reduction in plasma volume and increase in its 
electrolyte concentration (principally, sodium) known as hypertonic hypovolemia. 
Meanwhile, hypohydration due to the use of some diuretics, or the diuresis associ-
ated with altitude and cold environments, produces an isotonic hypovolemia 
(for review, see [5]). The physiological effects of hypohydration on exercise have 
been best characterised during aerobic/submaximal exercise, particularly when per-
formed in the heat. It is noted that exercise in the heat creates a “relative hypohydra-
tion” of its own, due to the redistribution of blood flow to the skin to assist with heat 
dissipation [40, 41]. In combination, there is a significant increase in cardiovascular 
strain, with an elevation in heart rate to accommodate the reduction in stroke 

6  Hydration in Sport and Exercise
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volume [42]. Competition between peripheral and central circulation for the reduced 
plasma volume can lead to a decrease in muscle blood flow and aerobic reserve, and 
particularly as plasma osmolality increases, a reduced sweat rate for any given core 
temperature and an increase in heat storage (for review, see [40, 41, 43]). Increased 
rates of muscle glycogen usage, motor unit recruitment and afferent feedback, as 
well as elevations in skin temperature, discomfort and thirst-derived distraction are 
among the many factors associated with hypohydration, particularly when exercise 
is undertaken in a warm-hot environment [40, 41, 43]. Studies that have monitored 
the effect of hypohydration on physiological responses to exercise in the heat have 
noted that the magnitude of impairment is linearly related to the magnitude of the 
fluid deficit [42]. For a more detailed account of the effects of hypohydration on 
physiological characteristics during exercise, the reader is referred to recent com-
prehensive reviews [8, 40, 41, 43].

6.3	 �Assessment of Hydration Status

In the laboratory, various techniques such as the use of tracer-labelled water, bio-
electrical impedance and blood characteristics allow the tracking of TBW. In the 
real world of both research and athletic practice, however, there is a need for tech-
niques that are less expensive, invasive or resource/time heavy to gain information 
about an individual’s current hydration status as well as to monitor the fluid deficit 
that might occur during exercise and require replacement. The accuracy of any 
assessment technique involves the concept of sensitivity (identifying correctly 
when a state is present) and specificity (recording a negative outcome when the 
state is absent).

6.3.1	 �Assessing Current Hydration Status

In research, clinical practice or athlete servicing, there are various situations in 
which it is desirable to know an individual’s current hydration status. The require-
ment here is to identify changes in body fluid status that are greater than biological 
variability. The gold standard for measurement of TBW involves the isotope dilu-
tion method (usually deuterium oxide) which can measure changes in TBW of ~1% 
[44]. However, this is an expensive method requiring analytical resources and 
expertise; furthermore, it requires a baseline measurement in the individual to moni-
tor change rather than to identify an absolute cut-off deemed to represent hypohy-
dration. The measurement of plasma osmolality, which is controlled around a 
euhydration set-point of ~285 mOsm/kg, can also be used as a marker of hydration 
status, with a change of ~5 mOsm/kg equating to a fluid loss of ~2% BM [45]. 
However, this is an invasive technique, which again requires expense and laboratory 
resources, and may not always reflect changes in TBW in some scenarios faced by 
athletes (e.g. altitude). Bioelectrical impedance analysis (BIA) is a non-invasive 
technique that can be used to estimate TBW, on the basis that the resistance to low 
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amperage current (single or multiple frequencies) passed between skin electrodes 
varies inversely with tissue water and electrolyte content. Although it may provide 
a reliable measure of TBW in euhydrated individuals, it lacks sensitivity in measur-
ing loss of TBW and shifts between body fluid compartments [46].

The simplest and most practical measurements of hydration status, particularly 
for field work, involve measurements of urine characteristics and alterations in 
BM. In the absence of energy deficits/surpluses and changes in diet that alter the 
mass of gut contents, acute monitoring of morning BM (after voiding) provides a 
simple measurement of success in maintaining TBW [47]. Changes in urinary con-
centration can be readily assessed via comparison to colour charts (Fig. 6.2) or by 
the use of portable refractometers and osmometers to measure specific gravity and 
osmolality, respectively [48]. Spot checks of urine characteristics over the day are 
liable to false negatives for various reasons. For example, if a dehydrated individual 
rapidly rehydrates or consumes large amounts of fluid without replacement of the 
solutes lost in sweat, diuresis of pale and dilute urine will occur until there is full 
replacement of electrolytes, with sufficient time for requilibration of plasma osmo-
lality and volume, and distribution of fluid across the various compartments [49]. 
Therefore, it is recommended that first void morning urine samples be used for 
assessment of hydration status [1, 48], particularly for serial assessments in the 
same individual over time, where an individual “normal” can be established. 
Investigation of the utility of monitoring other body fluids such as saliva or tears has 
so far failed to produce alternatives that are accurate and free of artefacts [1, 2]. 

Thirst

Morning Urine
Characteristics

Changes in
body mass

VERY
LIKELY

Likely

Likely
Likely

Unlikely:
not thirsty

Unlikely:
Colour < 4 on chart
Specific gravity < 1.020
Osmolarity < 700

Unlikely:
BM stable to
within 1% 

Euhydration

Hypohydration

Urine colour chart

1

2

3

4

5

6

7

8

BM change > 1%
Thirst 

Urine characteristics
over cutoff values

Thirst      

Urine and BM
over cutoff

values 

All features

Urine Specific
Gravity 

Urine osmolality
(mOsm/kg) 

Interpretation

1.001-1.010 >350 Well hydrated/hyper-hydrated

1.011-1.020 350-700 Euhydrated

1.021-1.030 700-1050 Hypohydrated

>1.031 >1050 Severely hypohydrated

Severe
hypohydration 

Fig. 6.2  An assessment of fluid balance can be made by examining thirst, characteristics of the 
first voided morning urine sample and changes in morning body mass (BM). If two or more of the 
characteristics fall outside the levels associated with euhydration, there is a likely risk of hypohy-
dration. Adapted from [50, 51]. Note that cut-offs in the reference ranges for euhydration and 
hypohydration may differ slightly between different expert groups
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Finally, given the opportunity for each assessment technique to be confounded by 
artefacts or lack of precision around the individual demarcation of euhydration vs 
hypohydration, it has been suggested that athletes develop their personal metrics 
around cut-offs or use a combination of techniques to provide a more robust diag-
nosis (see Fig. 6.2). Note that these strategies may affirm the presence of hypohy-
dration, but can provide only a qualitative assessment of the magnitude of the fluid 
deficit (e.g. what might be considered moderate/tolerable vs severe/problematic by 
the individual athlete or specific scenario) rather than precise determination (e.g. the 
fluid deficit is x mL). Indeed, although there have been many attempts to provide 
specific metrics to describe these situations (e.g. a fluid deficit equivalent to 2–3% 
BM might be considered “mild”, while severe equates to a fluid deficit of >5% BM), 
the context around these values requires greater consideration and interpretation. 
Further information on methods of hydration assessment can be found in recent 
publications [1, 2, 51].

6.3.2	 �Assessing Fluid Balance Across an Exercise Session

Athletes often want to assess fluid balance across an exercise session to gauge their 
typical sweat rates, the success of their usual fluid intake practices in addressing 
these and/or the residual fluid deficit that needs to be replaced during the recovery 
period. Typically, this is undertaken by monitoring changes in BM, adjusted for 
intake over the session, in the belief that, during short-medium duration exercise 
(2–3 h) at least, BM changes mirror changes in TBW. In such circumstances, calcu-
lations of sweat and TBW loss summarised in Table 6.3 can provide a reasonable 
assessment of relative fluid changes during the workout or event, since both the 
contribution of substrate depletion to BM changes and the provision of TBW from 
metabolic water production or liberation of water from glycogen are minor in com-
parison with sweat losses. It is noted that interpretations of fluid status from this 
information requires an acknowledgement of the athlete’s pre-existing hydration 
level (i.e. whether the apparent fluid change over the session needs to be adjusted 
for pre-exercise hyperhydration tactics or a carryover of a fluid deficit from previous 
exercise or weight-making strategies), as well as errors involved in weighing the 
trapped fluid in clothes and hair during pre- or post-exercise weigh in [52]. Studies 
show that the adjustment of calculations for urine losses, trapped sweat and intake 
during the exercise session can improve calculations of sweat losses [53]. In the 
case of very prolonged exercise sessions (>3–4 h) where metabolic water produc-
tion and liberation of water from glycogen become significant, and measurable 
amounts of body carbohydrate and fat stores contribute to substrate use, there is a 
need to adjust sweat rate and TBW calculations. For example, modelling of fluid 
characteristics of an ultra-endurance run lasting 24–30 h suggested that ~2–5% BM 
needed to be subtracted from BM changes to assess true change in TBW [54]. 
Despite the challenges, assessing fluid balance over typical exercise sessions with 
careful strategies and insights can help athletes to develop or monitor drinking prac-
tices that neither over- or under-hydrate inappropriately.
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Table 6.3  Strategies to estimate fluid balance across a session of exercise

Steps 1. �Weigh athlete’s body mass (BM) before session, using reliable digital scales 
(ideally measuring to 0.01 kg). This should be done wearing minimal 
clothing and after the athlete has gone to the toilet

2. �Weigh athlete again after session in the same clothing, and after towelling 
dry

3. �Weigh athlete’s drink bottle before and after the session (ideally measuring 
to 1 g using kitchen scales) to calculate the volume (g/mL) of fluid 
consumed

4. �Note the mass (g) of any foods or sports products (e.g. gels) consumed 
during the session

Extra steps for 
further 
accuracy

5. �If the athlete has to go to the toilet during the session, weigh in before and 
after, or collect urine in a beaker to measure the volume/mass

6. �Estimate total urine losses during the session by having athlete weigh in 
post-session, go to the toilet, and reweigh (alternatively, collect urine in 
beaker and measure the volume). Add this to the volume/mass of urine 
produced at any mid-session toilet stops

Calculations Fluid intake (mL) = drink bottle before − drink bottle after (g)
705 g − 104 g = 601 g or 601 mL
Urine losses (mL) = change in BM due to toilet stops during and/or after the 
session: kg × 1000 or g
e.g. weight change: 60.25 − 60.00 = 0.25 kg = 250 mL or 251 g urine in beaker
Fluid deficit (mL) = Pre-session BM − Post-session BM (kg) × 1000.  
(Note: to measure total fluid deficit which includes sweat and urine losses,  
use post-session value taken after the toilet visit)
60.50 − 59.05 = 1.45 kg = 1450 mL
Fluid deficit (% BM) = (Fluid deficit [in kg] × 100)/pre-session BM (kg)
(1.45 × 100)/(60.50) = 2.4%
Total sweat losses over the session = Fluid deficit (g) + fluid intake (g) + food 
intake (g) − urine losses (g)
1450 + 601 + 40 g (sports gel) − 250 = 1841 mL
Sweat rate over the session = sweat losses converted to mL per h
Session lasted for 90 min: sweat rate = 1841 × 60/90 = 1227 mL or 1.23 L/h

Interpretation 
issues

While this activity can provide an estimate of the net fluid deficit incurred 
across a session of exercise, some issues should be considered
• � Pre-session hydration status needs to be taken into account to distinguish 

between relative and absolute fluid deficits. If the athlete has pre-existing 
hypohydration, the total fluid deficit is underestimated by these calculations. 
By contrast, if the athlete has hyper-hydrated prior to the session, the net 
fluid deficit will be overestimated

• � During prolonged exercise (>2–3 h) at high workloads, the contribution of 
other factors to TBW changes may no longer be insignificant. For example: 
failure to adjust for BM loss from depletion of fuels (e.g. glycogen), 
liberation of water from glycogen breakdown and metabolic water 
production may contribute to an overestimation of the true fluid loss. For 
ultra-endurance events of 4–24 h, estimates of the true fluid deficit might 
require an adjustment of 2–5% BM

• � Sources of error due to fluids trapped in clothes and hair should also be 
considered

6  Hydration in Sport and Exercise
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6.4	 �Effect of Dehydration on Performance

Despite more than five decades of research, the impact of hypohydration on the 
performance of exercise, or more specifically, sport, is a contentious topic [55, 
56]. Although the effects of hypohydration on physiological parameters are well 
established, there are a number of factors related both to the published literature 
on hydration and performance and observations of real-life outcomes of sporting 
events that create debate about the real impact of hypohydration on sports perfor-
mance. Clearly, the translation of physiological and psychological effects of 
hypohydration into changes in sports performance will be mediated by character-
istics such as the individual athlete, the type of event, the environmental condi-
tions in which it is conducted, the importance of absolute vs relative performance 
(i.e. does the athlete need to perform optimally or just better than other competi-
tors?) and whether the event was commenced with pre-existing hypohydration or 
whether it accumulated over the session. Several reviews have identified flaws in 
the conduct of laboratory-based studies of hydration and performance, including 
their lack of integration of the environmental conditions, motivational incentives 
and success determinants of real-life sport as well as their failure to capture the 
timing and magnitude of hypohydration to which athletes are commonly exposed 
[56, 57]. Some of the issues underpinning the debate around the application of 
the literature on hypohydration to sporting success are identified in Fig.  6.3. 
These include factors that support the hypothesis that performance is impaired 
by hypohydration, as well as factors that suggest that the effects of hypohydra-
tion are overstated.

Table 6.4 summarises the conclusions from a number of review papers which 
have conducted narrative and systematic reviews, including some meta-analyses, of 
the studies of hypohydration and exercise/sports performance. The summation of 
this literature shows some discrepancies, but also the likelihood that hypohydration 
impairs performance to a degree that is meaningful to competitive success in certain 
scenarios. This risk is greatest for aerobic exercise undertaken in hot conditions and 
when skin temperature is raised, when the fluid deficit exceeds 3% BM and perhaps, 
when there is an overlay of skill and cognitive performance [59–63]. Of course, it 
should be noted that amalgamation of data may mask the frailties of individual stud-
ies, particularly those conducted without insight into the specific conditions of real-
life sport, and that athletes should be more interested in understanding the risks 
associated with their individual scenarios rather than seeking a universal truth. Data 
on fluid balance characteristics measured across a range of competitive sporting 
events (Tables 6.1 and 6.2) show that both groups and individual athletes commonly 
achieve a BM deficit of >2% within their activities, and although measurements of 
elite competitors are relatively scarce, it is likely that they are at greater risk of 
exposure to levels of hypohydration that have been associated with a performance 
decrement.

There is a need for new research on hypohydration and sports performance with 
protocols that reflect the conditions under which hypohydration occurs and measure 
the impact on performance in ways that are meaningful to competition outcomes. 
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One theme of interest is the removal of an important confounder of the hydration 
literature: removal of the placebo effect of fluid intake during exercise and/or the 
blinding of study participants to alterations in their hydration status during perfor-
mance trials. This challenge was tackled in a study of recreational athletes who 
cycled in hot conditions [64], by utilising a protocol involving oral intake of small 
amounts of fluid to provide identical sensory exposure in each trial while manipulat-
ing hydration via the infusion of different volumes of fluid intake into the stomach 
with a nasogastric tube. The hypohydration trial in this investigation achieved a 
mean BM loss of 2.4% at the end of 155  min of intermittent cycling 
(8 × 15 min + 5 min rest) compared with 0.1% in the euhydration trial. This protocol 
achieved an increase in heart rate, perceived effort and thirst, and a hypertonic 

Table 6.4  Reviews of hypohydration and exercise/sports performance from the recent decade

Review Topic Method Key conclusions
Nuccio 
et al. [59]

Effect of 
hypohydration 
on cognitive, 
technical and 
physical 
performance in 
team sports

Systematic narrative review of 
lab/field studies of high-
intensity intermittent exercise 
involving team athletes as 
participants, examining effects 
of hypohydration on cognitive 
performance and technical 
skill (n = 17) and/or physical 
performance (sprinting, 
jumping, etc.) [n = 15] with 
defined criteria for acceptance 
into analysis

• � The effect of hypohydration 
on team sport performance is 
mixed

• � Hypohydration is more likely 
to impair cognition, technical 
skill and physical 
performance at higher levels 
of BM loss (>3% BM), 
especially when heat stress is 
involved

• � Increased ratings of perceived 
effort and fatigue consistently 
accompany hypohydration 
and could explain some of 
the performance impairment

Savoie 
et al. [60]

Effect of 
hypohydration 
on muscle 
endurance, 
strength, 
anaerobic power 
and capacity, 
and vertical 
jumping ability

Systematic review and 
meta-analysis of lab studies 
(n = 28) of controlled and 
single efforts involving 
muscle strength (upper 
body = 14 effects, and lower 
body = 25 effects), endurance 
(n = 6 and 10), anaerobic 
power and capacity (n = 9), 
and vertical jumping ability 
(n = 12) with defined criteria 
for acceptance into analysis

• � Hypohydration significantly 
impairs muscular endurance 
in both upper and lower body 
by ~8%

• � Hypohydration significantly 
impairs muscular strength by 
~5% with similar effects on 
upper and lower body

• � Anaerobic power is 
significantly reduced (~6%) 
by hypohydration but effects 
on anaerobic capacity (-3%) 
and vertical jump (+1%) are 
not significant

• � Trained individuals 
demonstrate a 3% lower 
decrease in effects on 
performance than untrained 
subjects
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Table 6.4  (continued)

Review Topic Method Key conclusions
Cheuvront 
and 
Kenefick 
[61]

Effect of 
hypohydration 
on endurance 
and strength/
power exercise

Narrative review of lab/field 
studies of hypohydration on 
endurance (n = 34 with 60 
effects) and strength (n = 43 
studies with 267 effects) with 
defined criteria for acceptance 
into analysis
Review counted how many 
effects recorded an 
impairment of performance/
exercise capacity with 
different levels of 
hypohydration (see Fig. 6.4)

• � Among studies of endurance 
exercise, 41/60 (68%) effects 
were significantly impaired 
by hypohydration of ≥2% 
BM, rising to 53/60 (88%) if 
absolute impairment 
(including non-significant 
changes) was considered

• � The effects are increased in 
hot environments, and when 
skin temperature is increased

• � Among studies of strength/
power exercise, 54/276 (20%) 
reported significant 
impairment of effects, 
showing that the effect of 
hypohydration on strength or 
power are marginal

• � Effects on cognition appear 
to be small and related to 
distraction or discomfort

• � The effect of hypohydration 
on a particular sport related 
to the makeup of the task 
involved

Goulet 
[62]

Effect of 
hypohydration 
on endurance 
performance

Systematic review and 
meta-analysis of lab studies 
(n = 15, with 28 effects) with 
defined criteria for acceptance 
into analysis

• � Hypohydration of >2% BM 
did not alter time trial 
performance (mean change of 
+0.1%); it is unlikely that 
hypohydration <4% BM 
impairs performance under 
real-world conditions

• � Hypohydration of >2% 
significantly impaired 
performance of fixed 
intensity protocols by 1.9%; 
hypohydration is associated 
with an impairment of 
endurance capacity

Judelson 
et al. [63]

Effect of 
hypohydration 
on strength, 
power and 
high-intensity 
exercise

Narrative review of lab studies 
of hypohydration on muscle 
power, strength and high-
intensity exercise (>2 min and 
<10 min) noting those with 
exacerbating and masking 
factors, and emphasising 11 
studies determined as being 
accurate in isolating effect of 
hypohydration on exercise

• � Hypohydration appears to 
consistently attenuate 
strength by ~2%, power by 
~3% and high-intensity 
endurance by ~10%
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hypovolemia in the hypohydration trial, as would be expected from a real-life trial. 
Performance (work achieved during a 15-min time trial at the end of this pre-load) 
was reduced by 8% in the hypohydration trial. The authors acknowledge that two 
previous studies [65, 66], using similar protocols around gastric infusion of fluids to 
blind hydration status, recorded contradictory outcomes, failing to detect an impair-
ment of performance in the hypohydration trials. However, the protocols used in 
these studies (no oral intake and delivery of isotonic fluid to the gut) failed to mimic 
the differential physiological and perceptual effects consistent with real-life hypo-
hydration and adequate fluid intake.

A further investigation from a different laboratory implemented the same pro-
tocol in a more highly trained population, who cycled for 2 h before undertaking 
a 5-km time trial on a 4% grade on a laboratory ergometer in hot conditions [67]. 
Conditions just before the start of the time trial were a mean BM loss of −0.2 and 
−2.2% in the euhydrated and hypohydrated trials, respectively. Heart rates were 
elevated during the steady state pre-load with the hypohydrated condition but 
were identical during the time trial ride although performance was improved in 
the euhydration trial (32.9 s faster, 6% increase in power output). Rectal tem-
peratures were elevated during the hypohydration time trial above the control 
condition, although thirst sensation was identical between trials suggesting that 
impairment of performance via hypohydration can occur independently of thirst. 
Further research of this type which eliminates the effects of expectation on per-
formance outcomes associated with hypohydration, and differentiates thirst per-
ception from physiological effects such as thermoregulatory and cardiac strain is 
encouraged.
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6.5	 �Guidelines for Fluid Intake During Sport and Exercise

The past five decades have also seen a marked evolution of guidelines for fluid 
intake during sport and exercise and the range of issues address within them. Several 
critical events and position stands are described in brief summary. The first guide-
lines were issued in the 1970s and were directed to distance running events, address-
ing both the restrictions on fluid intake within official race rules (fluid intake was 
restricted prior to 15 km and then 11 km in road races, under the direction of the 
International Amateur Athletic Federation) as well as the culture of runners to con-
sider fluid intake during marathons and ultra-marathons to be detrimental and a sign 
of weakness/lack of fitness [68]. These guidelines, within a larger paper on preven-
tion of heat injuries during distance running, recommended that water or dilute 
glucose/electrolyte solutions be provided regularly in events longer than 16  km 
[69]. The 1996 publication of specific guidelines for fluid intake during exercise by 
the American College of Sports Medicine (ACSM) also largely focused on running 
and promoted pro-active and formulaic intake of fluid with the goal of minimising 
the mismatch between fluid intake and sweat losses [70].

During the following decade, there was increased recognition of the syndrome of 
hyponatremia/water intoxication caused by the excessive intake of fluids by some 
(usually recreational) participants in endurance/ultra-endurance sports activities 
resulting in a small but concerning number of cases of morbidity and mortality from 
cerebral oedema [15, 71, 72]. Hyponatremia, which is diagnosed by measurement 
of plasma sodium concentrations, ranges from a mild drop below the normal range 
(e.g. <135  mmol/L) which may be largely asymptomatic to the severe drop 
(<120 mmol/L) which is associated with major problems [4]. The 2007 update of 
the ACSM guidelines [8] was undertaken to address this issue and reduce any mis-
understanding that its previous iteration encouraged athletes/recreational exercisers 
to “drink as much as possible” during exercise. The revised position promoted the 
development of individualised fluid intake plans (“programmed drinking”) across a 
range of sporting activities, with the goal of defending (where possible) a “gold 
standard” of hydration (suggested as loss of <2% BM over the event) but warning 
against over-drinking (shown by a gain in BM) [8].

Despite this clarification, the ACSM position stand has attracted harsh criticism 
and counterarguments that humans need only drink fluids “to thirst” or “ad libitum” 
during exercise/sporting activities. Furthermore, it has been postulated that opinions 
to the contrary represent flawed research supported by biased sports scientists and 
commercial interest in the sale of sports drinks [73–75]. Other more recent expert 
statements on fluid intake during exercise, underpinned by an interest in preventing 
hyponatremia rather than focusing on performance effects and the cardiovascular/
thermoregulatory stress associated with hypohydration, have championed this latter 
approach of “drinking to thirst” [4]. Curiously, case histories of hyponatremia have 
included athletes who claimed to be following thirst-driven drinking practices [4] 
and scenarios involving sodium depletion in concert with hypohydration [76], 
showcasing the complexity of fluid and electrolyte balance during prolonged exer-
cise. Unfortunately, the current situation in relation to exercise fluid guidelines 
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presents a challenge to contemporary sports scientists and athletes to choose 
between two camps promoting apparently opposite approaches (“programmed 
drinking” vs “drinking to thirst”/ad libitum drinking).

This author and others [77] propose that there is a middle ground for fluid guide-
lines for sport and exercise, noting that both viewpoints support the benefits of 
drinking during exercise and warn against drinking in excess of sweat losses or the 
TBW deficit. However, the route to achieving this is multi-factorial because of the 
differences in the conditions and context of an exercise session. These differences 
include the priorities of the exerciser (performance vs health/safety), and whether 
the conditions under which they exercise make it easy or difficult to drink in relation 
to their sweat rates. Just as there are a variety of influences on sweat rates and losses 
during exercise, there are a range of issues that influence fluid intake; these include 
access to fluid, ability to drink, gastrointestinal comfort, thirst, and cultural and 
personal beliefs [58]. Furthermore, fluid may be consumed not only to meet needs 
for water replacement but as a vehicle for intake of other performance-enhancing 
nutrients (carbohydrate and caffeine), to contribute to thermoregulation via the 
ingestion of cold or icy drinks or to promote a sensation of well-being via the oro-
pharyngeal sensing of fluid [58]. Some of these issues are unique to the event and 
within the control of the athlete/exercising person, while others are beyond their 
control. This is especially the case for competitive sports where fluid intake can be 
determined by event rules, logistics or the need to balance the time spent consuming 
fluids within a race with the performance benefits [58]. Indeed, in many competitive 
sports, it is impossible for athletes to drink to thirst or to drink ad libitum, since 
opportunities to drink sufficient volumes of fluid do not align with the accrual of a 
fluid deficit or development of thirst. For example, the rules of soccer (football) 
prevent the intake of fluid during match play (45  min halves plus overtime). 
Meanwhile, practical restrictions around the volume of fluid can be obtained, con-
sumed and tolerated at any single aid station by an elite marathon runner make it 
unlikely that thirst could be sufficiently subdued if allowed to fully develop.

Although drinking during exercise is considered an innate behaviour, controlled by 
biological cues and fine-tuned by evolution [78], Tables 6.1 and 6.2 illustrate that the 
patterns and drivers of fluid intake by athletes during competitive sporting events are 
extremely complex. These data and those from more comprehensive reviews [9, 59] 
report that across a range of sports, non-elite athletes typically appear to consume 
fluids at rates of 300–1000 mL/h, limiting the mean change in BM across the session 
to ~2%. From the sparse information on elite competitors, however, it seems likely 
that their fluid intakes during events are less able to keep pace with their greater sweat 
rates. Indeed, weight losses of ≥5% BM have been observed in some individuals, 
particularly during events undertaken in hot and/or humid conditions [10]. By con-
trast, some athletes (especially non-elite competitors) may have drinking behaviours 
that result in an undesirable gain in body mass over an event, with a small proportion 
of these progressing to symptomatic hyponatremia [4]. This apparent range in prac-
tices and outcomes confirms the multi-factorial nature of drinking behaviours.

Figure 6.5 identifies a range of factors that can exist within sport or exercise 
that can promote under-drinking or over-hydration, even within the same event or 
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individual. This suggests that guidance can be provided to athletes based on the 
likelihood that their sweat rates will be greatly higher than their opportunities/
desire to drink, or the reverse. When factors align in the latter direction (e.g. it is 
cool, exercise is of moderate intensity and there are plenty of opportunities to 
consume fluids), it may be sufficient to drink to thirst, although some over-eager 
drinkers may also benefit from programmed drinking that limits total fluid intake. 
In contrast, when factors align to make likely sweat losses well in excess of fluid 
intake (e.g. hot weather, higher intensity exercise, few opportunities to access 
fluid and difficulty drinking large volumes on a single occasion), athletes can be 
guided to exploit the available opportunities with a fluid intake plan that limits the 
accrual of the TBW deficit.

In finishing this discussion, it is worth noting that over the last decade, as the 
debate between “drinking to thirst” and “programmed drinking” has developed, 
several studies have attempted to investigate the benefits of the “drinking to thirst” 
model, or in some cases, to discredit the benefit of a planned approach to hydration 
for athletic performance [79–82]. As in the general literature on hydration and 
sports performance, there are methodological issues arising from different prac-
tices being used to achieve “drinking to thirst/ad libitum” fluid intake as well as 
different practices of “programmed drinking”(ranging from complete replacement 
of BM losses to allowance of an accrual of 2% BM loss). It is interesting that the 
majority of studies have not found any differences in performance following these 
different approaches to managing hydration during running and cycling protocols 
[79–82]; this suggests that a range of practices can be tolerated or are associated 
with successful outcomes. Furthermore, a study involving 30  km of ergometer 
cycling in the heat [83] reported that programmed fluid intake which preserved BM 
to a mean loss <0.5% was associated with a faster performance in the last of three 
5-km cycling time trials, than ad libitum drinking (mean BM loss of 1.8%). Clearly, 
more research is needed, but the available studies support a common sense and 
flexible attitude to the range of drinking practices that might be suitable for differ-
ent athletes or exercise scenarios.

6.6	 �Conclusion

Hydration status adds an overlay to the physiological and perceptual responses to 
exercise, especially when it is carried out in the heat. Sweat losses vary according 
to features of the exercise activity, the environment and the athlete, while self-
chosen fluid intakes are influenced by a similarly large range of factors. This is 
especially true during sporting competitions which contribute an additional layer 
of rules, logistical concerns and performance trade-offs. The real-life picture of 
hydration practices during exercise/sport is a complicated mix, where some ath-
letes/events experience a large (>5% BM) loss of TBW, while others maintain 
TBW within a range that is likely well tolerated in terms of physiological strain 
and performance (<2% BM loss), some drink in excess leading to a gain in TBW 
and/or BM and a few develop problematic symptoms of hyponatremia/water 
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intoxication. The difficulty of detecting small but meaningful performance effects 
associated with hypohydration as well as absolute and relative changes in hydra-
tion status adds further complexity to the topic. Therefore, it is unlikely that a 
simple and single guideline for fluid intake during sport and exercise activities 
will suit all needs and all scenarios. Further research on hypohydration, fluid 
intake and sports performance is needed, especially involving field scenarios or 
lab protocols that can better mimic real-life conditions and measure meaningful 
changes in physiology and performance. Both “ad libitum drinking” or “drinking 
to thirst” and “programmed fluid intake” protocols have a role in guiding hydra-
tion practices for exercise and sport; the best approach will vary according to the 
factors that influence the relative magnitude of sweat rates and opportunities to 
drink. Finding some unifying themes to guide education messages around fluid 
intake to athletes and other people who exercise will help to solve the current 
debates and confusion.
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